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PREFAGE

eadership in innovation is essential to U.S. prosperity and security. In a global,

knowledge-driven economy, technological innovation—the transformation of

new knowledge into products, processes, and services of value to society—is

critical to competitiveness, long-term productivity growth, and an improved
quality of life. Preeminence in technological innovation depends on a wide array of fac-
tors, one of which is leadership in engineering research, education, and practice. A three-
decade-long decline in the share of federal investment in research and development (R&D)
devoted to engineering and a perceived erosion of basic, long-term engineering research
capability in U.S. industry and federal laboratories have raised serious questions about the
long-term health of engineering research in the United States.

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

Reports by the President’s Council of Advisors on Science and Technology, National
Science Board, U.S. Department of Energy Science Advisory Board, Council on Compet-
itiveness, National Research Council, and others have consistently emphasized the impor-
tance of basic research in engineering and physical sciences and expressed concerns about
the adequacy of federal investments in critical fields. The study finds that support for
engineering research has been relatively stagnant for more than two decades. The result
has been erosion in the infrastructure necessary for world-class engineering research
and a worrisome decline in the number of engineering graduates, particularly native-born
doctoral degree recipients. As other nations increase their investments in engineering re-
search and education, the United States risks falling behind in critical research capabilities
and ultimately the innovations that flow from research. To ensure continued U.S. compet-
itiveness, the nation needs a renewed commitment to engineering research, most impor-
tantly by the federal government, but also by states, foundations, industry, and universities.

The committee recommends a number of actions to stimulate rapid changes in the
current situation. The committee also recognizes the need for bold steps that will lead to
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long-term changes, not only in the level of resources available for basic engineering
research, but also in the cultural environment that must attract the best and brightest indi-
viduals to pursue careers in engineering research. The committee proposes the creation of
discovery-innovation institutes on the campuses of American research universities as a
mechanism for achieving long-term change. By harnessing the intellectual power, diver-
sity, and creativity on the nation’s campuses and working in close collaboration with
industry and government, discovery-innovation institutes can be engines of innovation.

On behalf of the National Academy of Engineering, I want to thank the study chair-
man, James J. Duderstadt, and other members of the study committee for their consider-
able efforts on this project. I also want to thank Proctor P. Reid, the study director, who
managed the project and helped the committee members reach consensus. Thomas C.
Mahoney, consultant to the committee, was extremely helpful throughout the project.
Penelope Gibbs from the NAE Program Office provided critical administrative and logis-
tical support. Carol Arenberg, NAE senior editor, was instrumental in preparing the
report for publication.

I want to extend the committee’s thanks to everyone from government, industry, and
academia who contributed to the project. In particular, I want to express our appreciation
to everyone who briefed the committee and everyone who submitted comments during
the period of public review.

Finally, I would like to express my appreciation to the National Science Foundation
for its generous support of this project.

b ks —

Wm. A. Wulf
President
National Academy of Engineering
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CHARGE TO THE COMMITTEE

The National Academy of Engineering (NAE) Committee to Assess the Capacity of the
U.S. Engineering Research Enterprise was charged by the Engineering Directorate of
the National Science Foundation with conducting a “fast-track” evaluation of (1) the past
and potential impact of the U.S. engineering research enterprise on the nation’s economy,
quality of life, security, and global leadership and (2) the adequacy of public and private
investment to sustain U.S. preeminence in basic engineering research.

A two-decade-long decline in the share of federal investment in research and devel-
opment devoted to engineering and the perceived erosion of basic, long-term engineering
research capability in U.S. industry and federal laboratories have raised serious questions
about the long-term health of engineering research in the United States. To address
these concerns, this report documents and evaluates recent contributions of U.S.-based
engineering research to the nation’s interests, assesses potential contributions to meeting
emerging national challenges and opportunities, and outlines a national strategy to ensure
that the engineering research foundations of American global economic, military, scientific,
and technological preeminence remain rock solid in the face of rapid, often disruptive,
societal and global change. The report includes findings, recommendations, and a national
action plan designed to engage all major constituents of the U.S. engineering enterprise.

PROCESS FOLLOWED BY THE COMMITTEE

The committee met three times during the summer of 2004. In addition to a sub-
stantive review of recent studies and policy analyses related to science and engineering
activities and investments, the committee heard testimony from leaders in government,
industry, and academia. This report is based on a consensus of the committee members
and responses to a three-stage NAE peer-review and public-review process.
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EXECUTIVE SUMMARY

eadership in innovation is essential to U.S. prosperity and security. In a global,
knowledge-driven economy, technological innovation—the transformation of
knowledge into products, processes, and services—is critical to competitiveness,

long-term productivity growth, and the generation of wealth. Preeminence in
technological innovation requires leadership in all aspects of engineering: engineering
research to bridge scientific discovery and practical applications; engineering education to
give engineers and technologists the skills to create and exploit knowledge and technolog-
ical innovation; and the engineering profession and practice to translate knowledge into
innovative, competitive products and services.

Historically, engineering research has yielded knowledge essential to translating sci-
entific advances into technologies that affect everyday life. The products, systems, and
services developed by engineers are essential to national security, public health, and the
economic competitiveness of U.S. business and industry. Engineering research has re-
sulted in the creation of technologies that have increased life expectancy, driven economic
growth, and improved America’s standard of living. In the future, engineering research will
generate technological innovations to address grand challenges in the areas of sustainable
energy sources, affordable health care, sufficient water supplies, and homeland security.

Unfortunately, U.S. leadership in technological innovation seems certain to be seri-
ously eroded unless current trends are reversed. The accelerating pace of discovery and
application of new technologies, investments by other nations in research and develop-
ment (R&D) and the education of a technical workforce, and an increasingly competitive
global economy are challenging U.S. technological leadership and with it future U.S.
prosperity and security. Although many current measures of technological leadership
—percentage of gross domestic product invested in R&D, number of researchers, produc-
tivity level, volume of high-technology production and exports—still favor the United
States, worrisome trends are already adversely affecting the U.S. capacity for innovation.
These trends include: (1) a large and growing imbalance in federal research funding
between the engineering and physical sciences on the one hand and biomedical and life
sciences on the other; (2) increased emphasis on short-term applied R&D in industry and
government-funded research at the expense of fundamental long-term research; (3) erosion
of the engineering research infrastructure due to inadequate investment over many years;



(4) declining interest of American students in engineering, sci-
ence, and other technical fields; and (5) growing uncertainty
about the ability of the United States to attract and retain gifted
engineering and science students from abroad at a time when for-
eign nationals constitute a large and productive component of the
U.S. R&D workforce.

