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Design-Based Research:

�A Primer For Physics-Education Researchers *  ◊

        Richard R. Hake
          Indiana University (Emeritus), 24245 Hatteras Street, Woodland Hills, CA 91367

Some prominent education researchers now work in Pasteur’s interdisciplinary, use-inspired,

basic-research quadrant doing what they call “Design-Based Research” (DBR). After

quoting descriptions of DBR by a few of its advocates, I discuss the insularity that has

hidden DBR’s from PER’s (Physics Education Researchers) and PER’s from DBR’s.  I then

attempt to make the case that: (a) some PER is also DBR; (b) randomized control trials

(RCT’s) - not generally a part of DBR - are not the “gold standard” of educational research,

as hailed by the U.S. Dept. of Education; (c) DBR might develop into a force sufficient to

accelerate even the ponderous educational system: (d) the pre/post test movement, generally

ignored by the education community, could be a major component of that reforming force;

and  (e) non-classical analyses of tests heretofore used primarily for pre/post testing might

assist the understanding of “transfer.”

I. WHAT IS DESIGN-BASED RESEARCH?
The above question is answered at the “Design-Based Research Collective’s” [see DBRC
(2003)] website < http://www.designbasedresearch.org/dbr.html > as follows:

Research in educational settings has historically been driven by two broad goals: understanding

how people learn, particularly within school settings; and designing ways to better ensure that

learning will happen in these settings. Pursuing these goals in parallel poses significant challenges.

However, such work can yield significant rewards, as learning settings can be rapidly refined in

response to ongoing research. In recent years, a new paradigm has emerged for engaging in
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theoretical research in realistic learning settings. Design experimentation is an inter-disciplinary

approach that acknowledges the fundamentally applied nature of educational research.

Within this approach, researchers working in partnership with educators seek to refine theories of

learning by designing, studying, and refining rich, theory-based innovations in realistic classroom

environments. Design experimentation reflects a range of practices and methodologies that are drawn

from a variety of disciplines. However, the broad array of methods, claims, theoretical stances, and

intellectual traditions makes it extremely difficult to articulate exactly what design experimentation is

and how it can advance as a coherent field of study. [My italics.]

Nevertheless, Anthony (Emmon) Kelly, guest editor of the Educational Researcher theme issue
on "The Role of Design in Educational Research" (ER 2003) took a crack at articulating the
meaning of “design experimentation.”  In his lead article "Research as Design," Kelly (2003)
wrote:

Inspired by the seminal work of Ann Brown [(1992), Brown & Campione (1996)] Allan Collins

(1992, 1999), Roy Pea (1999), and Jan Hawkins [Hawkins & Collins (unpublished)], a growing

number of researchers have begun to adopt the metaphors and methods of the design and engineering

fields. This special issue highlights the work of some of these active researchers and provides a

number of commentaries on it . . . . [The] emerging research dialect, which is described in this special

issue, attempts to support arguments constructed around the results of active innovation and

intervention in classrooms. The operative grammar, which draws upon models from design and

engineering, is generative and transformative. It is directed primarily at understanding learning and

teaching processes when the researcher is active as an educator . . . . Design research in education

would fall under Stokes’ (1997) use-inspired basic research category. . .[Pasteur’s quadrant]. . . In

Toulmin’s sense, this research is clinical (Toulmin, 2001)  . . . . ["where the shared task of the

experimenter, the designer, and the practitioner is to move the educational system from malfunction to

function and not, primarily, the assured contribution to a body of basic knowledge propositions"

(Zaritsky et al. , 2003)]. . . . Further, its proponents are willing to attempt to address, simultaneously

and iteratively, the scientific processes of discovery, exploration, confirmation, and dissemination. In

its goals and in its context of use, this emerging design research methodology attempts to be both

scientific and educational.

Mathematicians Hugh Burkhardt and Alan Schoenfeld  (2003) share the enthusiasm of the
“Design-Based Research Collective” and Kelly for DBR. They write:

Introduced in 1992, design experiments represent a significant attempt to conduct research in

(experimental) practice, and to contribute to both research and practice (Brown, 1992; Collins, 1992;

Kelly, 2003; Schoenfeld, in press).  Instructional interventions are designed with explicit theoretical

grounding. Data gathered before, during, and after the intervention serve purposes of theory testing.

At the same time, they point to strengths and weaknesses of the intervention, informing its revision.

Iterative cycles result in improvements in theory and in refinements of the intervention. Design

experiments represent a much-needed melding of research and practice.
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II. THE INSULARITY OF EDUCATIONAL RESEARCH
As indicated by Eamonn Kelly, the DBR movement as represented in ER (2003) was
undoubtedly inspired by the 1992 work of Allan Collins and Ann Brown. But were they really the
first to perform “design experiments” as asserted above by Burkhardt & Schoenfeld ?  The
answer depends on whether or not (a) one believes that legitimate education research is only

performed by education specialists, psychologists, cognitive scientists, and mathematicians – as
many in those fields seem to believe, and (b) pre-1992 educational research overlooked by
Burkhardt & Schoenfeld falls under the DBR rubric. In the next Sect. III, I attempt to make the
case that the physics education research (PER) is legitimate and that some of its studies of the
1970’s and 1980’s were essentially DBR.

