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About the President’s Council of
Adpvisors on Science and Technology

The President’s Council of Advisors on Science and Technology (PCAST) is an advisory group of the
nation’s leading scientists and engineers, appointed by the President to augment the science and tech-
nology advice available to him from inside the White House and from cabinet departments and other
Federal agencies. PCAST is consulted about and often makes policy recommendations concerning the
full range of issues where understandings from the domains of science, technology, and innovation
bear potentially on the policy choices before the President.

For more information about PCAST, see www.whitehouse.gov/ostp/pcast.
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EXECUTIVE OFFICE OF THE PRESIDENT
PRESIDENT’S COUNCIL OF ADVISORS ON SCIENCE AND TECHNOLOGY
WASHINGTON, D.C. 20502

President Barack Obama
The White House
Washington, D.C. 20502

Dear Mr. President,

We are pleased to present you with this report, Engage to Excel: Producing One Million Additional College
Graduates with Degrees in Science, Technology, Engineering, and Mathematics, prepared for you by the
President’s Council of Advisors on Science and Technology (PCAST). This report provides a strategy for
improving STEM education during the first two years of college that we believe is responsive to both the
challenges and the opportunities that this crucial stage in the STEM education pathway presents.

In preparing this report, PCAST assembled a Working Group of experts in postsecondary STEM teaching,
learning-science research, curriculum development, higher-education administration, faculty training,
educational technology, and successful interaction between industry and higher education. The report
was strengthened by input from additional experts in postsecondary STEM education, STEM practitioners,
professional societies, private companies, educators, and Federal education officials.

PCAST found that economic forecasts point to a need for producing, over the next decade, approximately
1 million more college graduates in STEM fields than expected under current assumptions. Fewer than
40% of students who enter college intending to major in a STEM field complete a STEM degree. Merely
increasing the retention of STEM majors from 40% to 50% would generate three-quarters of the targeted
1 million additional STEM degrees over the next decade.

PCAST identified five overarching recommendations that it believes can achieve this goal: (1) catalyze
widespread adoption of empirically validated teaching practices; (2) advocate and provide support
for replacing standard laboratory courses with discovery-based research courses; (3) launch a national
experiment in postsecondary mathematics education to address the mathematics-preparation gap;
(4) encourage partnerships among stakeholders to diversify pathways to STEM careers; and (5) create a
Presidential Council on STEM Education with leadership from the academic and business communities to
provide strategic leadership for transformative and sustainable change in STEM undergraduate education.

Implementing these recommendations will help you achieve one of the key STEM goals you stated in
your address to the National Academy of Sciences in April 2009: “American students will move from the
middle to the top of the pack in science and math over the next decade. For we know that the nation
that out-educates us today—wiill out-compete us tomorrow.” The members of PCAST are grateful for the
opportunity to provide our input on an issue of such critical importance to the Nation’s future.

ph. D

John P. Holdren Eric Lander
PCAST Co-Chair PCAST Co-Chair

Sincerely,






Engage to Excel: Producing One Million Additional
College Graduates with Degrees in Science,

Technology, Engineering, and Mathematics

Executive Report

Economic projections point to a need for approximately 1 million more STEM professionals than the U.S.
will produce at the current rate over the next decade if the country is to retain its historical preeminence
in science and technology. To meet this goal, the United States will need to increase the number of
students who receive undergraduate STEM degrees by about 34% annually over current rates.

Currently the United States graduates about 300,000 bachelor and associate degrees in STEM fields
annually. Fewer than 40% of students who enter college intending to major in a STEM field complete a
STEM degree. Increasing the retention of STEM majors from 40% to 50% would, alone, generate three-
quarters of the targeted 1 million additional STEM degrees over the next decade. Many of those who
abandon STEM majors perform well in their introductory courses and would make valuable additions
to the STEM workforce. Retaining more students in STEM majors is the lowest-cost, fastest policy option
to providing the STEM professionals that the nation needs for economic and societal well-being, and
will not require expanding the number or size of introductory courses, which are constrained by space
and resources at many colleges and universities.

The reasons students give for abandoning STEM majors point to the retention strategies that are
needed. For example, high-performing students frequently cite uninspiring introductory courses as a
factor in their choice to switch majors. And low-performing students with a high interest and aptitude
in STEM careers often have difficulty with the math required in introductory STEM courses with little
help provided by their universities. Moreover, many students, and particularly members of groups
underrepresented in STEM fields, cite an unwelcoming atmosphere from faculty in STEM courses as a
reason for their departure.

Better teaching methods are needed by university faculty to make courses more inspiring, provide
more help to students facing mathematical challenges, and to create an atmosphere of a community
of STEM learners. Traditional teaching methods have trained many STEM professionals, including
most of the current STEM workforce. But a large and growing body of research indicates that STEM
education can be substantially improved through a diversification of teaching methods. These data
show that evidence-based teaching methods are more effective in reaching all students—especially
the “underrepresented majority”—the women and members of minority groups who now constitute
approximately 70% of college students while being underrepresented among students who receive
undergraduate STEM degrees (approximately 45%). This underrepresented majority is a large potential
source of STEM professionals.
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The Need for an Improved STEM Student Recruitment and Retention
Strategy for the First Two Years of Postsecondary Education

The first two years of college are the most critical to the retention and recruitment of STEM majors. These
two years are also a shared feature of all types of 2- and 4-year colleges and universities—community
colleges, comprehensive universities, liberal arts colleges, research universities, and minority-serving
institutions. In addition, STEM courses during the first two years of college have an enormous effect on
the knowledge, skills, and attitudes of future K-12 teachers. For these reasons, this report focuses on
actions that will influence the quality of STEM education in the first two years of college.

Based on extensive research about students’choices, learning processes, and preparation, three impera-
tives underpin this report:

o Improve the first two years of STEM education in college.
o Provide all students with the tools to excel.
o Diversify pathways to STEM degrees.
Our recommendations, described below, detail how to convert these imperatives into action.

The title of this report, “Engage to Excel,”applies to students, faculty, and leaders in academia, industry,
and government. Students must be engaged to excel in STEM fields. To excel as teachers, faculty must
engage in methods of teaching grounded in research about why students excel and persist in college.
Moreover, success depends on the engagement by great leadership. Leaders, including the President of
the United States; college, university and business leadership; and others, must encourage and support
the creation of well-aligned incentives for transforming and sustaining STEM learning. They also must
encourage and support the establishment of broad-based reliable metrics to measure outcomes in an
ongoing cycle of improvement.

Transforming STEM education in U.S. colleges and universities is a daunting challenge. The key barriers
involve faculty awareness and performance, reward and incentive systems, and traditions in higher edu-
cation. The recommendations in this report address the most significant barriers and use both tangible
resources and persuasion to inspire and catalyze change. Attacking the issue from numerous angles and
with various tools is aimed at reaching a point at which the movement will take on a momentum of its
own and produce sweeping change that is sustainable without further Federal intervention.

Recommendations

The President’s Council of Advisors on Science and Technology (PCAST) proposes five overarching
recommendations to transform undergraduate STEM education during the transition from high
school to college and during the first two years of undergraduate STEM education:

1. Catalyze widespread adoption of empirically validated teaching practices.

2. Advocate and provide support for replacing standard laboratory courses with discovery-
based research courses.
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3. Launch a national experiment in postsecondary mathematics education to address the
math preparation gap.

4. Encourage partnerships among stakeholders to diversify pathways to STEM careers.

5. Create a Presidential Council on STEM Education with leadership from the academic and
business communities to provide strategic leadership for transformative and sustainable
change in STEM undergraduate education.

Each of these recommendations will be explained in more detail below.

Recommendation 1.
Catalyze widespread adoption of empirically validated teaching practices.

Learning theory, empirical evidence about how people learn, and assessment of outcomes in STEM class-
rooms all point to a need to improve teaching methods to enhance learning and student persistence.
Classroom approaches that engage students in “active learning” improve retention of information and
critical thinking skills, compared with a sole reliance on lecturing, and increase persistence of students
in STEM majors. STEM faculty need to adopt teaching methods supported by evidence derived from
experimental learning research as well as from learning assessment in STEM courses. Evidence-based
teaching methods have proven effective with a wide range of class sizes and increase learning outcomes
even as enhancements of traditional lectures.

A significant barrier to broad implementation of evidence-based teaching approaches is that most
faculty lack experience using these methods and are unfamiliar with the vast body of research indicating
theirimpact on learning. The Federal Government could have a major impact by providing substantial
support for programs that provide training for current and future faculty in evidence-based teaching
methods and provide materials to support the application of such methods. Established programs
run by the National Academies and the American Association of Physics Teachers/American Physical
Society/American Astronomical Society have trained many faculty, and evaluations of these programs
have demonstrated that they change the participants’teaching methods and have positive effects on
student achievement and engagement. These programs provide successful models for replication and
expansion.

Although evidence-based teaching methods do not necessarily require more resources than traditional
lectures, the transition requires time and effort that can be costly for colleges and universities. Given the
Federal Government’s interest in maintaining a strong STEM workforce, Federal support, in partnership
with private and academic institutional investment, will be needed to initiate these changes, after which
they can be sustained over the long term without external assistance.

Ongoing change toward the goal described here requires the ability to measure progress. Metrics for
excellence in undergraduate STEM education would provide tools for institutions, departments, funding
agencies, external evaluators, accreditation agencies, students choosing where to study STEM subjects,
and those designing innovative programs. Flexible criteria are needed to account for the wide range of
institutions and disciplines that will use these tools to direct change.
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Actions to achieve Recommendation 1.
1-1 Establish discipline-focused programs funded by Federal research agencies, academic
institutions, disciplinary societies, and foundations to train current and future faculty in
evidence-based teaching practices.

Successful programs should be expanded to reach 10% to 20% of the nation’s 230,000 STEM
faculty over the next five years. The expansion should make training available to faculty from
diverse backgrounds to provide role models for all students and from all disciplines and types
of institutions. Based on data from existing teaching training programes, it is reasonable to
expect trained faculty to influence the teaching of 10 colleagues, making it possible to reach
a substantial proportion of the STEM faculty through programs targeted at a subset of faculty.
Moreover, approximately 10% of the STEM faculty teach the introductory courses to first- and
second-year college students. Therefore, the goal of reaching 10% to 20% of the STEM faculty
directly could result in training most of those who teach in the first two years of college.

Atotal of $10-15 million per year over 5 years will be required for the training of 23,000 to 46,000
STEM faculty. Funds for this training should be derived from a combination of Federal programs
academic institutions, disciplinary societies, and foundations. To train future faculty, Federal
research agencies should require all graduate students and postdoctoral fellows supported by
federal training grants to receive instruction in modern teaching methods. A combination of
training grant and institutional funds should be dedicated to this training effort.

1-2 Create a“STEM Institutional Transformation Awards” competitive grants program at NSF.

A competitive grants program should be designed to provide incentives for and facilitate
teaching innovations at 2- and 4-year institutions. Grants should support model programs and
electronic dissemination of successful practices. The grants program should have funding of
$20 million per year, to support approximately 100 multi-year projects with average total sup-
port of $1 million over a 5-year period. Funding could come from enactment of NSF's proposed
Widening Implementation and Demonstration of Evidence-Based Reforms (WIDER) program
at the Presidents’Fiscal Year 2012 requested level of $20 million annually.

1-3 Request that the National Academies develop metrics to evaluate STEM education.

To evaluate progress toward the goals presented in this report, campuses, funders, students,
and accreditation agencies need a meaningful set of criteria by which to measure excellence
in STEM education. NSF and the U.S. Department of Education should request The National
Academies to lead an effort to develop metrics supported by empirical evidence that encourage
and assess faculty practices and student learning.

Recommendation 2.
Advocate and provide support for replacing standard laboratory courses with discovery-based
research courses.

Traditional introductory laboratory courses generally do not capture the creativity of STEM disciplines.
They often involve repeating classical experiments to reproduce known results, rather than engaging
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students in experiments with the possibility of true discovery. Students may infer from such courses
that STEM fields involve repeating what is known to have worked in the past rather than exploring
the unknown. Engineering curricula in the first two years have long made use of design courses that
engage student creativity. Recently, research courses in STEM subjects have been implemented at
diverse institutions, including universities with large introductory course enrollments. These courses
make individual ownership of projects and discovery feasible in a classroom setting, engaging students
in authentic STEM experiences and enhancing learning and, therefore, they provide models for what
should be more widely implemented.

Actions to achieve Recommendation 2.
2-1 Expand the use of scientific research and engineering design courses in the first two years
through an NSF program.

The National Science Foundation should provide initial funding to replicate and scale-up
model research or design courses, possibly through the existing Transforming Undergraduate
Education in STEM (TUES) program or the Science, Technology, Engineering, and Mathematics
Talent Expansion Program (STEP). On the order of 30% of the existing programs across STEM
disciplines could be focused on funding implemention of research courses at postsecondary
academic institutions at an annual cost of approximately $12.5 million dollars (based on Fiscal
Year 2010 funding levels). Based on the range of funding for Type 3 TUES grants and Type 1
STEP grants, about 10 proposals per year at an average level of $1.2 million could be awarded,
in order to impact 100 campuses over the next 10 years.

Colleges and universities should seek to match NSF funding with private and philan-
thropic sources. Research courses should be an encouraged element of STEM Institutional
Transformation Awards. Because research courses will replace expensive introductory laboratory
courses, they should not require ongoing external support once the transition is accomplished.

2-2 Expand opportunities for student research and design in faculty research laboratories by
reducing restrictions on Federal research funds and redefining a Department of Education
program.

Independent research on faculty projects is a direct way for students to experience real discovery
and innovation and to be inspired by STEM subjects. All relevant Federal agencies should exam-
ine their programs which support undergraduate research and where there exists prohibitions,
either in policy or practice, which would interfere with the recommendations of this report to
support early engagement of students in research, these should be changed. Federal agencies
should encourage projects that establish collaborations between research universities and
community colleges or other institutions that do not have research programs. Cross-institutional
research opportunities could be funded through redefinition of the Department of Education’s
$1 billion Carl D. Perkins Career and Technical Education program and by sharpening the focus
of Federal investments in minority institutions.
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Recommendation 3.
Launch a national experiment in postsecondary mathematics education to address the
mathematics-preparation gap.