Today more than ever the nation’s prosperity and security
depend on its technical strengths. The United States will need
robust capabilities in both fundamental and applied engineering
research to address future economic, environmental, health, and
security challenges. To capitalize on opportunities created by sci-
entific discoveries, the nation must have engineers who can invent
new products and services, create new industries and jobs, and
generate new wealth. Applying technological advances to achieve
global sustainability will require significant investment, creativity,
and technical competence. Advances in nanotechnologies,
biotechnologies, new materials, and information and communica-
tion technologies may lead to solutions to difficult environmental,
health, and security challenges, but their development and appli-
cation will require significant investments of money and effort in

engineering research and the engineering workforce.

Current patterns in research funding do not bode well for future U.S. capabilities
in these critical fields. Record levels of federal funds are being invested in R&D, but these
levels reflect large increases in funding for biomedical and life sciences; investments in other
fields of engineering and science have increased slowly and intermittently (if at all). Because
of competitive pressures, U.S. industry has downsized its large, corporate R&D laboratories
in physical sciences and engineering and reduced its already small share of funding for
long-term, fundamental research. The committee believes that the decline in long-term
industrial research is exacerbating the consequences of the current decline in federal R&D
funding for long-term fundamental research in engineering and physical sciences.

These funding trends have had a predictably negative impact on academic research
and student enrollments in engineering and physical sciences. In fact, foreign nationals
now comprise 40 percent or more of graduate enrollments in physical sciences, mathe-
matics and computer science, and engineering. In addition, nearly two-thirds of the
graduate and undergraduate students in engineering who are U.S. citizens or permanent
residents are white males. Increasing the overall number of American students pursuing
degrees in physical sciences and engineering will be essential to meeting the future chal-
lenges facing the nation, but it will not be enough. We must also increase diversity by
recruiting more women and underrepresented minorities in technical fields to ensure that
we have the intellectual vitality to respond to profound and rapid change.
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Current trends in research investment and workforce
development are early warning signs that the United States
could fall behind other nations, both in its capacity for
technological innovation and in the size, quality, and capability of its technical
workforce. Unless the United States maintains its resident capacity for techno-
logical innovation, as well as its ability to attract the best and brightest engi-
neers and scientists from abroad, the economic benefits of technological
advances may not accrue to Americans.

We must take action immediately to overcome existing imbalances in sup-
port for research to address emerging critical challenges. These actions must
include both changes in direction by key stakeholders in the engineering
research enterprise and bold new programs designed specifically to promote
U.S. technological innovation. This conclusion echoes the findings of other
recent assessments by the Council on Competitiveness (2001, 2004), President’s
Council of Advisors on Science and Technology (2002, 2004a,b), National
Science Board (2003), National Academies (COSEPUP, 2002; NAE, 2003, 2004,
2005; NRC, 2001), and other distinguished bodies (DOE, 2003; National
Commission on Mathematics and Science Teaching for the 21st Century, 2000).

Considering the magnitude and complexity of the challenges ahead in energy, secur-
ity, health care, the environment, and economic competitiveness, we simply do not have
the option of continuing to conduct business as usual. We must change how we priori-
tize, fund, and conduct research; how we attract, educate, and train engineers and scien-
tists; how we consider and implement policies and legal structures that affect intellectual
property rights and related issues; and how we maximize contributions from institutions
engaged in technological innovation and workforce development (e.g., universities, cor-
porate R&D laboratories, federal agencies, and national laboratories).

Of course, major undertakings in anticipation of opportunities are always difficult,
but the United States has a history of rising to the occasion in times of need. At least twice
before in times of great challenge and opportunity, the federal government responded in
creative ways that not only served the needs of society, but also reshaped institutions.
Consider, for example, the Land Grant Acts in the nineteenth century, which not only
modernized American agriculture and spearheaded America’s response to the industrial
revolution, but also led to the creation of the great public universities that have trans-
formed American society and sustained U.S. leadership in the production of new knowl-
edge and the creation of human capital. Another example is the G.I. Bill and government-
university research partnerships during the 1940s that were instrumental in establishing
U.S. economic and military leadership.

With this history in mind, and with full recognition of the magnitude of the effort
needed to prepare the United States for long-term technological leadership, the commit-
tee offers the following recommendations.
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RECOMMENDATIONS

Federal Research and Development Budget

RECOMMENDATION 1. The committee strongly recommends that the federal R&D portfolio
be rebalanced by increasing funding for research in engineering and physical science to
levels sufficient to support the nation’s most urgent priorities, such as national defense,
homeland security, health care, energy security, and economic competitiveness. Alloca-
tions of federal funds should be determined by a strategic analysis to identify areas of
research in engineering and science that support these priorities. The analysis should
explicitly include interdependencies among engineering and scientific disciplines to ensure
that important advances are supported by advances in complementary fields to accelerate
technology transfer and innovation.

Long-Term Research and Industry

RECOMMENDATION 2. Long-term basic engineering research should be reestablished as a pri-
ority for American industry. The federal government should design and implement tax
incentives and other policies to stimulate industry investment in long-term engineering
research (e.g., tax credits to support private-sector investment in university-industry col-
laborative research).

Engineering Research Infrastructure

RECOMMENDATION 3. Federal and state governments and industry should invest in upgrad-
ing and expanding laboratories, equipment, and information technologies and meeting
other infrastructural needs of research universities and schools of engineering to ensure
that the national capacity to conduct world-class engineering research is sufficient to
address the technical challenges that lie ahead.

Quality of the Technical Workforce

RECOMMENDATION 4. Considering the importance
of technological innovation to the nation, a major
effort should be made to increase the participa-
tion of American students in engineering. To this
end, the committee endorses the findings and
recommendations of a 2005 National Academy
of Engineering report, Educating the Engineer of
2020: Adapting Engineering Education to the New
Century, which calls for system-wide efforts by
professional societies, industry, federal agencies,
and educators at the higher education and K-12
levels to align the engineering curriculum and
engineering profession with the needs of a global,
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knowledge-driven economy with the goal of increasing
student interest in engineering careers. Engineering
education requires innovations, not only in the content
of engineering curricula, but also in teaching methods
that emphasize the creative aspects of engineering to
excite and motivate students.