It appears that outside the physics community (and even inside some parts of the physics
community) the work of PER’s is virtually unknown.  Several years ago I stumbled upon Allan
Collins’ (1999) valuable article “The Changing Infrastructure of Education Research.” Since
PER’s have been doing classroom research for about three decades (McDermott & Redish,
1999), I was puzzled by the italicized sentence below in Collins’ claim that:

There has always been a great divide between education research and practice. Most practitioners

regard education research as irrelevant to their day-to-day concerns, and so they pay little attention to

what researchers recommend. This partly derives from the origins of education research in the field of

psychology. The methods employed, based on laboratory studies, have led to a body of findings that

has problematic relation to questions of practice. Learning in the real world occurs in complex social

situations, and laboratory methods of studying learning so fundamentally alter the conditions of

learning that is not clear what to conclude from any such study. Recently researchers have begun to

study teaching and learning in the context of real-world learning environments. [My italics.] Their

work is propelled by the desire to bridge the gap between research and practice and by changing the

emphases in cognitive and sociocultural research (Greeno et al., 1996).  These attempts to address the

problems of practice are leading to changes in the infrastructure of education research. . . .  .

Then, more recently, I picked up the Educational Researcher of January/February 2004 to find
cognitive scientist David Olson (2004) essentially maintaining that the search for "what works"
in education is folly.  In the same issue, psychologist Robert Slavin (2004) wrote:

One key assumption in Olson’s response is that there have been thousands of experiments evaluating

educational practices and that they haven’t amounted to much. There may be thousands of brief

laboratory studies, but experimental studies of replicable treatments that take place over a semester or

more are extremely rare . . . [as judged by surveying the American Educational Research Journal over

the period 2000–2003].

Slavin is probably unaware of the many replicable, non-laboratory, multi-semester, experimental
PER studies, if the word “experiment” is taken in mean the same as in traditional hard-core
physics research – “an experiment can be thought of as an act of observation designed to yield a
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particular type of empirical knowledge”  (Ziman,  2000, p. 93), or to mean the same as the word
“quasi-experiment.”  The latter term is used by Cook & Campbell (1979) to designate a study
that does not involve randomized control group trials (RCT’s).  Likewise, Olsen seems unaware
that PER’s have been able to shown what works and what does not work for many areas of
physics instruction, most notable Newtonian mechanics; see section III below.

The statements of Kelly, Burkhardt & Schoenfeld, Collins, Olson, and Slavin, and - more
generally - the educational literature of education specialists, mathematics, DBR [including ER
(2003)], cognitive science, and psychology suggest that most practitioners in those fields have
little acquaintance with PER. With the exception of Donovan & Pellegrino (2003), even the
NRC's expert science-education committees [see e.g., Labov (2003), McCray et al. (2003)]
regularly ignore the PER-induced pre/post testing movement (see sections V and VI below).
Conversely, PER’s could benefit from more extensive knowledge of non-PER work.  Such
insularity is due in part to the current difficulty of accessing, assessing, and communicating
education studies that may be of interest on a particular topic in the [according to Mosteller et al.
(2004)] "approximately 1,100 education journals [that] collectively publish more than 20,000

education research articles each year.”

Aside from interdisciplinary reviews such as this one, among possible ways to reduce the access,
assess, and communication problems are:

(a) establishment of more free electronic peer-reviewed electronic journals such as those listed at the

      AERA’s SIG-COR (2004);

 (b) support of the National Science Digital Library (NSDL, 2004);

 (c) formation and use of a free preprint library similar to the Los Alamos (now Cornell) preprint

         archive at < http:www.arxiv.org >, as suggested by Gene Glass [see Robinson (2004)];

 (d) use of “structured abstracts” (Mosteller et al., 2004) for all education-research articles;

 (e) promotion of review articles on education research in the interdisciplinary press such as those by

        Stokstad  (2001), Powell (2003), and Handelsman et al. (2004);����

 (f) participation in the interdisciplinary “Scholarship of Teaching and Learning” (SOTL) movement

             (Boyer, 1990; Boyer Commission, 1998; Carnegie Academy, 2004)�

(g) more effective use of internet discussion lists and cross-posting thereon so as to tunnel through

        disciplinary barriers (Hake 2000a, 2003b);

      (h) bypassing pricey print journals in favor of simply placing unpublished articles on the web, as

         currently done by publishing-industry critic Gene Glass at

              < http://glass.ed.asu.edu/gene/fulltext.html >  [see Robinson (2004)]. Scriven (2004b) has

              suggested that such “webtracts” might be informally peer reviewed on web Work-In-Progress

            “WIP-sites” such as his own [Scriven (2004a)].

