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ABSTRACT
I review the:

(a) Before Concept Inventory (BCI) dark ages of post-secondary introductory physics education;

(b) 1985 advent of the first physics CI, the Mechanics Diagnostic (MD) by Halloun & Hestenes (HH);

(c) 1987-90 early research use of the (MD) by HH, Hake, and Crouch & Mazur;

(d) 1992 Force Concept Inventory (FCI), successor to the MD, and the Factor Analysis Debate (1995);

(e) 1995 revision of the FCI by Halloun, Hake, Mosca, and Hestenes;

() 1998 meta-analysis of FCI/MD results on 62 introductory physics courses (N = 6542) showing
about a two-standard-deviation superiority in average normalized gains <g> for “interactive
engagement” over traditional passive-student lecture courses by Hake and subsequent
confirmation by about 25 other physics education research studies.

I then indicate:

(a) fourteen hard lessons from the physics education reform effort;

(b) suggestions for the administration and reporting of CI’s;

(c) listings of CI’s, including those for physics and engineering; and comment that:

(d) for physics education the road to reform has been all uphill;

(e) the glacial inertia of the educational system, though not well understood, appears to be typical of
the slow Diffusion of Innovations [Rogers (2003)] in human society;

(f) there are at least “Eleven Barriers to Change in Higher Education™;

(g) but, even so, for physics education, Rogers’ “early adopters” of reform have now appeared at
Harvard, North Carolina State University, MIT, the Univ. of Colorado, California Polytechnic at
San Luis Obispo, and the Univ. of British Columbia, possibly presaging a Rogers “take off” for
physics education reform, about two decades ACI (After Concept Inventory).

I conclude that:
(a) CI’s can stimulate reform, but judging from the results in physics it may take about two decades
before even early adopters become evident;
(b) there are at least seven reasons why the rate of adoption of reforms may be greater in engineering
education than in physics education.

In an Appendix I respond to criticisms of the FCI and the average normalized gain <g>.

T The reference is: Hake, R.R. 2011. “The Impact of Concept Inventories On Physics Education and
It’s Relevance For Engineering Education” invited talk, 8 August, second annual NSF-sponsored
“National Meeting on STEM Concept Inventories,” Washington, D.C., online as ref. 64 at
<http://bit.ly/a6MS5y0>.
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I. The Dark Ages of Physics Education®

A. The Traditional Introductory Passive-Student Lecture Course As Seen By:
1. Eric Schocket

Eric Schocket (1966-2006)

“The lack of community, together with the lack of interchange between the professor and the
students combines to produce a totally passive classroom experience. . . .The best classes I had
were classes in which I was constantly engaged, constantly questioning and pushing the limits of
the subject and myself. The way this course is organized accounts for the lack of student
involvement . . . . The students are given premasticated information simply to mimic and apply
to problems. Let them rather, be exposed to conceptual problems, try to find solutions to them on
their own, and then help them to understand the mistakes they make along the way.” (My italics.)

Eric Schocket, as quoted by Sheila Tobias (1994) in They're Not Dumb, They're
Different: Stalking the Second Tier.

*This section (pp. 6-8) is derived from a talk “What Can We Learn from the Physics Education
Reform Effort?” [Hake (2000)] at the ASME Mechanical Engineering Education Conference in Fort
Lauderdale, Florida, 26-29 March 2000.

T At the time Schocket was quoted by Tobias, he was a graduate student - BA summa cum laude,
literature, UC Berkeley. According to Wikipedia <http://bit.ly/qqctXs>, Schocket received a PhD in
American Literature from Stanford University, was then an Associate Professor of American literature
at Hampshire College, wrote primarily on issues of class, and (sadly) died of leukemia in 2006.



2. John Rigden* (1984)

John Rigden
THE INTODUCTORY COURSE

THE STUDENTS: Most of them come because they MUST - they are premeds, aspiring
engineers, budding chemists. For them physics is required.

THE FACULTY: They realize that the introductory course is a formidable challenge: the density
of concepts is high, it quickly builds upon itself adding a logical layer upon another logical layer.
Most of all the pace is relentless. There are no pauses for reflection; tomorrow another chapter will
be started!

THE STUDENTS: Free-body diagrams are a bane to their sanity and the normal force is
orthogonal to their sense of rationality. Newton's second law is an algebraic relation to solve for
one quantity when good fortune provides the other two. Action-reaction pairs get confused: they
act in the same direction, on the same body, but they show why a horse can pull a cart.

THE FACULTY: The objective of this course is to uproot the common-sense ideas based on
everyday experience and to sow the seeds that will flower into the Newtonian view - airless,
frictionless, idealized, abstract. Moreover the faculty have the somber realization that this
conceptual transformation must be consummated in a few class periods. Quite a challenge: after all,
it required the physicists of earlier eras years and years to assimilate the same ideas.

THE STUDENTS: They do not regard the introductory course as an opportunity to understand a
few general principles that can be applied across a range of natural phenomena; they do not see that
the course bears any significance to their day-to-day activities or to their future. They leave the
introductory course with a disjointed, collage-like idea as to the content of physics and they leave
with no idea whatsoever how it is that we know what we know.

&7 %

THE FACULTY: They leave with a rekindled and deepened awareness of the conceptual richness
of the introductory course. They are happy with the way they have brought the ideas together.

VTN

&7

The Introductory Course ........ ILLUSION'!

*John Rigden <http://en.wikipedia.org/wiki/John_Rigden> is, among other things, a former editor
of the American Journal of Physics.



2. Arnold Arons*

Arnold Arons (1916 - 2001)

THE STANDARD RELATIVISTIC MODEL OF INSTRUCTION [Arons (1986)]

“The relativistic model is based on the premise that, if one starts with an

E-N-O-R-M-0-U-S8

breadth of subject matter but passes it by the student at sufficiently high velocity, the Lorentz
contraction will shorten it to the point at which it drops into the hole which is the student mind.”

How does all this stuff fit in with
what I learned in P201 about forces
of motion ?7?

Lorentz ! | :
Contracted :

Length

*Arnold Arons, along with Robert Karplus, can fairly be called one of the founding fathers of U.S.
Physics Education Research - see “The Arons Advocated Method” [Hake (2004a)].



B. Most American Physics Nobelists Are Products of Traditional Introductory Physics
Courses, So Such Courses Must Be OK?
1. Response to Physicist Jack Uretsky
Jack Uretsky (2009) of the Phys-L list wrote: “American education has produced a number of
physics Nobelists. How many were products of physics courses that would be approved by
PER enthusiasts?”

In response I wrote [Hake (2009d), slightly edited)]; bracketed by lines “HHHHHH. . . .”’]:

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH
Probably near zero American physics Nobelists were products of “Interactive Engagement”
courses. Instead, most Nobelists are products of traditional introductory physics courses.
BUT SO WHAT? The hard facts are that the average present-day student of introductory
physics - even at Harvard and MIT - reacts passively to lectures and learns very little from
them. This has been demonstrated, for example, by:
(a) the very low average <<g>> of the class-average *normalized* gains <g> of 0.23 [plus
or minus 0.04 (std dev)] on tests of conceptual understanding of Newtonian Mechanics in
14 traditional lecture courses surveyed in "Interactive-engagement vs traditional methods:
A six-thousand student survey of mechanics test data for introductory physics courses"
(Hake1998a,b); and

(b) corroborative pre/post test results in about 25 other Physics Education Research (PER)
papers as listed in Hake (2008a).

Long aware of the deficiencies of the average introductory physics courses - see e.g., the
review by McDermott & Redish (1999) - PER's have attempted to design courses - see e.g.,
Hake (1998b) - which enhance the learning of the vast majority of AVERAGE students, not
potential Nobelists.

Why the emphasis on the “average student” rather than the “exceptional student”? Because
most exceptional students will learn on their own, with or without the (for them) usually
helpful but unnecessary “interactive engagement.” On the other hand, U.S. competitiveness
stressed in e.g., Rising Above the Gathering Storm [NRC (2007a)], Is America Falling Off the
Flat Earth? [NRC (2007b)], and Rising Above the Gathering Storm, Revisited [NRC (2010)
(not to mention the fate of life on Planet Earth) is in the hands and minds of the masses of
“average students” who provide the work force and, at least in democracies, control national
policy - see e.g., “The Threat to Life on Planet Earth Is a More Important Issue Than David
Brooks’ Skills Slowdown” [Hake (2009b)].

A quote from the late physics education guru Arnold Arons (1997, p. vii) seems appropriate:
“I point to the following unwelcome truth: much as we might dislike the implications,
research is showing that didactic exposition of abstract ideas and lines of reasoning
(however engaging and lucid we might try to make them) to passive listeners yields
pathetically thin results in learning and understanding - except in the very small percentage
of students who are specially gifted in the field.”

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH



C. Likewise, Many Accomplished Scientists, Technologists, Engineers, & Mathematicians
Are Products of Traditional Introductory Physics Courses, So Such Courses Must Be OK?

SHOCKING. C'MON, DEAN,

THAT'S WHY THEY COME!

AND AS LONG AS WE GIVE
—  THEM GOOD GRADES
AND A DEGREE, THER
PARENTS ARE HAPPY
TOO! WHO CARES
IF THEY CANT

1. Academically Adrift*—>G.B. Trudeau — Doonsberry-complete cartoon <http://bit.ly/mOweRZ>.
[Arum & Roksa (2011)]

Arum & Roksa (2011, p. 21) wrote [bracketed by lines “A&R-A&R-A&R-. . . .. ”; my italics]:
A&R-A&R-A&R-A&R-A&R-A&R-A&R-A&R-A&R

With regard to the quality of research, we tend to evaluate faculty the way the Michelin guide
evaluates restaurants,” Lee Shulman, former president of the Carnegie Foundation for the
Advancement of Teaching, recently noted. “We ask, ‘How high is the quality of this cuisine
relative to the genre of food? How excellent is it?” With regard to teaching, the evaluation is
done more in the style of the Board of Health. The question is, ‘Is it safe to eat here?’” Our
research suggests that for many students currently enrolled in higher education, the answer is:
not particularly. Growing numbers of students are sent to college at increasingly higher costs, but
for a large proportion of them the gains in critical thinking, complex reasoning and written
communication are either exceedingly small or empirically nonexistent. At least 45 percent of
students in our sample did not demonstrate any statistically significant improvement in CLA . . .
.[[College Learning Assessment]]. . . . performance during the first two years of college. While
these students may have developed subject-specific skills that were not tested for by the CLA, in
terms of general analytical competencies assessed, large numbers of U.S. college students can
be accurately described as academically adrift. They might graduate, but they are failing to
develop the higher-order cognitive skills that it is widely assumed college students should
master. These findings are sobering and should be a cause for concern.
A&R-A&R-A&R-A&R-A&R-A&R-A&R-A&R-A&R

2. Academically Adrift College Students Can Degrade Pre-College Education

In “Should the Culture of University Science Education Be Changed ?” [Hake (2011b)] 1

wrote (paraphrasing):
“Unfortunately, some of the students in U.S. universities are prospective K-12 teachers.
They will have learned little from their university science/math courses and will teach as
they have been taught thus leading to the general population’s ignorance of science-related
societal issues, election by them of leaders who are similarly ignorant, and consequent
threat to life on Planet Earth.”

* For reviews see Louis Menand’s (2011) “Live and Learn” in the New Yorker, and the discussion-list
post “Academically Adrift?” [Hake (2011c). Qualitative evidence of higher education’s failure to
promote student learning that’s consistent with the quantitative evidence of Arum & Roksa (2011) is
marshaled in Higher Education?: How Colleges Are Wasting Our Money and Failing Our Kids — and
What We Can Do About It [Hacker & Dreifus (2010)]. For similar criticism by former university
presidents Derek Bok (Harvard), James Duderstadt (Univ. of Michigan), and Richard Cyert (Carnegie
Mellon) see “Can Scientific Research Enhance the Art of Teaching?” [Hake (2007a)].

10



I1. A Glimmer of Hope for Physics Education: The Concept Inventory*

A. First Physics Concept Inventory: Mechanics Diagnostic by:

.,v"‘ ¥y a -
Ibrahim Halloun &  David Hestenes

1. Advantages of the Concept Inventory
As indicated in “Lessons from the Physics Education Reform Effort” [Hake (2002a):

“For more than three decades, physics education researchers have repeatedly shown that
traditional introductory physics courses with passive student lectures, recipe labs, and
algorithmic problem exams are of limited value in enhancing students' conceptual
understanding of the subject [McDermott and Redish (1999)]. Unfortunately, this work was
largely ignored by the physics and education communities until Halloun and Hestenes
(1985a,b) devised the Mechanics Diagnostic (MD) test of conceptual understanding of
Newtonian mechanics. Among many other virtues, the MD and the subsequent Force Concept
Inventory (FCI) (Hestenes et al., 1992, Halloun et al., 1995) tests have two major advantages:
(a) the multiple-choice format facilitates relatively easy administration of the tests to
thousands of students;

(b) the questions probe for a conceptual understanding of the basic concepts of Newtonian
mechanics in a way that is understandable to the novice who has never taken a physics
course (and thus can be given as an introductory course pretest), yet at the same time are
rigorous enough for the initiate.”

*Might Concept Inventories <http://en.wikipedia.org/wiki/Concept_inventory> also be a “Glimmer of
Hope” for Higher Education generally? See, e.g., “The Physics Education Reform Effort: A Possible
Model for Higher Education?” [Hake (2005¢)] and the 1,610 Google hits on that title (as of 13 Sept
2011 12:30-0700) at <http://bit.ly/ocZg95>.

11



2. Pre/Post Test Results Shown in “The initial knowledge state of college
physics students” [Halloun & Hestenes (1985a)]
ABSTRACT: An instrument to assess the basic knowledge state of students taking a first
course in physics has been designed and validated. Measurements with the instrument show
that the student’s initial qualitative, common sense beliefs about motion and causes has a
large effect on performance in physics, but conventional instruction induces only a small
change in those beliefs.

Of considerably interest is this excerpt from Halloun & Hestenes (1985a):
“Professor A is a theoretical physicist; his lectures emphasize the conceptual structure
of physics, with careful definitions and orderly logical arguments.

Professor B incorporates many demonstrations in his lectures, and he expends great

time and energy preparing them; he strives especially to help students develop physical
intuition.