College-level skills in mathematics and, increasingly, computation are a gateway to other STEM fields.
Today many students entering college lack these skills and need to learn them if they are to pursue
STEM majors. In addition, employers in the private sector, government, and military frequently cite that
they cannot find enough employees with needed levels of mathematics skills. This lack of preparation
imposes a large burden on higher education and employers. Higher education alone spends at least $2
billion per year on developmental education to compensate for deficiencies. Also, introductory math-
ematics courses often leave students with the impression that all STEM fields are dull and unimagina-
tive, which has particularly harmful effects for students who later become K-12 teachers. Reducing or
eliminating the mathematics-preparation gap is one of the most urgent challenges—and promising
opportunities—in preparing the workforce of the 21st century.

Closing this gap will require coordinated action on many fronts starting in the earliest grades. PCAST’s
earlier report on K-12 STEM education, Prepare and Inspire: K-12 Education in Science, Technology,
Engineering, and Math (STEM) for America’s Future, contains several recommendations that involve
colleges and universities in this effort. In particular, it calls for the Federal Government to establish the
objective of recruiting, preparing, and providing induction support for at least 100,000 new STEM middle
and high school teachers who have majors in STEM fields and strong content-specific pedagogical
preparation. This Administration has embraced this goal, and production of 1 million additional STEM
graduates over the next decade could contribute substantially to meeting it.

The Federal Government has a critical role in supporting the development of a knowledge base to
close the mathematics-preparation gap. For example, research into the best ways to teach math to
older students so they can pursue STEM subjects in the first two years of college is badly needed. Some
developmental mathematics courses have demonstrated effectiveness in increasing math proficiency
among those not ready for college-level math and even in encouraging students intending to major
in STEM subjects to persist to graduation and a STEM degree. Mathematics education research should
explore the attributes of these successful classes and ways to disseminate best practices.

In the Prepare and Inspire report, PCAST also called for the creation of a mission-driven, Advanced
Research Projects Agency for Education (ARPA-Ed) that would propel and support (1) the development
of innovative technologies and technology platforms for learning, teaching, and assessment across all
subjects and ages, and (2) the development of effective, integrated, whole-course materials for STEM
education. Many of these advances would benefit not only K-12 education but also the developmental
courses that many students need to pursue STEM fields during the first two years of college.

Actions to achieve Recommendation 3.
3-1 Support a national experiment in mathematics undergraduate education at NSF, the
Department of Labor, and the Department of Education.

The National Science Foundation and the Departments of Labor and Education should support
a multi-campus 5-year initiative aimed at developing new approaches to remove or reduce the
mathematics bottleneck that is currently keeping many students from pursuing STEM majors.
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This national experiment should fund a variety of approaches, including (1) summer and other
bridge programs for high school students entering college; (2) remedial courses for students
in college, including approaches that rely on computer technology; (3) college mathematics
teaching and curricula developed and taught by faculty from mathematics-intensive disciplines
other than mathematics, including physics, engineering, and computer science; and (4) a new
pipeline for producing K-12 mathematics teachers from undergraduate and graduate programs
in mathematics-intensive fields other than mathematics. Diverse institutions should be included
in the experiment to assess the impact of the intervention on various types of students and
schools. Outcome evaluations should be designed as a collective effort by the participating
campuses and funding agencies.

Approximately 200 experiments at an average level of $500,000 should be funded at institutions
across the county, at an annual cost of $20 million per year for 5 years. As mathematics prepara-
tion issues vary across the postsecondary spectrum, a variety of sources will be needed to fund
experiments at diverse institution types. Funds for these experiments could be derived from a
combination of the Department of Education’s proposed First in the World Initiative, possibly
the Department of Labor’s Career Pathways Innovation Fund or Trade Adjustment Assistance
Community College and Career Training initiative, and a strategic focus on mathematics of
NSF’s Transforming Undergraduate Education in STEM (TUES) program or Science, Technology,
Engineering, and Mathematics Talent Expansion Program (STEP) for the next 5 years.

Recommendation 4.
Encourage partnerships among stakeholders to diversify pathways to STEM careers.

To take advantage of the breadth of available talent, non-traditional students should receive special
attention. Adult and working students and those from backgrounds atypical of traditional STEM stu-
dents may need alternative pathways to be successful in STEM disciplines. The concept of a “pipeline”
to STEM competency and accomplishment needs to be superseded by the image of multiple
pathways to these goals. All colleges and universities, including 2- and 4-year institutions, need
better connections among themselves and with other institutions to provide more entry points
and pathways to STEM degrees.

Actions to achieve Recommendation 4.

Establishing and supporting pathways will require a coordinated effort among diverse institutions. The
Federal Government can lead this effort and encourage the necessary partnerships through strategic
planning, reallocation of funds, and leadership.

4-1 Sponsor at the Department of Education summer STEM learning programs for high school
students.

The Department of Education should roll-out the summer learning programs authorized in
the 2007 America Competes Act (in an amendment introduced by then-Senator Obama) to
provide mathematics instruction and hands-on STEM experiences for rising high school juniors
and seniors. The programs should be funded by partnerships among the Federal Government,
states, local entities, and private industry. Based on the size of National Science Foundation’s
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former Young Scholars Program for summer institutes, we recommend an investment of $10
million to fund approximately 100 projects reaching on the order of 5000 students, annually,
with significant cost sharing with academic institutions and private investors.

4-2 Encourage pathways from 2- to 4-year institutions through an NSF program and expanded
definition of a Department of Labor Program.

The mission of the Department of Labor’s Trade Adjustment Assistance Community College and
Career Training initiative should be expanded beyond development of important partnerships
between community and technical colleges and employers in the private sector to encour-
age scientific research and engineering design exchanges across two- and four-year institu-
tions. Alternatively, these activities could be funded through a strategic focus of the Department
of Labor’s Career Pathways Innovation Fund on research partnerships. NSF's Advancing Technical
Education program could also be focused on cross institutional collaborations. The bridges
described here should provide authentic STEM experiences for community college students
on the four-year campus and allow students to develop relations with faculty and the college or
university community to ease the potential transition from a 2- to 4-year institution or to provide
advanced experiences for students who do not pursue a four year degree.

4-3 Establish public-private partnerships to support successful STEM programs.

To enhance students’ STEM readiness, the Federal Government should engage private industry
and foundations to support successful programs that create bridges between high schools and
colleges and between 2- and 4-year institutions and ensure that programs incorporate learning
standards and content consistent with industry-recognized skills.

4-4 Improve data provided by the Department of Education and the Bureau of Labor Statistics
to STEM students, parents, and the greater community on STEM disciplines and the labor
market.

To promote pathways to STEM careers for non-traditional students, the Federal Government
should provide current and comprehensive data on STEM jobs. Today, public and private
employers of STEM professionals lack data about the skills, choices, and availability of STEM
workers.To produce needed information, the 1988 cohort and the High School and Beyond cohort
should be resurveyed; the Department of Education should devote more resources to tracking
students from high school into their careers; and the Bureau of Labor Statistics should redefine
employment categories to include in “STEM” the breadth of jobs that require STEM skills, such
as medical careers and advanced manufacturing professions.

Recommendation 5.

Create a Presidential Council on STEM Education with leadership from the academic and busi-
ness communities to provide strategic leadership for transformative and sustainable change in
STEM undergraduate education.

The leadership of higher education and STEM-enabled businesses needs to be inspired to generate
sweeping changes in higher education to produce the workforce America needs. Toward this end, we
recommend that the President, via Executive Order, form a Presidential Council on STEM Education to

*oovili ok
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provide advice and leadership on postsecondary STEM education. The council should include members
that represent the breadth of academic institutions, professional societies, businesses, and private foun-
dations involved in the development and use of human capital in STEM fields. Based on the guidance
provided in this report, the council should make recommendations that advance the quality of postsec-
ondary STEM education through all mechanisms available to the President. The council could provide a
forum for leaders in the public and private sectors to weigh in on the development and deployment of
metrics to evaluate STEM departments (Recommendation 1) and to design collaborative coalitions to
support initiatives in STEM education (Recommendation 4), including expanding internship programs in
industry and connecting industrial research agendas with research courses (Recommendation 2). In addi-
tion, it could provide advice and review for the National Experiment in Math Undergraduate Education
(Recommendation 3) and could conduct further study of the math education issue, if necessary.
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OVERVIEW OF PCAST RECOMMENDATIONS
TO ENGAGE AND EXCEL IN UNDERGRADUATE SCIENCE, TECHNOLOGY,
ENGINEERING, AND MATHEMATICS (STEM) EDUCATION

Recommendation 1: Catalyze widespread adoption of empirically validated teaching
practices.

1-1 Establish discipline-focused programs funded by Federal research agencies, academic institu-
tions, disciplinary societies, and foundations to train current and future faculty in evidence-
based teaching practices.

1-2 Create the “STEM Institutional Transformation Awards” competitive grants program at NSF.

1-3 Request that the National Academies develop metrics to evaluate STEM education.

Recommendation 2: Advocate and provide support for replacing standard labora-
tory courses with discovery-based research courses.

2-1 Expand the use of scientific research and engineering design courses in the first two years of
postsecondary education through an NSF program.

2-2 Expand opportunities for student research and design in faculty research laboratories by reducing
restrictions on Federal research funds and redefining a Department of Education program.

Recommendation 3: Launch a national experiment in postsecondary mathematics
education to address the mathematics-preparation gap.

3-1 Support a national experiment in mathematics undergraduate education at NSF, the
Department of Labor, and the Department of Education.

Recommendation 4: Encourage partnerships among stakeholders to diversify path-
ways to STEM careers.

4-1 Sponsor at the Department of Education summer STEM learning programs for high school
students.

4-2 Expand the scope of a Department of Labor Program and focus an NSF program to
encourage pathways from 2-to 4-year institutions.

4-3 Establish public-private partnerships to support successful STEM programs.

4-4 Improve data provided by the Department of Education and the Bureau of Labor Statistics to
STEM students, parents, and the greater community on STEM disciplines and the labor market.

Recommendation 5: Create a Presidential Council on STEM Education with leader-
ship from the academic and business communities to provide strategic leadership for
transformative and sustainable change in STEM undergraduate education.
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I. Introduction

Importance of STEM

Throughout the 20th century, science, technology, and higher education were drivers of innovation
in the U.S. economy. The rapid expansion of the research and development enterprise after World
War ll—which was enabled by the growth of higher education and corresponding increases in the
number of college graduates with expertise in science, technology, engineering, and mathematics
(STEM)—Ied to strong economic performance, good jobs, and thriving new industries driven by new
technologies.

The United States is now putting its future at risk by forfeiting its historical strengths in STEM education.
The proportion of STEM degrees among all college graduates has been falling for the past decade.'
Without action, it is likely that this proportion will continue to drop as groups that have historically
earned fewer STEM degrees on average than white men become a larger majority of college students.?

As has occurred previously—with the 1862 Federal support for the establishment of land grant colleges,
for example, and almost a century later with the response to the launch of Sputnik—the Nation has
reached a decision point. The United States could renew its commitment to education—and especially
STEM education—or it could risk creating a permanent economic gap among American workers at a
time of dramatic demographic transition and enhanced global economic competition.

The need for STEM knowledge extends to all Americans. The products of science, technology, engineer-
ing, and mathematics play a substantial and growing role in the lives of all Americans. A democratic
society in which large numbers of people are unfamiliar or uncomfortable with scientific and technologi-
cal advances faces a great economic disadvantage in globalized competition. Achieving scientific and
technological literacy among our citizenry is a complex topic that differs in important ways from the
challenge of training STEM professionals and is beyond the scope of this report; we hope that this topic
will become the focus of future study. Nevertheless, the actions we recommend, though not specifi-
cally targeted at achieving broad STEM literacy, will affect STEM literacy among the college-educated
citizenry.

One million additional college graduates with STEM degrees

Several analyses point to the need to add to the American workforce over the next decade approximately
1 million more STEM professionals than the U.S. will produce at current rates.>** The exact projections
vary somewhat depending on the job definitions and assumptions embodied in the models, but the

1. See Appendix C.

2. See Appendix D.

3. Lacey, T. A. and B. Wright. (2009). “Occupational employment projections to 2018 Monthly Labor Review
132(11):82-123.

4. See Appendix D.

5. Langdon, D., G. McKittrick, D. Beede, B. Khan, and M. Doms. (2011).“STEM: Good Jobs Now and for the Future.”
ESA Issue Brief #03-11. Washington, DC: U.S. Department of Commerce.

* 1
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studies produce results on the same order of magnitude. For example, one analysis by the Center on
Education and the Workforce at Georgetown University shows that between 2008 and 2018, STEM
occupations will increase from 5.0% of the jobs in the U.S to 5.3%, an increase that is equivalent to
1 million jobs® and that 92% of STEM jobs by 2018 will require at least some postsecondary education
and training.” This projection also aligns with the President’s goal of the United States regaining its lead
in the world in the number of young people graduating from college. If the STEM fields are going to take
partin this growth of college-educated Americans, the number of STEM degrees earned must increase
by about 1 million over the next decade.

In the past, the United States has relied on foreign-born STEM professionals to satisfy unmet work-
force demands, and these employees have made important contributions to the U.S. economy. But
the U.S. is not guaranteed a continuing future supply of international workers in STEM fields because
education and employment opportunities are increasing in numbers elsewhere. Reliance on foreign
nationals makes our security and economy vulnerable as their home countries become more attractive
and their STEM-trained workers return from the U.S. to serve the needs of their homelands. Moreover,
STEM-related jobs are among the best our economy offers, as evidenced by their high wages and lower
unemployment rates than in other sectors.®>>" The increased supply of jobs in these fields will offer an
opportunity to reduce income inequality in the United States."'" This opportunity can be captured
only by increasing the number of U.S.-born college graduates with training in STEM fields from all
demographic sectors of U.S. society.

