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Abstract

This paper describes some features in the changing landscape of activities intended to improve both qudity
and access in science, mathematics, engineering and technology (SMET) undergraduate education.
Observations are offered from the viewpoint afforded by my work—broadly over the last 10 years—both
as a researcher, and as an evaluator for projects related to the improvement of undergraduate SMET
education. Over that period, | have watched the landscape change—some issues, at first prominent, have
diminished in importance; some are emergent; and yet otherslie on the horizon. | have also observed that
actions in pursuit of various reform gods reflect a variety of theories about how change can be
accomplished thet are not necessarily complementary. This short history of shiftsin the focus of our efforts,
and in our beliefs about how they may be achieved, is offered as a framework for discusson of these
nation-wide endeavors and as an aid in consdering next steps.

Shiftsin the Locus of Concern

Over thelagt decade, the concernsthat have driven effortsto improve the quality of SMET higher education
inthe U.S. have undergone a series of shifts. The firgt hdf of this paper reviews these transtions and some
of the research that has informed them.

“Pipeline” Issues. Focuson SMET Majors

Beginning in the mid-1980's, the work of the Higher Education Research Ingtitute (HERI) at UCLA drew
atention to a decline in the percentage of freshmen choosing to enter and remain in mathematics and
science-based mgors. Their findings were based on longitudina surveys of large, national samples of
freshmen at two- and four-year inditutions (Astin, 1985; Agtin et a., 1985, 1987; Dey, Adin & Korn,
1991; Adin & Asdtin, 1993). In their 1993 report, Astin and Agtin indicated that between freshman and
senior years, science, mathematics, and engineering (SVIE)? majors suffered a relative student loss rate of
40 percent, largdy, as Hilton and Lee (1988) pointed out, in the first two and a hdf years of undergraduate
work. Loss rates by discipline ranged from 50 percent in the biologica sciences and 40 percent in
engineering, to 20 percent in the physca sciences (when the trandfer of former engineering mgorsinto these
disciplinesistaken into account). Very few students transferred into SMIE mgjors after college enrollment,

' Originally presented as a paper to the International Gordon Conference on Chemistry Education, Queen’s College,
Oxford, September 1998.

% None of the early studies specifically included “technology” majors, and mention of this disciplinary group in research
projects, issue papers, and the guidelines of funding agencies did not occur until about 1996. Beforethat date, “SME”
rather than “SMET,” is an appropriate descriptor. The addition represents yet another shift in focus.
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and there was dways anet loss.

The highest losses occurred between high school graduation and college entry (NSF, 1990), leading to a
Seady dedine in freshman enrollments in undergraduate science mgors (from nearly 12% to just under 6%)
in the 20 years prior to 1989, with an abrupt drop between 1983 and 1989 (Green 19893, 1989b), and
declining enrollment in advanced degrees by American-born students (OTA, 1989). Initialy, discusson
of thesefindings led to concerns thet there might be ashortfal in Ph.D.-levd scientists, mathematicians, and
engineers by the turn of the century. Although these market projections were subsequently shown to be
incorrect, the data on which they were based prompted concerns about the quality of education that was
being offered to the next generation of scientists and engineers.

The Discovery of Under-representation in the Sciences

Losses from the pool of potentid SMET mgors came to be defined as*a problem” partly because we were
a0 beginning to notice that the professions of science and engineering (and the student populations that
supplied them) were “disproportionately” white and mae. The HERI studies indicated a 20-year decline
in women's SME enrollment (from amost 9% to just over 5%) despite enhanced recruitment efforts.
Strentaand his colleagues (1993) further reported that the perd stence rates of women entering SME mgors
were lower than those of men: mae persastence rates varied between 61 percent for highly selective
indtitutions to 39 percent for nationa samples, while the comparative rates for women ranged between 46
percent and 30 percent.

Adtin and Agtin (1993) dso documented high loss rates among that smdller proportion of SMIE entrants thet
were Higpanic, African American, or Native American. Only one-third of Hispanics, one-hdf of African
Americans, and one-hdf of Native Americans who enrolled in SME mgors graduated in them. Nationa
data for the 1980s (Morrison & Williams, 1993) indicated that under 37 percent of students of color
entering engineering programs completed degrees in that fidd, compared to over 68 percent for white
sudents. Of those who continued into their sophomore year, about 57 percent of students of color
graduated, compared with dightly more than 87 percent of white sophomores. Thus, the rdative graduation
rate for sudents of color in engineering was about haf (52%) that of white sudents. The Stuation was no
better in the sciences. Between freshman and junior years, 65 percent of students of color entering science
or mathematics |eft their mgjor, compared with 37 percent of white students (Science, 1992, p. 1209).
Switching to non-SME mgors accounted for only part of the loss: haf of the students of color who |eft
engineering dropped out of college atogether (Camphbell, 1993).

Concerns about the causes and consequences of such under-representation generated debate about a
further set of issues:

Questions of inequity in educationa and occupational access,
Criticisms of the qudity and character of the SME college experience and its role in under-
representation;



Workforce concerns. if the output from SME departments was limited because the pool of taent
among young, white males was aready well-exploited, then aternative sources of taent would need
to be tapped.
The second and third concerns are connected. If SME college education was under-performing, then the
losses among able white maes could not be viewed as “normd ttrition,” and the reservoirs of taent could
not be regarded as either fixed or exhausted.

This set of concerns generated a considerable nationd effort to recruit more people of color into the
sciences. By the early 1990's, the Nationd Science Foundation aone had spent over $1.5 billion inits effort
to increase minority participation in science, and two mgor programs a the Nationa Ingtitutes of Hedlth
hed invested $675 million in the same endeavor (Science, 1992, p. 1185). In terms of recruitment, these
initiatives were effective in dramaicaly increasng the enrollment of African Americans, Hispanics, and
Native Americans. However, the outcome in terms of retention of students of color (other than Asan-

Americans) was very discouraging: athough the number entering increased, the revolving door out of SME
mgors was Soinning fagter. By 1994, the enrollment of engineering freshmen of color had increased five-fold
over that of the previous 20 years. Attrition rates, however, remained unchanged (cf., Brown, 1994, 1995;
Sience, 1992; OTA, 1988). Across dl SME mgors, while white students had an attrition rate just over
27 percent, and Asan-American students only 17 percent, about half of African American and Native
American students, and two-thirds of Hispanic students left their SME mgors (Adin & Astin, 1993).

Aswe argued from data from our 1997 (Seymour & Hewitt) sudy, the main reason why retention efforts
with women and students of color did not work better was because they supported individua studentsin
an un-remediated educationd context. Pre-college bridging programs, persona and academic support and
enrichment programs for under-represented groups, targeted tutoring and scholarships al have their place,
but can only offer atemporary remedy. As our findings indicate, where such programs focus exclusively
upon under-represented groups and are not offered to dl students, they may be avoided by targeted groups
who see them as Stigmatizing and creste a backlash among the white, male mgority. Programs targeting
under-represented groups aso deflect attention from the greater chalenge—which isto improve the qudity
of the undergraduate learning experience for dl students. To pargphrase Eingein, you cannot resolve a
problem in the conditions that created it.

The Loss of Able Students

Green (19893, 1989b) dso pointed out that the losses from undergraduate mgors came from a pool of
disproportionately able sudents. 1n 1988, dightly more than 45 percent of college entrants intending to
enroll in SME mgors had at least ten semesters of mathematics and science, plusfind high school GPAs
of A or A- compared with 26 percent for students planning non-SME mgjors. Losses among women were
of gpecid concern, given thair high overdl ability: 60 percent of women enrolling in mathematics and the
physical sciences, and 61 percent in engineering, had high school GPAs in the A range. On our own
campus (the University of Colorado, Boulder), among freshmen entering between 1980 and 1988, women
who chose SME mgors had higher average Predicted GPA (PGPA) scores than their male peers (i.e, 3.05
compared with 2.99 in engineering, and 2.84 compared with 2.72 in science and mathematics). Both
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women who perssted in the sciences, and those who switched to non-SME fields had higher average
PGPA scores than men who ether persisted or switched (McLelland, 1993).

Debate about the causes of under-representation in the sciences, and how best to address them, can, with
hindsight, be seen as forcing the focus of interest in the reform of the sciences beyond itsinitid concern—
largely with SMIE mgors. This shift began with those researchers who:

examined the factors affecting the choices of sudentsin SMIE mgors (e.g., Manis, Soat, Thomas &
Davis, 1989);

explored the nature of introductory science and mathematics classes as experienced by highly adle
gudents from other disciplines (Tobias, 1990), and directly chalenged the (then) commonly-held view
that relaively few people are able to undertake science and mathematics courses,

tested the possibilities of creating higher retention rates among students of color in these classes by
changing their methods of teaching and creating more effective academic support mechanisms for
students (e.g., Treisman, 1992).