Professor C emphasizes problem solving, and he teaches by example, solving one
problem after another in his lectures.

Professor D is an experimental physicist teaching introductory physics for the first
time; he followed the book closely in his lectures.

All four professors are known as good teachers according to informal peer opinion and formal
evaluations by students. Indeed, Professor B has twice received awards for outstanding
teaching. . .. [[My italics — see e.g., “SET's Are Not Valid Gauges of Teaching
Performance” [Hake (2006,b,c,d,e.f)] and “SET’s Are Not Valid Gauges of Students’ Higher-
Level Learning” [Hake (2011g)]. In Hake (2011g) I contest engineer Don Woods’ (2011)
contention that SET’s are a “valid method of measuring teaching productivity.”

Here SET’s = “Student Evaluations of Teaching,” usually the primary evidence in support of
teaching awards.]]*. . . .

Now, Table I shows that the basic knowledge gain is the same for all four of the classes in
University Physics. All four classes used the same textbook (Tipler), and covered the same
chapters in it. Considering the wide differences in the teaching styles of the four professors,
we conclude that the basic knowledge gain under conventional instruction is essentially
independent of the professor.”

*Here and henceforth my inserts into quoted material are indicated by . . . . . [[insert]] ”

12



3. Early Pre/post Test Results with Mechanics Diagnostic
a. “Modeling instruction in mechanics” [Halloun & Hestenes (1987)]
ABSTRACT: Modeling theory. . . .. [[Hestenes (1987, 1992), Halloun (2004)]]. . . . was
used in the design of a method to teach problem solving in introductory mechanics. A
pedagogical experiment . . . . .[[pre/post testing with the Mechanics Diagnostic]]. . . . to
evaluate the effectiveness of the method found positive results.

b. “Promoting Student Crossover to the Newtonian World” [Hake (1987)]
ABSTRACT: A six-week non-calculus-based introductory course was designed and taught
with the intention of promoting students’ conceptual understanding of Newtonian
mechanics. Primary emphasis was placed on (1) laboratories structured to induce Socratic
dialogue; (2) lectures stressing a qualitative approach to problem solving, and contrasting
Newtonian and students’ non-Newtonian concepts of motion; videotapes from The
Mechanical Universe series. That the course was effective in promoting student crossover
to the Newtonian world was suggested by student performance on pre- and
post-course mechanics exams . . . .[[the Mechanics Diagnostic test]]. . . .

c. “Peer Instruction: Ten years of experience and results” [Crouch & Mazur (2001):

=
5/

N

Catherine Crouch &  Eric Mazur

ABSTRACT: We report data from ten years of teaching. . . . . [[1990-2000]]. .. with Peer
Instruction (PI) in the calculus- and algebra-based introductory physics courses for non-
majors; our results indicate increased student mastery of both conceptual reasoning and
quantitative problem solving upon implementing PI. We also discuss ways we have
improved our implementation of PI since introducing it in 1991. Most notably, we have
replaced in-class reading quizzes with pre-class written responses to the reading,
introduced a research-based mechanics textbook for portions of the course, and
incorporated cooperative learning into the discussion sections as well as the lectures. These
improvements are intended to help students learn more from pre-class reading and to
increase student engagement in the discussion sections, and are accompanied by further
increases in student understanding . . . .[[as shown in 1990-91 by pre/post testing with
the Mechanics Diagnostic and thereafter with the FCI. For an excellent review of the
Harvard work see the UTube video “Confessions of a Converted Lecturer” (Mazur,
2009)]]. . . .

13



B. Force Concept Inventory (FCI) (1992 & 1995) (successor to the Mechanics Diagnostic)
1. Force Concept Inventory [Hestenes,'Wells, & Swackham_er (1992)]

Violators
Will Be Cited

>DaVid Malcolm - Greg
Hestenes Wells Swackhammer

2. The 1959 Factor Analysis Debate
a. Initiating the debate was “What Does the Force Concept Inventory Actually Measure?”
[Huffman & Heller (1995)]. They opened with:

“Since publication of the Force Concept Inventory (FCI) in this journal in 1992 [Hestenes
et al. (1992), the inventory has been widely used by high school, college, and university
instructors across the country. The FCI itself is a 29-question . . . . [[30 in the 1995 version
of Halloun et al. (1955)]]. . . . , multiple-choice test* designed to assess students’
Newtonian and non-Newtonian conceptions of force. In practice, it has provided an
informative look at students’ non-Newtonian views of physics. Numerous physics
instructors have found the inventory a useful tool in helping to identify the concepts
students understand and do not understand. . . . . The consistency of the results obtained
with the FCI has been quite impressive. Comparable physics courses across the country
have obtained very similar results using the inventory with both secondary and post-
secondary students [Hestenes et al. (1992)]. . . . [[and more recently Hake (1998a,b).]]. . . .
The authors have also gone to considerable length to conduct follow-up interviews with
students in order to confirm the validity of responses to individual items. All of these
findings lead to the general conclusion that the FCI is one of the most reliable and
useful physics tests currently available for introductory physics teachers. What, however,

2

*Can multiple choice tests measure higher-order learning? Psychometricians Wilson & Bertenthal

(2005) think so, writing (p. 94):
“Performance assessment is an approach that offers great potential for assessing complex thinking
and learning abilities, but multiple choice items also have their strengths. For example, although
many people recognize that multiple-choice items are an efficient and effective way of determining
how well students have acquired basic content knowledge, many do not recognize that they can also
be used to measure complex cognitive processes. For example, the Force Concept Inventory . . .
[Hestenes, Wells, & Swackhamer, 1992] . . . is an assessment that uses multiple-choice items to tap
into higher-level cognitive processes.”
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Since Huffman and Heller (1995) state above that “the FCI is one of the most reliable and
useful physics tests currently available for introductory physics teachers,” they must
evidently regard it a reasonably good measure of course effectiveness, as is made clear by
Heller & Huffman (1995) who wrote on p. 510:

“We also agree with Hestenes and Halloun (1995) that there is a need for a ‘nationally
normed’ test to evaluate the effectiveness of instruction in introductory physics courses.
The FCI, which has reasonable face and content validity, is the best test currently available
but we believe a more valid test from the point of view of the students’ responses is
needed.”

Since no “more valid test from the point of view of the students’ responses,” has, as far as [
know, ever been developed, the latter statement that the FCI is “the best test currently
available [to evaluate the effectiveness of instruction in introductory physics courses]” is
consistent with the conclusion of Hake (1998a,b) (Section IICS8) that:

“The above conceptual (FCI) and problem solving test [Mechanics Baseline (MB)] results
strongly suggest that the use of IE strategies can increase mechanics-course
effectiveness well beyond that obtained with traditional methods.”

Thus that conclusion is unaffected by the outcome of the “1995 Factor Analysis Debate.”

That debate was continued (with, as far as I know, no winner being proclaimed by
independent experts) in:

b. “Interpreting the Force Concept Inventory: A Response to March 1995 Critique by
Huffman and Heller” [Hestenes & Halloun (1995)];

c. “Interpreting the Force Concept Inventory: A Reply to Hestenes and Halloun”
[Heller & Huffman (1995)]; and

d. “The Search for Conceptual Coherence in FCI data” [Halloun & Hestenes (1995,
evidently unpublished)]

For discussions of “Factor Analysis” see e.g., Kim & Mueller (1978), Gorsuch (1983,
1990), Junker (1999), and Ding & Beichner (2009).

3. Force Concept Inventory (1995 Revision) [Halloun, Hake, Mosca, Hestenes (1995)]:
Currently available in 20 languages: Arabic, Chinese, Croatian, Czech, English, Finnish,
French, French (Canadian), German, Greek, Italian, Japanese, Malaysian, Persian,
Portuguese, Russian, Spanish, Slovak, Swedish, & Turkish. This provides an opportunity
for cross-national and cross-cultural studies of mechanics-course effectiveness, but that
possibility, as far as I know, has not been exploited — please correct me if I'm wrong.

Since 1995 almost all education research involving the FCI has been conducted using the
revised 1995 version. Unfortunately, literature reports of most of that research (other than
by the Harvard group) unscientifically fail to indicate that the 1995 version of the FCI was
used, referencing only the original version by Hestenes et al. (1992). As a result few
teachers are aware of the 1995 version and continue to use the 1992 version to gauge the
cognitive impact of their courses :— (. See e.g., “Re: Errata for FCI?” [Hake (2010h)].

15



C. Meta-Analysis of FCI/MD Results: ‘“Interactive-engagement vs traditional methods: A six-
thousand-student survey of mechanics test data for introductory physics courses”
[Hake (1998a)]
1. ABSTRACT: 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 students N = 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 normalized gain <g>. The latter is defined as the ratio of the actual average gain
(<%post> — <%pre>) to the maximum possible average gain (100 — <%pre>).

Fourteen “traditional” (T) courses (N = 2084) which made little or no use of interactive-
engagement (IE) methods achieved an average gain <<g>>41 = 0.23 + 0.04 (std dev). In sharp
contrast, forty-eight courses (N = 4458) which made substantial use of IE methods achieved an
average gain <<g>>;g1g = 0.48 £ 0.14 (std dev), almost two standard deviations of <<g>>Ig

above that of the traditional courses*.

Results for 30 (N = 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.

* The Cohen Effect Size d, as calculated from the square root of the mean square deviations of the IE
and T courses, is given as 2.43 in Eq. (9) of “Lessons from the Physics Education Reform Effort”
[Hake (2002x)]. Nevertheless, Deslauriers, Schelew, & Wieman (2011) in “Improved Learning in a
Large-Enrollment Physics Class” state: “The standard deviation calculated for both sections . . .[[in
this study]]. . . was about 13%, giving an effect size for the difference between the two sections of 2.5
standard deviations. As reviewed by Froyd (2007) other science and engineering classroom studies
report effect sizes less than 1.0. . . .. [[not so! — Froyd quoted the above abstract and discussed the
similar two sd difference results of Buck & Wage (2005)]]. . . . An effect size of 2, obtained with
trained personal tutors, is claimed to be the largest observed for any educational intervention [Bloom
(1984)].”
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2. Gain vs Pretest- all data (FCI or MD Tests)
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Institution: UNIV = university, COLL = college, HS = high school; Method:
IE = interactive engagement; T = traditional;
Symbols: <g> = course average normalized gain; max = maximum.

Fig. 1. %<Gain> versus %<Pretest> scores on the conceptual Mechanics Diagnostic
(MD) or Force Concept Inventory (FCI) tests for 62 courses enrolling a total

N = 6542 students: 14 traditional (T) courses (n = 2084), which made little or no use
of interactive engagement (IE) methods, and 48 IE courses (n = 4458), which made
considerable use of IE methods. Slope lines for the average of the 14 T courses
<<g>>141 =0.23 £0.04 (std dev) and the 48 IE courses <<g>>4g1g = 0.48 +0.14

(std dev)are shown. The negative-slope straight lines are lines of constant,
normalized average gain <g> = <Gain>/maximum possible <Gain> =(<%post > —
<%pre >) / (100 — <%pre>). Thus, for example, if a class averaged 40% on the
pretest and 60% on the posttest, then the class-average normalized gain <g> = (60%
—40%)/(100% — 40%) = 20%/60% = 0.33. (The random guessing score is 20%.)
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3. Histogram of the Fraction of Courses vs <g>
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Fig. 2. Average normalized gain <g>: red bars show the fraction of 14 traditional courses (N =
2084), and green bars show the fraction of 48 interactive engagement courses (N = 4458),
both within bins of width d<g> = 0.04 centered on the <g> values shown.

4. Operational Definitions* of Interactive Engagement (IE) and Traditional (T) Courses
a. IE courses are defined operationally as those designed at least in part to promote
conceptual understanding through the active engagement of students in heads-on (always) and
hands-on (usually) activities that yield immediate feedback through discussion with peers
and/or instructors;

b. T courses are defined operationally as those reported by instructors to make little or no use
of IE methods, relying primarily on passive-student lectures, recipe laboratories, and
algorithmic problem examinations.

*The importance of operational definitions in educational research has been emphasized by Klahr &
Li (2005) and Hake (2008d, 2010d, 2010e, 2011b).

FTThus a hallmark of IE courses is their use of “formative assessment” in the sense used by Black &
Wiliam (1998) and Shavelson (2008): “All those activities undertaken by teachers -- and by their
students in assessing themselves -- that provide information to be used as feedback to modify teaching
and learning activities.” Note that this meaning of “formative assessment” is different from “formative
evaluation” as defined by JCSEE (1994): “Formative evaluation is evaluation designed and used to
improve an object, especially when it is still being developed.”
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5. Systematic Errors Are Probably Insignificant [For a detailed treatment of systematic and
random errors see Hake (1998a)]
a. Question Ambiguities and Isolated False Positives
Very few due to the careful work of the ASU group.

b. Teaching to the Test and Test-question Leakage
No evidence of this.

c. Fraction f of Course Time Spent on Mechanics
No apparent correlation of <g> with f for 0.7 < f< I as discussed in Hake (1998a).

d. Post and Pretest Motivation of Students
No apparent correlation of <g> with amount of grade credit for post-test FCI score —
see e.g. Henderson (2002) — nevertheless I recommend giving grade credit for the
posttest FCI — see Section IIEle: “Giving course credit probably motivates students to
take the posttest more seriously and thereby demonstrate more adequately their
understanding. . . . . If no grade credit is given for performance on the posttest then
selective removal of ‘no-effort’ tests [see e.g., Henderson (2002), Mallinckrodt (2001)]
by different investigators with different no-effort criteria will lead to uncertainty in
comparing normalized gains of different courses.”

e. Hawthorne/John Henry Effects*
Neither is likely to have affected the conclusions of Hake (1998a) as discussed in that

paper.

* See e.g., Research Methods in Education [Slavin (1992)]

19



6. Posttest Scores: Mechanics Baseline vs FCI
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Fig. 3. Post-course MB (problem-solving) vs FCI (conceptual understanding)
test scores for the 30 high school, college, and university courses (N = 3259)
for which both sets of data were available. The solid line is a least squares fit.
The correlation coefficient is r =+ 0.91.

7. A Crucial Companion Paper to Hake (1998a)
“Interactive-engagement methods in introductory mechanics courses” [Hake (1998b):

Average pre/post test scores, standard deviations, instructional methods, materials used,
institutions, and instructors for each of the survey courses of are tabulated and referenced.
In addition the paper includes:

(a) case histories for the seven IE courses of Hake (1998a,b) whose effectiveness as

gauged by pre-to-post test gains was close to those of T courses,
(b) advice for implementing IE methods, and
(c) suggestions for further research.