The U.S. currently graduates about 300,000 bachelor and associate degrees in STEM fields annually;”
thus, between 2012 and 2022, the U.S. can be expected to produce approximately 3 million STEM
degrees. To meet the goal of an additional 1 million STEM college graduates in the next decade, we would
need to graduate an additional 100,000 per year, representing an approximately 33% increase over
current production rates. This goal is justified and will be feasible with strategic actions. (See Appendix
D for a more extensive analysis of the need for 1 million additional STEM workers.)

6. Carnevale, A.P, N.Smith, and J. Strohl. (2010). Help Wanted: Projections of Jobs and Education Requirements
through 2018. Washington, DC: Georgetown University Center on Education and the Workforce.

7. Carnevale, A.P, N. Smith, and M. Melton. (2011). STEM. Washington, DC: Georgetown University Center on
Education and the Workforce.

8. U.S. General Accounting Office. (2005). Higher Education: Federal Science, Technology, Engineering, and
Mathematics Programs and Related Trends. Washington, DC.

9. Langdon, etal. (2011), op. cit.

10. Scott, J. and A. Balakrishnan.“STEM Workforce Trends, Projections, and Skills Assessments.” Unpublished
analysis for PCAST Working Group on Postsecondary STEM Education, May 9, 2011. Washington, DC: IDA Science and
Technology Policy Institute.

11. Carnevale, A. P, and S. J. Rose. (2011). The Undereducated American. Washington, DC: Georgetown University
Center on Education and the Workforce.

12. Goldin, C,, and L.F. Katz. (2008). The Race Between Education and Technology. Cambridge, MA: Harvard University
Press.

13. Radford, AW, L. Berkner, S.D. Wheeless, and B. Shepherd. (2010). “Persistence and Attainment of 2003- 04
Beginning Postsecondary Students: After 6 Years (NCES 2011-151)." U.S. Department of Education. Washington, DC:
National Center for Education Statistics. Accessible at http://nces.ed.gov/pubsearch.
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I. INTRODUCTION

Beyond STEM professionals

In this report, STEM professionals are defined as those with degrees in STEM areas who are trained
and work as STEM practitioners. In addition to the need for more STEM professionals, there is also a
national need for more workers with some STEM training. These “STEM-capable” workers are able to
use knowledge and skills from STEM fields but work in areas that are traditionally considered non-STEM
fields. The ranks of the STEM-capable workforce are expanding as this skill set comes to represent an
increasingly valued commaodity in many fields. For example, physicians, nurses, and other health work-
ers and advanced manufacturing professionals generally are not categorized as “STEM professionals,’
yet many of these jobs draw heavily on STEM knowledge and skills, and represent some of the most
rapidly growing or wealth producing sectors of the U.S. economy. Another group that is not counted in
economic projections as STEM professionals are K-12 teachers with strong STEM skills, whose shortage

has become a national crisis. (See Appendix D for further description of STEM skills categories).

Since none of these substantial groups is counted among the needed STEM professionals in the eco-
nomic projections we cite here, the size of the future workforce needing STEM training may substantially
exceed the addition of the estimated 1 million STEM professionals. The recommendations we present
should affect the college-educated population generally by increasing interest in and knowledge of
STEM subjects among graduates of diverse fields, thereby broadening the impact of the recommended
actions beyond STEM professionals.

Engage to Excel

The themes guiding this report have broad application to leaders, faculty, and students in academia,
industry, and government.

The title of this report, “Engage to Excel” applies to individuals across these groups. Students must be
engaged to excel in STEM fields. To excel as teachers, faculty must engage in methods of teaching
grounded in research about why students excel and persist in college. Moreover, success depends on the
engagement by great leadership. Leaders, including the President of the United States, college, university
and business leadership, and others, must encourage and support the creation of well-aligned incentives
for transforming and sustaining STEM learning. They also must encourage and support the establishment
of broad-based reliable metrics to measure outcomes in an ongoing cycle of improvement.






II. Strategies: The First Two Years

How to fill the need?

In the United States, fewer than 40% of the students who enter college with the intention of majoring
in a STEM field complete a STEM degree. Most of the students who leave STEM fields switch to non-
STEM maijors after taking introductory science, math, and engineering courses. Many of the students
who leave STEM majors are capable of the work, making the retention of students who express initial
interest in STEM subjects an excellent group from which to draw some of the additional one million
STEM graduates. Research on the exodus from STEM disciplines shows that many students who transfer
out of STEM majors perform well, but they describe the teaching methods and atmosphere in intro-
ductory STEM classes as ineffective and uninspiring.”'® Others do not perform well despite interest
and aptitude and would benefit from alternative teaching methods, tutoring, or other experiences
demonstrated to improve performance in STEM subjects. Merely increasing retention from 40% to 50%
would translate to an additional 72,500 STEM degrees per year, comprising almost three-quarters of the
1 million additional STEM graduates needed over the next decade.

Although women and members of minority groups now constitute approximately 70% of college stu-
dents, they are underrepresented among students receiving undergraduate degrees in STEM subjects
(approximately 45 percent). These students are an“underrepresented majority”that must be part of the
route to excellence.” Members of this group leave STEM majors at higher rates than others and offer
an expanding pool of untapped talent. Some campuses have shown that differences in performance
and retention between traditional STEM majors and members of the underrepresented majority can be
reduced substantially by several simple changes in campus or classroom practices (e.g., see Appendices
Fand G)."*"**?' The underrepresented majority is a large underutilized source of potential STEM profes-
sionals and deserves special attention.

The current system of STEM education has effectively trained many STEM workers, including most of
the current STEM workforce. However, its longevity is not evidence that it cannot be improved or that
this system will be successful with today’s student body. Indeed, extensive evidence points to a need to

14. See Appendix C.

15. Seymour, E. and N. M. Hewitt. (1997). Talking about leaving. Boulder, CO: Westview Press.

16. Brainard, S.and L. Carlin. (1998)."A six-year longitudinal study of undergraduate women in engineering and
science.” Journal of Engineering Education 87(4):), 369-375.

17. The concept of the “underrepresented majority” has particularly been championed by Shirley Jackson,
president of Rensselaer Polytechnic Institute. For example: Jackson, Shirley. (2004).“The Perfect Storm: A Weather
Forecast” Address to the annual meeting of the American Association for the Advancement of Science, Seattle, WA.

18. Felder, R. M., G.N. Felder, and E.J. Dietz. (1998).“A longitudinal study of engineering student performance and
retention v. comparisons with traditionally-taught students.” Journal of Engineering Education 87(4): 469-480.

19. Walton, G. M. and G. L. Cohen. (2011).“A Brief Social-Belonging Intervention Improves Academic and Health
Outcomes of Minority Students.” Science 331(6023): 1447-1451.

20. Nagda, B. A, S.R. Gregerman, J. Jonides, W. von Hippel, and J.S. Lerner. (1998). “Undergraduate student-faculty
research partnerships affect student retention.” The Review of Higher Education 22: 55-72.

21. Ohland, M. W., C.E. Brawner, M.M. Camacho, R.A. Layton, R.A. Long, S.M. Lord, and M.H. Wasburn. (2011).“Race,
gender, and measures of success in engineering education.” Journal of Engineering Education 100: 225-252.
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do better. STEM disciplines have substantially lower rates of retention than do the social sciences and
humanities. >>*** Furthermore, many of those who leave STEM majors express dissatisfaction with the
teaching of STEM classes.”>*® This should be seen as a national crisis of STEM teaching, yet many STEM
faculty members believe that this “weeding out” process is in the best interest of their disciplines and
the larger national interest. If many of those who leave performed well in introductory STEM courses,
and many others could be helped to succeed, then it is unreasonable to conclude that this attrition
represents an effective selection process that is maximally beneficial to STEM fields.”

The first two years of college are the most critical to retention and recruitment of STEM majors. The
STEM courses in these years are also a shared feature of all types of 2- and 4-year colleges and universi-
ties—community colleges, comprehensive universities, liberal arts colleges, research universities, and
minority-serving institutions. In addition, STEM courses in the first two years are all the STEM courses
that most future K-12 teachers are going to experience in college. The amount they learn, the models
of STEM teaching, and their attitudes towards STEM disciplines will have an enormous impact on their
future teaching. For all these reasons, a focus on improving STEM courses taken early in college offers
potentially enormous benefits to STEM fields. Therefore, this report focuses on actions that will influence
the quality of STEM education in the first two years of college.

Persistence of students in STEM majors

Research indicates that student persistence in a STEM degree is associated primarily with three aspects
of their experience. The first concerns intellectual engagement and achievement. Compared with students
in traditional lectures, students who play an active role in the pursuit of scientific knowledge learn more
and develop more confidence in their abilities, thereby increasing their persistence in STEM majors. This
engagement can be accomplished in both the classroom and research lab. Many types of classroom
instruction that engage students in thinking or problem-solving increase learning and enhance attitudes
toward STEM fields. These gains translate into better retention of students in STEM majors. For example,
students in traditional lecture courses were twice as likely to leave engineering and three times as likely
to drop out of college entirely compared with students taught using techniques that engaged them
actively in class.”® In a randomized trial at the University of Michigan, students who engaged in sopho-
more research with a professor were much less likely to leave STEM majors than those who did not. The
effects were observed among all groups, including white, African American, and Hispanic students.”

22. The National Academies (2010). Expanding Minority Participation: America’s Science and Technology Talent at the
Crossroads. Washington, DC: National Academy Press.

23. See Appendix C.

24. Tobias, S. (1990). They’re Not Dumb, They're Different: Stalking the Second Tier. Tucson, AZ: Research Corporation.

25. Seymour and Hewitt. (1997). op. cit.

26. Tobias. (1990). op. cit.

27. Sevo, R.(2009).“The Talent Crisis in Science and Engineering.” In B. Bogue & E. Cady (Eds.). Applying Research to
Practice (ARP) Resources. Accessible at http://www.engr.psu.edu/AWE/ARPResources.aspx.

28. Felder, R. M., G.N. Felder, and E.J. Dietz. (1998).“A longitudinal study of engineering student performance and
retention v. comparisons with traditionally-taught students.” Journal of Engineering Education 87(4): 469-480.

29. Nagda, B. A, S. R. Gregerman, J. Jonides, W. von Hippel, and J.S. Lerner. (1998). “Undergraduate student-faculty
research partnerships affect student retention.” The Review of Higher Education 22: 55-72.
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The second aspect of a student’s experience that affects persistence is motivation. Motivation is partially
intrinsic but also is modulated by the college environment. A key in maintaining student motivation is
having role models. The majority of U.S. STEM faculty are white, male, able-bodied, and middle class and
have had many role models with whom to identify. Role models who are women and ethnic minorities
increase the performance and retention of students in those same groups.>*'*? Financial concerns,® lack
of encouragement from family members,* and a deficit of peers from similar backgrounds can erode
self-confidence and the will to remain in STEM majors.*®

A student’s belief about barriers or pathways to success in an academic field also influences motiva-
tion. For example, students who believe that hard work is the key element in success are more likely to
interpret negative feedback as guidance forimprovement, whereas students who believe that intrinsic
ability determines a person’s success are more likely to take negative feedback as a negative assessment
of their ability to perform.*® Courses that have very low average grades on exams can differentially
discourage the latter group of students from continuing in STEM majors.”

Some simple experiences have been shown to have large effects on performance and persistence. In
one study, female subjects instructed to focus on the similarities between men and women performed
better on a math exam and expressed less preference for typically feminine careers than students who
received instructions that were not directed at gender.®® A dramatic effect was achieved in performance
on physics exams by having students write for 15 minutes about their values. This exercise only affected
the women, thereby closing a rather substantial achievement gap between men and women in the
class.* A recent paper reported a study of students who experienced a one-time intervention in which
they were asked to read a short article about adversity in college and then write an essay and speak
about it. Over a 3-year period, the African American students who experienced the intervention had
grade point averages a full grade higher than those who did not experience the session, had fewer
health problems, and had a greater sense of well-being than African American students in the control

30. Marx, D. M. and J. S. Roman. (2002). “Female Role Models: Protecting Women’s Math Test Performance.”
Personality and Social Pychology Bulletin 28: 1183-1193.

31. Lockwood, P. (2006).”Someone like me can be successful: Do college students need same-gender role models?”
Psychology of Women Quarterly 30(1): 36-46.

32. Cheryan,S., J.O. Siy, M. Vichayapai, B.J. Drury and S. Kim. (2011).“Do Female and Male Role Models Who
Embody STEM Stereotypes Hinder Women's Anticipated Success in STEM?” Social Psychological and Personality Science 2:
656-664.

33. The National Academies. (2010). op. cit.

34. Sy, S.R.and J. Romero. (2008).“Family Responsibilities Among Latina College Students From Immigrant
Families.” Journal of Hispanic Higher Education 7(3): 212-227.

35. Ethier, K. A. and K. Deaux. (1994). “Negotiating Social Identity When Contexts Change—Maintaining
Identification And Responding To Threat.” Journal of Personality and Social Psychology 67: 243-251.

36. Aronson, J. M. (Ed.) (2002). Improving academic achievement: Impact of psychological factors in education. San
Diego, CA: Academic Press.

37. Byars-Winston, A., Y. Estrada, C. Howard, D. Davis, J. Zalapa. (2010). “Influence of social cognitive and ethnic
variables on academic goals of underrepresented students in science and engineering: A multiple-groups analysis.”
Journal of Counseling Psychology 57:205-218.

38. Rosenthal, H.E. and R.J. Crisp. (2006). “Reducing stereotype threat by blurring intergroup boundaries.”
Personality and Social Psychology Bulletin 32, 501-511.