Thissmdl body of work marked the beginnings of a concern that Some aspects of the undergraduate SME
experience might be contributing to failure to attract or retain able students, and that the pattern of losses
might be (unwittingly) engineered rather than reflecting “ naturd” wadtage.

To explore this proposition, we undertook afour-year ethnographic study whose am was to discover, and
to establish the relative importance of, those factors contributing to the decisons of science, mathematics,
and engineering (SME) and intended-SME mgors a four-year inditutions to switch into disciplines that are
not science-based. Thiswork was funded by the Alfred P. Soan Foundation. We interviewed only those
students who had entered with mathematics SAT scores (or their equivaent) of 650 or above and who had
declared (or had entered college intending to declare) SME mgors. Approximeately hdf of the sample had
subsequently switched into non-SME mgors, and haf were graduating SVIE seniors. The interviews were
undertaken at seven different types of ingtitutions—four in Colorado and the rest in three different regions.
Findings were vdidated by interviewing students on a further Sx campuses.

We discovered, somewhat to our surprise, that the same st of problems led both to switching and to ahigh
volume of discontent with their educationa experience among those who perssted (Seymour & Hewitt,
1997, pp.30-40). We did not find switchers and non-switchers to be two different kinds of people: they
did not differ by performance, motivation, or study-related behavior to any degree that was sufficient to
explain why one group |eft, and the other group stayed. Switching decisions proved never to be the result
of asingle, overwhelming concern, but were dways the upshot of a‘push and pull’ process over time. The
maost common reasons for switching arose from a set of problems, which, to varying degree, were shared
by switchers and non-switchers dike. A far greater proportion of these difficulties arose from aspects of
the undergraduate experience than from the inadequacies of individua students or from the gpped of non-
SME disciplines. Paramount among these were reports of poor teeching, and difficulty in getting help with
academic problems, which was mentioned by 90 percent of switchers and 74 percent of non-switchers.
Reports of inadequate high school mathematics and science preparation were offered by Smilar numbers
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of switchers (40%) and non-switchers (38%).

What digtinguished the survivors from those who Ieft was not the nature of their problems, but whether they
were able to surmount them quickly enough to survive. Serendipity aso played a part in persistence, often
in the form of intervention by faculty at a crigs point in the sudent's academic or persond life. We found
many switchers whose level of ability and gpplication should have been sufficient—given a more
encouraging learning environment— for them to complete their mgjor. We aso encountered a smdler
number of multi-talented switchers, the loss of whose high abilities from science-based fields may be of
particular concern. On every campus, we aso found a small group of “senior switchers’ (nearly 17%
overdl) who were planning to leave ther disciplines for non-SME careers following graduation.

The study Stes were chosen to represent the types of four-year inditutions that most SME undergraduates
atend. We presumed that the indtitutional context in which SME education takes place was likdly to have
some effect on retention and atrition. This presumption was not, however, supported by our findings. The
concerns of both switchers and non-switchers focused around the same set of issues across all seven
campuses every category of problem was found on every campus, regardiess of differencesin Sze, misson,
funding, sdectivity, or reputation. Though there were some variations in the ranking of problems by
inditutiond type, there was little difference between the seven campusesin identification of the mogt serious
concerns (Seymour & Hewitt, 1997, pp. 40-45).

We further andyzed our text data in terms of the differences in educationd experiences—and their
conseguences—of women, and students of color from those of their white male peers. Students of color
were digtinguished by an array of different racid/ethnic backgrounds: any statement about “minority”
students overdl proved to be inaccurate and mideading. Some distinctive problems that contributed to the
lower rates of perdstence amnong each of these groups were identified. However, we aso found that many
problems leading to difficulties in perdstence were shared with white male peers (Seymour & Hewitt,
1997).

The Quality of Mathematics and Science Education

In pardld with broader questions about the overall adequacy of pre-college mathematics and science
education, under-representation in the sciences dso began to be discussed in terms of wide variationsin
the qudity of preparation for college math and science preparation available to school children acrossthe
country. A pattern of gross inequdities by race/ethnicity, gender, location, school funding, saffing, facilities,
and classroom resources was exacerbated by a chronic and growing shortage of discipline-qualified
mathematics and science teachersin the K-12 system (Henke, Choy, Geas & Broughman, 1996; Weiss,
Matti & Smith, 1994; Choy, Henke, Alt, Medrich & Bobbitt, 1993; Horn, Hafner & Owings, 1992,
Dillworth, 1990; Schlechty & Vance, 1983).

Discussion of these issues extended far beyond academe. It was expressed in a public debate about the
meaning and implications of sudies indicating a poorer level of preparation in science and mathematics
among school children in the U.S. compared with that in nations who are its economic competitors. In the

5



most recent Nationd Assessment of Educationd Progress examinations in mathematics, only onein three
studentsin grades 4 and 8, and 31 percent in grade 12 demonstrated basic competence, and 5 percent or
less showed advanced competence (e.g., Reese et d., 1997). Inthe Third International Mathematics and
Science Study (TIMSS) undertaken in 46 countries (Schmidt, McKnight & Raizen, 1997), U.S. students
showed a steady decline in their mathematics and science performance between 4™ and 12" grades—at
which point, they ranked lowest in every category for both generd and advanced levels of science and
mathematics. Academic debates about the comparative methods employed by the TIMSS study (cf.,
Rotberg, 1998) have not lessened the level of public concern.

An additiona concern was raised about variagbility in Advanced Placement (AP) courses by which students
have traditionaly prepared for college mathematics and science. Students from the U.S. with AP credits
showed poorer conceptua understanding and ability to solve problems than students with similar
educationa backgrounds in other countries Quillerat, et d., 1997). In our (1997) study, many non-

switchers as well as switchers reported shock on discovering that their Advanced Placement classes had
not adequately prepared them for their first college mathematics and science classes.

The Shift from “ Science-for-the-few” to “ Science-for-all”

This brings us to the main focus of current reform activity. Although efforts to improve the enrollment and
retention patterns of under-represented groups in SME—and now technology (T)—college mgors
continue, over the ladt five years, the primary thrust of reform activity has been to improve the science and
mathematics competence of dl students taking basic science and mathematics classes, and beyond that,
schoolchildren and their teachers®  The presumption is, that a rising tide lifts &l ships—athough
improvements in the genera quality of college science and mathematics will benefit dl students, they are
argued to disproportionately benefit those who are poorly served by the existing undergraduate learning
experience.

The reason for this shift is, as Eric Mazur has observed,” that competitive globa market redlities require
that dl educated citizens become science-and-math-literate. At an individud leve, thiswill increasingly be
required in order to achieve agood standard of living. The wider implications are both societd and mord:
Richard Tepia argues that SMET faculty have the collective power and opportunity to change the
conditions that have created a permanent and growing under-classin U.S. society, one cause of whose
limited job options s lack of scientific, mathematical, or computing skills®

® This is reflected, for example, in the National Science Foundation’s support for collaborative regional programs to
improve teacher preparation in mathematics and the sciences.

*Mazur, E. 1998. “Moving the Mountain: Impediments to Change.” Paper and presentation to the National | nstitute for
Science Education Forum, “Indicators of Successin Post-secondary SME& T Education: Shapes of the Future,” February
23-24, 1998. In Millar S.B. (Ed). 1998. “Synthesis and Proceedings of the Third Annual NISE Forum,” University of
Wisconsin-Madison, NISE, WCER, pp. 5-11, 91-93.

®Tapia, R. 1998. “ Assessing and Evaluating the Evaluation Tools: the Standardized Test.” Paper and presentation to the
National Institute for Science Education Forum, “Indicators of Success in Post-secondary SME& T Education: Shapes
of the Future,” February 23-24. In Millar S.B. (Ed). 1998. “ Synthesis and Proceedings of the Third Annual NISE Forum,”
University of Wisconsin-Madison, NISE, WCER, pp. 13-21, 119-126.
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The vison of unfettered access to science is dso a driving argument in the movement for virtua learning
communities through Information Technology systems or Asynchronous Learning Networks. The most
established of the “distance learning” inditutions, the British Open University, has, Snce its inception in
1971, enrolled more than 2.5 million people in one or more courses (Van Dusen, 1997).