http:www.arxiv.org
http://glass.ed.asu.edu/gene/fulltext.html
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III. SOME PHYSICS EDUCATION RESEARCH IS DESIGN-BASED RESEARCH
In their resource letter on physics education research (PER), McDermott & Redish  (1999) list
about 160 empirical studies, extending over almost three decades, that (a) focus on the learning
of physics by students, (b) represent systematic research, and (c) give procedures in sufficient
detail that they can be reproduced. In addition some of these studies were:

A. legitimate in the sense of being “scientific” as defined by Shavelson & Towne (2000), since
they generally:

1.  pose significant questions that can be investigated empirically,
2.  link research to relevant theory,
3.  use methods that permit direct investigation of the questions,
4.  provide a coherent and explicit chain of reasoning,
5.  attempt to yield findings that replicate and generalize across studies, and
6.  disclose research data and methods to enable and encourage professional scrutiny and critique;

B.  both legitimately “scientific” and examples of DBR, especially those carried out by the
leading PER groups in the U.S., even though none of those groups, as far as I know, ever
characterized its own brand of PER as falling under the DBR banner held aloft by Kelly (2003).

However, paraphrasing Percy Bridgman (1927) “the true meaning of PER is to be found by
observing what a group does with it, not what a group says about it.”Consider, for example,
PER groups at Arizona State University < http://modeling.asu.edu/ >, Dickinson  College
 < http://physics.dickinson.edu/~abp_web/abp_homepage.html >, Kansas State University
< http://web.phys.ksu.edu/ >, the University of Maryland
< http://www.physics.umd.edu/rgroups/ripe/perg/ >, and the University of Washington

< http://www.phys.washington.edu/groups/peg/ >.  Judging from what they do with PER (see
their websites), and not necessarily what they say about it [Hestenes (1992, 1998) of ASU; Laws
(1997) of Dickinson; Zollman (1996) of Kansas State; Redish (1994, 1999, 2003, 2004) and
Hammer et al. (2004) of Maryland; and McDermott (1991, 2001) of Washington]; I think its fair
to say that:

 (1) these researchers seem “willing to attempt to address, simultaneously and iteratively, the

scientific processes of discovery, exploration, confirmation, and dissemination” with a
research methodology that “attempts to be both scientific and educational”; and

 (2) their research: (a) involves active innovation and intervention in classrooms, (b) draws
upon models from design and engineering,  (c) is generative and transformative, (d) is
directed primarily at understanding learning and teaching processes when the researcher is
active as an educator, (e) could be placed in Stokes’s use-inspired basic research category,

and (f) attempts to move the educational system from malfunction to function.

http://modeling.asu.edu/
http://physics.dickinson.edu/~abp_web/abp_homepage.html
http://web.phys.ksu.edu/
http://www.physics.umd.edu/rgroups/ripe/perg/
http://www.phys.washington.edu/groups/peg/
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I submit, therefore, that some PER qualifies as design-based research as characterized by Kelly.

Further support for this assertion can be found by scanning (a) the Millikan and Oersted award
addresses of some of the PER leaders other than those indicated above [e.g., Arons (1973);
Karplus (1981); Fuller (1993); Reif (1995); Van Heuvelen (2001); and Goldberg (2003)], (b) a

listing of PER programs in the U.S. [ISPEG (2004)], (c) a listing of PER papers on the web
[UMPERG (2004) ], and (d) consideration of Lesson #5 of the physics education reform effort
[Hake (2002a)] :

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. Wilson

and Daviss (1994) suggest that such a “redesign process,” used so successfully to advance technology

in aviation, railroads, automobiles, and computers can be adapted to K-12 education reform through

“System Redesign Schools.” Redesign processes in the reform of introductory undergraduate physics

education have been undertaken and described by McDermott (1991, 2001) and by Hake (1992,

2004a).

Thus the role of design was recognized by physics Nobelist Kenneth Wilson and education
journalist Bennett Daviss in Redesigning Education, but their exemplary DBR-like program was
apparently never implemented, presumably because of a lack of funding. Wilson & Barsky

(1998) later wrote (my italics):
We see the need for a launch of a research and development initiative in education, paralleling existing

national research initiatives related to AIDS or global climate change . . .Today we have to think of

education as demanding in multiple dimensions: as a science, as a design challenge, and as a

performing art while still being an imperative for life in a democracy. Handed down traditions are no

longer enough.   