Submitted on 6/19/98 to the “Physics Education Research Supplement” (PERS) of the
American Journal of Physics, but rejected : — ( by its editor on the grounds that the very
transparent Physical Review type data tables [see e.g., Table II of Hake (1967)] were
“impenetrable”!
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8. Summary And Conclusions
a. Fourteen T courses (N = 2084) which made little or no use of IE methods achieved an
average normalized gain <<g>> 41 =0.23 + 0.04sd. In sharp contrast, 48 IE courses (N =

4458) that made substantial use of IE methods achieved an average gain <<g>>;g1p =0.48 +

0.14sd. Itis extremely unlikely that systematic errors play a significant role in the nearly two-
standard deviation difference of the T and IE courses.

b. A plot of average course scores on the problem-solving MB test vs those on the conceptual
FCI show a strong positive correlation r = + 0.91. Comparison of IE and traditional courses
implies that IE methods enhance problem-solving ability.

c. The above conceptual and problem solving test results strongly suggest that the use of IE
Strategies can increase mechanics-course effectiveness well beyond that obtained with
traditional methods.

9. Research Consistent With the Above Meta-analysis
As of 2006, average normalized gain differences between T and IE courses that are consistent
with the work of Hake (1998a,b) and Figure 1 had been reported in at least 25 other research
papers, as given and referenced in “Design-Based Research in Physics Education Research: A
Review” [Hake (2008a, p.12)]:

Redish, Saul, & Steinberg, 1997;
Saul, 1998;

Francis, Adams, & Noonan, 1998;
Heller, 1999;

Redish & Steinberg, 1999;

Redish, 1999;

Beichner et al., 1999;

Cummings, Marx, Thornton, & Kuhl, 1999;
Novak, Patterson, Gavrin, & Christian, 1999;
Bernhard, 2000;

Crouch & Mazur, 2001;

Johnson, 2001;

Meltzer, 2002a, 2002b;

Meltzer & Manivannan, 2002;
Savinainen & Scott, 2002a, 2002b);
Steinberg & Donnelly, 2002;

Fagan, Crouch, & Mazur, 2002;

Van Domelen & Van Heuvelen, 2002;
Belcher, 2003;

Dori & Belcher, 2004

Hoellwarth, Moelter, & Knight, 2005;
Lorenzo, Crouch, & Mazur, 2006; &
Rosenberg, Lorenzo, & Mazur, 2006.
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As indicated in Hake (2008b), this consistency of the results of many investigators in various
institutions working with different student populations with the results of Hake (1998a,b))
constitutes the most important single warrant for the validity of conclusion in Hake (1998a)
that: “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.”

Such gradual buildup of an agreed-upon “community map” (Redish, 1999; Ziman, 2000) is
characteristic of the progress of traditional science, but it seems to be consistently
undervalued in educational research.

Furthermore, that interactive engagement courses would be more effective in enhancing
conceptual understanding of counterintuitive Newtonian laws than traditional courses with
their passive-student lectures, recipe laboratories, and algorithmic problem sets certainly
would be expected from (a) previous physics education research (McDermott & Redish,
1999), including the astute ethnographically-based insights of the late Arnold Arons (1997) -
see “The Arons Advocated Method” [Hake (2004a)]; and (b) neuroscience — see pp. 13-14 of
“Should We Measure Change? Yes!” [Hake (2011b) for a discussion.

10. Do the Above Results Have Anything To Do With Engineering Education?
Note the similarity of Fig. 1 with Fig. 4, shown below, due to Buck and Wage (2005) for the
Signals and Systems Concept Inventory (SSCI). The SSCI is a 25- question, multiple-choice
exam designed to be given in one hour, and is available in both discrete-time (DT) and
continuous-time (CT) form.

N @ Traditional CT Signals and Systems
801 ", |m Traditional DT Signals and Systems
+ | O Interactive Engagement CT Signals and Systems
O Interactive Engagement DT Signals and Systems

70t |High-g

60+Y

<<g>>

50t
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% <Gain>
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| 20 30 40 50 60 70 80 90 100
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Fig. 4. The 15 lecture format courses (shaded points) had an average of the average

normalized gains <<g>>15 T = 0.20 + 0.07, while the five active and cooperative learning
(ACL) courses (open points) achieved <<g>>z g, = 0.37 + 0.06, more than two standard
deviations above the lecture courses.. . . .[[bold text indicates my additions]]. . .
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11. Does the Normalized Gain on the FCI/MD Tell All?
Does the class average normalized gain <g> for the FCI or MD, provide a definitive
assessment of the overall effectiveness of an introductory physics class? No! It assesses “only
the attainment of a minimal conceptual understanding of mechanics (Hestenes, 1997)]. [In
some first-semester or first- quarter introductory physics courses, subjects other than
mechanics are often covered. The effectiveness of the course in promoting student
understanding of those topics would not, of course, be assessed by the average normalized
gain on the FCI or MD.] Furthermore, as indicated in my AJP rejected : - (, and therefore
almost universally ignored, "Interactive-engagement methods in introductory mechanics
courses" [Hake (1998b)] I wrote:

“Among desirable outcomes of the introductory course that the [Mechanics Diagnostic and
FCI] tests DO NOT MEASURE DIRECTLY are e.g., students'":

(a) satisfaction with and interest in physics;
(b) understanding of the nature, methods, and limitations of science;

(c) understanding of the processes of scientific inquiry such as experimental design,
control of variables, dimensional analysis, order-of-magnitude estimation, thought
experiments, hypothetical reasoning, graphing, and error analysis;

(d) ability to articulate their knowledge and learning processes;
(e) ability to collaborate and work in groups;

(f) communication skills;

(g) ability to solve real-world problems;

(h) understanding of the history of science and the relationship of science to society and
other disciplines;

(1) understanding of, or at least appreciation for, "modern" physics;

(j) ability to participate in authentic research.”
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12. Empirical Justification of <g> as a Comparative Measure of Course
Effectiveness [not to be confused with the average amount of learning in a
course as measured by the average actual gain <G> = <%post> - <%post>].

a. In Hake (1998a,b) a consistent analysis — see Fig. 1 and 2 above - over diverse student
populations in high schools, colleges, and universities was obtained by using <g> as a rough
measure of the average effectiveness of a course in promoting conceptual understanding of
Newtonian mechanics. A major advantage of <g> was:

(1) The correlation of the average normalized <g> with <%pre> for the 62 survey courses
was a very low + 0.02.%

(2) In contrast, the average posttest score %<post > and the average actual gain %<G> are
less suitable for comparing course effectiveness over diverse groups since the
correlation of:

<%post> with <%pre> is +0.55, and
<%G> with <%pre> is —0.49,

as is reasonable. Note that in the absence of instruction, a high positive
correlation of <%post > with <%pre> would be expected.

b. A similar consistent analysis using <g> is obtained in over 25 physics education research
papers as listed above in Section IIC9 “Research Consistent With the Above Meta-
analysis”

*A relatively low correlation of <g> with <%pre> may not always be the case. The abstract of Coletta
& Phillips (2005) reads (with inserts to distinguish the single student normalized again g, from the class

average normalized gain <g>: “We examined . . . . [[single student]]. . . normalized gains and
preinstruction scores on the force concept inventory FCI for students in interactive engagement
courses in introductory mechanics at four universities and found a significant, positive correlation for
three of them.. . . .[[For 670 students in 4 classes at Harvard no such correlation was found. Similarly
no such correlation was found by: (a) Cummings et al. (1999; p. S44) for 347 students at Rensselaer
Polytechnic Institute given the FCI; (b) Meltzer (2002, Table I) for 219 Southeastern Louisiana
University students given the Conceptual Survey of Electricity (CSE) test derived from the Conceptual
Survey of Electricity and Magnetism (CSEM) test of Maloney et al. (2001); and (c) Hestenes (2005)
for 12,000 high-school students who took the FCI test - this according to Coletta et al. (2007a)]]. . . . .
.We also examined class average FCI scores of 2948 students in 38 interactive engagement classes, 31
of which were from the same four universities and 7 of which came from 3 other schools. We found a
significant, positive correlation. . . . . . [[+0.63]]. .. between class average normalized FCI gains. . .
.[[Unfortunately, Coletta & Phillips (2005) do not indicate how they calculated “class average
normalized gains,” but I shall assume they used the same method as in Hake (1998a) for which “class
average normalized gains” = <g>]]. . . . and class average preinstruction scores. . . [[<%pre>]]. . .. To
probe this correlation, we administered Lawson’s. . . .[[Lawson (1978, 1992, 1995); Hake (2009¢)]]. . .
.. classroom test of scientific reasoning to 65 students and found a significant, positive correlation. . . .
[[r=+0.51]]. ... between these students’ normalized FCI gains and their Lawson test scores. This
correlation is even stronger than the correlation between. . . .[single student]]. .. FCI gains and
preinstruction FCI scores. Our study demonstrates that differences in student populations are important
when comparing normalized gains in different interactive engagement classes. We suggest using the
Lawson test along with the FCI to measure the effectiveness of alternative interactive engagement
strategies.”
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D. Lessons From The Physics Education Reform Effort*
1. Six Lessons On Interactive Engagement
(1) The use of IE strategies can increase the effectiveness of conceptually difficult courses
well beyond that obtained by traditional methods.

(2) The use of IE and/or high-tech methods, by themselves, does not ensure superior student
learning.

(3) High-quality standardized tests of the cognitive and affective impact of courses are
essential to gauge the relative effectiveness of non-traditional educational methods.

(4) Education Research and Development (R&D) by disciplinary experts (DE’s), and of the
same quality and nature as traditional science/engineering R&D, is needed to develop
potentially effective educational methods within each discipline. But the DE’s should take
advantage of the insights of

(a) DE’s doing education R&D in other disciplines,
(b) cognitive scientists,
(c) faculty and graduates of education schools, and
(d) classroom teachers.

(5) The development of effective educational methods within each discipline requires a
redesign process of continuous long-term classroom use, feedback, assessment, research
analysis, and revision.

(6) Although non-traditional IE methods appear to be much more effective than T methods,
there is need for more research to develop better strategies for enhancing student learning.

2. Eight Lessons On Implementation
(7) Teachers who possess both content knowledge and “pedagogical content knowledge™ are
more apt to deliver effective instruction.

(8) College and university faculty tend to overestimate the effectiveness of their own
instructional efforts and thus tend to see little need for educational reform.

(9) Such complacency can sometimes be countered by administering high-quality
standardized tests of understanding and by “video snooping.”

(10) A major problem for undergraduate education in the United States is the inadequate
preparation of incoming students, in part due to the inadequate university education of K—12
teachers.

(11) Interdisciplinary cooperation of instructors, departments, institutions, and professional
organizations is required for synthesis, integration, and change in the entire chaotic
educational system . . . . .. [[(a) perhaps only engineers, the “master integrators” who “get
things done” are up to that monumental task - see the Conclusion of this talk, Section VD7;
(b) for a compilation of references on “systems thinking” see “Over Two-Hundred Annotated
References on Systems Thinking” [Hake (2009a). For related posts go to “Hake'sEdStuff” at
<http://HakesEdStuff.blogspot.com/>, and then scroll down to and click on “Systems
Thinking” under “Labels” in the right-hand column.

* Derived from “Lessons from the Physics Education Reform Effort” [Hake (2002a)] and “Six Lessons
From the Physics Education Reform Effort” [Hake (2007c)].
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(12) Various institutional and political factors, including the culture of research universities
slow educational reform . . . .[[see “Changing the Culture of Science Education at Research
Universities (Anderson et al. (2011) and “Should the Culture of University Science
Education Be Changed” (Hake, 2011f)]]. ... ..

(13) The monumental inertia of the educational system may thwart long-term national
reform.

(14) “Education is not rocket science, it's much harder.”
George (Pinky) Nelson, astronaut, astrophysicist, and former director of the AAAS

Project 2061, as quoted by E.F. (Joe) Redish (1999).
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E. Suggestions for the Administration and Reporting of Concept Inventories*
I list below some administrative and reporting suggestions that might assist instructors in using

formativei diagnostic testing. These suggestions reflect the hard lessons I have learned in the
pre/post testing of 1263 pre-med introductory-physics-course students at Indiana University and
the compilation of a 6542 student (62-course) survey (Hake 1998a, b) of pre/post test results.
Although they are undoubtedly not appropriate for all classroom situations, they may at least
indicate some of the problems that should be anticipated. A daggert preceding a suggestion

indicates that the suggestion is intended, at least in part, to promote confidentiality§ of the test.

1. Administration of Diagnostic Tests (DT’s) T
‘ta. When administering DT’s to students, refer to the tests by home-made generic titles rather
than the specific titles designated by the authors (e.g.,“Mechanics Familiarity Survey” rather
than Force Concept Inventory or Force Motion Concept Evaluation).

b. To enable meaningful pre/post comparison, maximum time intervals AT given to students
to complete the pretest and the posttest should be same. To facilitate more meaningful meta-
analysis, maximum time interval AT should be specified by the test designers and that interval
should be rigidly enforced by all examiners.

* Derived from “Assessment of Physics Teaching Methods” [Hake (2002b)].

tHere formative is used in the sense defined by the “Joint Committee on Standards for Educational
Evaluation” [JCSEE (1994)]: “Formative evaluation is evaluation designed and used to improve an
object, especially when it is still being developed.” If pre/post testing were to be used for high-stakes
summative purposes such as rating instructors, then Campbell’s (1976) and Dunkenfield’s Laws [see
Kleiman (2010)] would probably rear their ugly heads so as to distort and corrupt the testing — see
Hake (2010f,g) for a discussion. These two laws are:

Dukenfield's Law: If a thing is worth winning, it’s worth cheating for.

Campbell's Law: The more any quantitative social indicator is used for social decision making, the
more subject it will be to corruption pressures and the more apt it will be to distort and corrupt the
social processes it is intended to monitor. . . . . . .

§ See “Why Password Protection of Concept Tests is Critical: A Response to Klymkowsky” [Hake
(2010b)].