The target of reform is thus projected beyond the classroom to the department, the ingtitution, and to all

other articulating parts of the educationd system. Itsimplication on campusesisthat lower level classes
are an opportunity to discover which teeching srategies are mogt effective in ddivering an adequate science
and mathemaitics education to al college students. Using teaching and assessment methods as a means to
discover “the few” by weeding out the rest is not only dysfunctiond to thisend, it isirrelevant.

This new vision was articulated in 1996 by two nationd reports—From Analysis to Action (NRC) and
Shaping the Future (NSF), and by afurther NRC report, Transforming Undergraduate Education
in Science, Mathematics, Engineering, and Technology, in 1999. Taken together, these reports extend
respongbility for the improvement of mathematics and science learning beyond those individuds, small
groups, networks, consortia, and individua programs that have carried the burden of experimentation and
the diffuson of innovation over the last decade, to everyone concerned with effective learning in
mathematics and science at dl levels. Because the Sates are “the only leve of the educationa system that
can effectively and directly influence pre-school through higher education, including the preparation of
teachers,”® the National Science Foundation has approached the task of “systemic reform” by funding 23
state-based collaborations (State Systemic Initiatives) whose primary god isto increase equity of access
to K-12 mathematics and science educetion a aleve sufficient for college preparaion. Additiondly, since
1994, it has targeted under-served school populations through six Rurd Systemic Initiatives, and, in 1999,
consolidated earlier efforts to address the “continued disparity” between the academic performance of
sudents in urban and suburban public schools by launching the Urban Systemic Program. Thisinitiative
supports partnerships of schoal didricts that are implementing a standards-based science and mathematics
curricula with two- and four-year colleges and universities. Whether these voluntary collaborations will
prove robust enough to generate, and equitably distribute, resources sufficient to the task, and to build the
infradtructure, professona commitments, and politica will required to sustain comprehensive reform across
the articulating parts of state and local educationd systems is an open issue.

The three nationd reports aso raise the need for accountability in the qudity of SVIET teaching (in both
the K-12 and college sectors), and improvement in the quality of teacher preparation. As discussed earlier,
other reports focus on the current shortage of discipline-educated mathematics and science teachers. The
NSF has responded by supporting 20 Collaboratives for Excellence in Teacher Preparation. These
regiond dliances of inditutions contributing to teacher preparation seek to recruit more students into
meathematics and science education, increase ther disciplinary knowledge by engaging SMET faculty more
effectively in teacher preparation, and, in turn, infusng SMET faculty teaching with greater knowledge of

& www.nsf.gov/StateSystemicl nitiatives




research-based pedagogies.” The nationa reports stop short, however, of addressing the issue raised by
Presdent Clinton in his 1997 State of the Union address. “We should chalenge more of our finest young
people to congder teaching as acareer.” The greater contribution that SVIET departments could make to
the K-12 teaching force from among their own mgjors, and the career prospects that the public school
system could offer them, are emergent issues awaiting wider nationd attention.

The Shift in Emphasis from Teaching to Learning

Our collective understanding of the task at hand has clearly been widening—from an initia, narrow focus
on loss or wastage among SME undergraduate or graduate mgors, to concern with the scientific and
mathematical competence of potentialy every child, sudent, and citizen. Those most intimately engaged
with the implications of these shifts have become an inter-connected nationwide community. They
comprise a growing network of faculty experimenting with new modes of curriculum, pedagogy and
learning assessments in their own classrooms and departments, education researchers, program evauaors,
and those public and private agencies who have promoted and funded innovation and the adaptation and
dissemination of more effective SMET teaching methods. The fundamenta value shift required in order to
achieve“sdiencefor dl” has emerged from the collective work of thislarge and growing group. Smply put,
it is a shift in the focus of the classroom activities from teaching to learning.  Its implications are nat,
however, smple. In classrooms, they include:

refocusing classroom practice upon gainsin student understanding, reasoning, application, and learning
retention;

clarification of sudent learning gods and their aignment with course assessments,

redesigning assessments to engage students in their own learning and to give feedback to teachers on
the efficacy of their work.

In and across SMET departments and thelr indtitutions, the implications include:

redefining, evauating, and rewarding teaching and education scholarship as vaued professond activities
(Boyer, 1990; Glassck, Taylor & Huber, 1997);
rethinking professond relationships—with colleagues in K-12 education, science education and
research, assessment and evauation research, other SVIET disciplines, and in academe more broadly;
restructuring professiond education and development, including the primary professond education of
graduate students, post-doctora fellows and entering faculty, and re-education for mid-career faculty;
redesigning the facilitiesin which SVIET courses are taught: learning-focused science education cannot
be undertaken in facilities whose dructures reflect an emphass on passive learning (Project
Kaeidoscope, 1996).

In my role as co-evauator for two linked Consortia for the Reform of Undergraduate Pedagogy

" A discussion of these NSF programs, and of progress in establishing the National Digital Library, can be found in the
Annual Report of the Division of Undergraduate Education, Directorate for Education and Human Resources, Fiscal Y ear,
2000.
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(ChemLinks and ModularChen?), | have, over the lat five years, tracked participating faculty’ s discovery
of these, and other, ramifications of their collective undertaking. Although set in the context of a common
agreement to focus on learning rather than teaching, early consortia discussons centered on the content (or
“coverage’) of particular new-style course offerings (referred to as “modules’) that they were designing.
Modules begin with questions, many of which have relevance for everyday life—concern about digtary fats,
the causes and consequences of both globad warming and the formation of the ozone hole, water
purificetion, effective air bags, the utility of Vitamin C, and reasons for the annud regppearance of influenza
The module devel opers debated whether and how dl the fundamentas of chemistry normdly offered in
introductory courses could be incorporated into the modular structure. Questions about what should be
taught were quickly followed by discussions of gppropriate teaching methods for the new materids. Most
participants had experimented with dternatives to aforma lecture-demonstration-lab pedagogy, but their
expertise and knowledge about how to teach more interactively varied. They taught themselves and each
other, and attended workshops demondrating “active’” classroom srategies that complemented the inquiry-
centered gpproach of their modules. They aso discovered the need to assess the learning “gains’ made
by their sudents. At first, module devel opers and adapters used familiar assessment methods—tests,
examinations, papers, lab reports, and projects—but quickly became aware that their assessments had
much greeter importance than merdy ranking students. Assessments needed to be redesigned so asto give
both faculty and students insghts into the extent of learning gains—in understanding and skills, and in ther
ability to reason, formulate questions, make connections, gpply their knowledge, and explain it to others.

Working out the practical implications of a new gpproach to content, pedagogy, and assessment methods
takes time and experimentation. In interviews a asample of 11 inditutions where faculty were among the
fird to try out apha versons of the modules, 67 percent of the students experiencing early modules
highlighted insufficient “fit” between the various dements of the modular classes—class content, activities,
text and web resources, and assessments. In a matched sample of more traditiona classes in the same
indtitutions 55 percent of the students aso raised thisissue (particularly lack of gpparent fit between class
and laboratory objectives), but the need for coherence is intensified where class structure and activities are
lessfamiliar.

The development and dissemination of new materials and methods, and their adaptation among faculty in
funded collaborations and across more informa networks are underway in the physica, life, and earth
sciences, mathematics and engineering. One of the ironies of the current Stuation is that what began out of
concerns about poor student learning in the sciences has generated a growing body of faculty
knowledgeable about learning theories and their practica gpplication in these disciplines, while teaching
methods remain largdy unexamined in many non-science dassrooms. Thissad, the grestest Sngle chdlenge
to SMET pedagogicd reform efforts remains the problem of whether and how large classes can be infused
with more active and interactive learning methods.  “Large’ isarddiveterm. However, in our interviews

® The two consortia have recently devel oped a combined identity as “ ChemConnections’ under which name they will
continue their workshop and publishing activities beyond the ending of their original funding period as consortia.
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with faculty and sudents a 21 indtitutions of Sx different types, we have found classes of about 80 students
to be the largest number in which ether direct didogue between students and teacher, or group work
integrated into the class structure, ssems workable.

The common question, “What to do in alarge class besides lecture?’ has, after consderable experiment,
produced a number of promising approaches. The smplest of these is to introduce into lectures short
episodes of peer discusson, small group work on a question or problem, and other short activities that
break up the sesson and engage students in actively understanding, applying, or extending class materid.
The chemistry codlitions (and other) web-Sites’ offer descriptions of these techniques. A second approach
isto use computer technology, either to (re)design and equip the classroom so asto make live interaction
possble, or to bypasslarge lectures dtogether by placing dl dass materids (including hyper-text and multi-
media formats) on-line.® On-line courses may use student groups led by a teaching assistant “ coach” as
the main vehideto gain masgtery,™ and offer mini-lectures on an “as nesded” basis to darify common aress
of difficulty. Another technology-supported dternative isthe “virtua classsoom” that offers sudent-student
and student-faculty computer teleconferencing as the delivery system, with computer-generated data and
examples.”? This aso opens up the class to students learning at distance.