39. Kost-Smith, L. E., S.J. Pollock, N.S. Finkelstein, G.L. Cohen, T.A. Ito, and A. Miyake. (2011).“Replicating a Self-
Affirmation Intervention to Address Gender Differences: Successes and Challenges.” Research paper. Boulder, CO: Physics
Education Research @ Colorado.
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group.* In addition, many studies show that participation in research improves motivation and active
participation in subsequent courses for all students.*

The third aspect of a student’s experience that affects persistence is identification with a STEM field. Recent
work suggests that identification with a group or community of STEM professionals may overshadow
many other factors in determining persistence.”** Developing meaningful relationships with peers and
instructors, involvement in study groups, and participation in a research laboratory all are associated with
reduced departures from STEM fields *5464748495051,525354 |nterventions to enhance minority students’
identification with a field equalize retention between minority and majority students,” indicating the
need for more focused programs that emphasize student engagement as part of a STEM community.

Strategies to achieve engagement and excellence in STEM learning

All three of the aspects of student experience discussed above must be addressed to increase retention
among STEM students. The key strategies that we propose in this report fall into three broad categories:

1. Adopt STEM teaching strategies that emphasize student engagement. The lecture has
been a mainstay of higher education since the word “lecture” was created in the 14" century,
and today most introductory STEM courses are taught largely through lectures. Extensive

40. Walton, G. M. and G. L. Cohen (2011).“A Brief Social-Belonging Intervention Improves Academic and Health
Outcomes of Minority Students.” Science 331(6023): 1447-1451.

41. Lopatto, D. (2007).“Undergraduate research experiences support science career decisions and active learning.”
CBE Life Sciences Education 6: 297-306.

42. Bartlett, K. (2003). “Towards a true community of scholars: undergraduate research in the modern university.”
Journal of Molecular Structure: THEOCHEM 666-667: 707-711.

43. Espinosa, L. L. (2011).“Pipelines and Pathways: Women of Color in Undergraduate STEM Majors and the College
Experiences That Contribute to Persistence.” Harvard Educational Review 81(2): 209-240.

44. Estrada, M., A. Woodcock, PR. Hernandez, and P. Schultz, and PW. Schultz. (2011). “Toward a model of social
influence that explains minority student integration into the scientific community.” Journal of Educational Psychology
103(1): 206-222.

45. Anaya, G. (2001).“Correlates of performance on the MCAT: an examination of the influence of college
environments and experiences on student learning.” Advances in Health Sciences Education Theory and Practice 6: 179-191.

46. Gregerman, S. R. (1999).“Improving the Academic Success of Diverse Students Through Undergraduate
Research!” Council on Undergraduate Research Quarterly.

47. Hathaway, R., B.A. Nagda, and S. Gregerman. (2002). “The relationship of undergraduate research participation
to graduate and professional education pursuit: An empirical study.” Journal of College Student Development 43(5): 614-
631.

48. Bartlett. (2003). op. cit.

49. Kight, S.L., J.J. Gaynor, and S.D. Adams. (2006). “Undergraduate Research Communities: A Powerful Approach to
Research Training.” Journal of College Science Teaching July/August, 34-39.

50. Kinkel, D.H. and S. E. Henke (2006). “Impact of undergraduate research on academic performance, educational
planning, and career development.” Journal of Natural Resources and Life Sciences Education 35: 194-201.

51. Hunter, A-B., S. L. Laursen, and E. Seymour. (2007). “Becoming a scientist: The role of undergraduate research in
students’ cognitive, personal, and professional development.” Science Education 91: 36-74.

52. Russell, S. H., M.P. Hancock, and J. McCullough. (2007 ). “The pipeline: Benefits of undergraduate research
experiences.” Science 316: 548-549.

53. Junge, B., C. Quifiones, J. Kakietek, D. Teodorescu, and P. Marsteller. (2010). “Promoting Undergraduate
Interest, Preparedness, and Professional Pursuit in the Sciences: An Outcomes Evaluation of the SURE Program at Emory
University!” CBE-Life Sciences Education 9(2): 119-132.

54. Espinosa. (2011). op. cit.

55. The National Academies. (2010). op. cit.
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research on how the human brain learns indicates that diversifying teaching methods enhances
critical thinking skills, long-term retention of information, and student retention in STEM
majors.>%>2839808162636% \ 15 raover, these active learning techniques benefit all students and can
close the achievement gap between ethnic groups and men and women. We therefore recom-
mend that STEM faculty learn how to use and incorporate highly effective teaching methods
into their introductory STEM courses, including the opportunity to generate knowledge through
research. These methods should include research courses, other forms of active student engage-

ment, and learning assessment as part of a continued cycle of improvement in STEM education.

2. Provide all students with the tools to excel. Many students arrive in college without sufficient
study skills, math proficiency, or identification as a scientist, engineer, or mathematician. These
three contributors to success in STEM disciplines also are distributed differentially among ethnic
and socioeconomic groups as well as between men and women. These are key foci for change
that will reduce the achievement gap and increase retention of students in STEM courses.
We therefore recommend high school to college bridge programs and other mechanisms to
improve study skills, identification with STEM fields, and particularly math preparation. The
POSSE foundation® provides a model from which key features can be used as a gold standard
for bridge programs:

— Arigorous selection process for students with academic excellence, leadership potential,
and interest in STEM fields.

— Enrichment programs and cohort events to build community and a support network for
students

— Academic programs during the summer after high school to enable college readiness

— Mentoring, advising, and tutoring at college, including assistance finding a research
laboratory

3. Diversify pathways to STEM degrees. There was a time when most people who attended
college were single white men, had high school diplomas, started college at age 18, graduated

56. Conway, M. A.and S. J. Anderson. (1994). “The formation of flashbulb memories.” Memory & Cognition 22: 326.
57. Weigel, R. H. (1975).“The impact of cooperative learning experiences on cross-ethnic relations and attitudes.”

Journal of Social Issues 31: 219-244.

58. Schwartz, D. L. and J.D. Bransford (1998).“A time for telling.” Cognition & Instruction 16: 475-522.
59. Springer, L., M. E. Stanne, and S.S. Donovan. (1999). “Effects of small-group learning on undergraduates in

science, mathematics, engineering, and technology: A meta-analysis.” Review of Educational Research 69(1): 21-51.

60. Rivard, L. P.and S. B. Straw. (2000). “The effect of talk and writing on learning science: An exploratory study.”

Science Education 84: 566-593.

61. Callender, A. A.and M. A. McDaniel. (2007). “The Benefits of Embedded Question Adjuncts for Low and High

Structure Builders.” Journal of Educational Psychology 99: 339-348.

62. Chen,J.Y.(2011).“Problem-based learning: Developing resilience in nursing students.” Kaohsiung Journal of

Medical Sciences 27(6): 230-233.

63. Morgan, R. L., J. E. Whorton, and C. Gunsalas. (2000). “A comparison of short term and long term retention:

lecture combined with discussion versus cooperative learning.” Journal of Instructional Psychology 27: 53-58.

64. National Research Council. (2005). How Students Learn: Science in the Classroom. Washington, DC: National

Academy Press.

65. See The Posse Foundation: http://www.possefoundation.org/.
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in 4 years, had all the academic preparation needed to succeed, and had few family responsibili-
ties. In the 21 century, this is not true. Today, students come from diverse backgrounds, have
widely divergent levels of preparation, may be returning to college after years in the workforce
or serving in the U.S. military, and often are employed while in college to support themselves
and families. Higher education needs to acknowledge these differences among students and
work to accommodate them by creating more entry points and pathways to STEM degrees. At
the beginning of the 21 Century, the concept of a“pipeline”to STEM competency and accom-
plishment needs to be replaced by a system of multiple pathways to these goals.



II1. Barriers and Challenges

Institutional and individual barriers demand a multifaceted approach to
catalyzing change

The strategies introduced in the previous section have the potential to transform undergraduate STEM
education, but change in academia is slow and hard. The status quo is favored for many reasons, such as
existing incentive structures and traditional practices. In this chapter of the report, we describe the most
significant barriers to implementing the three strategies to achieve excellence and engagement. The
next chapter presents a multifaceted set of actions that the Federal Government can take to encourage
change and reduce or circumvent the barriers.

Faculty lack knowledge of evidence-based teaching

Despite what is a now vast body of research about how people learn and which teaching methods
are most effective at transmitting knowledge and building critical thinking skills, most STEM faculty
members have neither the time nor the incentives to find, read, and evaluate the literature or the teaching
methods derived from it. Most teach using methods by which they were taught. Access to and implemen-
tation of modern assessment of learning is similarly distant from and inaccessible to the typical faculty
member. Few opportunities for formal training in STEM teaching and assessment exist, and those that
do are hard to find.

Lack of facilitation and rewards for good teaching

Instituting more effective institutional approaches than lecturing will require convincing a large segment
of those teaching STEM courses that they can teach more effectively while still meeting all of their
professional obligations (including teaching multiple courses, conducting research, and serving their
institutions and disciplines). Today, faculty members still face several major obstacles to changing their
teaching practices:

o Insufficient time to acquire the latest information on the most effective evidence-based teach-
ing practices,

o lack of individual rewards for teaching, even at liberal arts colleges, where salaries and advance-
ment more closely correlate with publication rate than teaching quality,

o lack of departmental rewards and expectations for good teaching.

The current incentive system for most STEM faculty is focused on research and not teaching. It therefore
discourages the expenditures of time and effort required to surmount the obstacles cited above. As things
stand, it seems untenable to expect faculty to become proficient practitioners of a research field as well
as experts on the literature on effective evidence-based teaching practices. They need to be provided
with tools and information that they can readily use in their teaching.
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To increase recognition of the importance of teaching in research institutions, it will be critical to
have leadership from presidents and provosts to galvanize faculty through resources and rewards.
Department chairs are critical to that effort because they have the most direct impact on teaching in
STEM departments. Some of the changes are easy and inexpensive. For example, a department’s web-
page might simply provide a set of learning goals for students in their major; the process of agreeing
on these learning goals would immediately elevate the visibility and importance of teaching and likely
improve it as well. A department’s website might also list faculty members who are outstanding teach-
ers and provide evidence for their excellence. Some changes will be harder. Adding a requirement for
teaching excellence to tenure guidelines has been accomplished at many research universities,** but
will be highly controversial at others. Some changes will require new resources. Revamping courses
and curricula is difficult and requires time that must be subsidized. Resources can be used to influence
how faculty spend their time and will be essential to seed transformation and institutionalization of
improved STEM teaching.

Limited resources

Most universities have felt the economic realities of the last few years. Some struggle to provide the
most basic elements of their curricula, so the idea of putting time and resources into new teaching
approaches and programs may seem unrealistic. Leadership will need to address this issue through
reallocation of existing resources, strategic fundraising, and securing financial assistance from private
funders and State and Federal grants. However, the strategies proposed here require little expansion of
the introductory courses. Increasing retention of students beyond the introductory courses will generate
most of the new STEM majors.

Grading and workload across majors

Some students avoid or abandon STEM majors because they believe that their GPAs are likely to be lower
in STEM courses than in humanities, business and management, or social sciences and that the workload
is greater. They are correct at most universities. However, faculty can make it known that they are avail-
able to help students learn to ensure that they do as well as possible in their courses. STEM faculty also
can make their courses so engaging that students will be inspired by STEM fields and persist in STEM
majors despite the workload. Most students who intend to major in a STEM field have an intrinsic interest
in STEM subjects that can compensate for the differences between STEM and other courses. Arbitrary
depression of grading scales in STEM courses should be discontinued. These practices artificially reward
students for majoring in non-STEM disciplines, especially for students who feel pressure from financial
aid, GPA requirements, or graduate school admissions.

66. Anderson W.A,, U. Banerjee, C.L.Drennan, S.C. Elgin, L.R. Epstein, J. Handelsman, G.F. Hatfull, R. Losick, D.K.
O’Dowd, B.M. Olivera, S.A. Strobel, G.C. Walker, and I.M.Warner. (2011). “Science education. Changing the culture of
science education at research universities” Science 331(6014):152-3.

67. See, for example, University of Wisconsin-Madison website for the Secretary of the Faculty:
http://www.secfac.wisc.edu.
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Institutional isolation

Many two-year and non-research institutions do not have the programs or resources to offer students a
full suite of research opportunities. Addressing this will require collaborations among academic institu-
tions as well as between academia and industry to expand the opportunities for students beyond their
own institution.

Challenge of change

People are usually resistant to change. One reason that many faculty may maintain traditional teaching
practices is that they have been successful in their fields and therefore assume that the educational
approaches that taught them so effectively are appropriate for all students. But resistance to change
is human and has been confronted successfully in numerous other settings. The study of individual,
organizational, and cultural change is a sophisticated field that can inform the design of transformation
strategies for STEM education in the first two years of college.

The fact that lecturing remains the overwhelmingly predominant form of instruction at the post-
secondary level when there are hundreds of papers showing better ways to teach indicates that more
than inertia is at work. The incentives for both the academic department and the individual faculty
member at research universities are focused on maximizing research success, and this system has worked
extremely well to maintain a powerful research engine in higher education. However, there are few, if
any, counter-balancing incentives linked to desired educational outcomes, and there are often disincen-
tives. One that exerts an overwhelming influence on junior faculty is the current tenure decision system.
Though increased attention is now being paid to teaching effectiveness, tenure decision processes still
push mainly in the opposite direction. Even if junior faculty come to an institution with the passion and
determination to achieve teaching excellence, they can easily feel, and are often advised by their more
senior colleagues, that teaching innovations should wait until after they have achieved tenure.

Effective incentives require good metrics for measuring accomplishment—metrics by which depart-
ments and individual faculty members can be compared and held accountable. Although research will
always be the hallmark of the research university and must be valued and rewarded, the ideal faculty
incentive system is based on both teaching and research accomplishments. For the incentive system
to be meaningful, metrics for teaching quality must be credible.

To achieve the goals presented in this report, colleges and universities need to change their institutional
and reward structures. In the last few decades, some extraordinary, sweeping changes have been delib-
erately instigated and studied in other societal areas. For example, the nearly universal familiarity in the
United States with the idea of a“designated driver,’ previously unknown in our society, was achieved in
three years because of one person’s vision and action. Such campaigns provide guidance for designing
similarly transformative initiatives.
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Table 1. Actions to induce cultural change

- Create a sense of urgency - Reward change

- lIdentify credible guiding teams - Ensure repeated exposure to message

- Create vision «+ Provide checklists to measure progress

- Communicate vision and progress - Create community for transformation leaders
- Facilitate change/remove obstacles + Usediverse, concerted drivers to generate a

- Generate belief in successful movement EERgERI

Sources:
Gladwell, M. (2002). The Tipping Point: How Little Things Can Make a Big Difference. New York, NY: Little, Brown & Co.;

Heath, C. and D. Heath (2010). Switch. New York, NY: Broadway Books.
Kotter, J. (1996). Leading Change. Boston, MA: Harvard Business Review Press.