FThe sensitivity of concept inventory test results to administrative procedures has been emphasized by
Ding, Reay, Lee, & Bao (2008), evidently either unaware or dismissive of Hake (2002b).
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c. Do not allow students to take either the pretest or the posttest anonymously, because non-
anonymity allows:

(1) Proper incentive for students to exert effort on the test.

(2) Analysis of “matched” pre/post test data, i.e., obtaining the average class pretest score
by counting only the scores of those students who took the posttest, and thus allowing a
more rigorous calculation of the class average normalized gain <g>. [For a discussion of
“matched data” see Hake (2002a); and also Hake (1998b), Table I, footnote “c” on page 7.]

(3) Knowledge of the normalized gain g for each single student in the class, thus allowing
a calculation of the average of the single-student gains: “g-ave.” [See Hake (1998a - Sec. V
and also footnote #46), for a discussion of systematic and random errors in pre/post testing
and the connection between low correlation of single students g’s with their pretest scores,
and the small difference between values of g-ave and <g>.]

(4) Analyses of single student normalized or actual gains in terms of single-student
characteristics or performance on other tests.

(5) Calculation of the correlation of individual student g’s with their pretest scores.

td. If possible, give the pretest on the first day of class. Take great care that all question
sheets and answer sheets are returned and verify such return by counting those given out and
those returned. In order to promote serious effort on the pretest by students, explain that
although their scores on the pretest will not count towards the course grade, their scores will
be confidentially returned to them and will assist both themselves and their instructors to
know the degree and type of effort required for them to understand the class topic.

te. Give the posttest unannounced near the final day of classes, and preferably as part of the
final exam with significant course credit given for posttest performance. Giving course credit
probably motivates students to take the posttest more seriously and thereby demonstrate more
adequately their understanding, especially if time devoted to the posttest subtracts from time
spent on the rest of the final exam. If no grade credit is given for performance on the posttest
then selective removal of “no-effort” tests [see e.g., Henderson (2002), Mallinckrodt (2001)]
by different investigators with different no-effort criteria will lead to uncertainty in comparing
normalized gains of different courses.

tf. Do not return DT’s to students after either the pretest or the posttest.
tg. Post DT scores by ID without posting or disseminating questions or answers.

th. Avoid in-class discussion of questions identical or almost identical to DT questions (an
example of “teaching to the test”).

ti. For the posttest, announce that instructors be willing to discuss the questions and/or
problems only privately with students.
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tj. Do not make DT questions or problems available on the web unless they are password
protected such that only authorized instructors may gain access. Do not publish DT’s in the
open literature, as has been the common practice. Carefully constructed DT’s are
international assets whose confidentiality should be as well protected as the MCAT (The U.S.
Medical College Admission Test).

tk. because of the almost unavoidable slow diffusion of test questions and answers to student
files, replace each DT at approximately 5- or 10-year intervals, such that it can be
meaningfully calibrated against the previous test(s). [So far this has NOT been done for the
now overused 1992/95 versions of the FCI; in my opinion, as time goes on, research results
based on the 1992/95 FCI will become more and more doubtful.]

2. Reporting of Diagnostic Tests (DT’s)
a. Report at least the class average:
(1) <%pre> with its standard deviation (sd),
(2) <%post> with its sd, and
(3) average normalized gain <g>.

ASIDES:
(a) Unless standard deviations are reported, the effect size and errors in <g> cannot be
ascertained.

(b) As a statistic for comparison of courses and for meta-analyses, the class average
<g> is better, in my opinion, than g-ave (the average of the single-student normalized
gains) because the latter:

(1) must exclude students who score 100% on the pretest and thus achieve an
infinite or indeterminate g; and

(2) may introduce skewing due to outliers who score near 100% on the pretest and
less on the posttest such their <g>’s are large and negative. The selective removal of
outliers so as to avoid outliers by various different investigators with different outlier
criteria will lead to a degree of uncertainty in comparing normalized gains of
different courses.

b. Report if possible:
(1) Cohen’s “effect size” d (Cohen 1988)

ASIDE: The effect size is commonly used in meta-analyses, and strongly recommended by
many critics as a preferred alternative (or at least addition) to the usually inappropriate t-
tests and p values associated with null-hypothesis testing. [See Hake (2002a) for references
to the effect size and the extensive anti-p literature.] But as indicated in Hake (2002a): . . .
. it should be noted that for pre/post comparisons of course effectiveness over diverse
student populations with widely varying average pretest scores, d is a relatively poor
metric because unlike <g>:

(a) d depends on the actual bare (unrenormalized) gain that tends to be negatively
correlated with the <pre>;

(b) <Gain>’s are confounded with sd’s: given two classes both with identical
statistically significant <Gain>’s, the more homogeneous class with the smaller rms
pre/post sd’s will be awarded the higher d.
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(2) The Kuder-Richardson reliability coefficients KR-20 (or equivalent) - for tests in which
the answers are either correct or incorrect as in most Concept Inventories. If that’s not the
case then Cronbach’s alpha can be utilized. [See e.g., Beichner (1994), Slavin (1992), Allen
et al. (2008), and the Wikipedia entry <http://bit.ly/qgkWWdc> for discussions.

(3) The estimated systematic and random errors. [See e.g., Hake (1998a).]

(4) The correlation of individual student g’s and pretest scores.
ASIDE: A significant positive correlation would suggest that the instruction tends to favor
students who have more prior knowledge of the subject as judged by the pretest score
(“Matthew effect”*); a significant negative correlation would suggest that the instruction
favors students judged by the pretest score (“anti-Matthew effect”); and an insignificant
correlation would suggest that the instruction is at about the right level for students who
have an average prior knowledge of the subject as judged by the pretest score.

*Matthew, First Gospel of the New Testament (Gutenberg edition) “to him that hath shall be given,
but from him that hath not shall be taken away even that which he hath.”
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F. Concept Inventory Listings Including Physics and Engineering
1. Field-tested Learning Assessment Guide [FLAG (2011)]
Online at <http://www.flaguide.org/>: “. . . offers broadly applicable, self-contained modular
classroom assessment techniques (CAT’s) and discipline-specific tools for STEM [Science,
Technology, Engineering, and Mathematics] instructors interested in new approaches to
evaluating student learning, attitudes, and performance. Each has been developed, tested, and
refined in real colleges and university classrooms.”
Assessment tools for agriculture, astronomy & physics, biology, chemistry, computer
science, engineering, general science, interdisciplinary courses, and mathematics are
online at <http://www.flaguide.org/tools/tools.php>.

2. NCSU Assessment Instrument Page [NCSU (2011)]

Online at line at <http://bit.ly/9gfUpY>. North Carolina State University Physics Education R

& D Group. Inventories on many different aspects of various disciplines including physics
and Engineering

3. Engineering-Related Concept Inventories
See Table 4 of “Concept Inventories in Engineering Education” [Reed-Rhoads & Imbrie
(2008)] for a listing of 21 Engineering Related Concept Inventories. See also the new Concept
Inventory HUB at <http://ciHUB.org/>, especially <http://bit.ly/qeEtTN>.

4. Concept Inventories in Higher Education Science [Libarkin (2008)]
Table 1 of Libarkin (2008) gives a “Comprehensive list of published concept inventories in
science.” Table 2. Gives a “List of unpublished science concept inventories under
development.” Among the CI’s under development but not listed in Libarkin’s Table 2 are

“Setting the Scope of Concept Inventories for Introductory Computing Subjects” [Goldman,
et al. (2010)]; and

“First Results From The Science Literacy Concept Inventory: The Reasoning We Don't
Produce Through Gen-Ed” [Nuhfer (2011)].
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II1. For Physics Education the Road to Reform Has Been All Uphill!
A. Slow Diffusion of Innovations
1. Diffusion of Innovations [Rogers (2003)]
Rogers begins Chapter 1 “Elements of Diffusion” by quoting Niccolo Machiavelli (1513):

“There is nothing more difficult to plan, more doubtful of success, nor more dangerous to
manage than the creation of a new order of things.... Whenever his enemies have the ability
to attack the innovator they do so with the passion of partisans, while the other defend him
sluggishly, so that the innovator and his party alike are vulnerable.”

And then writes:
“Getting a new idea adopted, even when it has obvious advantages, is difficult. Many
innovations require a lengthy period of many years from the time they become available to
the time when they become widely adopted. Therefore a common problem for many
individuals and organizations is how to speed up the rate of diffusion of an innovation.”

2. Inertia of the Educational System
Lesson #13 of Hake (2002a) is

“The monumental inertia of the educational system may thwart long-term national reform.
The glacial inertia of U.S. educational system is not well understood. An issue of Daedalus
(1998) contains essays by researchers in education and by historians of more rapidly
developing institutions such as power systems, communications, health care, and
agriculture. The issue was intended to help answer a challenge posed by physics Nobelist
Kenneth Wilson: ‘If other major American ‘systems’ have so effectively demonstrated the
ability to change, why has the education ‘system’ been so singularly resistant to change?
What might the lessons learned from other systems' efforts to adapt and evolve have to
teach us about bringing about change - successful change - in America's schools?’ As far
as I know, no definitive answer has yet been forthcoming.”

In “Should We Measure Change? Yes!” [Hake (2011b, pp. 22-24) I list the following “Eleven
Barriers to Change in Higher Education” (the first four of which were suggested by Sheila
Tobias (2000) in her “Guest comment: From innovation to change: Forging a physics
education agenda for the 21st century”:
1. In-class and standardized tests (MCAT, SAT, GRE) drive the curriculum in a traditional
direction.

2. Effectiveness of teaching has little effect on promotion/tenure decisions or on national
departmental rankings.

3. Clients for the sciences are not cultivated among those who do not wish to obtain PhD’s.
4. Class sizes are too large.

5. Universities fail to think of education in terms of student learning rather than the
delivery of instruction [Barr and Tagg (1995), Tagg (2003)] - for a discussion see Hake
(2005e).
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6. Universities fail to effectively consider crucial multidisciplinary societal problems such
as education. In the words of Karl Pister (1996), former Chancellor of the University of
California - Santa Cruz:
“....we need to encourage innovative ways of looking at problems, moving away from
the increasing specialization of academia to develop new interdisciplinary fields that
can address complex real-world problems from new perspectives.”

7. The gross misuse of Student Evaluations of Teaching (SET’s) as gauges of student
higher-order learning, as discussed in “Re: Problems with Student Evaluations: Is
Assessment the Remedy?” [Hake (2002¢)]; “SET's Are Not Valid Gauges of Teaching
Performance” [Hake 2006 (a,b,c,d,e]; “SET’s Are Not Valid Gauges of Students’ Higher-
Level Learning” [Hake (2011g)].

8. The provincialism of educational researchers in various disciplines, as discussed in: (a)
Section II, “The Insularity of Educational Research” of an article “Design-Based Research:
A Primer for Physics Education Researchers” [Hake (2004c)]; (b) “Cognitive Science and
Physics Education Research: What We've Got Here Is a Failure to Communicate” [Hake
(2007b)]; and (c) “Language Ambiguities in Education Research” [Hake (2008d).

9. The failure of professors to “shut up and listen to students.” The late Arnold Arons

(1974) wrote [pertaining to physics education, but doubtless relevant to most other

subjects; my italics]:
“If a teacher disciplines himself to conduct such Socratic Dialogues he begins to see the
difficulties, misconceptions, verbal pitfalls, and conceptual problems encountered by
the learner. . . . In my own case, I have acquired in this empirical fashion virtually
everything I know about the learning difficulties encountered by students. 1 have never
been bright enough or clairvoyant enough to see the more subtle and significant
learning hurdles a priori. . . . 1 am deeply convinced that a statistically significant
improvement would occur if more of us learned to listen to our students . . . By listening
to what they say in answer to carefully phrased, leading questions, we can begin to
understand what does and does not happen in their minds, anticipate the hurdles they
encounter, and provide the kind of help needed to master a concept or line of reasoning

without simply ‘telling them the answer.’. . . Nothing is more ineffectually arrogant
than the widely found teacher attitude that ‘all you have to do is say it my way, and no
one within hearing can fail to understand it.’. . . . Were more of us willing to relearn our

physics by the dialogue and listening process I have described, we would see a
discontinuous upward shift in the quality of physics teaching. 1 am satisfied that this is
fully within the competence of our colleagues; the question is one of humility and
desire.”
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10. The schizophrenia of academic scientists (counterpart to the pre/post paranoia of PEP’s
— see barrier #11 below) has been portrayed by physicist Robert Hilborn (2005) in
“Academic Schizophrenia, the Scholarship of Teaching, and STEM Leadership” [my
italics]:
“Scientists in academe are schizophrenic. That diagnosis is not a formal psychiatric
assessment of their mental states, but a factual statement about academic scientists’
behavior. When they deal with scientific research and when they work on educational
projects, faculty members display totally different personalities. . . . This schizophrenia
is not entirely irrational. Our scholarly communities have acculturated us to behave
differently when doing research and when teaching. For example, I know from my
experiences in scientific research that if I wrote a research proposal to the National
Science Foundation without references to what had already been done in the field and if
I indicated that I would not bother to evaluate the validity of my research results nor
publish them in journals, I would be dismissed as a lunatic or a fraud (or perhaps both).
Not wishing to be thrust into either category, I do my homework and acknowledge
previous research work and write explicitly about what my work will add to the body of
scientific knowledge and how I will communicate my results to the scientific
community. But our community standards and expectations for teaching have evolved
differently: my teaching might be viewed as perfectly fine, and indeed exemplary (as
long as the students are happy), without any of the scholarly attributes that are viewed
as a necessary part of research. . . . . I argue that academic freedom should not include
the freedom to ‘screw up’ by using teaching practices that have been shown to be
ineffective. For example, physics education research has shown with studies of
thousands of students in many different kinds of institutions [Hake (1998a)], that
straight lecturing does little to build conceptual understanding of basic physics ideas.”

The last listed barrier to reform is a theme of this essay (“Should We Measure Change?
Yes”):

11. The pre/post paranoic aversion to the formative assessment of change in students’
conceptual understanding over the period of a course.
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3. Eleven Quotes in Honor of Inertia [Hake (2006a)]
In addition to Rogers’ Machiavelli quote above, these two from Hake (2006a) seem especially
relevant to the inertia of higher education:

“Langdell's innovations. . . .[[case studies in the Harvard Law School, circa late 1800°s]]. .
.. Initially met with enormous resistance. Many students were outraged. During the first
three years of his administration, as word spread of Harvard's new approach to legal
education, enrollment at the school dropped from 165 to 117 students, leading Boston
University to start a law school of its own. Alumni were in open revolt.”