RECOMMENDATION 5. All participants and stakeholders in the engineering community
(industry, government, institutions of higher education, professional societies, et al.)
should place a high priority on encouraging women and underrepresented minorities to
pursue careers in engineering. Increasing diversity will not only increase the size and
quality of the engineering workforce, but will also introduce diverse ideas and experiences
that can stimulate creative approaches to solving difficult challenges. Although this is
likely to require a very significant increase in investment from both public and private
sources, increasing diversity is clearly essential to sustaining the capacity and quality of the
U.S. scientific and engineering workforce.

RECOMMENDATION 6. A major federal fellowship-traineeship program in strategic areas
(e.g., energ;, info-, nano-, and biotechnology; knowledge services; etc.), similar to the
program created by the National Defense Education Act, should be established to ensure
that the supply of next-generation scientists and engineers is adequate.

RECOMMENDATION 7. Immigration policies and practices should be streamlined (without
compromising homeland security) to restore the flow of talented students, engineers, and
scientists from around the world into American universities and industry.

Industry and Research Universities

RECOMMENDATION 8. Links between industry and research universities should be expanded
and strengthened. The committee recommends that the following actions, funded through
a combination of tax incentives and federal grants, be taken:

m  Support new initiatives that encourage multidisciplinary research to address
major challenges facing the nation and the world.

m  Streamline and standardize intellectual-property and technology-transfer policies
in American universities to facilitate the transfer of new knowledge to industry.

= Support industry engineers and scientists as visiting “professors of practice” in
engineering and science faculties.

m  Provide incentives for corporate R&D laboratories to host advanced graduate and
postdoctoral students (e.g., fellowships, internships, etc.).

Discovery-Innovation Institutes

RECOMMENDATION 9. Multidisciplinary discovery-innovation institutes should be estab-
lished on the campuses of research universities to link fundamental scientific discoveries
with technological innovations to create products, processes, and services to meet the
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needs of society. Funding for the insti-
tutes should be provided by federal and
state governments, industry, founda-
tions, the venture capital and investing
community, and universities.

With the participation of many scientific disciplines and professions,
as well as various economic sectors (industry, government, states, and
institutions of higher education), discovery-innovation institutes would
be similar in character and scale to academic medical centers and agri-
cultural experiment stations that combine research, education, and
professional practice and drive transformative change. As experience
with academic medical centers and other large research initiatives has
shown, discovery-innovation institutes would stimulate significant
regional economic activity, such as the location nearby of clusters of
start-up firms, private research organizations, suppliers, and other com-
plementary groups and businesses.

On the federal level, the discovery-innovation institutes should be funded jointly by
agencies with responsibilities for basic research and missions that address major national
priorities (e.g., National Science Foundation [NSF], U.S. Department of Energy, National
Aeronautics and Space Administration, U.S. Department of Defense, U.S. Department of
Homeland Security, U.S. Department of Transportation, U.S. Department of Commerce,
Environmental Protection Agency, and U.S. Department of Health and Human Services).

States would be required to contribute to the institutes (perhaps by providing capital
facilities). Industry would provide challenging research problems, systems knowledge, and
real-life market knowledge, as well as staff who would work with university faculty and
students in the institutes. Industry would also fund student internships and provide direct
financial support for facilities and equipment (or share its facilities and equipment).
Universities would commit to providing a policy framework (e.g., transparent and efficient
intellectual property policies, flexible faculty appointments, responsible financial manage-
ment, etc.), educational opportunities (e.g., integrated curricula, multifaceted student
interaction), knowledge and technology transfer (e.g., publications, industrial outreach),
and additional investments (e.g., in physical facilities and cyberinfrastructure). Finally, the
venture capital and investing community would contribute expertise in licensing, spin-off
companies, and other avenues of commercialization.

Some of the existing NSF-sponsored engineering research centers (ERCs) may serve
as a starting point for the development of discovery-innovation institutes. Yet the multi-
disciplinary scope and scale of the research, education, innovation, and technology-transfer
activities of fully developed discovery-innovation institutes will certainly dwarf the im-
portant, but more limited, activities of ERCs.
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To ensure that the discovery-innovation institutes lead to transformative
change, they should be funded at a level commensurate with past federal
initiatives and current investments in other areas of research, such as bio-
medicine and manned spaceflight. Federal funding would ultimately
increase to several billion dollars per year distributed throughout the engi-
neering research and education enterprise; states, industry, foundations, and
universities would invest comparable amounts.

The committee recognizes that current federal and state budgets are
severely constrained and are likely to remain so for the foreseeable future.
Nevertheless, as the public comes to understand the importance of leader-
ship in technological innovation to the nation’s economic prosperity and
security, the committee believes this initiative could be given a high priority
in the federal budget process.

To transform the technological innovation capacity of the United States,
the discovery-innovation institutes should be implemented on a national
scale and backed by a strong commitment to excellence by all participants.
Most of all, they would be engines of innovation that would transform insti-
tutions, policies, and cultures and enable our nation to solve critical prob-
lems and maintain its leadership in the global, knowledge-driven society of
the twenty-first century.

CONCLUSION

xciting opportunities in engineering lie ahead. Some involve rapidly emerging

fields, such as information systems, bioengineering, and nanotechnology. Others

involve critical national needs, such as sustainable energy sources and homeland

security. Still others involve the restructuring of engineering education to ensure
that engineering graduates have the skills, understanding, and imagination to design and
manage complex systems. To take advantage of these opportunities, however, investment
in engineering research and education must be a much higher priority.

The country is at a crossroads. We can either continue on our current course—living
on incremental improvements to past technical developments and gradually conceding
technological leadership to trading partners abroad—or we can take control of our destiny
and conduct the necessary research, capture the intellectual property, commercialize
and manufacture the products, and create the high-skill, high-value jobs that define a
prosperous nation. The United States has the proven ability and resources to maintain the
global lead in innovation. Engineers and scientists can meet the technological challenges
of the twenty-first century, just as they met the challenges of World War II by creating the
tools for military victory and just as they mounted an effective response to the challenge
of Sputnik and Soviet advances in space.
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ENGINEERING RESEARCH: THE
ENGINE OF INNOVATION

merican success has been based on the creativity, ingenuity, and courage of
innovators, and innovation will continue to be critical to U.S. success in the
twenty-first century. As a superpower with the largest and richest market in the
world, the United States has consistently set the standard for technological
advances, both creating innovations and absorbing innovations created elsewhere. From
Neil Armstrong’s walk on the Moon to cellular camera phones, engineering and scientific
advances have captured people’s imaginations and demonstrated the wonders of science.