These two gpproaches require faculty control over the format of the classes that they teach. However, many
universty faculty are part of a departmental team that teaches large classes via one common lecture plus
anumber of laboratory and recitation sections.  For these faculty, and others constrained by departmental
norms to teach in traditiona lecture mode, a middle path is to use recitation sessons run by teaching
assistants as away to insert more active learning, and checks on student comprehension, into an otherwise
unchanged lecture and lab pedagogy. Successin this goproach depends entirdly on developing an effective
method of training for TAs that ensures their active co-operation. This may not be easy, as faculty have
found in developing a teaching assstant education program (based on worksheet activities) for recitation
sectionsin avery large introductory chemisiry dass a the University of Cdlifornia, Berkdey.** Formative
evauation of the program indicates the strong atachment of many graduate student teschers to
conservative teaching methods as an aspect of their pre-professona socidization. This problem is less
pronounced where undergraduate TAS are used as peer leaders to augment lecture classes, as in the
“Workshop Chemistry” program developed by the CUNY -based chemistry consortium, and now in use
in over 50 indtitutions.™ What is learned about graduate and undergraduate teaching assistant education,
espedidly by faculty innovators working in research universties, will be of the utmost importance in meeting
the chdlenge of improving student learning in more traditiond large lecture classes

° E.g., Project Kal eidosciope, www.pkal.org; NISE (collaborative learning pages) www.wcer.wisc.edu/nise/cl1

° E.g., The CUPLE Physics studio at Renesselaer Polytechnic I nstitute (Wilson, 1994).

" Prof. Dick McRae' s on-line introductory astronomy course at the University of Colorado, Boulder (Pedersen-Gallegos,
Weston & Seymour, 2001, evaluation article forthcoming).

2 E.g., Wilson & Mosher, 1994.

BProf. A. M. Stacy and Dr. E. Lewis, Co-P.I. ChemConnections.

“Wiese, Pedersen-Gallegos, Seymour and Hunter, “The role of the teaching assistant in undergraduate chemistry
reform,” Paper to the 6" Gordon Conference on Innovations in College Chemistry Teaching, Ventura, CA, Jan.. 2001.
> www.sci.ccny.cuny.edu/~chemwksp.
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The Centrality of Assessment to Higher Education Reform: New Forms of Classroom Assessment
The path that faculty active in the chemistry consortia have taken towards a shared understanding that
assessment drives dassroom reform is ajourney increesingly shared by the whole faculty reform community.

It has sometimes been described as “mieking a shift from vauing what we measure’ to “measuring what we
vaue” It beginswith clarification of what exactly it is that you want sudentsto learn. Thisthen needsto
be trandated into corresponding classroom activities and assessments that alow both teachers and students
to monitor gains in the processes of learning as well asther outcomes. Diane Ebert-May has described
this as measuring “ active knowledge (understanding, reasoning, and utilization) rather than discrete, isolated
bits of inert knowledge.”*® Among faculty committed to learning-focused teaching, the design of better
classroom assessments has come to be seen as the primary driver of change. It is feedback on what
students actudly learn that guides further adjustments in what is taught, and how.

In the firg wave of innovation, faculty formed networks to share information about hitherto unfamiliar

pedagogica techniques. Their current challenge is to discover, share and test each other’s assessment

idess. While working at the Nationd Inditute for Science Education (NISE), the University of Wisconan,

| helped to develop a web-dite, the Field-Tested Learning Assessment Guide (FLAG) to act as a
repository, guide, and medium of exchange for classroom assessment methods generated by innovative
SMET faculty for their own use, and offered for othersto try. Much of the early materid was donated by
members of the * Edtablishing New Traditions” chemistry consortium based a the University of Wisconsin.

Descriptions of assessment techniques (that now dso include the published work of assessment specidists)
are categorized by type; new materias will be continuously solicited and dlassified.””

Grass-roots initiatives of this kind have been one halmark of the change movement. However, for such
initiatives to prosper, they need long-term financial and technica support.

Rethinking the evaluation of teaching. Reconsideration of classroom assessment methods has been
accompanied by a search for methods (for inditutiona aswell asindividua faculty use) that assess teacher
efficacy in enadbling learning. In addition to learning assessment indruments that match thair revised learning
objectives, classroom innovators have been seeking methods that:

edtablish the student learning achievements of reformed teaching activities,
offer abasis for argument and persuasion to promote further improvements in the qudity of SMET
education;

1° Epert-May, D. 1998. “ Assessment as a L earning Process: What Evidence will we Accept that Students have Learned?’
Paper and presentation to the National Institute for Science Education Forum, “Indicators of Successin Post-secondary
SME& T Education: Shapes of the Future,” February 23-24, 1998. In Millar S.B. (Ed). 1998. “ Synthesis and Proceedings
of the Third Annual NISE Forum,” University of Wisconsin-Madison, NISE, WCER, pp. 5-11, 79-89.

" The FLAG web-site is maintained and further developed by the College Level One group of the National Institute for
Science Education, the University of Wisconsin-Madison and can be found at http://www.wcer.wisc.edu/nise/cl 1.
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protect faculty who work in contexts that are unsympathetic to classroom innovations from negative
career consequences.

Ingtitutions, disciplines, and nationa agencies are seeking data gathered at classroom, departmental, and
ingtitutiond levels to develop aggregate measures of progress in improving the quaity of SMET higher
education. Researchers who work with national data sets referencing undergraduate education have, for
some time, been lamenting their incompleteness. They are divided between those who see possihilitiesin
the idea that common measures of student learning used across departments could be built into indicators
of inditutional progress, and those who see sudent learning gains and measures of inditutiona qudity as
lying in complementary, but different, domains.

At the department and individud faculty leved, theissueisfar from academic. Faculty teaching performance
has, traditiondly, been evauaed both, informaly, by colleegues and, formdly, by inditutiond or
departmenta end-of-semester classroom evauation insruments. The criteriathat govern faculty teaching
reputations are largdy implicit and are learned in the process of professond socidization. They are made
explicit in classroom eva uation questions that focus upon class organization, lecture ddlivery, “coverage’

of segments of the canon deemed gppropriate for mgors, and upon punctiliousness in carrying out formal
duties. Many of the characterigtics gpplauded in agood lecturer (Sc) are those aso recognized in agood
performer—liveiness, reference to current research, and facility as a demonsrator. What ingdtitutiona

evauation ingrumentstypicdly fail to do isto explore and measure what students gain from various aspects
of the class. For thiskind of feedback, faculty often refer to sudents write-in comments. Despite their

inadequacy as sources of information on faculty efficacy as endblers of student learning, for tenure or
promoation decision purposes, classroom evauation indruments are often the only availlable source of data
about faculty as teachers (Cholakian, 1994; Tagomori & Bishop, 1994; Trout, 1997; Willliams & Cedi,

1997). Untenured faculty, or those who fed that their classroom innovations are unappreciated by
departmental peers, need an dternative insrument that provides them with useful student feedback on the
learning gains of their sudents in aform that can aso protect the effective teacher from negetive career
conseguences of classroom innovations.

| originaly developed and fid d-tested the * Student Assessment of their Learning Gains’ (SALG) instrument
specificaly in response to this need as expressed by faculty participating in the linked ChemLinks and
ModularChem Consortia. The insrument is based on the hypothes's supported by our evaluation data that
it ismore relevant and productive to ask sudents what they have gained from specific aspects of the class
than either what they liked or didiked about it, or to solicit judgements of their faculty asteachers. The
SALG indrument avoids such questions and focuses exclusvely on what sudents believe they have gained
from particular aspects of their classthat their teachers define asimportant. 1t can be used mid-semester
for corrective feedback, and aso across two or more classes to track students estimates of how well they
were prepared for a current class by a prior class. With support from the Exxon-Mobil Educationd
Foundation, Sue Daffinrud (LEAD Center, the University of Wisconsin) placed the instrument on aweb-
Ste where faculty can edit atemplate ingrument to meet their individua requirements. 1t can be completed
on-line by their students, and provides faculty with an ingtant satisticd summary of the numeric data, and
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a print-out of typed-in sudent comments. It may be found & http://www.wewe.wisc.edu/sal gains/instructor and
isaso available on the FLAG web-site’®

I ndicators of educational quality at all system levels. Nationdly, the search is underway for forms
of assessment that provide coherent, workable, and cost-effective indices of accountability for individua
faculty, departments, and whole indtitutions. As| have argued above, such indices must be grounded, on
the one hand, in more accurate and transferable measurement of sudent learning gains. On the other, they
must be capable of ng the effectiveness with which any inditution, or the higher educationa system
overdl, is providing quaity SMET education for dl students. We have not yet reached an understanding
of how best to accomplish this. This search isdso coupled with acal for re-examination of the criteriaon
which assessment indruments in common inditutiond use are based, and evauation bath of their utility and
their consequences (Tagomori & Bishop, 1995; Boyer, 1996; Trout, 1997; Williams & Ceci, 1997).