The U.S. educational system’s monumental inertia – witness the stagnation of K-12 education
and the inaction on the potentially fruitful Wilson/Daviss plan - was considered in a volume of

Daedalus (1998) that contains essays by researchers in education and by historians of more
rapidly developing institutions such as power systems, communications, health care, and
agriculture; and that set out to answer a challenge posed by 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?
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Aside from Wilson & Barsky’s (1998) vision of a new applied research discipline called "change
science" that Daedalus (1998) might still serve to initiate, that potentially seminal issue of
Daedalus did not, as far as I know, provoke any operative ideas for overcoming the inertia of the
educational system. But more recently Slavin (2002) has argued that randomized control trials
(��������RCT’s - see Sect. IV) will lead to successful change in the education system – never mind (at

least for science education), the problem of inadequately prepared teachers and the rudimentary
state of exploratory research [see e.g., Lipsey & Wilson (1993, Table 1, Sect. 3.5.1],   �����������RCT’s may not
be the gold bullet that will transform K-12 education as maintained by Slavin, but the Daedalus

(1998) discussions of the relatively rapid development of non-educational systems and the DBR
literature [e.g., the articles in ER (2003) and references therein], suggest that DBR might develop

into a force sufficient to accelerate the ponderous educational system.  As an example, I think
that the pre/post testing movement [see Sect. V and VI below], stimulated to some extent by
DBR in physics education, has the potential to drastically improve undergraduate science
instruction and thereby upgrade  K-12 science education.

What is the (generally unrecognized) connection of one with the other? Just this: currently,  

prospective K-12 teachers derive little conceptual understanding from traditional undergraduate 
introductory science courses and then tend to teach as they were taught, with similar negative  
results. As emphasized by Goodlad (1990) to deaf ears:

Few matters are more important than the quality of the teachers in our nation's schools. Few matters

are as neglected . . . . A central thesis of this book is that there is a natural connection between good

teachers and good schools and that this connection has been largely ignored....It is folly to assume that

schools can be exemplary when their stewards are ill-prepared." (My italics.)
�
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IV. RANDOMIZED CONTROL TRIALS AND PRE/POST TESTING
The "Coalition for Evidence-Based Policy,” CEBP (2004), under the aegis of the U.S.
Department of Education’s  “Institute for Education Sciences” [headed by Grover Whitehust
(2003)] has produced Identifying and Implementing Educational Practices Supported by

Rigorous Evidence: A User Friendly Guide (IES 2004). The CEBP’s board of advisors

< �http://www.excelgov.org/displayContent.asp?Keyword=prppcAdvisory >  include
�������� luminaries such as political economist David Ellwood (Harvard); statistician Robert Boruch
(Univ. of Pennsylvania);  former FDA commissioner David Kessler (Univ. of California – San
Francisco); past American Psychological Association president Martin Seligman (University of
Pennsylvania); psychologist Robert Slavin (Johns Hopkins); economics Nobelist Robert Solow
(MIT); and education’s parapatetic policy analyst Diane Ravitch. Unfortunately, no physical
scientists, mathematicians, philosophers, or K-12 teachers are members of the CEBP. The
CEBP’s Guide is addressed to K-12 education, but its recommendations could influence funding
for educational research at the postsecondary level – of primary interest to many PER’s.
According to the Guide:

Well-designed and implemented randomized controlled trials are considered the “gold standard” for

evaluating an intervention’s effectiveness, in fields such as medicine, welfare and employment policy,

and psychology . . . . randomized controlled trials are studies that randomly assign individuals to an

intervention group or to a control group, in order to measure the effects of the intervention . . . .There

is persuasive evidence that the randomized controlled trial, when properly designed and implemented,

is superior to other study designs in measuring an interventions’s true effect . . . . “Pre-post” study

designs often produce erroneous results . . . . A “pre-post” study examines whether participants in an

intervention improve or regress during the course of the intervention, and then attributes any such

improvement or regression to the intervention. The problem with this type of study is that, without

reference to a control group, it cannot answer whether the participants’ improvement or decline would

have occurred anyway, even without the intervention. This often leads to erroneous conclusions about

the effectiveness of the intervention. [My italics.]

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 (2000) - 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.”  CEBP seems to imply that most
questions regarding the effectiveness of an intervention can be answered by RCT’s. This may be
the case after a teaching method has been researched and engineered to its full potential and is
ready for full scale deployment. But crucial questions in the early stages of an intervention require
exploratory research methods that do not necessarily involve RCT’s and for which RCT’s might
actually be counterproductive.
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A case in point: some RCT enthusiasts might suggest that RCT’s would serve to adjudicate the K-8
California science education wars [see e.g., Hake (2004d] between “direct” vs “hands-on”
instruction.  But since many K-8 teachers are scientifically illiterate (thanks in part to the failure
of society to reward teachers commensurate with their vital societal contribution, and the failure
of universities to properly educated them), RCT’s might well favor “direct instruction”  (DI).

The reason is that DI requires little conceptual understanding of science on the part of teachers,
while “hands-on” lessons guided by scientifically unprepared teachers can be even worse than
DI insofar as advancing students’ understanding of science is concerned.  Thus RTC’s could "prove"
the superiority of DI and thereby stifle K-8 science education reform in California.