The astounding technological achievements of the twentieth century would not have
been possible without engineering (see Box 1), specifically engineering research, which

BOX 1 TWENTIETH-CENTURY INNOVATION

The greatest engineering achievements of the twentieth century led to innovations that transformed
everyday life. Beginning with electricity, engineers have brought us a wide range of technologies,
from the mundane to the spectacular. Refrigeration opened new markets for food and medicine.
Air conditioning enabled population explosions in places like Florida and Arizona. The invention of
the transistor, followed by integrated circuits, ushered in the age of ubiquitous computerization,
impacting everything from education to entertainment. The control of electromagnetic radiation has
given us not only radio and television, but also radar, x-rays, fiber optics, cell phones, and microwave
ovens. The airplane and automobile have made the world smaller, and highways have transformed
the landscape.

Even commonplace technologies, such as farm equipment, household appliances, water distribution,
and medicine, required sophisticated engineering research and application. One of the essential,
often overlooked, miracles of engineering in the twentieth century was the provision of clean drink-
ing water, which was the primary contributor to doubling life expectancy in the United States.

So many complex engineering achievements have become part of everyday life that engineering and
engineering research are often taken for granted. We give little thought, for example, to the vast
worldwide system that brings oil from the ground to our fuel tanks. Without engineering research,

the world would be less accessible, poorer, and far less interesting.

For more on the contributions of engineers, see Constable and Somerville, 2003.
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leads to the conversion of scientific discoveries into functional,
\ marketable, profitable products and services.

| — Engineers take new and existing knowledge and make it useful,

\ ‘l | ,I typically generating new knowledge in the process. For example,

\ '| f } an understanding of the physics of magnetic resonance on the

| | | atomic scale did not become useful in everyday life until engineers

|1 I\ created magnetic resonance imaging machines and the computers

|| Y to run them. And researchers could not have discovered these

N/ A\ /] magnetic properties until engineers had created instrumentation

' I\ that enabled them to pursue research on atomic and subatomic

| ; scales. Without engineering research, innovation, especially

7 | ,‘I / groundbreaking innovation that creates new industries and trans-
' [ forms old ones, simply does not happen.

. _ In fact, groundbreaking innovation was the driving force
/ behind American success in the last century. An endless number of

1- f innovations—from plastics to carbon fibers, electricity generation
L I rc =] “ and distribution to wireless communications, clean water and trans-
YA SRR E (N 5 : portation networks to pacemakers and dialysis machines—has
| yI : transformed the economy, the military, and society, making

Americans more prosperous, healthier, and safer in the process.

Consider, for example, the long, productive history of collab-
oration between engineering and medicine in the development of
medical technologies (e.g., devices, equipment, and pharmaceuti-
cals) and in support of medical research (e.g., instrumentation,
computational tools, etc.) (NAE, 2003). Engineers created the
tools of drug discovery and production, materials for joint replace-

ments, lasers for eye surgery, heart-lung machines for open-heart surgery, and a host of
imaging technologies, just to name a few remarkable achievements. Future engineering
research will apply knowledge of microsystems and nanotechnology to diagnostics and
therapeutics, providing effective treatment of a variety of chronic conditions (NAE, 2005a).
Revolutions in bioengineering and genomics and the associated promise of huge advances
in diagnostic tools and therapies testify to the continued vitality of the partnership
between engineering and medicine.

Future breakthroughs dependent on engineering research will have equally powerful
impacts. Sustainable energy technologies for power generation and transportation could

10
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halt, and someday even reverse, the accumulation of atmos-
pheric carbon dioxide and ozone. Low-cost, robust pumps,
microfilters, and diagnostic tests could ensure that clean
water is available to all and wipe out waterborne illnesses.
Preventing terrorism could be greatly improved when vigi-
lant sensors as small as grains of sand can activate
autonomous robots to respond to security breaches
(O’Harrow, 2004). Technological innovations already under
development can make all of these things possible . . . with
the help of engineers.

The innovations that flow from engineering research are not simply nice to have, like
high-definition television; many are essential to the solutions of previously intractable
challenges. Engineering research in materials, electronics, optics, software, mechanics,
and many other fields will provide technologies to slow, or even reverse, global warming,
to maintain water supplies for growing populations, to ameliorate traffic congestion and
other urban maladies, and to generate high-value products and services to maintain the
U.S. standard of living in a world of intense competition. To meet these and other grand
challenges, the United States must be an innovation-driven nation that can capitalize on
advances in life sciences, physical sciences, and engineering.

Based on current trends in research funding, graduate enrollments, and student
achievement, however, serious doubts are emerging about the long-term health of the U.S.
engineering research enterprise. Unless something is done quickly to reverse these trends,
the United States risks becoming a consumer of innovations developed elsewhere rather
than a leader. Leadership in the life sciences alone, although very important to the na-
tional welfare, will not be enough. To enjoy the full benefits of innovation, generate the
jobs and wealth that flow from commercialization, and improve the lives of as many
Americans as possible, the United States must invest in fundamental engineering research
and the education and training of world-class researchers.

11
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CHALLENGES TO SUSTAINED LEADERSHIP

he United States is part of a global economy,

and research and development (R&D) are

performed worldwide. Multinational cor-

porations manage their R&D activities to
take advantage of the most capable, most creative, and
most cost-efficient engineering and scientific talent,
wherever they find it. Smaller U.S. firms without
global resources are facing stiff competition from
foreign companies with access to talented scientists
and engineers—many of them trained in the United
States—who are the equals of any in this country.
Relentless competition is driving a faster pace of innovation, shorter product life cycles,
lower prices, and higher quality than ever before.