David Gavrin (2003)

“Difficulties of Change: . .. 9. The PRIMA FACIE AFFRONT: Whereas I
have spent a significant fraction of my professional life perfecting my lectures and
otherwise investing conscientiously in the status quo, therefore to suggest an alternative is,
by definition, to attack me.”
Robert Halfman, Margaret MacVicart, W.T. Martin, Edwin Taylor, and
Jerrold Zacharias (1977).

More recently I became aware of another quote that’s especially germane to the inertia of
higher education:

“If you try to introduce people to a paradigm shift, they will hear what you have to say
and then interpret your words in terms of their old paradigm. What does not fit, they will
not hear.”

Myron Tribus (2001), former director of the Center for Advanced Engineering Study at
MIT - see <http://en.wikipedia.org/wiki/Myron_Tribus>

4. Dancy & Henderson’s (2010)] Self-Report Survey Suggests That Reform Methods
Haven’t Led To Fundamental Changes in Instruction
Dancy & Henderson wrote: “. . . . self-reports. . . .[[according to Henderson & Dancy (2009),
of 722 physics faculty across the United States with a 50.3% response rate]]. . . . . of actual
classroom practices indicate that the availability of . . .[physics education research curricula
and pedagogies]. . . has not led to fundamental changes in instruction. . . [suggesting]. . . a
need for research-based dissemination that accounts for the complexity of instructional
change.”

Henderson and his co-workers, practicing what they preach, have been researching the
“complexity of instructional change,” see e.g.:
a. “Promoting instructional change in new faculty: An evaluation of the physics and
astronomy new faculty workshop” [Henderson (2007)];

b. “Barriers to the Use of Research-Based Instructional Strategies: The Influence of Both
Individual and Situational Characteristics” [Henderson & Dancy (2007)];

c. "Physics Faculty and Educational Researchers: Divergent Expectations as Barriers to the
Diffusion of Innovations" [Henderson & Dancy (2008)];

d. “Improving 'Educational Change Agents' Efficacy in Science, Engineering, and
Mathematics Education” [Froyd, Beach, Henderson, & Finkelstein (2008)];
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e. “Impact of physics education research on the teaching of introductory quantitative
physics in the United States” [Henderson & Dancy (2009)];

f. “Beyond Dissemination in College science teaching: An Introduction to Four Core
Change Strategies” [Henderson, Finkelstein, & Beach (2010)];

g. “Facilitating Change in Undergraduate STEM Instructional Practices: An Analytic
Review of the Literature” [Henderson, Beach, & Finkelstein (2011)]; and

h. “Four Categories of Change Strategies for Transforming Undergraduate Instruction,”
[Henderson, Beach, & Finkelstein (2011)]

1. “The Use of Research-Based Instructional Strategies in Introductory Physics: Where do
Faculty Leave the Innovation-Decision Process?”
[Henderson, Dancy, & Niewiadomska-Bugaj (submitted)].

But the six “early adopters” of Section IV “Impact of Physics Concept Inventories on
Undergraduate Physics Education” — see below - show that fundamental changes in
instruction have occurred even though they’re not reflected in the survey of Dancy &
Henderson (2010). Fig. 1-2, p. 12, of Rogers (2003) shows that curves of “percent of
adopters” a vs time ¢ typically rise in an S shaped curve. It would appear that introductory
physics education reform in higher educationf is now near the bottom of the S with a
relatively small slope da/dz. Judging from Rogers’ curves, now that there have been a few
“early adopters,” da/dt for introductory physics education reform in higher education might be
expected to increase rapidly into a “take off” region within a few years.

5. Research on Effective Practices vs Research on Implementing Change
Consistent with the claim of Dancy and Henderson (2010) that “ the availability of . .
.[physics education research curricula and pedagogies]. . . has not led to fundamental changes
in instruction. . . [suggesting]. . . a need for research-based dissemination that accounts for the
complexity of instructional change,” Fairweather (2008), who, according to Labov et al.
(2009), “was asked to review and synthesize . . . . the articles submitted for the October
workshop”. . . .[[see National Academies (2008), and NRC (2011a)]]. . . ..” wrote:

“NSF- and association-funded reforms at the classroom level, however well intentioned,
have not led to the hoped for magnitude of change in student learning, retention in the
mayjor, and the like in spite of empirical evidence of effectiveness [italics in the original].
Among the most important elements of a successful change strategy to promote the
improvement of undergraduate STEM education. . . .[is recognizing]. . . that more effort
needs to be expended on strategies to promote the adoption and implementation of STEM
reforms rather than on assessing the outcomes of these reforms [my italics]. Additional
research can be useful but the problem in STEM education lies less in not knowing what
works and more in getting people to use proven techniques.”

T Physics education using the “modeling method” in high schools is evidently diffusing more rapidly
than IE methods in higher education, evidently due in part to university-based graduate programs
dedicated to professional development of in-service physics teachers, as described by Hestenes et al.
(2011). It seems unlikely that in-service college and university faculty would be willing to enroll in
similar graduate programs.
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B. Opposition of Psychologists, Education Specialists, & Psychometricians (PEP’s)
1. Pre/Post Paranoia
In “Should We Measure Change? Yes!” [Hake (2011b), I wrote:

“Formative pre/post testing is being successfully employed to improve the effectiveness of
courses in undergraduate astronomy, economics, engineering, biology, chemistry, economics,
geoscience, and physics. But such testing is still anathema to many members of the
Psychology-Education-Psychometric (PEP) community. I argue that this irrational bias
impedes a much needed enhancement of student learning in higher education. . . . . ..
Cronbach & Furby (1970) wrote:

‘gain scores are rarely useful, no matter how they may be adjusted or refined. . .
.investigators who ask questions regarding gain scores would ordinarily be better advised to
frame their questions in other ways.’

This dour appraisal of pre/post testing has echoed down though the literature to present day
texts on assessment such as that by Suskie (2004a). . . .[[for an antidote to Suskie(2004a) see
Maki (2004)]]. . . .. In my opinion, such pre/post paranoia and its attendant rejection of
pre/post testing in evaluation, as used so successfully in physics education reform [Hake
(2005¢)], is one reason for the glacial progress of educational research [Lagemann (2000)]
and reform [Bok (2005a,b); Duderstadt (2000, 2001] in higher education.

As for the unreliability of ‘change scores,’ such charges by Lord (1956, 1958) and Cronbach
& Furby (1970) have been called into question by . . . . .. [[see Hake (2011b) for the following
references]]. . . . . e.g., Rogosa, Brandt, & Zimowski (1982), Zimmerman & Williams (1982),
Rogosa & Willett (1983, 1985), Rogosa (1995), Wittmann (1997), Zimmerman (1997), &
Zumbo (1999). Furthermore, the measurement of change is an active area of current research
by psychometricians such as Collins and Horn (1991), Collins & Sayer (2001), Singer &
Willett (2003), Lissitz (2005), and Liu & Boone (2006). All this more recent work should
serve as a caution for those who dismiss measurements of change.”

2. The Randomized Control Trial “Gold Standard”
In "Will the No Child Left Behind Act Promote Direct Instruction of Science?" [Hake
(2005a)], I gave, as one of the seven reasons why Direct Science Instruction threatens to
predominate nationally under the aegis of the “No Child Left Behind Act,” the following
[bracketed by lines “HHHHHH. . . .”.]:

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH

Most interactive engagement and guided inquiry methods have not been tested in
randomized control trials (RCT’s), the “gold standard” of the U.S. Dept. of Education
(USDE).

That a single research method should be designated as the “gold standard” for evaluating
an intervention's effectiveness appears antithetical to the report of the NRC’s Committee
on Scientific Principles for Education Research [Shavelson & Towne (2002) - ST]. ST
state that scientific research should “pose significant questions that can be investigated
empirically,” and “use methods that permit direct investigation of the questions.”
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Furthermore, the USDE’s RCT gold standard is considered problematic by a wide array of
scholars. Taking issue with the RTC gold standard are [see that article for references other
than Zaritsky, Kelly, Flowers, Rogers, Patrick (2003), and Scriven (2008)]: philosophers
Dennis Phillips [Shavelson, Phillips, Towne, & Feuer (2003)] and Michael Scriven (2004,
2008); mathematicians Burkhardt & Schoenfeld (2003); engineer Woodie Flowers
[Zaritsky, Kelly, Flowers, Rogers, Patrick (2003)]; and physicist Andre deSessa [Cobb,
Confey, diSessa, Lehrer, & Schauble (2003)].

In addition, the following organizations oppose the RCT “gold standard”:
(a) American Evaluation Association (AEA)
<http://www.eval.org/doestatement.htm>,

(b) American Education Research Association (AERA)
<http://www.eval.org/doeaera.htm>, and

(c) National Education Association
<http://www.eval.org/doe.nearesponse.pdf> (88 kB).
HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH

And in “Re: Should Randomized Control Trials Be the Gold Standard of Educational
Research? “ [Hake (2005b) I wrote:

“Could physics education researchers (PER’s) whose work is predominately in
UNDERGRADUATE education utilize RCT’s? PER’s deal with populations of UP
(university professors) and US (Undergraduate Students). Most UP's demand autonomy in
the way they teach courses since they obviously know best how to lecture. Most of the
US’s (or their parents) paid good money to be lectured at. No one that I know of has been
insane enough to even suggest that subjects from populations UP and US be randomly
assigned to different curricula in an RCT, especially if one curriculum deemphasizes
lectures. Also the average UP, thrown into an IE course would be a total disaster. If
anyone has some ideas on how to accomplish an RTC among UP’s and US’s while
avoiding dismissal or execution please let me know. Of course one could PAY the
subjects, but this might bias the results towards the greedy and/or impecunious.”
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C. Physics Education Research (PER) Is Not Widely Known in Higher Education

(Even Among Some Physicists- See *“1” Below)$
1. NRC's CUSE - Oblivious or Dismissive of Halloun & Hestenes (1985a)* and
Hake (1998a,b).
In “NRC’s CUSE: Oblivious of the Advantage of Pre/Post Testing With High Quality
Standardized Tests?” [Hake (2003a)], I wrote [bracketed by lines “HHHHH. . . . . 7
HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH
[Discussion list subscribers] may or may not be aware of the recent valuable NRC CUSE
(Committee On Undergraduate Science Education) report “Improving Undergraduate
Instruction in Science, Technology, Engineering, and Mathematics: Report of a
Workshop” [NRC (2003b)] by McCray et al. - henceforth called the “McCray Report™
(MR). This is the fourth report under the aegis of CUSE. Earlier reports were NRC (1997),
NRC (1999), and NRC (2003a). The MR preface states on page viii (my CAPS):
“In 2002, with new leadership** and largely new membership, CUSE set about to build
upon this background [NRC (1997, 1999, 2003a)] by convening a 2-day workshop
covering instruction in four major scientific disciplines (biology, chemistry, physics,
geosciences) WITH THE PRIMARY GOAL OF DEVELOPING CRITERIA AND
BENCHMARKS FOR EVALUATING UNDERGRADUATE STEM PROGRAM
EFFECTIVENESS. . ..”

Despite that goal, MR failed to even mention what I regard as one of the primary “Lessons
from the Physics Education Reform Effort” (Hake 2002a): Lesson #3. “High-Quality
Standardized Tests Of The Cognitive And Affective Impact Of Courses Are Essential
For Gauging The Relative Effectiveness Of Non-Traditional Educational Methods.”
HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH

§Derived in part from "Physics Education Research - Not Widely Known in Higher Education" [Hake
(2011d,e)]

*An invited paper “Using the RTOP To Evaluate Reformed Science and Mathematics Instruction,” in
the McCray report NRC (2003b) by biologist Anton Lawson (2003)] did reference Halloun & Hestenes
(1985a)l, but only in an offhand way with regard to validation the “Reformed Teaching Observation
Protocol” (RTOP).

**Richard McCray, Bonnie Brunkhorst, Sarah Elgin, Ronald Henry, John Jungck, Alan Kay, Ishrat
Khan, Ramon Lopez, Lillian McDermott, Robert Olin, James Serum, Susan Singer, Carl Wieman;
Robert DeHaan, Study Director, Mary Ann Kasper, Senior Project Assistant, Julie Anne Schuch,
Research Associate. Physicists participating in the workshop were Paula Heron, Priscilla Laws, John
Layman, Ramon Lopez, Lillian McDermott, Carl Wieman, and Jack Wilson.
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In “NRC Weighs In On States' Science Assessments” [Hake (2005¢)], I wrote (slightly
edited):
“It is heartening that, following the lead of Donovan & Pellegrinot (2003), and departing
from the dismissal of the mass-testing use of the “Force Concept Inventory” [Hestenes et
al. (1992)] in previous NRC reports [e.g., NRC (1997, 1999, 2003a, 2003b), Labov
(2003)]; Wilson & Bertenthal (2005) have recognized that multiple-choice testing:
(a) CAN serve to measure student understanding in conceptually difficult areas, and
(b) is therefore of value in large-scale testing of the effectiveness of courses in
promoting students' conceptual understanding, as has been demonstrated by the pre/post

testing carried out by physics education researchers [for a review see Hake (2002a,b;
2005¢)].

2. Cognitive Science and Physics Education Research: What We’ve Got Here Is Failure to
Communicate

The abstract of “Cognitive Science and Physics Education Research: What We've Got Here Is

Failure to Communicate” [Hake (2007b)], rejected by the Journal of Learning Sciences,

reads:
“In 1999 cognitive scientist (CS) Allan Collins (1999) wrote: “Recently researchers have
begun to study teaching and learning in the context of real-world learning environments,”
evidently unaware that Physics Education Researchers (PER’s) had been doing classroom
research for about three decades. Then in 2004: (a) David Olsen (2004) maintained that the
search for ‘what works’ in education is folly, contradicting PER results; and (b) CS’s
David Klahr & Milena Nigam (2004) purported to show the superiority of what they called
“direct instruction” (DI), defining DI - in a sense unknown to PER’s - as a limiting form of
what PER’s call “Interactive Engagement” (IE). But CS’s Kirschner, Sweller, & Clark
(2006) outdid the non- recognition of PER by Collins, Olsen, and Klahr & Nigam by not
only defining DI as a form of IE, but also proclaiming the “failure of constructivist,
discovery, problem-based, experiential, and inquiry-based teaching,” despite PER evidence
for the relative effectiveness of all but unguided “discovery.” Will articles such as this in
the multidisciplinary Journal of the Learning Sciences assuage, to any extent, past failures
of CS’s to communicate with PER's and vice versa?”