Judging from the modest effect sizes listed Section 3.5.1 in Table 1 of Lipsey & Wilson (1993),
K-8 science education is sorely in need of non-RCT exploratory research of the caliber of recent
PER research at the high-school and undergraduate level. That research is consistent with the
recommendations of Shavelson & Towne (2000) - ST.  In the words of Eisenhardt & Towne
(2003), “[ST] argued for a postpositivist approach to scientifically based research in education,
including a range of research designs (experimental, case study, ethnographic, survey) and mixed

methods (qualitative and quantitative) depending on the research questions under investigation.

Furthermore:

 A.  The RTC gold standard is considered problematic by a wide array of scholars and
organizations, not just by those in schools of education as implied by Thomas Cook (2001,
2002). Taking issue with the RTC gold standard are philosophers Dennis Phillips [Shavelson,
Phillips, Towne, & Feuer (2003)] and Michael Scrivin (2004a); 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 (not all of whose members are in schools of education) oppose the
RTC gold standard: American Evaluation Association (AEA)
< http://www.eval.org/doestatement.htm >, the American Education Research Association
(AERA) < http://www.eval.org/doeaera.htm >, and the National Education Association
< http://www.eval.org/doe.nearesponse.pdf > (88 kB).

B. Physicists have made progress in both traditional (Ziman, 1992) and educational research
(McDermott & Redish, 1999), not by following rigid "scientific" research procedures, but by:

1. Asking the right questions. Werner Heisenberg (1999) put it this way: "In the course of

coming into contact with empirical material, physicists have gradually learned how to pose a
question properly. Now proper questioning often means that one is more than half the way
towards solving the problem."

http://www.eval.org/doestatement.htm
http://www.eval.org/doeaera.htm
http://www.eval.org/doe.nearesponse.pdf
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 2. "Doing their damndest with their minds, no holds barred" (Bridgman, 1947) in an attempt
to build a "community map" (Redish, 1999; Ziman, 2000; Hake, 2002a – “Can Education
Research be Scientific Research?”).

C.  The CEBP’s statement that “pre-post study designs often produce erroneous results . . . . the

problem . . . .  is that, without reference to a control group, [they] cannot answer whether the
participants’ improvement or decline would have occurred anyway,” is irrelevant for most of the
pre/post studies considered below in Sections V and VI. The reason is that control groups have

been utilized - they are the introductory courses taught by the traditional method. The matching
is due to the fact that (a) within any one institution the test [Interactive Engagement (IE)] and
control [Traditional (T)] groups are drawn from the same generic introductory course taken by
relatively homogeneous groups of students, and (b) IE-course teachers in all institutions are
drawn from the same generic pool of introductory course physics teachers who, judging from
uniformly poor average normalized gains <g> [see section VA below] they obtain in teaching
traditional (T) courses, do not vary greatly in their ability to enhance student learning.
�

Then too, the canonical anti-pre/post arguments by the psychometric authorities Lord (1956,
1958) and Cronbach & Furby (1970) that gain scores are unreliable, have been called into question
by e.g., Werner Wittmann (1997), former Cronbach student David Rogosa (1995), Rogosa &
Willett (1983), Zimmerman & Williams (1982), and Collins and Horn (1991).  All this more
recent work should (but does not) serve as an antidote for the emotional pre/post paranoia that
grips many educational researchers.
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V. PRE/POST TESTING IN PHYSICS EDUCATION RESEARCH
The pre/post testing movement in PER was initiated by the landmark work of Ibrahim Halloun
and David Hestenes (1985a,b). In “Lessons from the Physics Education Reform Effort” (Hake,
2002a) I wrote (could there be lessons here for other disciplines?):

For over three decades, physics-education researchers repeatedly showed that Traditional (T)

introductory physics courses with passive-student lectures, recipe labs, and algorithmic problem

exams were of limited value in enhancing conceptual understanding of the subject (McDermottt &

Redish, 1999). Unfortunately, this work was largely ignored by the physics and education

communities until Halloun & Hestenes devised the Mechanics Diagnostic (MD) test of conceptual

understanding of Newtonian mechanics. Among the virtues of the MD, and the subsequent Force

Concept Inventory (FCI) [Hestenes et al. (1992), Halloun et al. (1995)] tests, are: (a) the multiple-

choice format facilitates relatively easy administration of the tests to thousands of students, (b) the

questions probe for conceptual understanding of 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 pre-test), while at the same time rigorous enough for the initiate.
�

The MD test construction involved laborious qualitative analysis of extensive student interviews
and the study of prior qualitative and quantitative work on misconceptions by, among others:
Viennot (1979), Champaign et al. (1980), Trowbridge & McDermott (1980, 1981), Gunstone &

White (1981), Champaign & Klopfer (1982), Clement (1982), Minstrell (1982), McCloskey
(1983, 1989), and Maloney (1984). All this led to a “taxonomy of common sense concepts about
motion” [see also Hestenes et al. (1992)] and finally construction of a balanced and valid test that
has consistently proven to be highly reliable, as judged by relatively high Kuder-Richardson
reliability coefficients KR-20 in the 0.8 to 0.9 range [see e.g. Halloun & Hestenes (1985a); Hake
(1998b)].