To meet the demands of global competition, other countries are investing heavily in
the foundations of modern innovation systems, including research facilities and infra-
structure and strong technical workforces (NSB, 2003). Some of the innovations that
emerge from these investments will be driven by local market demands, but many will be
developed for export markets. As other countries develop markets for technology-laden
goods and international competition intensifies, it will become increasingly difficult for
the United States to maintain a globally superior innovation system. Only by investing in
engineering research and education can the United States retain its competitive advantage
in high-value, technology-intensive products and services, thereby encouraging multi-
national companies to keep their R&D activities in this country.

Even though current measures of technological leadership—percentage of gross
domestic product invested in R&D, absolute numbers of researchers, labor productivity,
and high-technology production and exports—still favor the United States, a closer look at
the engineering research and education enterprise and the age and makeup of the techni-
cal workforce reveals several interrelated trends indicating that the United States may have
difficulty maintaining its global leadership in technological innovation over the long term.
These well documented trends include: (1) a large and growing imbalance in federal
research funding between the engineering and physical sciences on the one hand and bio-
medical and life sciences on the other; (2) increased emphasis on applied R&D in industry
and government-funded research at the expense of fundamental long-term research;
(3) erosion of the engineering research infrastructure due to inadequate investment over
many years; (4) declining interest of American students in science, engineering, and other
technical fields; and (5) growing uncertainty about the ability of the United States to attract
and retain gifted science and engineering students from abroad at a time when foreign
nationals account for a large, and productive, component of the U.S. R&D workforce
(COSEPUP, 2000; Council on Competitiveness, 2001, 2004; PCAST, 2002, 2004a,b; NAE,
2003, 2004, 2005; NCMST, 2000; NRC, 2001).

12
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IMBALANCE IN THE RESEARCH PORTFOLIO

espite record levels of federal funding for research, most of the increases in
the past quarter century have been focused on the life sciences, which currently
account for about two-thirds of federal funds for academic R&D. In fiscal year
(FY) 2002, 45 percent of these funds went directly to medical schools. By
contrast, as data from the National Science Foundation (NSF) show, federal funding for
research in other scientific and engineering fields has been relatively stagnant for the past
two decades (Figure 1) (NSB, 2004). A new institute, the National Institute for Biomedical
Imaging and Bioengineering, was created at the National Institutes of Health in late

2000, and support for applied engineering research did
increase briefly between 2000 and 2003, mainly as a result
of funding increases at the U.S. Departments of Defense
(DOD) and Homeland Security (DHS), but subsequent
federal budgets suggest a return to minimal increases
(AAAS, 2005; NSB, 2004). Thus, the funding trend is on a
collision course with the changing nature of technological
innovation, which is becoming increasingly dependent on
interdisciplinary, systems-oriented research.

“Medical advances may seem like wizardry. But pull
back the curtain and sitting at the lever is a high-energy
physicist, a combinatorial chemist, or an engineer.... In
other words, the various sciences together constitute
the vanguard of medical research.” Harold Varmus,
Nobel Prize winner and former director of the National
Institutes of Health (2000).
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The National Academies have long urged the federal government to adopt a more
strategic approach to prioritizing federal funding for R&D. In a report published in 1995,
recommendations were proposed urging that federal investment be sufficient to (1) achieve
absolute leadership in research areas of key strategic interest to the nation (e.g., areas that
clearly determine public health and national security) and (2) keep the nation among the
leaders in all other scientific and technological areas to ensure that rapid progress can be
made in those areas in the event of technology surprises (NAS, 1995). The current feder-
ally funded R&D portfolio clearly falls short of both of these goals. Current investments
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in engineering and physical science research are not sufficient to
support the broad range of key national priorities, such as national
defense, homeland security, and the economic competitiveness of
American industry.

Indeed, the nation’s ability to capitalize on new knowledge resulting from large invest-
ments in life sciences research will depend on contributions from other sciences, espe-
cially engineering. Engineering research is founded on a disciplined approach to problem
solving and the application of sophisticated modeling, design, and testing tools to solve
problems. For instance, fundamental engineering research led to the creation of finite-
element methods of stress analysis, which have provided sophisticated computational tools
used by mechanical and structural engineers in a vast array of applications. Engineering
researchers have also made significant progress in using molecular dynamics to measure
time more precisely, a critical enabling technology for faster computers, global positioning
systems, wireless communications, and many other products in common use.

Many other technologies are based on the results of fundamental engineering research,
mostly conducted at universities. Thus, the investment gap between basic research in the
life sciences and fundamental, long-term research in complementary disciplines in engi-
neering and other fields not only undermines the nation’s capacity to capitalize on life sci-
ences research, but also compromises its ability to address large, complex challenges and
take advantage of technological opportunities related to energy sustainability, affordable
health care, and homeland security.

Broadly speaking, the most daunting challenges facing the nation in health care deliv-
ery, energy production and distribution, environmental remediation and sustainability,
national and homeland security, communications, and transportation pose complex
systems challenges that require parallel advances in knowledge in multiple disciplines of
engineering and science and collaboration and cross-fertilization among disciplines. In
fact, both basic and applied engineering research will be critical to the design and control
of processes and systems on which every major sector of the U.S. economy depends and
will be essential to meeting the challenges and taking advantage of the opportunities that
lie ahead. Yet federal investment in engineering and physical science research, particularly
long-term fundamental research, associated infrastructure, and education, does not reflect
their critical importance.

RECOMMENDATION 1. The committee strongly recommends that the federal R&D portfolio
be rebalanced by increasing funding for research in engineering and physical science to
levels sufficient to support the nation’s most urgent priorities, such as national defense,
homeland security, health care, energy security, and economic competitiveness.
Allocations of federal funds should be determined by a strategic analysis to identify areas
of research in engineering and science that support these priorities. The analysis should
explicitly include interdependencies among engineering and scientific disciplines to
ensure that important advances are supported by advances in complementary fields to
accelerate technology transfer and innovation.



ENGINEERING RESEARCH AND AMERICA’S FUTURE

DECLINE IN LONG-TERM RESEARCH

he imbalance in federal funding for research, combined with a shift in funding
by industry and federal mission agencies from long-term basic research to
short-term applied research, raises concerns about the level of support for long-
term, fundamental engineering research. The market conditions that once sup-
ported industrial investment in basic research at AT&T, IBM, RCA, General Electric, and
other giants of corporate America no longer hold. Because of competitive pressures, U.S.
industry has downsized its large, corporate R&D laboratories in physical sciences and
engineering and reduced its already small share of funding for long-term, fundamental
research. Although industry currently accounts for almost three-quarters of the nation’s
R&D expenditures, its focus is primarily on short-term applied research and product
development. In some industries, such as consumer electronics, even product develop-
ment is increasingly being outsourced to foreign contractors (Engardio et al., 2005).