Shapiro, A. (2003). Creating Contagious Commitment: Applying the Tipping Point to Organizational Change. Hillsborough, NC: Strategy
Perspective.

Based on the theory and practice of cultural change, a number of steps must be accomplished to effect
lasting change for STEM education (Table 1). Key elements to be addressed include human tendencies
such as resistance to change, complacency, and cynicism; practical obstacles such as lack of resources
and know-how; communication challenges including lack of awareness of the problem or successful
solutions; and lack of reinforcements to foster change among individuals and institutions. The recom-
mendations we make in the next chapter are focused on addressing the challenges, generating an
environment, and establishing processes that will induce and sustain transformative change.



IV. A Multi-Facted Approach:
Reaching the Tipping Point

No single strategy will generate 1 million additional undergraduate STEM degrees over the next decade,
because the challenge has many dimensions. It entwines facts and logic with academic culture, incen-
tives, and belief systems. Therefore the recommendations presented here address various stakeholders
and use both tangible resources and persuasion to inspire and catalyze change in undergraduate STEM
education. By attacking the issue from a number of angles with various tools, including public exhorta-
tion, faculty incentives, resources, information, and institutional connections, the concerted forces can
reach a point at which the movement takes on a momentum of its own and leads to sweeping change.

Barriers to change vary with institution type and context. Some institutions may respond to a desire to
be on the cutting edge of education, some to new resources, and others to the desire to maintain fund-
ing for and prestige of their graduate programs. Some faculty will be interested in change but will not
know how to accomplish it; others will be waiting to hear from their administrations that this change is
important and will be rewarded. Some students might benefit most from engaging in research, while
others might be more in need of bolstering their math skills. Therefore, we propose promoting change
with actions that address diverse students, faculty, departments, institutional leadership, industrial
interests, and professional societies.”® Our recommendations aim to overcome many barriers, from lack
of faculty time for studying the education literature to the inability of students to re-enter college after
they take a break from their education.

A number of steps must be accomplished to effect lasting change. Needed elements include a combi-
nation of rational thinking, a sense of urgency, community facilitation, cooperative action among key
players, individual and group rewards, and visible success stories.

When the point is reached where ongoing change no longer depends on interventions by the Federal
Government, the importance of engagement and excellence in STEM education will be part of the
academic lexicon on every institution’s agenda, and will be widely accepted as beneficial to students,
faculty, and society. When this point is reached, resources for the recommendations below will be
incorporated into the base budgets of many institutions, graduate students will not remember a time
when science was taught by lectures alone, and having metrics to evaluate excellence in STEM educa-
tion will be routine.

68. Kezar, A.J.and P. D. Eckel. (2002). "The Effect of Institutional Culture on Change Strategies in Higher Education:
Universal Principles or Culturally Responsive Concepts?” Journal of Higher Education 73(4): 435-460.
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Recommendations

The President’s Council of Advisors on Science and Technology (PCAST) proposes five overarching
recommendations to transform undergraduate STEM education during the transition from high
school to college, and during the first two years of undergraduate STEM education:

1. Catalyze widespread adoption of empirically validated teaching practices.

2. Advocate and provide support for replacing standard laboratory courses with discovery-
based research courses.

3. Launch a national experiment in postsecondary mathematics education to address the
mathematics preparation gap.

4. Encourage partnerships among stakeholders to diversify pathways to STEM careers.

5. Create aPresidential Council on STEM Education with leadership from the academic and
business communities to provide strategic leadership for transformative and sustainable
change in STEM undergraduate education.

Each of these recommendations will be explained in more detail below.

Recommendation .
Catalyze widespread adoption of empirically validated teaching practices.

Rationale for Recommendation 1.

Evidence-Based Teaching

Thinking like a STEM professional requires acquisition of information, habits of mind, skills, and an iden-
tity embedded in a STEM discipline.”® Such diverse attributes are unlikely to be learned most effectively
through one mode of teaching. Yet most introductory STEM courses taken in the first two years of college
are dominated by lectures and multiple choice tests. A substantial empirical literature has demonstrated
that alternative models of instruction can achieve many important learning outcomes more effectively
than current practice (Table 2). (For a discussion of the learning literature, see Appendix F.) STEM educa-
tors can take a more scientific approach to teaching by basing classroom choices on research evidence
rather than habits and traditions.

“Evidence-based”teaching, also known as“scientific teaching’® has two features. First, it involves choos-
ing teaching methods based on research about how people learn and on proven teaching methods.
Second, it involves using assessment of learning to determine whether students are meeting stated
learning goals. Generally, approaches that most effectively transmit information and build critical
thinking skills require that students are actively engaged in the process of and receive feedback while
learning.”

69. National Research Council. (2005). How Students Learn: Science in the Classroom. Washington, DC: National
Academy Press.

70. J.Handelsman, et al.D. Ebert-May, R. Beichner, P. Bruns, A. Chang, R. DeHaan, J. Gentile, S. Lauffer, J. Stewart,
S.Tilghman, W. Wood. (2004). “Scientific Teaching.” Science 304(5670), 521-522.

71. Ausubel, D. P. (2000). The Acquisition and Retention of Knowledge: A Cognitive View. Dordrecht, The Netherlands:
Kluwer Academic Publishers.

* 16 K



IV. A MULTI-FACTED APPROACH: REACHING THE TIPPING POINT

Table 2. Types of active learning that have been demonstrated to enhance learning.

Types of active learning with feedback

Small group discussion and
peer instruction

Testing

One-minute papers

Clickers

Problem-based learning

Case Studies

Analytical challenge before lecture
Group tests

Problem sets in groups

Concept mapping

Writing with peer review
Computer simulations and games

Combination of active learning
methods

Examples of studies that demonstrate enhanced learning

Anderson et al. (2005); Armbruster et al. (2009); Armstrong et al. (2007);
Beichner et al. (1999); Born et al. (2002); Crouch and Mazur (2001); Fagen
(2002); Lasry et al. (2008); Lewis and Lewis (2005); McDaniel (20073,
2007b); Rivard and Straw (2000); Tessier (2004 and 2007); Tien et al. (2002)

Steele (2003)
Almer et al. (1998); Chizmar and Ostrosky (1998); Rivard and Straw (2000)

Smith et al. (2009, 2011)

Capon and Kuhn (2004); Preszler et al. (2007)

Preszler (2009)

Schwartz and Bransford (1998)

Cortright et al. (2003); Klappa (2009)

Cortright et al. (2005)

Foncesca et al. (2004); Prezler (2004); Yarden et al. (2004)
Pelaez (2002)

Harris et al. (2009); McDaniel et al. (2007); Traver et al. (2001)

Freeman et al. (2007); O’'Sullivan and Cooper (2003)

Note: All studies cited compare treatment and control groups. Full references are found in Appendix I.

Classroom approaches that engage students actively have been shown to increase retention of informa-
tion, build critical thinking skills, induce more positive attitudes toward STEM disciplines, and increase
retention of students in STEM majors.”»”* Diverse methods that engage students in“active learning”have
been successfully implemented in a large range of classroom sizes and can be done with an increase,
not a decrease, in coverage of content. Most surprisingly to many instructors is the increase in retention
of information, deep understanding, and student attendance and enthusiasm in class that result from
a diversification of teaching approaches beyond lectures (see Table 2 for references).

Three types of research studies demonstrate the effects of evidence-based teaching methods on learn-
ing and retention in STEM degrees.

72. Peckham, J., P. Stephenson, J-Y Hervé, R. Hutt, and Miguel Encarnacéo. (2007). “Increasing student retention in
computer science through research programs for undergraduates.” SIGCSE ‘07: Proceedings of the 38th SIGCSE Technical
Symposium on Computer Science Education 39(1): 124-128.

73. McClanahan, E. B. and L. L. McClanahan. (2002). “Active Learning in a Non-Majors Biology Class.” College
Teaching 50: 92-96.
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The field of cognitive psychology has constructed a substantial literature of randomized trials with
carefully controlled variables in which different types of teaching are used and learning is measured
with a single instrument. These studies consistently show that learning and retention of knowledge as
well as acquisition of higher order thinking and reasoning skills are better with many types of active
learning than lectures alone.”*”

o Designed experiments that compare learning between two STEM courses in which the mate-
rial is presented with active or passive (largely traditional) means show that the introduction of
active learning into STEM courses of all sizes and disciplines induces more learning than lectures
alone.”*””’® In some of these experiments the instructor is the same in both classes, and in some
the instructors differ.

» Retrospective analyses of student performance in courses or curricula, which resemble epide-
miological studies in human health, also demonstrate more learning with active than passive
methods.”

While each of these lines of evidence has limitations, together they create a compelling body of research
indicating that student learning can be enhanced by any of a large number of interventions that induce
active engagement of students in the course material. A more extensive discussion of this research, a
summary of more than 100 papers in the field, and a discussion of the experimental approaches used
to avoid some of the obvious pitfalls of this type of research are presented in Appendix F.2°

Technology to improve learning

Technology can be used in far more meaningful ways than is currently typical in STEM classrooms. In
addition to its use to save cost and time (e.g., putting a textbook, lecture, or assessment on-line) and
disseminate learning and assessment materials (e.g., portals that enable educators to search for lessons
online), far more dramatic change in education can be achieved with technologies that create a“cycle of
innovation.”Globally available and shared assessment tools can evaluate student learning and feed learn-
ing data into central databases for researchers as well as learners and teachers, leading to continuous
improvement of teaching and learning. As knowledge about learning evolves, this cycle of innovation
can provide a natural route for continuous experimentation, with immediate feedback for many different
types of classrooms and the provision of information to teachers about which methods are successful
in particular settings. This process also can aid in providing researchers in the cognitive sciences with
the data to develop generalizable principles about learning. Teachers will be able to adapt teaching

74. Rivard, L. P, & Straw, S. B. (2000). “The effect of talk and writing on learning science: An exploratory study.”
Science Education 84 (5): 566-593.

75. Schwartz, D. L., & Bransford, J. D. (1998). “A Time for telling.” Cognition and Instruction, 16(4), 475-522.

76. Schwartz, D.L., C. Chase, C. Chin, M. Oppezzo, H. Kwong, S. Okita, G. Biswas, R.D. Roscoe, H. Jeong, and J.D.
Wagster. (2007). “Interactive metacognition: Monitoring and regulating a teachable agent”” In D.J. Hacker, J. Dunlosky,
and A.C. Graesser (Eds.), Handbook of Metacognition and Education. New York: Routledge.

77. Roy, H. (2003). “Studio vs interactive lecture demonstration—effects on student learning.” Journal of College
Biology Teaching 29 (1): 3-6.

78. Knight, J. K. and W.B. Wood, W. B. (2005). “Teaching more by lecturing less.” Cell Biology Education 4, 298-310.

79. Hake, R. R. (1998)."Interactive-engagement versus traditional methods: A six-thousand-student survey of
mechanics test data for introductory physics courses.” American Journal of Physics 66: 64-74.

80. See also: http://cst.yale.edu/sites/default/files/Active%20learning%20research%20table%2012-27-11_0.pdf.
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methods to maximize learning based on both specific data about their current students and research
conducted across many classrooms. Expansive use of this innovation model, facilitated through use of
technology, will provide ongoing improvement based on evidence, much like the software industry
provides product updates based on user reports and patterns of use.

Actions to achieve Recommendation 1.

1-1 Establish discipline-focused programs funded by Federal research agencies, academic

institutions, disciplinary societies, and foundations to train current and future faculty in
evidence-based teaching practices.

Federal agencies, in particular NSF, should fund expansion of existing programs designed to
train current faculty in effective college teaching methods and provide materials to support the
application of such methods. These efforts should be undertaken in partnership with disciplin-
ary societies and foundations, and with matching funds for faculty participation contributed
by academic institutions. The expansion should make training available to faculty from diverse
backgrounds to provide role models® for all students and from all disciplines and types of insti-
tutions. Examples of model programs include the National Academies’ Summer Institutes for
Undergraduate Education in Biology® and the American Association of Physics Teachers (AAPT)/
American Physical Society (APS)/American Astronomical Society’s (AAS) Physics and Astronomy
New Faculty Workshop and the Association for Computing Machinery’s Special Interest Group
on Computer Science Education (SIGCSE) Symposium.®#*

Key elements of the National Academies’ Summer Institutes that could be shared as best prac-
tices include:

— demonstrate evidence-based teaching methods and engage participants in them as both
teachers and learners;

— provide an understanding of the evidence supporting these methods;
— teach participants to use assessment effectively to increase learning and improve teaching;

— provide participants with an opportunity to develop new teaching materials with critical
peer review and feedback;

— teach participants how to change their teaching and extend change beyond their own
classrooms to foster institutional transformation on their campuses and discipline-wide
transformation through their professional societies.

For change in STEM education to become pervasive and propagate independently, a substantial
segment of the community needs to be trained so that the language and practice of evidence-
based teaching is familiar and embedded in the habits of mind of STEM faculty. Successful

81.

The National Academies (2010). Expanding Minority Participation: America’s Science and Technology Talent at the

Crossroads. Washington, DC: National Academy Press.

82. Pfund, C, S. Miller, K. Brenner, K., Bruns, P, Chang, A, Ebert-May, D., et al. (2009). “Summer Institute to Improve
University Science Teaching.” Science 324(5926): 470-471.