Halloun & Hestenes then used the MD in quantitative classroom research involving massive pre-
and post-course testing of students in both calculus and non-calculus-based introductory physics
courses at Arizona State University. Their conclusions were:

(1)  . . . the student’s initial qualitative, common-sense beliefs about motion and . . . (its) . . . causes

have a large effect on performance in physics, but conventional instruction induces only a small

change in those beliefs.

 (2)  Considering the wide differences in the teaching styles of the four professors . . . (involved in the

study) . . . the basic knowledge gain under conventional instruction is essentially independent of the

professor.
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These outcomes were consistent with the findings of many researchers in physics education
(McDermott & Redish, 1999), which suggested that traditional passive-student introductory
physics courses, even those delivered by the most talented and popular instructors, imparted little
conceptual understanding of Newtonian mechanics.  But the Halloun & Hestenes research went
far beyond earlier work because it offered physics teachers and researchers a valid and

consistently reliable test that could be employed to gauge the effectiveness of traditional

mechanics instruction, and then to continually track the merit of the non-traditional methods
with respect to (a) traditional methods, (b) one another, and (c) various modes of implementation
[See Sect. VII below.].  Thus it could (and has) contributed to a steady albeit very slow iterative
increase in the effectiveness (as gauged by student learning gains) of introductory mechanics
instruction nation wide.

For example, consider the MD/FCI-induced changes in introductory physics courses at pace
setters Harvard and MIT.  Harvard’s Mazur (1997, p. 4) wrote:

When reading this. . . . .[Halloun & Hestenes (1985a,b; 1987); Hestenes (1987)]. . . my first reaction

was “�Not my students. . .!” � �Intrigued, I decided to test my own students' conceptual understanding, as

well as that of physics majors at Harvard. . . . . the results of the test came as a shock:  The students

faired hardly better on the Halloun and Hestenes test [1985a] than on their midterm exam.  Yet the

Halloun and Hestenes test is simple, whereas the material covered by the examination (rotational

dynamics, moments of inertia) if of far greater difficulty, or so I thought.

At Mazur’s “Overview of Test Data” < http://galileo.harvard.edu/galileo/lgm/pi/testdata.html >,

note:

 (a) The abrupt average normalized gain <g> increase from 0.25 in 1990 to 0.49 in 1991 when
he replaced his passive-student lectures (that netted very positive student evaluations – many
administrators erroneously regard them as valid measures of student learning!) with the
interactive engagement “Peer Instruction.”

_

(b) The gradual increase in <g> from 0.49 in 1991 to 0.74 in 1997 as various improvements
[Crouch & Mazur (2001)] were made in the implementation of “Peer Instruction.”
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MIT’s John Belcher (2003), describing MIT’s transition from a traditional to an interactive-
engagement type introductory physics class wrote:

What is the motivation for this transition to such a different mode for teaching introductory physics?

First, the traditional lecture/recitation format for teaching 8.01 and 8.02 has had a 40-50% attendance

rate, even with spectacularly good lecturers (e.g., Professor Walter Lewin), and a 10% or higher

failure rate. Second, there has been a range of educational innovations at universities other than MIT

over the last few decades that demostrate that any pedagogy using “interactive engagement” methods

results in higher learning gains as compared to the traditional lecture format (e.g., see Halloun and

Hestenes 1985a, Hake 1998a, Crouch and Mazur 2001), usually accompanied by lower failure rates.

Finally, the mainline introductory physics courses at MIT do not have a laboratory component.

The Harvard  and MIT results are consistent with those from hundreds of other introductory
physics courses employing either traditional or interactive engagement methods as evidenced by
the meta-analysis discussed below.

A. Meta-Analysis of Pre/Post Learning Gains
In his cogent discussion of “Design Research for Sustained Innovation,” Carl Bereiter (2002)

writes (my italics):
Rather more successful than . . .[ attribute-treatment interactions (ATI’s) to discover the optimal

matching of persons to treatments (Cronbach 1957)] . . . . has been meta-analysis (Glass, McGaw, &

Smith, 1981), in which a number of different studies that are judged to involve the same variable are

brought together into a statistically powerful test of the effects of the variable. Educational research

journals regularly carry meta-analyses on topics ranging from the effects of computer use to the effects

of phonemic awareness training. Meta-analysis, however, takes quantitative research an additional step

away from design relevance. In combining results from a large number of experiments in the use of

educational games, for instance, all the differences among games and in ways of using them are

averaged out, leaving nothing to aid the person who would like to design a more effective educational

game.

But Bereiter’s hypothetical failure of the meta-analysis of the effects of heterogenous computer
games does not justify the conclusion that all meta-analyses “take quantitative research an
additional step away from design relevance.”  For example, my own meta-analysis [Hake
(1998a,b; 2002a,b)] of pre/post MD/FCI data for introductory Newtonian mechanics instruction,
shown graphically in Fig. 1 [in accord with Gene Glass’ dictum (Robinson, 2004) that “the result

of a meta-analysis should never be an average; it should be a graph”] has proven to be of direct
interest to course designers, and this even though the data were not  (and could not have been)
obtained from a RCT study.