Consequently, federal investment in long-term research in universities and national
laboratories has become increasingly important to sustaining the nation’s technological
strength. But just as industry has greatly reduced its investment in long-term engineering
research, engineering-intensive mission agencies have also shifted their focus to short-
term research. For example, DOD funding for both basic and applied research has fallen
substantially from peak levels in the 1990s, and cuts of more than 20 percent in 6.1, 6.2,
and 6.3 budget categories are projected for FY 2006 (AAAS, 2005). Given the importance
of DOD funding to engineering research in key disciplines—DOD funds about 40 percent
of engineering research at universities and more than 50 percent of research in electrical
and mechanical engineering—these reductions have had a significant impact on the level
of fundamental research conducted in a number of engineering fields (NRC, 2005).

Currently, most support for engineering research comes from federal mission agen-
cies and NSE. Major federal initiatives by mission agencies in areas such as manned space
flight, energy, and defense have played a critical role in stimulating the nation’s capacity to
engage in large-scale complex systems engineering and engineering research. Within NSF,
the Engineering Directorate has historically focused on basic engineering research and the
integration of research and education through engineering research centers (ERCs) and
other mechanisms. Thus, NSF is uniquely situated to catalyze change in engineering
research, education, and practice and to head a buildup of long-term fundamental
engineering research at the nation’s universities. NSF is especially important for linking
basic engineering research and education to fundamental scientific discoveries in physical,
natural, and social sciences.

The committee believes that restoring long-term engineering research in industry to
a substantial level would enhance the nation’s long-term economic health. Although pub-
licly traded corporations continue to be subject to intense financial pressures to limit
R&D to near-term product development, a strong case can be made for federal incentives
to encourage individual companies or consortia to reestablish basic research programs. In
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addition, more investment by NSF and mission agencies will be necessary, not only to keep
pace with the accelerating rate of technological change, but also to meet the economic,
social, environmental, and security challenges of an increasingly competitive, knowledge-
driven, global economy.

RECOMMENDATION 2. Long-term basic engineering research should be reestablished as a
priority for American industry. The federal government should design and implement
tax incentives and other policies to stimulate industry investment in long-term engineer-
ing research (e.g., tax credits to support private sector investment in university-industry
collaborative research).

EROSION OF THE
ENGINEERING RESEARCH INFRASTRUCTURE

ne result of the stagnation of federal investment in engineer-
ing research has been the deterioration of the engineering
research infrastructure at many schools of engineering. Only
a few research universities have facilities adequate for
advanced engineering research that can support increasingly systems-ori-
ented, interdisciplinary technological innovation. Many engineering
schools operate in old facilities, with laboratory equipment dating from
before the invention of the transistor, let alone the personal computer.
These institutions do not have the clean rooms, information systems, or
instrumentation necessary to contribute to technological leadership.

Research in many fields of engineering requires sophisticated, expen-
sive equipment and instruments that rapidly depreciate. Effective research
in many areas of microelectronics, bioengineering, and materials science
requires Class 10 and Class 100 clean rooms and precision instruments;
costs for these can exceed $100 million. Research and education in emerg-
ing fields, such as quantum computing, as well as established fields, such as
nuclear engineering, are suffering for want of resources for the development
and/or maintenance of facilities. In fact, it will take billions of dollars to
update facilities at hundreds of engineering schools nationwide. This
investment, however, would create geographically dispersed, world-class
research facilities that would make engineering attractive to more students (at home and
from abroad), stimulate cooperation, and maybe competition, among research groups
working on related problems, and provide a locus for networks of researchers and clusters
of industry across the nation.

RECOMMENDATION 3. Federal and state governments and industry should invest in upgrad-
ing and expanding laboratories, equipment, and information technologies and meeting
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other infrastructural needs of research universities and schools of engineering to ensure
that the national capacity to conduct world-class engineering research is sufficient to
address the technical challenges that lie ahead.

ENDANGERED TECHNICAL WORKFORCE

technically skilled workforce is essential to main-

taining leadership in innovation. Although

future demand for specific science and engi-

neering skills is notoriously difficult to predict,
it is reasonable to assume that an increasingly technical
world will require a technically proficient workforce. We
can also predict that meeting national and homeland secu-
rity needs will require many more U.S. citizens who are
educated in engineering. But simply increasing the number
of engineers will not be enough. The United States needs
engineers with the skills, imagination, and drive to compete
and take the lead in the world. Moreover, the United States
must ensure that it can still attract talented scientists and
engineers from abroad.

The stagnating federal investment in engineering research and research infrastructure
has weakened the human-capital foundation of the engineering research enterprise. The
innovation-driven nation we envision will require a large cadre of engineering researchers
with the depth of knowledge and creativity to create breakthrough technologies and systems.
In addition to solid grounding in fundamental engineering concepts, these engineers must
have the ability to address complex systems in multidisciplinary research environments.

However, like the engineering research infrastructure, the engineering professoriate is
aging rapidly. The faculty hiring boom of the 1960s, which was followed by a sharp down-
turn in hiring in the 1970s and a moderate pace since then, has resulted in increasing
numbers of engineering faculty at or near retirement age (NSB, 2003). Along with many
other factors, the aging research infrastructure and aging faculty, combined with inade-
quate support for and commitment to long-term, interdisciplinary research and associ-
ated curricular innovation, have made it extremely difficult to interest qualified American
students in pursuing undergraduate and graduate programs in engineering and science.