Theories of Change; Strategiesfor Action

Not only has our focus upon particular issuesin SMET higher education shifted over time, so too have our
ideas about how change may be accomplished. The drategies used to address the perceaived shortcomings
of SMET higher education reflect a set of diverse theories about how improvement may best be secured,
and what condittions enable or congtrain their chances of success™ In any fidld of endeavor, theory-building
is a menta process by which we develop ideas that can dlow us to explain why events should occur
(Turner, 1982). Theories reflect the ways in which people engaged in any sphere of activity define that
Stuation and decide what needs to be done: they generate and vaidate the Strategies that the actors (in this
case, educationa reformers or innovators) see as the best ways to produce desired effects. However, in
reform efforts, the theory or theories that underwrite the chosen forms of actions often remain undgtated.
Reformers may jump from identification of a problem to a selection of Strategiesintended to amdiorate it
without reference to what is (or is not) known about the relative importance of the factors contributing to
the problem, or about their chances of success. Their causd and predictive theories are, nevertheless,
discernable in their chosen courses of action, and in the rhetoric by which they explain them. Embedded
theories of reform are, thus, expressed in the ways reformers gpproach the innovations that they undertake.
Collectively, they affect the direction of change—regardless of whether they may be consdered “vdid’ by
empiricigsin the relevant disciplines.

The theories presented below are derived from three main sources: from my own research and evauation
work, and from ethnographic analysis of the written records of the 3% Annua NISE Forum that are cited
throughout this article. The 300 forum participants included a high proportion of those who are most
actively engaged in efforts to improve the qudity of science and mathematics educetion at dl levels. They
included faculty and adminigtrators from two- and four-year ingtitutions, teachers from the K-12 school

'8 Accounts of the research underpinning the SAL G instrument, and of two rounds of testing, can be found in reports
to Exxon-Mobil Education Foundation (Wiese, Seymour, and Hunter, 1999; Seymour, Daffinrud, Wiese, and Hunter, 2000).
¥ Fullan (1999) reminds us that, because change is always complex, and the links between cause and effect are difficult
to trace, asingle theory of changeisimpossible, and acommon theory of action is unlikely to be useful.
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system, educationd researchers and evauators, and representatives of public and private agencies tha have
promoted and funded innovations and their implementation. Some of the voices heard were of those who
are deeply engaged in reform activities;, some voices reflected a gradudist approach to change; others
expressed degrees of skepticism about the need for change. All participants, however, were drawn to the
forum by a common concern to find useful indicators of success by which to evaduate teaching and
learning—whether innovative or traditiond in nature—in classrooms, departments, and across indtitutions.

The records analyzed included: the speakers papers, the tape-recorded and transcribed record of
presentations, pand discussons, and audience contributions, and the written observations submitted by all
participants as part of small group discussions following each pand. A digest of these records condtitutes
the proceedings of the forum (Millar, op.cit.). Accessto the full record alowed me to code and classify
the different types of action promoted by the speskers and writers, and to extrapol ate the theories on which
these choices of action appear to be based. What follows are the results of this analys's, augmented and
illugtrated by findings and observations from my current research and evauation work.

One important theory of change—that change is driven by shifts in what we value—has been well
illugrated in the firgt haf of thispgper. Other theories of change and thair implications are discussed below.

Bottom-Up and Top-Down Theories of Change
Grass-roots and network theories of change. Many activities to improve the quaity of SMET higher
educetion reflect the theory that:

reform across indtitutions or systems can be transmitted by the spread of grass-roots action between
individuals, campus groups, and networks.

The difficulty with this (if used done) is that it pays insufficient attention to the structura and culturd
conditions within which networks operate. If the best of these practicesisto thrive within inditutions in the
longer term, they will require support, recognition and rewards from departments and ingtitutions.

A second, more structured, verson of “bottom-up” theoriesis that:

change can be built from smdl loca beginnings, firg by provoking and maintaining conversations that
lead to loca collaboration; then by making connections with collaborators on the same or other
Campuses.

The vitdity and productivity of the participating ChemConnections faculty is clearly sustained by ther
conversationd networks. In recognition of this, the consortia chose to spend a significant part of their
funding on bringing sub-sets of the participants together for working meetings. Working out the details of
new professond practice in the dassroom in the course of such conversationsiis both essentiad (in Stuations
of imperfect knowledge of what is required) and an intringc reward of involvement in innovation—
particularly for more isolated faculty reformers. It is a source of intellectud stimulation, new learning and
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peer review. It sustains the innovators, especidly those in Situations of indifference and risk

Nationd groups (especidly funders such as the NSF, and resource centers such as the NISE) play an
important role in supporting and extending grass-roots conversations and initiatives by providing workshops,
working meetings and conferences (and/or travel money to attend them), funding for web-gte maintenance,
publicity, and recognition of individua or group achievements. They dso require and fund program
evaduations. Formative evduation is especialy important because the congant feedback it provides dlows
the group to become clearer about its values and gods, and suggests adjustments in its strategies (Millar,
2000, Fullan, 1999). What is not proven, however, isthe theory thet:

networks of such collaborations can build into a*“ critical mass’ in favor of reform (Etzkowitz 1995).

Thet there are some serious cultura barriers to change by grass-roots action is illustrated by the difficulties
experienced by faculty who have attempted to spread educationa innovations across disciplines. The
members of the chemistry consortia periodically discussed the desirability of such collaborations, and on
some campuses (often at the prompting of the NSF program officers or their Nationd Visiting Committees)
held cross-disciplinary gatherings. However, lacking apracticd god (such as curriculum articulation efforts
that require cross-departmental negotiation and agreement), educationa innovations developed in one
department do not easily spread to another. The advent of educationa technologies that require cross-
departmenta exploration of opportunities, costs, and some redistribution of resources or responsibilities
may leverage greater cross-disciplinary collaboration than collegia networking unsupported by the
prospects of rewards or consequences.

The dissemination efforts (and proposal requirements) of project funders often reflect areated theory that:

good idess, supported by convincing evidence of efficacy, will spread “ naturdly”—thet, on learning
about the success of particular initiatives, others will become convinced enough to try them.

The evidence in support of this theory isaso lacking. Indeed, there is some evidence that faculty do not
respond to written accounts of positive findings for pedagogica experiments as they would to reports of
research results within their disciplines. In the experiment described by Foertsch, Millar, Squire & Gunter
(1997), the research prestige both of the ingtitution, and of the presenter, proved more persuasive than
ether the published evidence of the positive findings for a classroom innovation or than a videotaped
demonstration of its practicality, merits, and good reception by students®

It is dso not yet clear whether the classroom strategies generated out of the synergy created in faculty
networks, such asthe chemidiry consortia, Soreads to afinite or an expanding group of users. Interview data
from faculty who are adapting the chemistry modules for use with their own dasses and sudent populaions

“ Fullan (1999) argues that collaborative organizations generate the passion, energy, and commitment needed to pursue
complex goals, and the emotional support needed to pursue them.
' Elmore (1995) goes further: “small groups of self-educated reformers apparently seldom influence their peers’ (p.20).
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indicate that the volunteer adapters are a self-sdecting group. To date, they are mostly amilarly-minded
colleagues who dready use various forms of contextud, interactive, collaborative, or discovery-based-
learning in their classrooms who are open to trying out new methods. We have very few examples of
“converts’ to report.

In consdering change strategies based on networking theories, it isimportant to discover why, for avariety
of reasons, some faculty decide not to pursue thelr initid interest in any innovation and some rgject it
outright, and what contextud factors make it difficult for others to remain active. In order to clarify some
of the limitations to change by networking, | have interviewed a sample of faculty who have been exposed
to chemistry modules (by colleagues or through workshops), but who are not using the materids and
methods they contain. The sampleincludes origind consortia participants who never became fully engaged
in the development and adaptation of modules or who became disengaged after an initid period of
involvement, and faculty who attended workshops to learn about modules, but who subsequently decided
not to use them, or used them only once. Andysis of these datais underway.