Judging from JLS’s rejection, the answer to the above question is “NO!”

3. Psychologists Banta & Blaich (2011) Find Few Cases of Improved Learning

After a Teaching Innovation

The alert economist Bill Goeff (2011) wrote:
“As a result of increased accountability pressures, U.S. colleges and universities are now
directed to ‘assess’ their students' learning and to take action if that learning is found
wanting. It may surprise physicists that assessment experts are not familiar with the role
that Physics Education Research (PER) has played in improving student learning. Indeed,
Banta and Blaich (2011) lament that they can find virtually no examples of improved
learning in higher education after a teaching innovation. Their paper does not mention
physics at all! As a non-physicist familiar with some elements of PER, such as the work of
Hestenes et al. (1992), Hake (1998a), Crouch et al. (2007) and Deslauriers et al. (2011) (of
course, after Banta and Blaich (2011), but notable nonetheless), this lack of awareness of
PER is remarkable.” [My italics.)

+ Donovan & Pellegrino reference Hake (1998a), Halloun & Hestenes (1985a), Hestenes (1987),
Hestenes et al. (1992), Maloney et al. (2001), Mazur (1997), and Thornton & Sokoloff (1998).
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IV. Impact of Physics Concept Inventories on Undergraduate Physics Education —

“EarlyAdopters”
According to Rogers in Diffusion of Innovation, p. 283: “Early adopters are a more integrated part
of the local social system than innovators. . . . This adopter category, more than any other, has the

highest degree of opinion leadership in most systems. Potential adopters look to early adopters for
advice and information about an innovation. The early adopter is considered by many to be ‘the
individual to check with’ before adopting a new idea. This adopter category is generally sought by
change agents as a local missionary for speeding the diffusion process. Because early adopters are
not too far ahead of the average individual in innovativeness, they serve as a role model for many
other members of the social system. Early adopters help trigger the critical mass when they adopt an
innovation.”

Herewith are abstracts of articles by six “early adopters” whose efforts were motivated, at least in
part, by Concept Inventories:

A. Havard [Crouch & Mazur (2001)]
See the abstract on page x.

B. North Carolina State University [Beichner & Saul (2004)]
ABSTRACT: The SCALE-UP Project has established a highly collaborative, hands-on,
computer-rich, interactive learning environment for large-enrollment courses. Class time is spent
primarily on hands-on activities, simulations, and interesting questions as well as hypothesis-
driven labs. Students sit in three groups of three students at round tables. Instructors circulate and
work with teams and individuals, engaging them in Socratic-like dialogues. Rigorous evaluations
of learning have been conducted in parallel with the curriculum development effort. Our findings
can be summarized as follows: Ability to solve problems is improved, conceptual understanding
is increased, attitudes are improved, failure rates are drastically reduced (especially for women
and minorities), and performance in follow up physics and engineering classes is positively
impacted.
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C. MIT [Dori & Belcher (2004)]
ABSTRACT: Educational technology supports meaningful learning and enables the presentation
of spatial and dynamic images, which portray relationships among complex concepts. The
Technology-Enabled Active Learning (TEAL) Project at the Massachusetts Institute of
Technology (MIT) involves media-rich software for simulation and visualization in freshman
physics carried out in a specially redesigned classroom to facilitate group interaction. These
technology-based learning materials are especially useful in electromagnetism to help students
conceptualize phenomena and processes. This study analyzes the effects of the unique learning
environment of the TEAL project on students’ cognitive and affective outcomes. The assessment
of the project included examining students’ conceptual understanding before and after studying
electromagnetism in a media-rich environment. We also investigated the effect of this
environment on students’ preferences regarding the various teaching methods. As part of the
project, we developed pre- and posttests consisting of conceptual questions from standardized
tests, as well as questions designed to assess the effect of visualizations and experiments. The
research population consisted of 811 undergraduate students. It consisted of a small- and a large-
scale experimental groups and a control group. TEAL students improved their conceptual
understanding of the subject matter to a significantly higher extent than their control group peers.
A majority of the students in the small-scale experiment noted that they would recommend
the TEAL course to fellow students, indicating the benefits of interactivity, visualization, and
hands-on experiments, which the technology helped enable. In the large-scale implementation
students expressed both positive and negative attitudes in the course survey.

D. University of Colorado at Boulder [Pollock (2004)]
ABSTRACT: We examine the effects of, and interplay among, several proven research-based
reforms implemented in an introductory large enrollment (500+) calculus-based physics course.
These interventions included Peer Instruction with student response system in lecture, Tutorials
with trained undergrad learning assistants in recitations, and personalized computer assignments.
We collected extensive informal online survey data along with validated pre/post content- and
attitude-surveys, and long answer pre/post content questions designed to assess learning gains
and near transfer, to investigate complementary effects of these multiple reforms, and to begin to
understand which features are necessary and effective for high fidelity replication. Our average
[median] normalized gain was 0.62 [0.67] on the FCI, 0.66 [0.77] on the FMCE, yet we find we
cannot uniquely associate these gains with any individual isolated course components. We
also investigate the population of students with low final conceptual scores, with an emphasis on
the roles played by demographics, preparation, and self-reported attitudes and beliefs about
learning.

E. California Polytechnic at San Luis Obispo
1. [Hoellwarth, Moelter, & Knight (2005)]

ABSTRACT: We present data on student performance on conceptual understanding and on
quantitative problem-solving ability in introductory mechanics in both studio and traditional
classroom modes. The conceptual measures used were the Force Concept Inventory and the
Force and Motion Conceptual Evaluation. Quantitative problem-solving ability was measured
with standard questions on the final exam. Our data compare three different quarters over the
course of 2 years. In all three quarters, the normalized learning gain in conceptual
understanding was significantly larger for students in the studio sections. At the same time,
students in the studio sections performed the same or slightly worse on quantitative final
exam problems.
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2. [Hoellwarth & Moelter (2011)]
ABSTRACT: We have developed a curriculum for introductory mechanics that emphasizes
interactive engagement and conceptual understanding using the studio format. As previously
reported, we have shown in three different quarters that the curriculum much improved the
students’ conceptual understanding compared to the traditional course without significantly
affecting the scores on a traditional final exam. Here we report the results for the entire three-
year period during which the course was taught, 34 sections of the course were taught with 11
different instructors to over 1200 students. In each term, these sections had common exams,
syllabus, and schedule. Student experiences were very similar in terms of activities. Student
performance was measured using the force and motion conceptual evaluation or the force
concept inventory; the average pre/post normalized gain was 0.59. There was no significant
correlation with any instructor characteristics, including teaching experience, knowledge of
interactive-engagement methods, and attitudes. Because the instructor characteristics are not
important, it is the structure of the course that promotes the learning gains.

F. University of British Columbia [Deslauriers, Schelew, & Wieman (2011)]
ABSTRACT: We compared the amounts of learning achieved using two different instructional
approaches under controlled conditions. We measured the learning of a specific set of topics and
objectives when taught by 3 hours of traditional lecture given by an experienced highly rated
instructor and 3 hours of instruction given by a trained but inexperienced instructor using
instruction based on research in cognitive psychology and physics education. The comparison
was made between two large sections (N =267 and N = 271) of an introductory undergraduate
physics course. We found increased student attendance, higher engagement, and more than twice
the learning in the section taught using research-based instruction.
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V. CONCLUSIONS
A. Judging From Results in Physics, Concept Inventories Can Stimulate Reform But
It May Take About Two Decades Before Even “Early Adopters” Become Evident
The research of Halloun & Hestenes (1985a,b) culminating in the first physics concept
inventory, the Mechanics Diagnostic, was followed 13 years latter by a survey [Hake (1998a,b)]
showing that “Interactive Engagement” (IE) courses achieved average course averaged
normalized gains <<g>> that were about two standard deviations above those of “Traditional”
(T) courses. Then from 2001 to 2011 (3 to 13 years) after that survey “Early Adopters,”
stimulated at least in part by the Concept Inventory results, published articles on successful
reform efforts in large enrollment introductory courses at Harvard [Crouch & Mazur (2001)];
North Carolina State University [Beichner & Saul (2004)]; MIT [Dori & Belcher (2004)];
University of Colorado at Boulder [Pollock (2004)]; California Poly at San Luis Obispo
[Hoellwarth et al. (2005, 2011)]; and the University of British Columbia [Deslauriers, Schelew,
& Wieman (2011)].

B. Such Slow Adoption of Innovation Appears To Be the Norm in Human Society
On page 267 if his landmark book Diffusion of Innovations, Eric Rogers quotes what I choose to
call Gabriel Tarde’s (1903) Rule:

“A slow advance in the beginning, followed by rapid and

uniformly accelerated progress, followed again by progress

that continues to slaken until it finally stops: These are the three

stages of. . . .. invention. . . . . If taken as a guide by the statistician

and by the sociologist, [they] would save many illusions.”...................... (Tarde’s Rule)

Fairweather’s comment on the National Academies “Evidence on Promising Practices in STEM
Education” [National Academies (2008), Labov et al. (2009), NRC (2011a)]:

“NSF- and association-funded reforms at the classroom level, however well intentioned, have
not led to the hoped for magnitude of change in student learning, retention in the major, and
the like in spite of empirical evidence of effectiveness [italics in the original]”

may reflect only that Fairweather’s “hoped for magnitude of change in student learning,
retention in the major, and the like” is an illusion due to his unawareness of (a) typical
%adapter vs time curves, such as those shown in Fig. 1-2 “The Diffusion Process” on p. 11
of Rogers’ book, (b) Tarde’s Rule, and (c) the time frame (2001-2011) during which
“Early Adopters” published their evidence for successful use of IE methods in physics
classrooms. Thus I am dubious of Fairweather’s claim that:

“. .. .more effort needs to be expended on strategies to promote the adoption and
implementation of STEM reforms rather than on assessing the outcomes of these
reforms. Additional research can be useful but the problem in STEM education lies less
in not knowing what works and more in getting people to use proven techniques.”

Instead, I agree with Susan Singer’s comment [NRC (2011a, p; 68)]:

..... several people view further research on effective practices and further research on
implementing change as mutually exclusive.. . . similar to scientific research, the process of
change is iterative and requires both types of research.”
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I also agree with Singer that there is a need “to develop a broader theoretical framework to guide

STEM education research within and across disciplines” . . . [[requiring more research on

effective practices]]. . . . Furthermore, as stated in Lesson #6 of Hake (2002a) :
“[there 1s] a need for more research to develop better strategies for enhancing student
learning. On a test as elemental as the FCI, it would seem that reasonably effective courses
should yield <g>'s above 0.8, but thus far none much above 0.7 have, to my knowledge, been
reported. This and the poor showing on the pre/post MPEX test of student understanding of
the nature of science and education (Redish et al., 1998) indicate that more work needs to be
done to improve IE methods.”

C. Will Differences Listed Below Between Engineering Education (EE) and Physics Education
(PE) Change the Impact of Concept Inventories in EE From That in PE?
Reed-Rhoads & Imbrie (2008) in “Concept Inventories in Engineering Education,” indicated
three differences between engineering and physics education:

1. Little Is Known About Misconceptions in Engineering
Reed-Rhoads & Imbrie (2008) wrote: “There is very little known or published on the
engineering concepts and subject matter misconceptions [so that] engineering faces the
challenge of using the inventories as a tool to identify misconceptions, being only guided
in a general sense of instructors’ perceptions of potential misconceptions (Streveler et al.,
2008). .. ... [[student interviews and analysis of pretest scores (especially if trial pretests
allow free responses) might help to identify misconceptions]]. . . . .

2. Concept Inventories May Be Regarded as Required for Summative Evaluation of
Engineering Education

Reed-Rhoads & Imbrie (2008) wrote: “The engineering inventories are being developed in
an era of evolving accreditation standards that focus on learning outcomes. . . . . [[see e.g.
ABET (2011)]]. . . . This coincidence could infer the purpose of the ClIs is for accreditation
instead of instruments aimed at increasing student learning. The FCI, on the other hand,
might be viewed as a more charitable contribution to existing research. This difference
could infuse a tincture of skepticism regarding the researchers’ motivation (i.e., have-to vs.
want-t0).” . ... .. [[This should not be a problem IF Engineering CIs are used only for

formative assessment to improve student learning - see footnote ¥ in page 27]]. .. ..

3. Engineering Education Can Build on the Physics Concept Inventory Evidence That
Interactive Engagement Courses Are Much Effective Than Traditional Passive
Student Lecture Courses
Reed-Rhoads & Imbrie (2008) wrote: “In part due to the FCI, evidence is beyond
anecdotal that traditional teaching is ineffective providing a landscape ripe for encouraging
faculty to improve their practices with conceptual assessment imperative to demonstrate
the effectiveness of innovations.” . . . . [[this, of course, could act to shorten the time
between an engineering innovation and its widespread adoption.]]. . . ..

In my opinion the differences between engineering and physics education cited by Reed-Rhoads
& Imbrie (2008) in “1” and “2” above should not slow the rate of adoption of reform methods
in engineering education below that in physics education for the reasons noted above in the
inserts at ... .. [[insert]]. . . . Furthermore there are at least:
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D. Seven Reasons Why the Rate of Adoption of Reform Methods in Engineering Education
May Be Greater That in Physics Education:
1. Engineering Education Can Build on the Physics Concept Inventory Evidence That
Interactive Engagement Courses Are Much Effective Than Traditional Passive Student
Lecture Courses
The same point made by Reed-Rhoads & Imbrie (2008) in “3” above.