Comparisons with other countries reveal alarming differences. In China and Japan,
more than two-thirds of bachelor’s degrees are awarded in science and engineering. In the
25 member countries of the European Union, 36 percent of bachelor’s degrees are in
science and engineering, compared to only 24 percent in the United States, even though
a comparable number of degrees are awarded. The gap is even larger for science and
engineering Ph.D.s, (OECD, 2003).
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In addition, American secondary schools are not graduating
enough students with sufficient skills in mathematics and science
to ensure that an adequate supply of technically competent work-
ers will be available to meet future needs. International compar-
isons of math and science proficiency at various grade levels indi-
cate that, although American primary school students perform
well, U.S. high school students perform relatively poorly (Martin et
al., 2004; Mullis et al., 1998; National Commission on
Mathematics and Science Teaching for the 21st Century, 2000;
OECD, 2004). In a 1995 international assessment of mathematics
and science achievement in the final years of secondary school,
American high school students ranked close to last among students
in the 21 nations tested (Mullis et al., 1998). Eight years later,
despite significant investment and attention to the problem in
K-12 education, a similar assessment of mathematics achievement
of first- and second-year high school students showed little improvement. In 2004,
American students ranked between 25th and 28th among students in the 41 nations
tested (OECD, 2004).

RECOMMENDATION 4. Considering the importance of technological innovation to the
nation, a major effort should be made to increase the participation of American students
in engineering. To this end, the committee endorses the findings and recommendations of
the 2005 National Academy of Engineering report, Educating the Engineer of 2020:
Adapting Engineering Education to the New Century, which calls for system-wide efforts
by professional societies, industry, federal agencies, and educators at the higher education
and K-12 levels to align the engineering curriculum and engineering profession with the
needs of a global, knowledge-driven economy with the goal of increasing student interest
in engineering careers. Engineering education requires innovations, not only in the con-
tent of engineering curricula, but also in teaching methods that emphasize the creative
aspects of engineering to excite and motivate students.

One key approach to increasing the number of U.S. citizens with advanced degrees in
science and engineering is to attract more women and minorities to these fields. Currently,
males receive more than 75 percent of the doctoral degrees granted in physical sciences,
mathematics and computer science, and engineering, and more than two-thirds of gradu-
ate students in these fields are white (Figure 2). Increasing diversity in the engineering
student population and, ultimately, the engineering workforce will be essential to generat-
ing the intellectual vitality and tapping into the reservoirs of talent essential to long-term
U.S. economic and technological success.

In April 2004, White House Science Advisor Dr. John Marburger stated:

The future strength of the U.S. science and engineering workforce is imperiled by
two long-term trends. First, the global competition for science and engineering
talent is intensifying, such that the U.S. may not be able to rely on the international
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science and engineering labor market for its unmet skill
needs. Second, the number of native-born science and engi-
neering graduates entering the workforce is likely to decline
unless the nation intervenes to improve the education of sci-
ence and engineering students from all demographic groups,
especially those that have been underrepresented in science
and engineering careers.

Clearly, an important part of a strategy for reinvigorating U.S.
engineering research capacity will be attracting more women and
underrepresented minorities into science and engineering careers.
This will require both a major commitment and more effective strate-
gies for diversifying the science and engineering workforce.

RECOMMENDATION 5. All participants and stakeholders in the engineering community
(industry, government, institutions of higher education, professional societies, et al.)
should place a high priority on encouraging women and underrepresented minorities to
pursue careers in engineering. Increasing diversity will not only increase the size and
quality of the engineering workforce, but will also introduce diverse ideas and experiences
that can stimulate creative approaches to solving difficult challenges. Although this is
likely to require a very significant increase in investment from both public and private
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sources, increasing diversity is clearly essential to sustaining the capacity and quality of the
U.S. scientific and engineering workforce.

Up to now, foreign nationals have made up for the shortfall in domestic technical
talent. More than 50 percent of U.S. workers with doctorates in engineering and nearly
30 percent with master’s degrees in engineering in 2000 were foreign nationals (NSB,
2003). In U.S. graduate schools, almost one-third of all science and engineering graduate
students are foreign-born; in computer science and engineering, the proportion is almost
half (NSF, 2004a). The U.S. R&D workforce in industry and academia is, and will con-
tinue to be, heavily dependent on foreign nationals, who have made significant contribu-
tions to U.S. innovation in the past and will certainly continue to do so in the future (NAE,
1996; National Academies, 2003).

However, as technical capabilities and economic opportunities abroad improve and as
global competition for workers skilled in science and engineering increases, questions are
being raised about the ability of the United States to continue to attract and retain as many
foreign-born engineers and scientists in the future (NSB, 2003). Moreover, post-9/11
changes to U.S. immigration procedures may make attracting and retaining foreign scien-
tists and engineers even more difficult (National Academies, 2003; NSB, 2003).

At the same time, the national security research establishment, which will be looking
for a large technical workforce for the foreseeable future and is currently populated by a
rapidly aging engineering workforce, has introduced strict security requirements that
often preclude the hiring of foreign-born engineers and scientists (DOE, 1995; Sega,
2004). Thus, the technical requirements for national defense and homeland security are
contributing to the growing demand for engineers who are U.S. citizens.

RECOMMENDATION 6. A major federal fellowship-traineeship program in strategic areas
(e.g., energy; info-, nano-, and biotechnology; knowledge services; etc.), similar to the
program created by the National Defense Education Act, should be established to ensure
that the supply of next-generation scientists and engineers is adequate.

RECOMMENDATION 7. Immigration policies and practices should be streamlined (without
compromising homeland security) to restore the flow of talented students, engineers, and
scientists from around the world into American universities and industry.
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ROLE OF COLLEGES AND UNIVERSITIES

olleges and universities have a long history of contributing to U.S. preeminence
in technological innovation. Since 1862 when the Morrill Act created land-
grant universities, Congress has passed legislation to support institutions of
higher education as providers of new knowledge and educators of the technical
workforce. The Hatch Act of 1887 created agricultural and engineering experiment stations
to encourage technological advances in agriculture and the emerging industrial economy
(see Box 2). The second Morrill Act of 1890, which created 17 originally black land-grant
colleges, provided opportunities for minority students to participate in knowledge-based

BOX 2 AGRICULTURAL EXPERIMENT STATIONS

Created by the Hatch Act of 1887, agricultural experiment stations are the agricultural research arm
of land-grant universities. Their mission is to conduct research, investigations, and experiments
bearing on and contributing to the establishment and maintenance of a permanent and effective
agricultural industry in the United States. When the Hatch Act was passed, farmers made up most
of the population and controlled most of the assets and inputs associated with agricultural industry.