83. See AAPT/APS/AAS Physics and Astronomy New Faculty Workshop:
http://www.aapt.org/Conferences/newfaculty/nfw.cfm

84. Henderson, C. (2008). American Journal of Physics 76 (2), 179-187. http://www.sigcse.org/events/symposia

*x 19 K
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programs should be expanded to reach 10-20% of the nation’s 230,000 STEM faculty over the
next five years. Based on existing teaching training programes, it is reasonable to expect trained
faculty to influence the teaching of about 10 colleagues, making it possible to reach a substantial
proportion of the STEM faculty through programs targeted at a subset of faculty. Moreover a
group consisting of 10-20% of a STEM department’s faculty is large enough to become self-
sustaining. Such a group is also large enough to handle much or most of the introductory
teaching. Therefore, the goal of reaching 10-20% of the STEM faculty directly could result in
training most of those who teach in the first two years of college.

Atotal of $10-15 million per year over 5 years will be required for the training of 23,000 to 46,000
STEM faculty. Funds for this training should be derived from a combination of Federal programs,
academic institutions, disciplinary societies, and foundations. For example, funds from NSF's
Advanced Technical Education could be used to support training for community college faculty.
One possibility is that institutions and private donors could be exhorted to provide funds for
this effort through capital campaigns with the theme “building the faculty of the future”

To train future faculty, Federal agencies should require all graduate students and postdoctoral
fellows supported by institutional training grants to receive instruction in modern teaching prac-
tices. The competencies for postdoctoral researchers developed by the National Postdoctoral
Association should receive particular attention.* Training could borrow models of success
from, for example CIRTL,* an NSF-funded program that has created a national network of
research campuses that train graduate students and postdoctoral fellows in evidence-based
teaching across STEM disciplines. The National Academies Summer Institute model also could
be integrated with the CIRTL model, whereby either trainees could attend regional training
workshops or directors of campus training programs could be trained centrally and then return
to campus to deliver independent teaching workshops. Between 2 and 5% of training grant
funds should be set aside, or a supplement of this amount should be added to grants, to provide
this instruction.

Using the lever of training grant funding to induce adoption of this training has two important
outcomes beyond the students directly affected by the requirement. First, the training is likely
to spread beyond the graduate students and postdoctoral fellows who are supported by the
training grant. Many graduate students and postdoctoral fellows are eager for this training and
will take advantage of it when it is available. Precedent for this is found in the requirement for
ethics training instituted by NIH, which rapidly included most graduate students, independent
of funding source, at many universities. The second key outcome is that the graduate students
at research universities, many of whom are recipients of training grant support, are the future
faculty at all types of institutions of higher education. They will therefore become the ambas-
sadors for evidence-based teaching to a wide expanse of colleges and universities.

85. See The NPA Postdoctoral Core Competencies: http://www.nationalpostdoc.org/publications/competencies.
86. SeeThe CIRTL Network: http://www.cirtl.net. http://www.cirtl.net/.
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1-2 Create the “STEM Institutional Transformation Awards” competitive grants program.

NSF should institute a competitive grants program designed to provide incentives for and facili-
tate transformational, sustainable innovations in the teaching and learning of STEM subjects at
two-and four-year colleges. This program could be based on the NSF's ADVANCE Program for
increasing the participation of women in STEM® or on NSF’s Alliances for Graduate Education
and the Professoriate, which was designed to increase the participation of minorities. Grants
from each of these programs have been successful in effecting transformative change, as estab-
lished by extensive national studies.®*®* These programs provide the best existing models for
institutional level change, which has not historically been a target for Federal funding.

The key to these projects is that they focus on institutional change and the barriers to it. The
interventions developed by each campus should be locally tested but transferrable. The
model of the ADVANCE program indicates that a set of model campuses (approximately 100
for ADVANCE) can influence practices at many other campuses by setting an example of suc-
cessful practices and providing materials that aid other campuses in implementation of similar
practices. All ADVANCE projects constructed websites that provided information about program
design, data on program impact, and transferrable materials that could be adapted by other
campuses. Similarly, a plan to affect other institutions should be part of every STEM Institutional
Transformation Award.

The key elements of the award program should include:

— ASTEM department’s plan to improve education of students in the first two years according
to features shown to be important to success of STEM students (see, for example, Table 3)

— Efforts to effect change at the department and institution level

— Sound evaluation to determine whether the interventions have influenced faculty practice
and student persistence and performance

— Plan for sustaining programs beyond the duration of the grant

— Evidence of campus commitment to the project through matching institutional funds or
other means

— Dissemination of materials to other campuses through websites and publications

Grants also should support putting into practice the large body of existing research on teaching
and learning in STEM disciplines by creating incentives for individual departments or entire
institutions to adopt or adapt evidence-based methods to improve STEM teaching and learn-

87. See ADVANCE program page: http://www.nsf.gov/crssprgm/advance/index.jsp.

88. Stewart, A., J. Malley, and D. LaVaque-Manty (Eds.). (2007). Transforming Science and Engineering: Advancing
Academic Women. Ann Arbor: University of Michigan Press.

89. Sheridan, J.T., E. Fine, C.M. Pribbenow, J. Handelsman, and M. Carnes. (2010). “Searching for excellence &
diversity: Increasing the hiring of women faculty at one academic medical center. Academic Medicine 85(6): 999-1007.

90. Bilimore, D. (2011). Gender Equity in Science and Engineering: Advancing Change in Higher Education. New York,
NY: Routledge Publishing Co.
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ing. The projects should focus on both faculty and department-level reward systems to induce
sustainable change.

The grants program should allocate $20 million per year over 5 years to fund a total of approxi-
mately 100 projects at around $1 million (scaled to the appropriate funding level based on insti-
tution type and size). This level of funding would provide sufficient funding for a campus to hire,
for example, a teaching expert to assist in development of teaching materials, an evaluator to
study faculty behavioral change and effects on student persistence, and a part-time web expert
to provide an interface with the central website designed to disseminate materials developed
as part of the project. The funding could also be used, in part, to pay for faculty training such
as that recommended above. The five-year duration is intended to provide sufficient time to
observe change in practices by early adopters, extension of that change to other departments
at their institutions, and sharing of progress across institutions through websites and publica-
tions. Based on the wildly different capacities and needs at different institution types, grants
should be separately considered from community and technical colleges, 4-year colleges, and
research institutions. Grants should be awarded based on how proposals address the specific
needs of the STEM department or institution and proposed actions that will have the greatest
impact on improving student learning and achievement.

Funding could come from enactment of NSF’s proposed Widening Implementation and
Demonstration of Evidence-Based Reforms (WIDER) program at the President’s Fiscal Year 2012
requested level of $20 million annually.

Project evaluation should focus on changed faculty habits and implementation of evidence-
based teaching. In addition, the impacts of teaching practices on retention and on the per-
formance of students in STEM majors should be measured. Granting agencies should not,
however, focus on reporting of the effects of interventions on student learning. Assessment of
learning is a standard part of teaching plans, and student persistence and performance (courses
taken, grades, time to graduation) should be evaluated, but these measurements should be
distinguished from experiments to compare student learning with lectures alone versus with
evidence-based methods. The rationale for this is that evidence-based methods are predicated
on research using randomized controlled trials comparing various teaching methods and we
do not expect every faculty member teaching an introductory STEM course to perform sophis-
ticated learning science experiments. It is far more important to document whether and how
faculty are implementing the methods. Other sources of funding (such as NSF’s Research and
Evaluation on Education in Science and Engineering program) could be used to support sound
experiments to continue to advance evidence-based learning.

Findings about changed faculty habits and student persistence and performance should be
publishable, and materials that are developed should be shared with the academic community
through web sites and other means. The grants should transform the campuses receiving them;
in turn, these campuses should provide others with models and specific mechanisms for change.
The sustainability of change should be planned and evaluated as part of the grant process.
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The unique power of educational technology should be harnessed to this end twofold: (1) to
embed assessment into instructional activity and use the data gathered to create a virtuous
cycle of innovation, sharing, evaluation, and improvement and (2) to disseminate information
that can advance the transformation of other instructors, departments, and institutions. To the
latter point, the Department of Education, through the First in the World Initiative or ARPA-Ed
(described below under recommendation 2), should issue a request for proposals to produce an
interactive, online presence to collect and share data on institutional change and improvement
of postsecondary STEM education. Grantees funded by the STEM Institutional Transformation
Grants should be required to post their curricula and methods to an online resource.

1-3 Request the National Academies develop metrics to evaluate STEM education.

To evaluate progress toward the goals presented in this report, campuses, funders, students,
and accreditation agencies need a meaningful set of criteria by which to measure excellence
in STEM teaching among instructors, departments, and institutions. Sufficient research now
supports the elements presented here to provide a valid basis for evaluation and benchmark-
ing. The National Science Foundation and Department of Education should provide funding
to the National Academies to develop criteria for STEM evaluation based on the partial list
provided in Table 3. Key among these criteria are the capacity to collect, analyze, and use data
about teaching and learning; inclusion of effective programs to enhance participation by
underrepresented students; incorporation of active student engagement in learning; provision
of research experiences in the first two years of college; retention of students in STEM majors;
clear demonstration that learning goals guide development of courses and curricula; training
in teaching practices for current and future faculty; and evaluation of programs and instructors
based on meeting learning goals.

These metrics could be adopted by independent organizations, including accreditation agen-
cies, the Association of American Universities (AAU), the Association of Public and Land Grant
Universities (APLU), the American Association of Community Colleges (AACC), or U.S. News and
World Report, as a way of meaningfully evaluating the quality and success of STEM programs.
This effort could be coordinated with ongoing work by AAU®' to develop a“STEM Certification”
that would be granted to departments that provide outstanding STEM education based on
the criteria developed by the National Academies. The inclusion of a STEM education criterion
in evaluation of academic departments and institutions will enable prospective faculty and
students to make informed judgments and faculty and administrators to benchmark their
own progress toward building outstanding STEM undergraduate programs. When the National
Academies develop the undergraduate STEM teaching and learning metrics, they might also
consider options for collecting these data, such as the possibility of requiring institutions or
STEM departments receiving Federal research funding to report on them. In this case, the
responsibility for reporting would be that of the institution or STEM department, not the indi-
vidual investigator.

91. See Association of American Universities Undergraduate STEM Education Initiative:
http://www.aau.edu/policy/article.aspx?id=12588.

K 23 Kk


http://www.aau.edu/policy/article.aspx?id=12588

ENGAGE TO EXCEL: PRODUCING ONE MILLION ADDITIONAL COLLEGE GRADUATES
WITH DEGREES IN SCIENCE, TECHNOLOGY, ENGINEERING, AND MATHEMATICS

Table 3. Elements of Successful STEM Education Programs

Intellectually engage students

Teach science with evidence-based methods that engage
students in creating and integrating knowledge

Focus on learning goals that involve both the process and
content of STEM-related activities

Involve students in research early, preferably as freshmen

Build alliances between community colleges and research
universities to enhance the availability of research experiences to
students at community colleges

Facilitate study group formation and other structures that enable
group learning

Personally engage students

Show relevance of STEM subjects to human and planetary problems

Provide role models of diverse backgrounds and life choices to
inspire diverse students

Provide opportunities for students to become part of STEM
communities in classes, research laboratories, and STEM-related
extracurricular activities

Show students the diversity of careers in science

Provide mentoring and tutoring to help students excel in STEM
subjects

Engage students’ families in STEM-related academic experiences

Provide students with sufficient resources, including employment
in laboratories and scholarships, to enable them to engage fully in
academic life and the science and technology community

Provide students with critical feedback and encouragement to give
them realistic assessment of their performance in STEM subjects
Build classroom communities in which students feel that they are
being groomed for STEM fields rather than weeded out

Build connections between higher education and industry to
provide students with internships and exposure to potential career
options

Provide undergraduate STEM pathways with access to role models
by linking graduate training programs with undergraduate research
programs

Accommodate the needs of non-traditional students

Educate faculty

Provide faculty with training in teaching through campus programs,
summer institutes, and programs organized by professional societies

Provide graduate students and postdocs with training in teaching
through training grants and professional societies

Provide faculty with databases of learning tools and technology
Assess outcomes

Assess understanding through diverse means, and articulate
assessment with learning goals
Assess student retention in major

Measure achievement gap between various segments of student
body and assess impact of interventions on gap

Evaluate teaching in terms of learning goals and how they are
assessed and met

Improve learning assessment through technology development

Springer, Stanne et al. (1999); AAAS (2011)

AAAS (2011)

Bartlett (2003); Carter, Mandell et al. (2009) Hathaway,

Nagda et al. (2002); Hunter, Laursen et al. (2007); Kight,
Gaynor et al. (2006); Kinkel and Henke (2006); Lopatto,
Alvarez et al. (2008); Russell, Hancock et al. (2007)

Shaffer, Alvarez et al. (2010); Wei and Woodin (2011)

Burstyn, Sellers et al. (2004); Springer, Stanne et al. (1999)

Donofrio, Russell et al. (2007); Buckley, Kershner, et al.
(2004)

Lockwood (2006); Stout. Nilanjana et al. (2011); Walton
and Cohen (2011)

Kight, Gaynor et al. (2006); Peckham, Stephenson, et al.
(2007)

Campbell, Fuller et al. (2005)

Muller (1997); Summers and Hrabowski (2006); Gilmer
(2007)

Rodriguez, Guido-DiBrito et al. (2000); Ong, Phinney et
al. (2006); Sy (2008)

Barlow and Villarejo (2004)

Ovando (1994)

Gainen (1995)

Gilmer (2007); Turner, Petzold, et al. (2011)

May and Chubin (2003)

Barlow and Villarejo (2004)

Pfund, Miller et al. (2009); Yoon, Duncan et al. (2007)

University of Texas at Austin (2008); Bouwma-Gearhart
(2007); Connolly (2008); Miller, Pfund et al. (2008)
University of Texas at Austin (2011)

Haudek, Kaplan et al. (2011)
Wild and Ebbers (2002)

Haak, HilleRisLambers et al. (2011)

Felder, Rugarcia et al. (2000)
Beatty (2004); Caldwell (2007)

Notes: See Appendix | for full references.
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Recommendation 2.
Advocate and provide support for replacing standard laboratory courses with
discovery-based research courses.