2. ABET’s Incentives to Improve Engineering Education

According to ABET’s (2011) “Criteria For Accrediting Engineering Programs: Effective for
Evaluations During the 2011-2012 Accreditation Cycle,” ABET accreditation requires that
Engineering Departments demonstrate student outcomes that prepare graduates to attain the
[following] educational objectives:

(a) an ability to apply knowledge of mathematics, science, and engineering;

(b) an ability to design and conduct experiments, as well as to analyze and interpret data;

(c) an ability to design a system, component, or process to meet desired needs within

realistic constraints such as economic, environmental, social, political, ethical, health
and safety, manufacturability, and sustainability;

(d) an ability to function on multidisciplinary teams ;

(e) an ability to identify, formulate, and solve engineering problems;

(f) an understanding of professional and ethical responsibility;

(g) an ability to communicate effectively;

(h) the broad education necessary to understand the impact of engineering solutions in a

global, economic, environmental, and societal context

(1) a recognition of the need for, and an ability to engage in life-long learning;

(j) a knowledge of contemporary issues;

(k) an ability to use the techniques, skills, and modern engineering tools necessary

for engineering practice.

The above objectives would seem to require reform methods of instruction similar to those
developed in physics [for a listing see Hake (1998b)], together with formative Concept
Inventories to gauge the effectiveness of those methods, both among themselves and in
comparison with traditional methods.
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3. National Studies Call For a New Type of Engineering Graduate
Redish & Smith (2008) in “Looking beyond content: Skill development for engineers,” wrote:
“Numerous studies and reports now call for a different type of engineering graduate.
Thoughtful studies abound. . . .. ” Studies referenced by Redish & Smith are:

a. A 1997 Engineering Futures Conference co-sponsored by Boeing and Rensselaer
Polytechnic Institute, which resulted in a provocative set of characteristics of a global
engineer (Boeing, 1997). I’ve found no online version of Boeing (1997), but Karl Smith
(2007) in a talk “Preparing Students for an Interdependent World: Role of Cooperation and
Social Interdependence Theory” gives a list of the “Desired Attributes of a Global
Engineer” from that report:
(1) A good grasp of engineering science fundamentals, including:

(a) Mechanics and dynamics

(b) Mathematics (including statistics)

(c) Physical and life sciences

(d) Information science/technology

(2) A good understanding of the design and manufacturing process (i.e., understands
engineering and industrial perspective)

(3) A multidisciplinary, systems perspective, along with a product focus

(4) A basic understanding of the context in which engineering is practiced, including:
(a) Customer and societal needs and concerns
(b) Economics and finance
(c) The environment and its protection
(d) The history of technology and society

(5) An awareness of the boundaries of one’s knowledge, along with an appreciation for
other areas of knowledge and their interrelatedness with one’s own expertise

(6) An awareness of and strong appreciation for other cultures and their diversity, their
distinctiveness, and their inherent value

(7) A strong commitment to team work, including extensive experience with and
understanding of team dynamics

(8) Good communication skills, including written, verbal, graphic, and listening

(9) High ethical standards (honesty, sense of personal and social responsibility, fairness,
etc)

(10) An ability to think both critically and creatively, in both independent and
cooperative modes

(11) Flexibility: the ability and willingness to adapt to rapid and/or major change

(12) Curiosity and the accompanying drive to learn continuously throughout one’s
career

(13) An ability to impart knowledge to others]]. . . . ..
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b. The Engineer of 2020: Visions of Engineering in the New Century [NAE (2004)];

The Executive Summary reads, in part:
“In the past, changes in the engineering profession and engineering education have
followed changes in technology and society. Disciplines were added and curricula were
created to meet the critical challenges in society and to provide the workforce required
to integrate new developments into our economy. Today’s landscape is little different;
society continually changes and engineering must adapt to remain relevant. But we
must ask if it serves the nation well to permit the engineering profession and
engineering education to lag technology and society, especially as technological change
occurs at a faster and faster pace. Rather, should the engineering profession anticipate
needed advances and prepare for a future where it will provide more benefit to
humankind? Likewise, should engineering education evolve to do the same?”

c. Educating the engineer of 2020: Adapting engineering education to the new century
[NAE (2005a)];
The description reads:

“Educating the Engineer of 2020 is grounded by the observations, questions, and
conclusions presented in the best-selling book The Engineer of 2020: Visions of
Engineering in the New Century. This new book offers recommendations on how to
enrich and broaden engineering education so graduates are better prepared to work in a
constantly changing global economy. It notes the importance of improving recruitment
and retention of students and making the learning experience more meaningful to them.
It also discusses the value of considering changes in engineering education in the
broader context of enhancing the status of the engineering profession and improving the
public understanding of engineering. Although certain basics of engineering will not
change in the future, the explosion of knowledge, the global economy, and the way
engineers work will reflect an ongoing evolution. If the United States is to maintain its
economic leadership and be able to sustain its share of high-technology jobs, it must
prepare for this wave of change.”

d. “The National Engineering Education Research Colloquies” Special Report [NEERC
(2006)]. The first paragraph reads [slightly edited]:

“Rapid changes in the worldwide engineering enterprise are creating a compelling
rationale for us to rethink how we should educate future generations of engineers [NSF
(1995), NRC (2007a), RAE (2006), IEAC (1996). According to “The Engineer of 2020”
[NAE (2004)], tomorrow’s graduate will need to collaboratively contribute expertise
across multiple perspectives in an emerging global economy that is fueled by rapid
innovation and marked by an astonishing pace of technological breakthroughs.
Deteriorating urban infrastructures, environmental degradation, and the need to provide
housing, food, water, and health care for eight billion people will challenge the
analytical skills and creativity of engineers. From a U.S. perspective, a continuing
decline in interest by American youths in engineering, a shrinking capacity for
technological innovation, and an engineering research infrastructure in distress are early
warning signs that the nation’s prosperity and security are at stake if we fail to take
action. Our leadership and capacity for innovation are destined to erode unless current
trends are reversed [NAE (2005), TFFAI (2005), COC (2004)].
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e. Commissioned papers for the National Center on Education and the Economy, . . ... ..
.[[online at <http://bit.ly/pKs6fD>]]. . . .. including, “Rethinking and Redesigning
Curriculum, Instruction and Assessment” (Pellegrino, 2006). . . . . [[and “Sources of
Innovation and Creativity: A Summary of the Research” (Adams, 2005)]]. . . .

Among Publications not mentioned by Redish & Smith (2008), but of possible interest to
those interested in engineering education are:

f. Engineering Research and America’s Future [NAE (2005b)].

The second paragraph of the preface reads:
“To assess and document the current state of the U.S. engineering research enterprise
and to raise awareness of the critical role of engineering research in maintaining U.S.
technological leadership, the National Academy of Engineering (NAE) initiated the
current study. The focus of the study is primarily on academic research because of its
importance to long-term basic engineering research and to educating future engineers
and engineering researchers. The study is based on the opinions and judgments of a 15-
member committee of experts from industry and universities. The committee’s
deliberations were informed by testimony from key decision makers and policy makers
in the federal government, as well as a detailed review of many recent studies on
national R&D policy, investment patterns, needs, and shortcomings.”

g. Is America Falling Off the Flat Earth [NRC (2007b)].

The description reads: “The aviation and telecommunication revolutions have conspired
to make distance increasingly irrelevant. An important consequence of this is that US
citizens, accustomed to competing with their neighbors for jobs, now must compete
with candidates from all around the world. These candidates are numerous, highly
motivated, increasingly well educated, and willing to work for a fraction of the
compensation traditionally expected by US workers. If the United States is to offset the
latter disadvantage and provide its citizens with the opportunity for high-quality jobs, it
will require the nation to excel at innovation -- that is, to be first to market new products
and services based on new knowledge and the ability to apply that knowledge. This
capacity to discover, create and market . . . . [[my italics]]. . . . will continue to be
heavily dependent on the nation's prowess in science and technology. Indicators of
trends in these fields are, at best, highly disconcerting. While many factors warrant
urgent attention, the two most critical are these: (1) America must repair its failing K-12
educational system, particularly in mathematics and science, in part by providing more
teachers qualified to teach those subjects, and (2) the federal government must
markedly increase its investment in basic research, that is, in the creation of new
knowledge. Only by providing leading-edge human capital and knowledge capital can
America continue to maintain a high standard of living--including providing national
security--for its citizens.”
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h. Restructuring Engineering Education: A Focus on Change [NSF (1995)].

1. Shaping the Future, Volume II: Perspectives on Undergraduate Education in Science,
Mathematics,Engineering, and Technology [NSF (1996)].

J. Making the Case for Engineering: Study and Recommendations [NSF (2005)].

The above national studies (just as the Boeing and ABET criteria above) would seem to
require reform methods of instruction similar to those developed in physics [for a listing see
Hake (1998b)], together with formative Concept Inventories to gauge the effectiveness of
those methods, both among themselves and in comparison with traditional methods.

4. Many Engineering Educators Are Interested In Concept Inventories and Their
Potential To Improve Engineering Education - See, e.g.:

“Progress on Concept Inventory Assessment Tools” [Evans et al. (2003)];

“Concept Inventories: Tools For Uncovering STEM Students’ Misconceptions™
[Richardson (2004)];

“The statistics concept inventory: Developing a valid and reliable instrument”
[Allen et al. (2004)];

“Does Active Learning Work? A Review of the Research” [Prince (2004)];

“A statics concept inventory: Development and psychometric analysis”
[Steif & Dantzler (2005)];

“Active and Cooperative Learning in Signal Processing Courses” [Buck & Wage (2005)];

“New practices for administering and analyzing the results of concept inventories”
[Steif & Hansen (2007)];

“Tools to facilitate better teaching and learning: Concept inventories”
[Reed-Rhoades et al. (2007)];

“Learning Conceptual Knowledge in the Engineering Sciences: Overview and Future
Research Directions” [Streveler et al. (2008)];

“Concept Inventories in Engineering Education” [Reed-Rhoads & Imbrie (2008)];
“White Paper on Promising Practices in Undergraduate STEM Education” [Froyd (2011)].
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5. Establishment in 2002 of the “Engineering Center for the Advancement of Scholarship
on Engineering Education (CASEE)
“The Center for the Advancement of Scholarship on Engineering Education (CASEE) is the
first operating center of the National Academy of Engineering. We are dedicated to achieving
excellence in engineering education, education that is effective, engaged, and efficient. As a
reflection of our on-going research and implementation activities, these pages will be dynamic
and frequently updated.”
Redish & Smith (2008) point out that according to CASEE <http://bit.ly/pfjrDS> “there
are five U.S. schools with Ph.D. programs in engineering education . . . . [[now 10
according to http://bit.ly/pOCfL7> . . . and more than 20 schools with engineering
education centers <http://bit.ly/qxRjek>, and interest in engineering education research

6. Recent Initiation of the Concept Inventory Hub <http://ciHUB.org/> at Purdue
This a community for Concept Inventory developers, researchers, and users should give a

tremendous boost to the improvement of engineering education — see e.g. the Merlot page at
<http://bit.ly/pulOPI>,

7. Engineers Are ‘“Adept at Correlating Exactitude With Chaos to Bring Visions into
Focus.”
“The essence of engineering . . . .is integrating all knowledge for some purpose. As society's
‘master integrators,” engineers must provide leadership in the concurrent and interactive
processes of innovation and wealth creation. The engineer must be able to work across many
different disciplines and fields - and make the connections that will lead to deeper insights,
more creative solutions, and getfing things done. In a poetic sense, paraphrasing the words of

Italo Calvino (1988), the engineer must be adept at correlating exactitude with chaos to
bring vision bring visions into focus."

Joseph Bordogna (1997)
former Head of NSF's Directorate for Engineering
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VI. Appendix
A. Criticisms of the FCI
a. Jose Mestre (2008) wrote (correcting his currently dead URL): “The good news is that many
other STEM disciplines are developing their version of the FCI <http://bit.ly/qmIflb>. . ... [[this
is the engineering “Foundation Coalition™]]. . . The bad news is that this is a very narrow focus
and we should look beyond identifying and eradicating misconceptions as the goal of STEM
instruction, but at least it starts a much needed dialog toward curricular improvement.”

In my opinion, the FCI is focused on more than just “identifying and eradicating
misconceptions,” as Mestre (2005) himself indicated in his earlier “Facts and myths about
pedagogies of engagement in science learning.” There Mestre wrote [my ifalics]:
“Figure 1 shows two questions from [the FCI], which should make it evident that the FCI
measures understanding of basic conceptual knowledge that physicists expect students to
grasp dafter taking an introductory physics course.”

Furthermore, as Hestenes (1997) states [my italics]: The FCI was developed to assess the
effectiveness of mechanics courses in meeting a minimal performance standard: to teach
students to reliably discriminate between the applicability of scientific concepts and naive
alternatives in common physical situations."

Similarly the questions in any good multiple-choice test of introductory students’
conceptual understanding in any STEM area would employ distractors which feature naive
alternatives in common situations.

b. Susanne Singer (2008) wrote: "While valuable in moving research forward, there is more to
understanding and enhancing student learning in STEM fields than addressing alternative
conceptions uncovered in concepts inventories, underscoring the need for multiple modes of
evidence in undergraduate learning in STEM fields."

See my response above to Mestre's similar denigration of the FCI.

b. The FCI appraisals of Kenneth Heller and Karen Cummings appear on page 41 of Promising

Practices in Undergraduate Science, Technology, Engineering, and Mathematics Education:

Summary of Two Workshops [NRC (2011a)]:
“Kenneth Heller pointed out that the FCI is not about forces and is not a concept inventory.
[My italics.] Rather, it is an instrument about misconceptions that is based on the
misconception research. Although the instrument is reliable, Heller stressed that it is not a
predictor of students’ success in introductory physics. He asked the presenters whether they
are trying to replicate the success of the FCI or develop concept inventories that may or may
not have the same properties as the FCI. Libarkin and Reed-Rhoads said their respective
communities (geosciences and engineering) are trying to do both. Cummings agreed with
Heller’s assessment of the FCI and emphasized the importance of being clear about what
these instruments measure.”
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I suspect that Ken Heller’s remark may reflect the influence of “What Does the Force
Concept Inventory Actually Measure?” [Huffman & Patricia Heller (1995)] and
“Interpreting the Force Concept Inventory: A Reply to Hestenes and Halloun” [Patricia
Heller and Huffman (1995)]. But, as indicated on pp. 14-15 of this article, even Huffman
and Patricia Heller have stated that “the FCI is one of the most reliable and useful physics
tests currently available for introductory physics teachers” [Huffman & Heller (1995)] and
that the FCI is “the best test currently available [to evaluate the effectiveness of instruction
in introductory physics courses]” [Heller & Huffman (1995)]. How could the latter
statement be correct if the FCI failed to gauge students’ conceptual understanding of
mechanics and thus be a form of “concept inventory”? See also my responses above to
criticisms of the FCI by Mestre and Singer.

c. Robin Millar and Jonathan OsborneT in Quality Research in Literacy and Science Education:
International Perspectives and Gold Standards (Shelley, Yore, & Hand, eds., 2009) wrote
[bracketed by lines "M&O-M&O-. . . ."; my bold italics]*:
M&O-M&O-M&O-M&O-M&O-M&O-M&O
One striking feature of science education is that no standard or commonly agreed outcome
measures exist for any major topic. The need for them is demonstrated by the way in which
some published assessment tools, like the Force Concept Inventory (FCI, Hestenes, Wells, &
Swackhamer, 1992), have been used by researchers.