Value-driven institutional leadership. Bottom-up approaches ultimately depend on the energy and
organizationa styles of naturd leaders. In any collective human endeavor, energy and enthusiasm are
cyclical, and require replenishment. Lacking a formal structure and renewable resources, grass-roots
movements are gpt to founder unless responghility is taken for them by host ingtitutions. Networks of
faculty seeking change are obliged to negotiate with their departments, which hold a semi-autonomous
position within ingtitutions.  Although Oakes et d. (1998) and Fullan (1999) have argued that change that
is driven soldy from the top does not work, pressure from the inditutiond leadership can effectively
legitimate and reward grass-roots reform activity. A number of SMET reformers have expressed doubt
that change within higher education departments can occur without indtitutional leadership. As Manud
Gomez has argued, “Educationa reform a the undergraduate level requires an inditutiona culturd
transformation. Individua efforts of reform-oriented, proactive faculty are necessary, but not sufficient.”*
Expressed as atheory of change:

system change within ingtitutions requires unequivocd, high-level commitment to promote and reward
classroom effectiveness and educationa scholarship.

Achievement of ether science-for-dl, or learning-centered teaching are argued to require high-level
inditutiond intervention to secure professond rewards for effective teachers and educationd scholars: This,
in turn, implies negotiation and implementation of inditution-wide evauation methods that reflect what
students gain from their teachers work. Thisis also necessary to avoid reinforcement of the widespread

2 Gomez, M. 1998. “An Assessment Model to Drive Undergraduate Educational Reformin SMET Fieldsin aLarge Public,
Multi-campus University System.” Paper and presentation to the National Institute for Science Education Forum,
“Indicators of Successin Post-secondary SME& T Education: Shapes of the Future,” February 23-24. In Millar SB. (Ed).
1998. “ Synthesis and Proceedings of the Third Annual NISE Forum,” University of Wisconsin-Madison, NISE, WCER,
pp. 23-29, 1333-136.

ZFullan (op.cit., p. 19) argues that, “ policy initiatives that combine rigorous external accountability and mechanisms for
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cynicism with which faculty and many administrators have come to regard inditutiona evaugtion activities.
Indtitutions thet follow this theory of change will need to plan for change a multiple levels, be reedy to spend
money and time to meke it work, and to secure buy-in at the dl-critica departmentd level. They will need
to identify, support, and recruit faculty who are leaders in educationd improvement, and reinforce cregtive
faculty collaborations. It would seem that “neither top-down, nor bottom-up strategies by themselves can
achieve coherence’ in reform efforts at the inditutiond leve (Fullan, 1999, p.27).

The Blueprint Model: Progress Depends on the Accessibility of Proven Models,

Practices, and Assessment Tools

Regardless of where change begins, by this theory, faculty interested in new teaching methods cannot make
progress without access to information about well-tested teaching and assessment methods.

Good intentions have to be channded into actions that are dready known to be effective. Time, effort
and resources cannot be wasted on dtrategies that have not worked wdll in other comparable settings.

The drategies to which this theory gives rise are professond development opportunities (including
workshops) by which faculty and graduate students engaged in undergraduate teaching can build ther
teaching and assessment sKkills, and dso gain an understanding of the learning theories on which they are
based. Leadership at the indtitutiond leve is dso required in order to sponsor and sustain professond
development activities. This gpproach has been followed in the workshop model sponsored by the NSF
(for example, in its summer workshops on teaching for new science and enginesring faculty,?* and also by
private organizations, most notably, viathe regiona and discipline-specific workshops offered by Project
K aeidoscope.® An understanding that the self-education and unilaterd innovation efforts of faculty are apt
to founder without “buy-in" from more senior members of their inditutions prompted Project Kadeidoscope
to ings (from the outset) that dl faculty attending their workshops must do so as part of atrio that dso
includes their department chair, and an adminigtrator at the level of dean or above.

The resources needed both by newcomers and more experienced faculty innovators are:

access to pedagogica and assessment expertise, preferably locd to their inditution;
teaching and learning assessment materidsin accessble form;

digests of pedagogica and assessment techniques,

syntheses of the theoretical and research bases for these methods;

evidence of their efficacy—including reports of what has not worked well.

The latter are not easy to find in conventiond dissemination outlets. Reports of failed experiments are
unlikely to reach peer-reviewed journds. Summaries of evidence about methods that do and do not work

focusing on local capacity development are critical for success.”

* E.g., the NSF Engineering Education Scholars' Program.

% For example, the Faculty for the 21% Century workshops, Project Kaleidoscope, The Independent Colleges Office.
Washington, D.C.
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(plusther attendant caveets and conditions) have yet to be ditilled from both published and unpublished
research and evaluation reports. To meet this growing and unmet need, information thet is generated by
researchers and evduators, largdly in the fieds of education and the socia sciences, needs to be made
avalable in a form and linguidic dyle that is accessible to SMET faculty. Developing a distilled and
annotated bank of information will require commissions to writer-editors, accessin both print and dectronic
forms, funding for continuous collection and classfication, and maintenance as a permanent dectronic
resource. This has been one function proposed for the National SMET Digitd Library. Other examples
of national resources currently being developed to meet these needs are the NSF's Online Evauation
Resource Library, and individud consortia web-gtes. The NSF has dso begun to build evauation
srategies that will collect data across initiatives of Smilar types. However, in order to provide a better
supply of qudity project evauation, the funders of educationd initiatives might also be more specific and
demanding in their guiddines for required evauation and dissemination components. Thiswould involve
funding agency gaff in a proactive enabling function:

helping program principd investigators (PIs) find evaluators who are appropriate to the project and,
preferably, locd;

publishing guiddines on how to work with evaluaors (eg., goproaching an evauator erly in the
planning Stage, negotiating a project-gopropriate srategy, grounding the eva uation budget in the work
required);

smaler projects may need more direct assstance in developing and implementing appropriate
evauation Srategies.

To rase the qudity of program evaduations and ensure that rdlevant findings inform new proposals requires
the availability of clear, synthesized information about findings from prior programs, about the theoretica
underpinnings of commonly-proposed strategies, and guidance in their use. It dso requires that funders
take amore active role in enabling Pisto fulfill their evauation requirements.

One source of “blueprints’ that has been greatly under-used by SMET dassroom innovatorsis knowledge
about the nature of learning, and expertise in curriculum development, pedagogy, and learning assessment
techniques that is to be found in Colleges of Education. This resource is available to SMET faculty and
adminigtrators at many four-year ingtitutions, and liesin reasonable proximity to others. That collaborative
relationships are not, as yet, much explored reflects an unfortunate history that includes the devauing by
SMET faculty of teaching—as a professona activity, as a career for their students, and as a form of
scholarship (Seymour & Hewitt, 1997). The consequenceisarecord of limited contact between SMET
faculty and science and mathematics education pecidists. This Stuation may be improved by the NSF's
“Collaboratives for Excdlence in Teacher Preparation,” and by the State Systemic Initiatives, both of which
bring together representatives from these two faculty groups with master teachers from the K-12 system
in order to address the nationd crissin the quality and supply of K-12 science and mathematics teachers.

They offer one practical model by which to break stereotypes and the neglect of a valuable nationd
resource.
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Alignment is Required at All Levelsfor Effective System Change

Asit became clearer that syslem-wide changes would be called for to achieve the god of science-for-al,
innovators began to recognize the need for various forms of dignment—a need that had aready been
artticulated and implemented as part of K-12 system reforms.  In higher education, aignment is seen as
desrable & anumber of levels—progressin each of whichis, asyet, partid. Itsdimensons are dignment
of:

classroom assessment practices with sudent learning gods;

teaching endeavors across departments with the overdl teaching mission of the indtitution, and the use
of classroom assessments as essentia building blocks for the evauation of indtitutions overal;
curriculum developments in SVIET higher education with developments in K-12 reforms, with the
ultimate god of an educationa continuum;

course offerings across departments to produce cross-disciplinary degrees. (This form of aignment
may be aresponse to external pressures, epecidly new market opportunities for graduates);

the activities of SMET faculty classroom reforms with the knowledge and skills of colleagues working
in the disciplines of education, assessment, and evauation;

data collection practices a the nationd level such that nationa data sets can better inform evauation
practices a& the indtitutiond level;

improved classroom evaluaion methods in order to meet departmental and ingtitutional needs for
evidence of teacher effectiveness, and faculty need to receive meaningful feedback about student
learning gains.