14

FIGURE 1. From Hake (1998a). %<Gain> vs %<Pretest> score on the conceptual

Mechanics Diagnostic (MD) or Force Concept (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>>14T = 0.23 ± 0.04 (std dev), and 48 IE courses <<g>>48IE = 0.48 ± 0.14 (std dev)

are shown.  The negative-slope straight lines are lines of constant normalized average

<g> = <Gain> / Max. Possible <Gain> = ( <%post > – <%pre >) / (100 – <%pre>).

Thus, e.g., 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.

Regarding the average normalized gain <g>, ever since the work of Hovland et al. (1949) it's

been know by pre/post cognoscente (up until about 1998 probably less than 100 people
worldwide) that <g> is a much better indicator of the extent to which a treatment is effective than

is either gain or posttest  (Hake, 1998a;  Meltzer, 2002b). Justification for the use of <g> for the
present data set resides in the fact that the correlation of <g> with <%pre> for the 62 survey
courses is a very low +0.02. In contrast, the average posttest score <%post> and the average gain
<G> are less suitable for comparing course effectiveness over diverse groups since their
correlations with <%pre> are, respectively, +0.55 and –0.49.
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Regrettably, the insular psychology-education-psychometric PEP community remains largely
oblivious of normalized gain. Paraphrasing Lee Schulman, as quoted by the late Arnold Arons
(1986): “it seems that in education, the wheel (more usually the flat tire) must be reinvented
every few decades.” Extrapolating the historical record, around 2030 yet another investigator
will come up with the idea of <g>, and fruitlessly attempt to interest the pre/post paranoiac

education community. Then around 2060 . . . . . . . . .

Fig. 1 serves as an existence proof that a two-standard deviation difference between average pre-
to-post “normalized gains” <g>  on the FCI/MD between “interactive-engagement” (IE) and
“traditional” courses can be obtained. I calculated  a Cohen (1988) effect size "d" of 2.43 (Hake
2002a), much higher than any found by Lipsey & Wilson (1993) in their meta-meta-analysis of
psychological, educational, and behavioral treatments. Seven reasons for the "d disparity" between my
survey and other social-science research are given in Hake (2002a): �

 (1) all courses covered nearly the same material (here introductory Newtonian mechanics);

 (2) the material is conceptually difficult and counterintuitive;

 (3) the same test (either MD or FCI – see Sec. I ) was administered to both IE and T classes;

 (4) the tests employed are widely recognized for their validity and consistent reliability, have been

        carefully designed to measure understanding of the key concepts of the material, and are far

        superior to the plug-inregurgitation type tests so commonly used as measures of “achievement”;

 (5) the measurement unit gauges the normalized learning gain from start to finish of a course, not

        the “achievement” at the end of a course;

 (6) the measurement unit <g> is not significantly correlated with students initial knowledge of the

         material being tested;

 (7) the “treatments” are all patterned after those published by education researchers in the discipline

         being tested.

I should have included in the above list:
       (8) possible preferential selection of outstanding IE courses.

In regard to “8” above, I stated in Hake (1998a):
As in any scientific investigation, bias in the detector [due to the mode of data collection - voluntary

contributions that tend to pre-select results which are biased in favor of outstanding courses] can be

put to good advantage if appropriate research objectives are established. We do not attempt to assess

the average effectiveness of introductory mechanics courses. Instead we seek to answer a question of

considerable practical interest to physics teachers . . .[and to physics education researchers] . . . .: can
the classroom use of IE methods increase the effectiveness of introductory mechanics courses well

beyond that attained by traditional methods?"
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Normalized gain differences between T and IE courses that are consistent with the work of Hake
(1998a,b; 2002a,b) and Fig. 1 have been reported by Redish et al. (1997); Saul (1998); Francis et
al. (1998); Redish & Steinberg (1999); Redish (1999); Beichner et al. (1999); Cummings et al.
(1999); Novak et al. (1999); Beichner et al. (2000); Bernhard (2000); Crouch & Mazur (2001);
Johnson (2001); Meltzer (2002a,b); Meltzer & Manivannan (2002); Savinainen & Scott

(2002a,b); Steinberg and Donnelly (2002); Fagan et al. (2002); Van Domelen & Van Heuvelen
(2002), and Belcher (2003).

Further exploratory (non-RCT !) research is required to increase the effectiveness of IE courses
[none that I surveyed (Hake, 1998a,b) achieved an average normalized gain <g>  greater than
0.69, only fair on an absolute scale]; ascertain the conditions under which IE courses can be most
effective; and test IE courses in a wider variety of environments. In my opinion, new meta-
analyses of mechanics-course results accruing (a) over the past decade, and (b) in the future
(using a new and more secure test than the FCI or FMCE), are (or will be) badly needed.