Rationale for Recommendation 2.

If we taught young people baseball history, statistics, and rules for years before we let them watch or
play a game of baseball, how many would become fans or players? Probably few.”> But in STEM fields,
most students must wait until they are quite far along in their studies before then can experience the
excitement of scientific research. Solving real-world problems is far more inspiring and instructive than
most of the STEM instruction that occurs in the first two years of college. Research experiences in the
first two years of college enable students to choose majors based on the best and most creative aspects
of STEM fields rather than on courses that do not reflect the nature of inquiry.

Every college student should be given the opportunity to generate scientific knowledge through
research. Research experiences in the first two years increase retention of students in STEM majors and
improve students’attitudes toward STEM fields.”**** The effects of research experiences are quite posi-
tive for all students but have especially high impact for women and members of other groups currently
underrepresented in STEM disciplines (Table 4).

Table 4. Impact of student research experience on students in STEM

Effect Examples of studies demonstrating effect

Higher grades Barlow and Villarejo (2004); Junge, Quifiones et al. (2010); Kinkel and Henke (2006)

Identification as a scientist

. Hunter (2007)
or engineer

Barlow and Villarejo (2004); Carter, Mandell et al. (2009); Gilmer (2007); Kinkel and

AR EIS s Henke (2006); Summers and Hrabowski (2006)

Shorter time to degree Kinkel and Henke (2006)
Interest in post graduate Foertsch, Alexanmder et al. (1997); Hathaway, Nagda et al. (2002); Kight, Gaynor et
education al. (2006); Kinkel and Henke (2006); Lopatto (2004); Russell, Hancock at al. (2007)

Notes: See Appendix | for full references.

Not all college students can do research in faculty laboratories. Therefore, we propose the extensive use
of research courses, which have been successfully implemented and rigorously studied at both large

92. Alison Gopnik. (1999). Small Wonders. The New York Review of Books.

93. Nagda, B. A,, S. R. Gregerman, J. Jonides, W. von Hippel, and J.S. Lerner. (1998). “Undergraduate student-faculty
research partnerships affect student retention.” The Review of Higher Education 22: 55-72.

94. Russell, S. H., Hancock, M.P, and J. McCullough. (2007 ). op. cit.

95. Carter, F. D., M. Mandell, and K.I. Maton. (2009). “The Influence of On-Campus, Academic Year Undergraduate
Research on STEM Ph.D. Outcomes: Evidence From the Meyerhoff Scholarship Program.” Educational Evaluation and
Policy Analysis 31(4): 441-462.

* 25 ok



ENGAGE TO EXCEL: PRODUCING ONE MILLION ADDITIONAL COLLEGE GRADUATES
WITH DEGREES IN SCIENCE, TECHNOLOGY, ENGINEERING, AND MATHEMATICS

and small institutions and have been proven to increase student knowledge of, enthusiasm for, and
retention in STEM (e.g., see Appendix G).***

Two strategies to engage students in research in their first two years are necessary: (i) widespread
integration of research courses into the introductory STEM curricula, and (ii) increased opportunities
for students to participate in faculty research programs in the first two years.

Actions to achieve Recommendation 2.

2-1 Expand the use of scientific research and engineering design courses in the first two years
of postsecondary education through an NSF program.

All available data show that traditional cookbook, introductory laboratory courses which often
involve repeating classical experiment to reproduce known results, rather than engaging stu-
dents in experiments with the possibility of true discovery produce less learning, inspiration,
and retention in STEM disciplines than do research courses. The data suggest that approaches
to the development and scale-up of research courses should be made available through current
and future faculty training programs and centralized websites and could be an important com-
ponent of STEM Institutional Transformation Awards and STEM Certification (Recommendation
1-2). Research courses can act as training for subsequent participation in research in faculty or
industry laboratories, improving the skills that students bring to those positions.

The National Science Foundation should provide initial funding to replicate and scale-up
model research or design courses, possibly through the existing Transforming Undergraduate
Education in STEM (TUES) program or the Science, Technology, Engineering, and Mathematics
Talent Expansion Program (STEP). On the order of thirty percent of the existing programs across
STEM disciplines could be focused on funding for implementing research courses at postsec-
ondary academic institutions at an annual cost of approximately $12.5 million dollars, annually
(based on Fiscal Year 2010 funding levels). Based on the range of funding for Type 3 TUES grants
and Type 1 STEP grants, about 10 proposals per year at an average level of $1.2 million could be
awarded, in order to impact 100 campuses over the next 10 years.

Colleges and universities should seek to match NSF funding with private and philanthropic
sources. Because research courses will replace expensive introductory laboratory courses, they
should not require ongoing external support once the transition is accomplished.

2-2 Expand opportunities for student research and design in faculty research laboratories by
reducing restrictions on Federal research funds and redefining a Department of Education
program.

Independent research on faculty projects is a direct way for students to experience real discovery
and innovation and to be inspired by STEM subjects. All relevant Federal agencies should rigor-

96. Bednarksi, A.E., Elgin, S.C.R., and H.B. Pakrasi. (2005) “An Inquiry into Protein Structure and Genetic Disease:
Introducing Undergraduates to Bioinformatics in a Large Introductory Course.” Cell Biology Education Fall 2005.

97. Pope, W.H., D. Jacobs-Sera, et al. (2011). “Expanding the diversity of mycobacteriophages: insights into genome
architecture and evolution.” PLoS One 6(1): e16329.
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ously examine their programs which support undergraduate research and where there exists
prohibitions, either in policy or practice, which would interfere with the recommendations of
this report to support early engagement of students in research, these should be changed.
Novel opportunities for research areas—for example, in theoretical areas without laboratories
—should also be supported as arenas for involvement by students in the first two years.

Federal agencies should give special consideration to proposals for Federal training grants
that establish collaborations between research universities and community colleges or other
institutions that lack faculty research programs, including minority serving institutions that fall
into this category. In these programs, graduate students supported on training grants would
learn to be effective research mentors and have the opportunity to work with undergraduates
from other institutions.

Potential sources of funding include redefinition of the Department of Education’s $1 billion
Carl D. Perkins Career and Technical Education program when it comes up for reauthorization;
specific focusing of Federal (NASA, Energy, Education, and USDA) investments in historically
black colleges and universities, Hispanic-serving institutions, and tribal colleges for building
institutional capacity; and NSF’s Broadening Participation at the Core on supporting early
research and building cross-institutional collaborations in undergraduate research.

Recommendation 3.
Launch a national experiment in postsecondary mathematics education to address
the mathematics-preparation gap.

Rationale for Recommendation 3.

Students need mathematical and, increasingly, computational competency at a college level to succeed
in STEM majors and jobs. This makes mathematics distinct from other disciplines, as it is a gateway to
other STEM fields.

Mathematics instruction credit hours, particularly in the first two years, are dominated by “service
courses”—mathematics courses that are taken because they are required by another major that uses
mathematics in the discipline. This content is fundamentally different from how a pure mathematician
thinks about mathematics or knows how to use it, which is problematic for teaching students the skills
they need. Discipline-based education on effective undergraduate mathematics teaching also appears
less developed when compared with other STEM fields.

Today, many students entering college do not meet the necessary mathematics standards. Among stu-
dents who take the ACT entrance examination for college, just 43% achieve the ACT College Readiness
Benchmark in math.” Because of inadequate preparation, many students need to take developmental
classes in mathematics when they get to college. In addition, employers in the private sector, govern-
ment, and military frequently need employees with a level of mathematics preparation that is hard to

98. The benchmarks specify the minimum scores needed on each ACT subject-area test to indicate that a student
has a 50 percent chance of earning a grade of B or higher or about a 75 percent chance of earning a C or higher in
a typical credit-bearing first-year college course in that subject area. ACT. (2011). The Condition of College & Career
Readiness 2011. lowa City, IA: ACT.

* 27 Kk



ENGAGE TO EXCEL: PRODUCING ONE MILLION ADDITIONAL COLLEGE GRADUATES
WITH DEGREES IN SCIENCE, TECHNOLOGY, ENGINEERING, AND MATHEMATICS

find, placing the burden on employers to provide or obtain remedial education. This deficiency in math-
ematics skills imposes a burden on students, higher education, the military, and employers through the
developmental education and worker training needed to produce a STEM competent workforce. Higher
education alone spends at least $2 billion dollars per year on developmental education.” This high cost
for remediation is coupled to reported low effectiveness. Of those students who took remedial courses,
less than 30% complete a bachelor’s degree within eight years as compared to nearly 60% of students
who required no remediation.'® Additionally, a study of community college students reported that
60-70% of students who were placed in remedial mathematics never completed the required math-
ematics sequence and, therefore, never graduated.” Reducing or eliminating the need for remedial
mathematics classes orimproving their cost and effectiveness is one of the most urgent challenges—and
promising opportunities—in preparing the STEM workforce of the 21st century.

Undergraduate mathematics education in the U.S. is often below what is considered the appropriate
university level in many countries. In 2005, 57% of the students enrolled in 4-year colleges and universi-
ties were enrolled in pre-college algebra, trigonometry, or other pre-calculus courses; the proportion
is higher for 2-year institutions. Most U.S postsecondary students terminate their college mathematics
education at a pre-calculus course that is typically a review of high school algebra, trigonometry, and
sometimes functions. Many students in these courses have seen 90% of the material in high school but
are advised to take this course to make the transition to college easier.'” Such courses are frequently
uninspiring, relying on memorization and rote learning while avoiding richer mathematical ideas.

As this is the last mathematics course for many college students, they often are left with the impression
that the field is dull and unimaginative, and they can extend this judgment to all STEM disciplines. This
is particularly harmful for students who later become K-12 STEM teachers. A focus on improving this
particular type of course offers potentially enormous benefits.

Closing the mathematics-preparation gap would enable many more students to pursue STEM degrees in
college. About 15% of 12th graders are interested in STEM fields but not proficient in mathematics, with
women slightly more common in this category. Many of these students are not far from mathematics
proficiency (see Appendix E). If the preparation of these students in mathematics could be enhanced,
either before college enrollment or through improved remediation, many more students could be
prepared to pursue STEM fields in college.

This problem is a complex one that has resisted the efforts of many dedicated people over a consider-
able period of time. Closing the mathematics-preparation gap requires coordinated action on many
fronts starting in the earliest grades.'” PCAST's report on K-12 STEM Education (“Prepare and Inspire”'*)
contains several recommendations that involve colleges and universities in this effort. In particular,

99. Strong American Schools. (2008). Diploma to Nowhere. Washington, DC.

100. Strong American Schools. (2008). op. cit.

101. Bryk, A.S.and U.Triesman. (2010).“Make Math a Gateway, not a Gatekeeper.”Washington, DC: The Chronicle of
Higher Education.

102. Lutzer, D.J.,, S. B. Rodi, E. E. Kirkman, and J.W. Maxwell. (2007). Statistical Abstract of Undergraduate Programs in
the Mathematical Science in the United States: Fall 2005 CBMS Survey. Providence, Rl: American Mathematical Society.

103. National Mathematics Advisory Panel. (2008). Foundations for Success. Washington, DC: U.S. Department of
Education.

104. President’s Council of Advisors on Science and Technology (PCAST). (2010) Report to the President: Prepare and
Improve K-12 Education in Science, Technology, Engineering, and Math (STEM) for America’s Future. Washington, DC: PCAST.
http://www.whitehouse.gov/sites/default/files/microsites/ostp/pcast-stemed-report.pdf.
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it calls for the Federal Government to establish the objective of recruiting, preparing, and providing
induction support for at least 100,000 new middle and high school STEM teachers who have majors in
STEM fields and strong content-specific pedagogical preparation. This Administration has embraced this
goal, and the production of 1 million additional STEM graduates over the next decade could contribute
substantially to meeting it.

Secondly, the Federal Government has a critical role in supporting the development of a knowledge
base to close the mathematics-preparation gap. For example, research into the best ways to teach
mathematics to college students so they can pursue STEM subjects in the first two years of college
is badly needed. Some developmental mathematics courses have demonstrated effectiveness in
increasing mathematics proficiency among those not ready for college-level mathematics and evenin
encouraging students intending to major in STEM subjects to persist to graduation and a STEM degree.'”
Mathematics education research should explore the attributes of these successful classes and ways to
disseminate best practices.

Mathematics education research also could lead to innovative and effective ways to teach the subject—
for example, through the use of games, simulations, and other technologies. Emerging computer-based
technologies—intelligent tutors—based on the latest learning science hold promise for accelerating
mathematics learning and achieving mathematics proficiency at less cost than current approaches (see
Appendix E, Box E-1). Preliminary research suggests that intelligent tutors can increase mathematics
test scores on the order of one to two standard deviations. Further development and broad diffusion
of these tools can provide effective, low-cost strategies for accelerating mathematics learning among
STEM-interested students.

In the Prepare and Inspire report, PCAST called for the creation of a mission-driven, advanced research
projects agency for education (ARPA-Ed) that would propel and support (1) the development of innova-
tive technologies and technology platforms for learning, teaching, and assessment across all subjects
and ages, and (2) the development of effective, integrated, whole-course materials for STEM education.
Many of these advances would benefit not only K-12 education but also the developmental courses that
many students need to pursue STEM fields during the first two years of college.

Actions to achieve Recommendation 3.

3-1 Support a national experiment in mathematics undergraduate education at NSF, the
Department of Labor, and the Department of Education.

The National Science Foundation and the Departments of Labor and Education should support a
multi-campus five-year initiative aimed at developing new approaches to remove or reduce the
mathematics bottleneck that is currently keeping many students from pursuing STEM majors.
This national experiment should fund a variety of approaches, including (1) summer and other
bridge programs for high school students entering college; (2) remedial courses for students
in college, including approaches that rely on computer technology; (3) college mathematics

105. Bettinger E. and B. Long, B. (2009). “Addressing the Needs of Underprepared Students in Higher Education:
Does College Remediation Work?” Journal of Human Resources 44(3): 736-771.
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teaching and curricula developed and taught by faculty from mathematics-intensive disciplines
other than mathematics, including physics, engineering, and computer science; and (4) a new
pathway for producing K-12 mathematics teachers from undergraduate and graduate programs
in mathematics-intensive fields other than mathematics. Diverse institutions should be included
in the experiment to assess the impact of the intervention on various types of students and
schools. Outcome evaluations should be designed as a collective effort by the participating
campuses and funding agencies.