The mog basic form of dignment for individud faculty occurs a the cdlassroom level. Expressed asatheory:

In order to make the curriculum more meaningful to sudents, faculty must articulate their learning gods,
dign their teaching and assessment strategies with these gods, and make students aware of their own
learning processes.

Student interview data from the modular chemistry classes on 11 campuses supports this theory: the need
for dignment of important course dements (which students referred to as matters of good “fit”) was raised
spontaneoudy in 67 percent of the modular sudent interviews. Students looked for aignment between
class content and class ass gnments, between class and lab learning objectives, and between the order of
content presented in class and that of their texts. They wished to see these connections clearly and openly
explained. Such concerns are likdly to be found among students in innovative classes partly because the
relationship between class dements will be less familiar to students, and partly because an experimentd
class may dill be “under condtruction.” However, the issue was aso strongly expressed as an unmet need
in 55 percent of the interviews with students in the matched traditional classes. In those classes, the most
commonly-expressed concern was lack of understanding of the connection between the content of lectures
and the purpose of (presumably related) labs. Taken together, these student observations endorse the
theory that:
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Learning is enhanced when dl of the main dementsin a dassfit coherently and overtly together: class
content and activities, lab work, assgnments, the text, media and other resources.

Students especialy wanted to see connections between unfamiliar class eements “ sign-posted.”

Alignment dso mekes ade facto sysem coherent. Unlike the formaly aigned educationd sysems of many
other countries (where the linkages are planned and orchestrated at a nationd or regiond level), asystem
that is built from a convergent, but local and independent basis, cannot take coherence for granted.  Such
asysem is aso more difficult to change, because to make any progress requires that we identify the most
powerful dementsin the system, and then figure out how to use them to cregte leverage. A concern with
aignment thus reflects the theory that:

atemptsto dter sngle dementsin acomplex socid system will not be effective: each dement must be
aigned with the others for system changesto prevail.

Departmental Values are Key to Educational | mprovements

As suggested earlier in this andlys's, the department is the rock againgt which the teaching innovations of
individuas or smal groups of faculty are most gpt to founder. Departments operationdly define, structure,
evauate, and reward the teaching and learning activities of higher education ingtitutions. The theory to which
this definition of the Stuation givesriseis asfollows

Finding the means to leverage revant shifts in departmenta vaues and practices isthe critica factor
in determining whether the efforts of faculty—as individuas and groups—and of their inditutions, will
be able to improve the qudity of SMIET education, or achieve the wider god of science-for-all.

As dso discussed earlier, teaching effectivenessiis traditionally evaluated by peer reputation and student
classroom evaduation. The criteria by which departments judge faculty as teachers can be observed both
in these ingruments, and in collegia arguments about curriculum change. Departmentd vaues traditiondly
include the primacy of research over teaching, a primary loydyty to the discipline over theinditution, and a
duty asteachersto “cover” collectively approved segments of the canon. The standards and practices that
reflect these priorities, as Merton (1942) originaly observed, transcend particular nations or ingtitutions.
Practices that are interpreted as serving the universal stlandards of science are hard to question or to
amend. The primary departmenta defense againgt the arguments of those colleagues who have dready
refocused on increased student learning and the god of “science-for-dl” is the argument that universa
disciplinary standards must prevall.
The Principd Investigator of the ChemLinks Consortium, Brock Spencer, illudtrated this defense in action
when describing a gtuation in which a“lecture-less’ gpproach to teaching undergraduate chemidry (in which
much of the learning is donein smdl groups) was thought to*lack rigor” by faculty who were not usng the
gpproach. Theinnovator’'s colleagues cited thedrop-out rate in his dass (which was dmogt nil) as evidence
of insufficient rigor, by comparing it with thet in traditiona sections (where it often gpproached 30 percent).
Persuading colleaguesto seethar primary teaching god as better sudent learning, their dassroom activities
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as an open-ended experiment, and god-assessment criteria alignment as the primary task involves a
paradigm shift. The question for the reform community is, How can this attitude shift hgppen?

Rebalancing the Departmental Rewards System to Reflect Respect for Teaching and
Educational Scholarship

Among the community of faculty dlassroom innovators, program evauators, and funders there is a gathering
consensus that, because both vaidation and tangible rewards shape faculty goads and actions:

the fastest and most enduring way to promote a renewed emphasis on teaching in the service of learning
in higher education isto restructure the faculty rewards system.

AsRichard Tapia has asserted, rewards “ drive the whole system,” and “are determined at the departmental
leve.”?® Not only is review of the rewards structure seen as aritical in promoting improvements in the quality
of higher education teaching, it is necessary to protect the current generation of innovators, better secure
the inditutiondization and spread of successful innovations, and alow faculty to choose classroom
scholarship as a professiond focus.

Changing the criteriafor departmenta rewards—tenure, promotion, resources, time, and opportunities for
professond deveopment—will, again, require leedership. Leverage exercised by powerful groups will be
required to even the imbal ance between rewards for teaching and education scholarship, on the one hand,
and for discipline-focused research on the other. Accreditation agencies, public and private funding
agencies, and nationa testing services are some of the externd bodies with the power to influence the
direction of departmental values and priorities. Leadership by presdents, provosts, and deans will aso be
required—although the record of effective departmentd resistance to the implementation of indtitutiona
gods, plans, and exhortations is d so acknowledged.

The consaquences of falling to find effective means to address this barrier to reform is casudties among the
current generation of cregtive teechers, and loss to the education reform effort of the next wave of faculty—
through pedagogica knowledge not gained, and socidization into prevailing departmenta attitudes and
practices while waiting for the safety of tenure. Among faculty active in development and testing of the
chemistry modules, two were denied tenure, and a third was awarded tenure after one year of probation
and review. As communicated to these three faculty, collegid judgements were influenced by greater
experiment and scholagtic productivity in education than that in research. Tenured faculty who are active
in educationa innovation often express reluctance to encourage untenured colleagues in thelr departments
to devote any sgnificant amount of their time to classroom experimentation or educationa scholarship.
Speakers a the 1998 NISE Assessment Forum unanimoudy (though with regret) advised againg the
engagement of untenured faculty in educationd innovation and scholarship: as Richard Tapia observed,
“faculty cannot change the sysem unlessthey firgt surviveit” (ibid).

* Tapia, R. 1988. In Millar S.B. (Ed), “Synthesis and Proceedings of the Third Annual NISE Forum,” University of
Wisconsin-Madison, NISE, WCER, pp. 16-17.
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Baancing respect for educationd scholarship with that for disciplinary research in departmentd reward
systems necessaxily involves assessment of student learning gains as ameasure of teaching competence, and
recognition of contributions to peer-reviewed education scholarship. Thisis unlikely to occur unless the
criteria for rewarding teaching and educationa scholarship are digned with existing departmenta values.
Ernest Boyer (1990) and other scholars (Glassick, Huber & Maeroff, 1997; Edgerton, 1995; Diamond &
Adam, 1995; Sddin, 1993) have argued that the traditiond criterion by which research is judged should
aso be gpplied to teaching and educationa scholarship—thét is, as peer-recognized intellectual work,
gppropriately disseminated.

Evidenceisa Necessary (if not Sufficient) Condition for Reform
In order to promote and validate such an adjusment in the criteria for faculty rewards, or to diffuse
successful innovations, reformers propose that:

it is necessay to provide clear and convincing evidence that innovative forms of teaching are as
effective as, or more effective than, traditiona gpproachesto teaching. It isnot enough to clam that
greater learning occurs, it must be demonstrated.

Faculty innovators argue from their experiences in promoting and defending their innovations with
colleagues that failure to supply these proofs will be an absolute barrier to change. Colleagues demand
evidence of comparable or improved student learning, and administrators want data on the effectiveness
of faculty performance.