But such tools are also subject to quite significant criticism - not the least because the
construction of any test instrument requires choices about the learning outcomes of most
worth, which inevitably involve values. . . .[[Yes, Hestenes et al. (1992) evidently valued
students' learning the basic concepts of Newtonian mechanics - obviously arbitrary, arguable,
and suspect ;-)]] .....

Also instruments like the FCI have not been subjected to the kind of rigorous scrutiny of
factorial structure . . . .[[not so ! - see e.g. Huffman & Heller (1995), Hestenes & Halloun
(1995), Heller & Huffman (1995), Halloun & Hestenes (1995)]1]...... and content validity
....[[ not so ! - see section IIB. “Validity and reliability of the mechanics test” (Mechanics
Diagnostic) in Halloun & Hestenes (1985a) - that verification of validity applies also to the
FCI since it's almost the same as the Mechanics Diagnostic — and see also Kuder-Richardson
reliability coefficients (KR-20) in the Tables Ia,b,c footnotes of Hake (1998b)]]. . . .. that
would be standard practice for measures of attainment or learning outcome in other subject
areas, in particular the kinds of standard measure used by psychologists. . . . [[so PER’s
should emulate psychologists?? See e.g.: (a) “Do Psychologists Research the Effectiveness of
Their Courses? Hake Responds to Sternberg” (Hake (2005d), and (b) “Possible Palliatives for
the Paralyzing Pre/Post Paranoia that Plagues Some PEP’s” (PEP’s = Psychologists,
Education Specialists, and Psychometricians) (Hake, 2006k)]] . . ... ..

T Osborne was on the committee that produced the NRC's (2011¢) A Framework for K-12 Science
Education which, for the most part, ignores physics education research, as does NRC (2011b). Osborne
(2007), in his “In praise of armchair science education” and either unaware or dismissive of physics
education research, wrote: “50 years of research, curriculum development, and implementation have
not presented consistent and compelling patterns of outcomes.”

* These comments are derived from a discussion-list post “Re: Quality Research in Literacy and
Science Education: International Perspectives and Gold Standards” [Hake (2010a)]
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So using a trusted, off-the-shelf, outcome measure is not an option for the science
education researcher . . . . . .. [[So s(he) should ignore formative diagnostic tests such as (a)
the FCI; (b) those listed: (1) at NCSU’s (2010) “Assessment Instrument Information,” (2) at
FLAG (2011), (3) by Reed Rhoades and Imbry (2008), (4) by Libarkin (2008), and (5) those
referenced for astronomy, biology, chemistry, economics, engineering, geoscience, and math
in “Should We Measure Change? Yes!” (Hake, 2011b)]].......
M&O-M&O-M&O-M&O-M&O-M&O-M&O

Millar and Osborne appear to be either dismissive or oblivious of the fact that
“Conceptual Inventories” <http://en.wikipedia.org/wiki/Concept_inventory>, developed
through arduous quantitative and qualitative research by disciplinary experts, are
currently being used to improve undergraduate - and some high-school - courses in
science, technology, engineering, and math (STEM) disciplines (but not psychology!) -
see, e.g., (a) “Design-Based Research in Physics Education Research: A Review” (Hake
(2008b) ; (b) “Should We Measure Change? Yes!” (Hake, 2011b); and (c) “Workshop
on Linking Evidence and Promising Practices in STEM Undergraduate Education”
[National Academies (2008)].

B. Criticisms of <g>
a. Psychometric guru Robert Mislevy (2006), while acknowledging the value of <g> in analyzing
pre/post test gains Hake (1998a,b), states that he is uninterested in <g> because it, unlike “Item
Response Theory” [see e.g., Junker (1999), Rudner (2001)] is not “grounded in the framework of
probability-based reasoning.”*

But, in my opinion, Mislevy’s objection must be balanced against the:
(1) empirical justification of <g> as an easy-to-use gauge of course effectiveness in hundreds
of studies of classroom teaching in widely varying types of courses and institutions with
widely varying types of instructors and student populations, as indicated in Sect. IIC12
“Empirical Justification of <g> as a Comparative Measure of Course Effectiveness *;

(2) evidently unaddressed problem of how to employ IRT to compare the effectiveness of
courses in which the initial average knowledge state of students is highly variable — IRT use
appears to be concentrated instead on test analysis, see e.g., Junker (1999), Pellegrino et al.
(2001), Morris et al. (2006), Wang & Bao (2009), Ding & Beichner (2009), and Wallace &
Bailey (2010);

(3) difficulties that average faculty members might experience in using IRT to improve the
effectiveness of their courses.

*For an unpublished attempt to ground normalized gain “in the framework of probability-based
reasoning” see Bao (2008).

54



b. Susan Ramlo (2008a) wrote:

“. .. there is a more statistically acceptable method for including pretest scores' relationship
with the posttest scores than using either-. . . .. [[average normalized gain <g> or the average
of single student normalized gains gain calculations]]. . . . . ...The general linear model
(GLM... or, basically, linear regression) is a more stable method for including the pretest
scores’ relationship to the posttest score."

But, as stated in Hake (2008c):

“Ramlo's statement . . . . [[see above]]. . . suggests that she may be unaware of the research
question that was posed in Hake (1998a,b) and for which <g> was empirically set forth to
assist an answer: ‘Can the classroom use of Interactive Engagement methods increase the
effectiveness of introductory mechanics courses well beyond that attained by traditional
methods?’ I think Phil Sadler's (2008a,b) posts, also touting the general linear model, also
betray an ignorance of the motivation for <g> in Hake (1998a,b). Can Sadler or Ramlo
explain how the GLM could be used to answer the above research question in a survey of 62
courses with widely varying average pretest scores?”

Neither Sadler of Ramlo responded to this challenge.

c. Redish & Hammer (2009) wrote (converting their nomenclature to that used in this article):

“An often used figure of merit for pre-post testing is the average normalized gain <g>. . . ..
This measure is typically used to permit the comparison of classes with different pre-test
scores. Some care must be taken, as the score is particular to the specific test used and may
distort the result when either the pre-or post-test averages are high, producing end effects. We
are grateful to Robert Mislevy (private communication) for this comment.”

Since <g> is an empirically derived parameter (see the above Sect. IIC12 “Empirical
Justification of <g> as a Comparative Measure of Course Effectiveness” that showed no
evidence of “end effects” in the survey of Hake (1998a,b), it's not clear why Meslevy
claims that <g> “may distort the result when either the pre-or post-test averages are high.”
In fact, <g> avoids a “ceiling effect” if the test (as does the FCI) poses a “performance
ceiling effect,” as opposed to an “instrumental ceiling effect” — for a discussion see Hake
(2006g,h,1,)).
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d. Miller et al. (2010) wrote (converting their nomenclature to that used in this article): “Hake’s
single-student gain for the ith student, gj, is defined the actual gain (%post;— %pre;) divided by

the maximum possible gain (100% — %pre;). When calculating the average g for an entire class,
the instructor has two choices: calculate gj for each student and then average the values to obtain
gave= (Z(overi from 1 to N) &i) /N, or average pre and post for the class to obtain the average

normalized gain <g> = (<%post> — <%pre>)/ (100% — <%pre>. * The former approach is more
rigorous . . . . . [[on what grounds do Miller et al. base this claim?]]. . .. though a perfect pretest
score results in division by zero. The latter approach is often simpler to calculate, though it
masks important information about individual students. In this paper, we focus on individual
student gains, and therefore rely solely on the former approach.”

But as explained in Section IIE2-Aside(b): “As a statistic for comparison of courses and for
meta-analyses, the class average <g> is better, in my opinion, than g, (the average of the

single-student normalized gains) because the latter:

(1) must exclude students who score 100% on the pretest and thus achieve an infinite or
indeterminate g; and (2) may introduce skewing due to outliers who score near 100% on
the pretest and less on the posttest such their <g>’s are large and negative. The selective
removal of outliers so as to avoid outliers by various different investigators with different
outlier criteria will lead to a degree of uncertainty in comparing normalized gains of
different courses.”

With regard to Miller et al.’s use of term “Hake’s gain,” neither the single-student gain gj, nor

the average gain <g> is “Hake’s.” In Hake (2008) I wrote: “This half-century-old gain
parameter was independently employed by Hovland et al. (1949), who called g the
“effectiveness index”); Gery (1972), who called g the “gap-closing parameter”; Hake
(1998a,b)], who called g the “normalized gain”; and Cohen et al. (1999), who had the good
sense to indicate that g is an example of “POMP” (Percentage Of Maximum Possible).

* Footnote #46 of Hake (1998a) states that: (1) for N > 20, g,ye is usually within 5% of <g>; and (2)
low [gave — <g>] implies a low correlation between gj and prej = (Si)j for individual students, just as

there is a low correlation between <g> and <Si> for courses. Bao (2006) has also discussed the
relationship between ggye and <g>, but was either oblivious or dismissive of footnote #46 of Hake

(1998a).
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29,

e. The abstract of Dowd et al. (2011) reads, in part [my counters at ““. . . .[[counter]]. . .

“The normalized gain, g, is among the most widely- and easily-used metrics in physics
education research, particularly as it is applied to the Force Concept Inventory

(FCI). However, its ease and ubiquity mask several pitfalls associated with the metric,
particularly when it is used to directly compare a small number of courses. Specifically, these
pitfalls are: the ambiguities between ‘class’ and ‘student average’ gain,

......... [[this “pitfall” in not due to the “normalized gain metric.” There were no such
ambiguities in Hake (1998a,b) — see especially footnote #46 of Hake (1998a). Furthermore,
the ambiguities that exist in some PER articles — see e.g., Coletta & Phillips (2005) - are
due only to the carelessness of their authors in not stating exactly how they calculate the
“average normalized gain.”]]..........

the tendency not to report error margins,
... .[[this is not the fault of the “normalized gain metric”]]. . . .,
the effect of losses in initially high-scoring populations

.. .. [[in my opinion, since there’s about a two-standard deviation differences between the
average <<g>> of the average normalized gains <g> between IE and T courses, it’s doubtful
that not taking into account the “effect of losses” would have changed the conclusions of
Hake (1998a,b) that “The above conceptual (FCI) and problem solving (MB) test results
strongly suggest that the use of IE strategies can increase mechanics-course effectiveness well
beyond that obtained with traditional methods.]]. .. . .. ,

and the extent to which details about classes are washed out by reporting a single number. .

. . . .[[the influence of “details about classes” evidently is of minor importance in the
comparison of IE and T courses in Hake (1998a,b)]]........

f. Docktor & Mestre (2011) wrote: “The ‘normalized gain’ is a commonly reported measure for
comparing pretest and posttest scores across populations (Hake, 1998a), but the statistical origin
for this measure is unclear and alternatives have been suggested (such as ‘normalized change’).
It is unclear why normalized gain is still favored, and the PER community should reach an
agreement about how to analyze and report scores from concept inventories.”

The statistical origin is unclear?? As indicated in Section IIC11 above, “Experimental
Justification of <g> as a Comparative Measure of Course Effectiveness,” the “average
normalized gain” <g> was utilized in Hake (1998a,b) as a strictly empirically-based
parameter with no claim to a statistical pedigree. Nevertheless <g> provided a consistent
analysis of pre/post test results — see Fig. 1 and 2 above - over diverse student populations in
high schools, colleges, and universities. Furthermore, similar consistent analyses using <g>
have been obtained in over 25 physics education research papers as listed above in Section
IIC9 “Research Consistent With the Above Meta-analysis.”

In my opinion, it is unclear why Docktor & Mestre (2011): (1) choose to discount the above
evidence for the value of <g>, and (2) think that “It is unclear why normalized gain is still
favored.”
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As regards the “normalized change” [Marx & Cummings (2007)], in a footnote on p. 1 of
“Should We Measure Change? Yes!” [Hake (2011b)], I wrote:

“Marx & Cummings (2007) advocate replacement of the single-student ‘normalized gain’
gj» with single-student ‘normalized change’c;j , involving ‘the ratio of the gain to the

maximum possible gain or loss to the maximum possible loss.” Although c; might be

useful in single-student gain analyses such as those by Meltzer (2002) and Hake (2002d), 1
think that. . . .[[ for comparing the effectiveness of different courses]]. . . . replacing a class
average <g;> with a class average <c;>, as advocated by Marx & Cummings, has little, if

any, advantage. . . .[[over simply using the average normalized gain <g>, as in Hake
(1998a,b) and most subsequent studies by other investigators.]]. . . . . . 7

g. Lasry, Rosenfield, Dedic, Dahan, & Reshef (2011) wrote: “The internal reliability of the
Mechanics Diagnostic Test was previously determined, and KR[120 was found to equal 0.86 for
the pretest and 0.89 for the post-test [Halloun & Hestenes (1985a)]. To our knowledge, no
assessment of the internal consistency of the FCI has been reported. [My italics.]

In the above Section IIC7 “A Crucial Companion Paper to Hake (1998a)” I pointed out that
the AJP rejected paper “Interactive-engagement methods in introductory mechanics courses”
[Hake (1998b)] contained, among other valuable information, the average pre/post test scores,
standard deviations, instructional methods, materials used, institutions, and instructors for
each of the survey courses. In addition, the following posttest Kuder-Richardson reliability
coefficients (KR-20) were contained in footnote 111 of Tables Ia,b,c of Hake (1998b) - nearly
identical to the 1992 version: KR-20 = 0.81 and nearly identical to the 1995 version: KR-20
=0.86).

The baleful effects of inadequate reviewing of articles submitted for publication in the field
of Physics Education Research (PER) have been discussed in “Re: Learning Physics with a
Statistical Gold Standard” [Hake (2011m)].
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