Approximately 200 experiments at an average level of $500,000 should be funded at institu-
tions across the county, at an annual cost of $20 million per year for five years. As mathematics
preparation issues vary across the postsecondary spectrum, a variety of sources will be needed
to fund experiments at diverse institution types. Funds for these experiments could be derived
from a combination of the Department of Education’s proposed First in the World Initiative, pos-
sibly the Department of Labor’s Trade Adjustment Assistance Community College and Career
Training initiative or Career Pathways Innovation Fund, and a strategic focus on mathematics of
NSF’s Transforming Undergraduate Education in STEM (TUES) program or Science, Technology,
Engineering, and Mathematics Talent Expansion Program (STEP) for the next five years.

Recommendation 4.
Encourage partnerships among stakeholders to diversify pathways to STEM
careers.

Rationale for Recommendation 4.

Besides increasing student persistence in STEM education, more students need to be attracted to STEM
disciplines to produce 1 million additional college graduates over the next decade. To take advantage
of the breadth of talent in STEM fields, students who need non-traditional pathways to STEM degrees
require special attention. Adult and working students and those from backgrounds atypical of traditional
STEM students, including returning veterans, may need alternative pathways to be successful in STEM
disciplines.

New STEM pathways need to offer nationally portable, industry recognized credentials that are integrated
into for-credit academic degree programs. These programs provide bridges from high school to commu-
nity colleges, from community colleges to 4-year institutions, and from all institution types to STEM jobs.

The sizeable group of high school dropouts who return to study for General Education Development
(GED) tests offers a largely untapped source of students who could be interested in careers involving
STEM fields. Some community colleges have begun offering programs that combine preparation for the
GED tests with college courses that could serve as a gateway to further STEM courses and STEM-related
careers. Adult students and those returning to college after time away, especially U.S. military veterans,
also often have high levels of motivation and a focus on careers that could be channeled in the direction
of STEM-related jobs.

Educators concerned with increasing the number of students in STEM disciplines have given much
attention to “off-ramps’, the drop-out and attrition patterns in high school, community colleges, and
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four-year institutions. Equal attention should be given to on-ramps, multiple routes to enter or re-enter
STEM education. Rather than a single pipeline that is prone to leakage, or a ladder where any missed
step makes the next step too hard to reach, educators and policymakers should think of a network of
pathways along which students can take different routes to STEM readiness and competency. If students
have exited this network of pathways, they need accessible and cost-effective ways to get back on.

Many types of partnerships could aid in designing pathways to STEM training that would capture a
broader portion of society. These partnerships can smooth the way from high school to college, link
students at community and technical colleges with high-skill STEM jobs, enable students at two-year
colleges to transfer and earn four-year degrees, provide research experiences to students at institutions
without research programs, and offer students insight into the careers and opportunities for STEM prac-
titioners in industry. These partnerships will enable the academic advancement of all types of students,
but they will be particularly advantageous for students traditionally underrepresented in STEM fields.

Partnerships between high school and college.

To encourage the underrepresented majority to pursue STEM degrees, better integration between high
school and college is needed. High schools and colleges could collaborate on development of bridge
programs that would prepare students for college during the summer between high school and college
(e.g., Appendix H, Box H-1 and H-2). Typically, high school juniors and seniors in these programs live on
campus and receive classroom instruction, research experience, career counseling, SAT and ACT prep
classes, and mentoring from students and faculty.

Most of these programs, such as Carnegie Mellon University’s Summer Academy for Mathematics and
Science' and the California State Summer School for Mathematics and Science,'” are open to high
school students statewide or nationwide. Some are aimed at the underrepresented majority to provide
incoming students with the intellectual, personal, and social supports they will need to excel.

The majority of partnerships between high schools and colleges and universities that aim to increase
the number of students entering STEM pathways do so indirectly by providing better teacher training
and support, which in turn can lead to more students interested in STEM disciplines and better prepared
to enter college. Such programs can train high school teachers to use new tools for active learning that
engage students in hands-on STEM activities. These programs also can provide on-site coaching and
leadership development for principals and other administrators.

Partnerships between two- and four-year institutions.
Two-year colleges are both a major source of STEM degrees and a conduit into STEM fields for many
students, including many members of the underrepresented majority.® In many cases, 2-year colleges

106. See Carnagie Melon University’s website:
http://www.cmu.edu/enroliment/summerprogramsfordiversity/sams.html.

107. See California State Summer School for Mathematics and Science:
http://www.ucop.edu/cosmos/.

108. Chen, G. (2009) The Minority Report: How Minority Students are Really Faring at Community Colleges. Community
College Review: http://www.communitycollegereview.com/articles/202.
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are geographically closer to students who would have difficulty attending a four-year school. They also
are typically less costly than 4-year institutions.'”

The transition from a 2-to 4-year college can be difficult, especially for members of groups underrepre-
sented in STEM fields. For example, through a combination of bridge programs, building a community
of support for STEM students, increasing student research opportunities, and reevaluating teaching
and research practices," the University of Texas-El Paso boosted graduation rates in STEM disciplines
by nearly 50% from 2000 to 2006 and more than doubled the number of STEM baccalaureate degrees
awarded to Hispanics," transforming it into the largest producer of Mexican-American STEM graduates
in the Nation, ™™

Collaborative partnerships between 2-year colleges and 4-year institutions would provide greater access
to and opportunities for advanced STEM education (see Appendix H, Box H-4) and advanced training
for those students who do not pursue a 4-year degree. Large state systems, such as the University of
California and California State University systems, have long-standing programs like MESA (Mathematics,
Engineering, Science Achievement) that create partnerships between 4-year universities and neighbor-
ing 2-year colleges to align curricula and work with students to ensure that they are well-prepared for the
transition to bachelor’s degree programs in STEM disciplines. Courses at the community college vetted
by university faculty not only provide the necessary intellectual rigor but also allow students to develop
relationships with faculty prior to transferring. In addition, students enrolled in these programs can be
granted access to libraries and can be provided with opportunities to participate in cultural and athletic
events at the university, helping them more easily integrate into campus life upon successful transfer.

Partnerships involving minority-serving Institutions.

Minority-serving institutions (MSls) can serve as key intermediaries to improve the numbers, prepara-
tion, and diversity of students interested in STEM fields."*"™ For example, through a combination of bridge
programs, building a community of support for STEM students, increasing student research opportunities, and
reevaluating teaching and research practices, the University of Texas-El Paso has boosted graduation rates
in STEM disciplines by nearly 50%, transforming it into the largest producer of Mexican-American STEM
graduates in the Nation."® Several White House initiatives have directed funds to MSls to increase the

109. Phillippe, K.A. and L. Gonzalez Sullivan. (2005). National Profile of Community Colleges: Trends & Statistics.
American Association of Community Colleges. Washington DC: Community College Press.

110. Brown, S. (2009).“Making the Next Generation our Greatest Resource”in Latinos and the Nation’s Future, H.
Cisneros and J. Rosales (eds.) Houston, TX: Arte Publico Press.

111. http://step.utep.edu./ The calculation of the six-year graduation rate considers only first-time full-time (FTFT)
fall-entering students. The rate is defined as the fraction of a FTFT fall-entering student cohort that graduated six years
after being admitted.

112. Rodriguez, C., R. Kirshstein, M. Hale, (2005). “Creating and Maintaining Excellence: The Model Institutions for
Excellence Program*, prepared for The National Science Foundation. Washington, D.C.: American Institutes for Research.

113. This version includes some changes that clarify ambiguities in an earlier draft.

114. Cullinane, J. and L. H. Leegwater. (2009). Diversifying the STEM Pipeline: The Model Replication Institutions
Program. Washington, DC: Institute for Higher Education Policy.

115. Southern Education Foundation. (2005). Igniting Potential: Historically Black Colleges and Universities and
Science, Technology, Engineering and Mathematics. Atlanta, GA.

116. Brown, S. (2009).“Making the Next Generation our Greatest Resource”in Latinos and the Nation’s Future, H.
Cisneros and J. Rosales (eds.) Houston, TX: Arte Publico Press.
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number of minority students who not only start but finish STEM degree programs."” Collaborative
efforts between MSls and other colleges and universities could greatly improve educational experiences
in STEM disciplines. Programs that enhance STEM curricula at MSls and that focus on improving the
readiness of first-year students, often through summer research experiences and laboratory experi-
ences at partnering research universities, have shown marked success at both increasing enroliment
and retention of students in STEM disciplines (see Appendix H, Box H-5).

Partnerships between the private sector and undergraduate STEM education.

Many U.S. businesses are active supporters of STEM efforts in high schools, colleges, and universities.
Recently, however, the U.S. business community has recognized that its traditional role of partnering
with existing institutions to promote best practices, provide resources, and involve corporate supporters
offers some aid but is not likely to produce the radical change needed to meet future STEM workforce
needs."® Providing mentoring for promising STEM students through cooperative education, learn and
earn, and internship programs is an important and proven avenue by which businesses can both recruit
future workers and help students complete their studies. Not only do cooperative education experiences
provide the kind of hands-on training shown to increase student retention in STEM programs, but they
also produce students who more quickly integrate into the workplace and express higher rates of job

satisfaction (e.g., Appendix H, Boxes H-6 and H-7).

There are several ongoing efforts in this area at the Federal level focused on distinct aspects of the
STEM workforce, and these should be incorporated into a broader strategy for partnerships between
industry and institutions of higher education to improve engagement and training of undergraduate
students in STEM disciplines. For example, the President’s Council on Jobs and Competitiveness™ has
set a goal to double internship offerings from partnering businesses to increase the supply of qualified
and trained American engineers.” In addition, the Advanced Manufacturing Partnership,” launched
by President Obama in June 2011 in response to recommendations from a PCAST report on the topic,””*
has a workstream on education and workforce demand that is exploring opportunities for partnerships
between employers and educational institutions, with a particular focus on community colleges but
also including high schools and universities.

An untraditional avenue by which businesses can partner with universities to bolster pathways to STEM
careers is to help transitioning employees become STEM educators. IBM launched such a program in
2005™ and has helped over 100 employees start new careers in teaching. The program works with

117. See White House Initiative on Historically Black Colleges and Universities:
http://www?2.ed.gov/about/inits/list/whhbcu/edlite-index.html.

118. Hess, F.M., A.P. Kelly, and O. Meeks. (2011). The Case for Being Bold: A New Agenda for Business in Improving STEM
Education. Washington, DC: Institute for a Competitive Workforce.

119. See President’s Council on Jobs and Competiveness website:
http://www.whitehouse.gov/administration/advisory-boards/jobs-council.

120. See Jobs Council Internship Commitment Announcement. http://energy.gov/articles/president-s-council-
jobs-and-competitiveness-announces-industry-leaders-commitment-double.

121. See http://www.whitehouse.gov/administration/eop/ostp/pcast/amp.

122. President’s Council of Advisors on Science and Technology (PCAST) (2011). Report to the President on Ensuring
American Leadership in Advanced Manufacturing. Washington, DC: PCAST. http://www.whitehouse.gov/sites/default/files/
microsites/ostp/pcast-advanced-manufacturing-june2011.pdf.

123. See IBM's‘IBM “Transition to Teaching”Teaching’ Program:
http://www.ibm.com/ibm/responsibility/teaching.shtml.
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university partners to provide employees who have engineering, health, computing, and science back-
grounds with the resources needed to custom-tailor their own teacher preparation through on-line and
traditional classes while retaining their jobs at IBM until their training is complete.

Actions to Achieve Recommendation 4.

Increasing the number and strength of pathways to STEM fields during the first two years of college
requires a coordinated strategy involving not just the Federal Government but K-12 education, higher
education, businesses, and the nonprofit sector, including foundations. Still, the Federal Government
can lead this effort through strategic planning, reallocation of funding, and strong leadership.

4-1 Sponsor at the Department of Education summer STEM learning programs for high school
students.

The Department of Education should roll out the summer learning programs authorized in the
2007 America Competes Act (in an amendment introduced by then-Senator Obama), funded
in part by the Federal Government, in partnership with state and local entities. To cover the full
costs of such programs, state and local entities should recruit institutions of higher education
and private industry as partners. As an expansion of the original proposal, these programs should
be focused on mathematics, engineering, and science for high school students. In particular,
these programs should provide mathematics instruction to prepare students to be college- and
career-ready and provide hands-on STEM experiences. Based on the size of National Science
Foundation’s former Young Scholars Program for summer institutes, we recommend invest-
ment of $10 million to fund approximately 100 projects reaching on the order of 5000 students,
annually, including significant cost-sharing with academic institutions and private investors.

In addition, as authorized in the law, the Department of Education should establish a“Summer
Learning Grants Website” that would provide information for students, parents, and educators
on successful programs, curricula, and best practices for summer learning opportunities.

4-2 Expand a Department of Labor Program scope to encourage pathways from two-year to
four-year institutions.

The mission of the Department of Labor’s Trade Adjustment Assistance Community College
and Career Training initiative should be expanded beyond development of important part-
nerships between community and technical colleges and employers in the private sector to
encourage scientific research and engineering design exchanges across 2- and 4-year institu-
tions. Alternatively, these activities could be funded through a strategic focus of the Department
of Labor’s Career Pathways Innovation Fund on research partnerships. NSF's Advancing Technical
Education program could also be focused on cross institutional collaborations. The bridges
described here should provide authentic STEM experiences for community college students on
the 4-year campus and allow them to develop relations with faculty and the college or university
community to ease the potential transition from a 2- to 4-year institution or to provide advanced
experiences and inspiration for students who do not pursue a 4-year degree.
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4-3 Establish public-private partnerships to support successful STEM programs.

To enhance students’ STEM readiness, the Federal Government should engage private industry
and foundations to support successful programs that create bridges between high schools and
colleges and betw