For a number of reasons, meeting this requirement is not a smple matter. As the chemistry module
devel opers have found, new gpproaches to content or pedagogy require a period of classroom adjustment.
There may beinitid difficultiesin making the eements of anew pedagogy fit coherently together; too much
may be attempted, and content or activities have to be scaed back; unforeseen practica problems arise
(with labs, software, materids, etc.); and faculty may fed avkward using less familiar teaching methods for
awhile

While teachers are in the midst of resolving these difficulties, they are likely to encounter resistance from
students who have learned how to get good grades by more passive learning methods and who find it
harder to achieve the level of grades they have come to expect by a pedagogy that often demands more
of them?” Asour evauation dataindicate, the degree of student resistance varies by class size, ingtitutional
character, student population, and by the dominant attitudes of students, faculty and teaching assstants.
The chemigtry innovators have found grester sudent dissent in the very large classes a competitive
research universities where both colleagues and graduate students are strongly socidized into traditiona
methods. As the module adapter interview data reveal, student resistance occurs in other settings.
However, it has proved easier to gain acceptance for and gppreciation of more active forms of learning in

" Indeed, both Maurer (1996) and Fullan have argued, “resistanceis an essential ingredient of progress’ (1999, p.23).
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classes under 100, in classes at liberd arts and two-year colleges, and in two-semester (or term) sequences
where students have time to reconsder and adjust their learning habits. We note, however, that where
sudents receive indications that they have learned well (e.g., by their grades, their &bility to understand the
materid in journd articles, to interpret data, explain materid to others, or discover that they are well
prepared for a subsequent class) they may ill question if they can “know” something that they did not
memorize, or whether enjoying a class means that they cannot have learned as much chemigtry. Thisis
compounded among freshmen who cannot (as yet) distinguish between the adjustments required to close
the gap between high school and college science and the discomforts peculiar to modular (or other)
innovative forms of teaching.

All of these are likely to affect the classroom evauation scores students give their teachers. This leaves
innovative teachers vulnerable until they gain proficiency with the new methods and students begin to
recognize their benefits. It again underscores the need for forms of classroom evaluation that reflect what
students have gained from their class rather than what they “liked” about the class or their teacher.

Although proof of efficacy for well-developed classroom innovations is needed for them to be taken
serioudy, thisdoes nat, in and of itsdf, prompt colleagues to take note of the evidence or to seeit asavdid
reason to change in their own professond practice. Shiftsin scientific theory do not occur as an autometic
response to accumulations of data (Kuhn, 1970). When the shift that is called for is a shift in vaues and
socid behavior (rather than in disciplinary thought and practice), the response, as Shella Tobias (1992) has
observed, is often unaffected by available evidence. Brock Spencer has illustrated this point from
experience a an inditution where studentsin alecture-less class do at least as well in subsequent classes
asthose who dect more traditiona sections, but colleagues may il not be convinced by the evidence. This
common experience among innovators is supported by the research (e.g., Foertsch et a., 1997; Nonaka
& Takeuchi, 1995) indicating that the persona endorsement of classroom innovations by colleagues who
are esteemed for their research, and/or for their inditutiona prestige is more important than reading or
hearing accounts of evidence. Although there are no guarantees that good proofs of enhanced student
learning—though necessary—will be sufficient to convince skeptics to change their classroom practice,
adding three cavests to the theory may increase the chances of change by dissemination of evidence:

skeptics and interested inquirers alike must be able to make sense of the data;

the data mugt illuminate outcomes that are valued by the targeted audience;

persona endorsement of new teaching practices, and/or the evidence in their favor, by colleagues with
high research prestige may be required.

For example, an indicator whose vaue is gppreciated by faculty and administrators of al pedagogica
persuasons is evidence of the levels of understanding and skills that students carry forward into another
dassin adisciplinary sequence, or carry away into other disciplines or into the “red world.” Like other
evaduators, we are experimenting with ways to demonstrate student learning retention.

The proving imperative aso raises the question of why innovators are required to provide evidence of the
efficacy of thar methods when we lack good evidence of the efficacy of more traditiond forms of teaching
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(Mazur, 1997). AsLawson (1995) observes, “remarkably little of what isintroduced in text and lecture
is understood and retained.” Indeed, innovation is often prompted by such concerns, and by doubts that
the array of tedts, examinations, reports, and projects in common use are religble indicators of learning.
Reformers tend to be held to higher and different tandards of proof than more traditiond practitioners, and
evaduators, thus, lack basdine data againg which to make vaid comparisons.

Neither can assessments developed for one method of instruction be used to measure student learning
gained by other methods. When ingtruction goal's and methods are changed, their impact on learning can
only be measured by a corresponding change in assessment methods. The assessment scores of classes
with different goas, pedagogies and types of assessments cannot meaningfully be compared. As Eric
Mazur has argued, “Changing the methods of assessment means giving up any meaningful corrdation with
previous assessments.  If adminigtrators and faculty do not redize that this poor corrdation is an
unavoidable conseguence of change, it will be impossible to move forward.”?®

In light of these arguments, the proving imperative might be rewritten thus:

it is necessary to provide dear and convincing evidence that dl forms of teeching (whether “innovative’
or “traditiona”) are effective in promoting student learning. It is not enough to dam that learning
occurs, it must be demonstrated.

Change by Leverage from External Agencies
Findly, the success of the Accreditation Board for Engineering and Technology (ABET) in promoting
nationwide changes in undergraduate engineering curriculum and pedagogy has encouraged the hope that:

change may be leveraged by agencies externd to indtitutions.

Accreditation agencies, the nationd testing services, scientific societies, the Nationd Academy, and public
and private funding agencies may have individua and collective power to leverage change through their
direct influence on inditutions—most especiadly, on departments.

Thisis a new role for accreditation and nationa testing agencies, which, historicaly, have been seen as
exerting a conservative influence on the curriculum. Indeed, many SMET cite faculty accreditation criteria,
or the presumed, conservative character of professond examinations as either apartid or absolute barrier
to change. Members of the Chemistry consortia report a shift towards exploration of students' conceptua
grasp and ability to goply knowledge in the types of questions asked in the MCAT examinations. If this
change is more widdly noted, it may alow those departments that “service” large numbers of pre-medica
students to reconsder aspects of their curriculum. The scientific societies, however, are dill viewed as

2\ azur, E. 1998. “Moving the Mountain: Impediments to Change.” Paper and presentation to the National Institute for
Science Education Forum, “Indicators of Successin Post-secondary SME& T Education: Shapes of the Future,” February
23-24. In Millar S.B. (Ed). 1998. “ Synthesis and Proceedings of the Third Annual NISE Forum,” University of Wisconsin-
Madison, NISE, WCER, p. 93.
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exerting a consarvative influence on curriculum development, classroom assessment practices, and cross-
disciplinary collaboration.

One long-standing modd of change that makes use of externa agency leverage is grants-driven reform.
Groups of innovators are funded to develop and test an educationd initiative on the premise that:

the time for development, implementation, and testing that agency grants provide, plus the prestige of
such awards, will increase the chances that innovation will take root in the hogt indtitutions beyond the
end of funding.

This *priming the pump” approach to change has been an important strategy for both public and private
foundations for at least two decades. Outsde funding has been critica in developing and testing many
educationd experiments. However, it may be less effective in securing the indtitutiondization of innovations
whose worth has aready been demongrated. One unfortunate sde-effect of the syssem of funding for
educationd experimentation is that it follows the modd used for competitive research funding. As Brian
Coppola has argued,? it is a system that focuses collegial esteem on the size and renewa of awards for
educationd experiments, rather than on their evaluated results, and their longer-term implications. This, in
turn, reduces the chances for changing departmenta vaues, and, thus, for the surviva of the initiative—
unless, that is, host indtitutions undertake that responsibility.

What isrequired is more funding for:

departments, ingtitutions, or collaboratives that adapt models with an established record,;

higher education research within the SMET disciplines,

curriculum development projects that build upon such research;

whole-organization projects where inditutiond buy-in (including matching funds and resources) is
required from the outset.

Next Steps

Action is now beginning to be directed towards clarification of what “science-for-dl” might look like. Its
implications clearly include better dignment of the efforts of science and mathematics teechersin the K-12
and two-year colleges, with redesigned introductory SMIET classesin the four-year sygem. The analyss
must include: the costs of change, what redllocation of resources within and between inditutions will be
required, how those may be achieved, and the implications of achanging job market. The new questions

* Coppola, Brian P. 1998. “Assessment and the Promotion of Change in Departments, Disciplines and Institutions: The
Reaction to the Symptoms versus Reaction to the Disease.” Paper and presentation to the National Institute for Science
Education Forum, “Indicators of Successin Post-secondary SME& T Education: Shapes of the Future,” February 23-24.
In Millar S.B. (Ed). 1998. “Synthesis and Proceedings of the Third Annual NISE Forum,” University of Wisconsin-
Madison, NISE, WCER, pp. 101-112.
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for the research and eva uation community and the educeation professonaswill be: How shdl we measure
faculty efficacy both in their teaching role and as educationa scholars? How can we best reward these
professond activities? How will faculty develop the skills they need to do them wel? Mot fundamentdly,
we must find better answers to the question: How can we increase the supply, and raise the qudity of, the
mathematics and science teaching force—which is the foundation on which the vison of science-for-dl
ultimately rests?
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