PER groups have also gone beyond the original survey in showing, for example, that there may

be significant differences in the effectiveness of various IE methods (Saul, 1998; Redish, 1999).
There has also been some investigation of contributions to <g> from “hidden variables” such as
averages over a class of gender, math proficiency, spatial visualization ability, completion of
high-school physics courses, scientific reasoning skills, physics aptitude, personality type,
motivation, socio-economic level, ethnicity, IQ, SAT, and GPA. One approach to this question is
to investigate the relationship of individual student learning gains g with such variables for single

courses (Hake 2002c, Meltzer 2002a).

�Thus in physics education research, just as in traditional physics research, it is possible to

perform quantitative experiments that can be reproduced (or refuted) and extended by other

investigators, and thus contribute to the construction of a continually more refined and extensive

“community map.”
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VI. PRE/POST TESTING IN DISCIPLINES OTHER THAN PHYSICS
In many cases, some stimulated by pre/post testing in physics education, diagnostic tests of content
knowledge [or (better) “operative” knowledge (Arons, 1983)] in various non-physics areas have
been constructed by those interested in the development of pre/post tests to measure learning
gains in science courses (for the references other than the recent Sundberg (2003), see Hake

(2004c):

ASTRONOMY: Adams et al. (2000); Zeilik et al. (1997, 1998, 1999); Zeilik (2002);

ECONOMICS: Paden & Moyer (1969); Saunders (1991); Kennedy & Siegfried (1997);
      Chizmar & Ostrosky (1998); Allgood and Walstad (1999);

BIOLOGY: Roy (2001, 2003); Anderson et al. (2002); Klymkowsky et al. (2003);
      Sundberg & Moncada (1994); Sundberg (2002, 2003); Wood (2003);

CHEMISTRY: Milford (1996); Bowen & Bunch (1997); Robinson & Nurrenbern (2001);
      Gonzalez et al. (2003), Birk et al. (2003); ASU (2004);

COMPUTER SCIENCE [Almstead (2003)]; and

ENGINEERING [Evans & Hestenes (2001); Foundation Coalition (2003); Wage & Buck
      (2004)].

VII. FROM PRE/POST TESTING TO INVESTIGATION OF TRANSFER
Most of the analysis of the FCI, MD, and other physics diagnostic tests [for a listing see NCSU
(2004)  and FLAG (2004)] have been done within the framework of "Classical Test Theory" in
which only the number of correct answers is considered in the scoring. However more
sophisticated analyses are being developed [e.g., by Bao & Redish (2001) for the FCI, and by

Thornton (1995) for the Force Motion Concept Inventory (Thornton & Sokoloff, 1998)]. These
analyses can indicate incorrect student models that students form during instruction in a single
course or in a series of courses successively redesigned in attempts to improve their
effectiveness; suggest possible pedagogical improvements; and provide data for the investigation
of “transfer,” i.e., the transfer of learning or capability from one area to another [Bransford et al.
(2000, Chap, 3 “Learning and Transfer”), Barnett & Ceci  (2002), Lobato (2003), Hammer
(2004), Rebello et al. (2004)].
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Research on "transfer" is not easy. Barnett & Ceci’s (2002) abstract reads, in part:
Despite a century's worth of research, spanning over 5,000 articles, chapters, and books, the claims

and counterclaims surrounding the question of whether far transfer occurs are no nearer resolution

today than at the turn of the previous century. We argue the reason for this confusion is a failure to

specify various dimensions along which transfer can occur, resulting in comparisons of 'apples and

oranges'. . . .  the past 100 years of research shows that evidence for transfer under some conditions is

substantial but critical conditions for many key questions are as yet untested.

Could sophisticated analyses of conceptual tests such as the FCI and FMCE offer a productive
path to the understanding of transfer? Jane Lobato (2003) writes (my italics):

Reflecting upon several cycles of design led to a more nuanced and differentiated view of levels of

transfer. Ellis and Lobato (2002) discussed how a further revision of their design approach to slope . .

.(evidently in the mathematical sense). . . resulted in evidence of even more sophisticated levels of

transfer. Identifying levels of increasing sophistication in non-normative or incorrect displays of

transfer is related to Minstrell's (2001) articulation of facets of students' understanding of physics. In

Minstrell's approach. . .[see < http://www.talariainc.com/facet > and

< http://tutor.psych.washington.edu/ >] . ., one can identify a particular facet as indicative of more

complex and sophisticated understanding than another facet, even when both facets represent

incorrect or non-normative reasoning. One can similarly identify levels of actor-oriented transfer,

which is powerful for design studies because moving up levels of sophistication may be linked with

successive iterations in the design cycle.

It would seem that “reflecting upon several cycles of design” might be augmented by non-
classical  analyses of tests heretofore used primarily for pre/post testing.  In fact, Rebello et al.
(2004) have already analyzed student responses to interview questions on FCI  problems in an
attempt to gain insight on transfer.

http://www.talariainc.com/facet
http://tutor.psych.washington.edu/
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