Research at agricultural experiment stations both contributed to and benefited from the industrial-
ization of U.S. agriculture. Over the years, research has led to the development of standardized equip-
ment, seeds, fertilizers, pesticides, feed formulations, farm management, marketing, food processing,
distribution, and transportation. In addition, farmers and agricultural scientists have been educated
and trained (Holt and Bullock, 1999).

Core funding for agricultural experiment stations is provided by a combination of state and federal
monies. Federal funding is allocated to each state based on a formula that takes into account the
state’s rural population and research cooperation. Average federal funding per state is $2.8 million
annually. Federal funds must be matched dollar for dollar with nonfederal funding.

Source: DOA, 2004.

occupations. The G.I. Bill in the 1940s, which provided educational opportunities to
returning servicemen and servicewomen, laid the foundations for America’s preeminence
in science and engineering. Large-scale government investment in research at academic
medical centers laid the foundations for U.S. preeminence in biomedicine (see Box 3).

By combining research with education, universities not only tap into the creativity of
young people, but also train them in critical thinking, research methodologies, and solid
engineering skills. Because of the high quality of the people and tools provided by
American universities, industries have chosen to locate their facilities in the United States,
and emerging industries have tended to cluster around major engineering research univer-
sities (e.g., Silicon Valley, Route 128, Research Triangle, etc.) where they have access to a
continuous supply of technical talent.
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BOX 3 ACADEMIC MEDICAL CENTERS

Academic medical centers (AMCs) typify an innovative model in which research, teaching, education, and prac-
tice are integrated to achieve a constant upward spiral of the development and implementation of medical tech-
nology and the training and education of skilled professionals prepared to make full use of medical innovations. A typical AMC comprises a
medical school, a teaching hospital, a network of affiliated hospitals, and a nursing school. Some AMCs also have schools of dentistry, schools
for allied health professionals, and schools of public health. These complex, multifunctional organizations have a three-part mission:

1. Training clinicians and biomedical researchers, thereby ensuring the distribution of medical skills and specialties.
2. Providing advanced specialty and tertiary care and, therefore, adopting the latest technologies.
3. Conducting biomedical research, ranging from laboratory-based fundamental research to population-based clinical studies.

Between 1960 and 1992, the average medical school budget in the United States increased nearly tenfold. Basic science faculty increased
from 4,023 to 15,579, and clinical faculty increased even more rapidly, from 7,201 to 65,913. As of the late 1990s, about 30 percent of all
health-related R&D in the nation was being done at AMCs.

AMC research is funded from a variety of sources. The federal government funds the majority of AMC research (nearly 70 percent), espe-
cially basic biomedical research. Foundations, philanthropic organizations, and individual donors are also important sources of research fund-
ing. In addition, a substantial portion of research is funded internally. Revenues from faculty practice plans, for example, underwrite about
9 percent of research (mostly clinical). Universities also provide institutional funding to support the direct costs of research.

Source: NAE, 2003.

An academic campus is one of the few places where precompetitive, use-inspired,
long-term basic research can be conducted without the constraints of quarterly earnings.
In partnership with industry and national laboratories, universities can bring together
experts from many disciplines to investigate problems related to agency missions or meet
specific product/service goals. At the same time, university students can learn systems
thinking and gain an understanding of market forces through internships and participa-
tion in research projects. No other institutions have the same capabilities.

The federal government must take the lead in initiating and sustaining investment to
maximize the potential of universities to generate human capital, fundamental knowledge,
and systems understanding. With sufficient resources, many schools of engineering could
modernize their facilities, thereby making engineering much more attractive to incoming
freshmen and helping to sustain their interest in pursuing advanced degrees. Engineering
laboratories with state-of-the-art technology would greatly improve the quality of
engineering education and create opportunities for thousands of creative young people to
contribute to the innovation process. Increased funding for engineering research would
also create opportunities for doctoral students and attract gifted U.S. citizens, as well as
talented students from around the world, to doctoral programs. The influx of dollars and
creativity would make research more exciting and diverse.

Today, most federal investment in engineering research and education is provided by
a handful of mission agencies—DOD, DHS, U.S. Department of Energy (DOE), U.S.
Department of Transportation (DOT), National Aeronautics and Space Administration
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(NASA)—as well as NSF (NSB, 2003). Although NSF
is a relatively small contributor, the agency plays an
important role in linking basic engineering research
and education to fundamental scientific discoveries in
physical, natural, and social sciences.

In the past two decades, NSF has sponsored a significant number of interdisciplinary
research centers involving engineering. Most prominent among these are the 22 university-
based ERC:s, each focusing on a single topical area. To ensure that the research is directed
toward meeting real-world needs, the research priorities for ERCs are agreed upon by
industry and the university. Other university-based research centers involving engineer-
ing include NSF science and technology centers and materials research science and engi-
neering centers; DOE materials research centers; DOT transportation research centers;
and the nanotechnology research centers sponsored by NSF, NASA, and DOE (DOE,
2004; DOT, 2004; NNI, 2004; NSE, 2004b,c). The activities of these multidisciplinary
centers have not only contributed to the solutions of engineering-systems problems, but
have also expanded the educational scope of students, faculty, and industry researchers
(NSE, 2004c; Parker, 1997).

In spite of severe fiscal constraints, several large states have recognized that research
and technology-development capacity are key elements in restoring their economic pros-
perity in an intensely competitive, global, technology-driven marketplace. California,
Texas, Ohio, Wisconsin, and other states have either made or are planning to make major
investments in their research universities in specific technological areas, including nano-
technology, biotechnology, and information systems and communications (CAL-ISI,
2004; Ohio 3rd Frontier Project, 2004; Seely, 2004; State of Texas, 2004). The governor of
Texas, for example, recently announced plans to invest $150 million in regional centers of
innovation and commercialization to house collaborative projects between universities
and private industry (State of Texas, 2004). In California, centers have been created
throughout the University of California system to focus resources on advanced technology
development (CAL-ISI, 2004). Many other state governments have acknowledged the
importance of technology-based economic development and the critical role of universi-
ties, particularly schools of engineering, in their economic development strategies.

RECOMMENDATION 8. Links between industry and research universities should be expanded
and strengthened. The committee recommends that the following actions, funded
through a combination of tax incentives and federal grants, be taken:

= Support new initiatives that foster multidisciplinary research to address major
challenges facing the nation and the world.

m Streamline and standardize intellectual property and technology-transfer policies
in American universities to facilitate the transfer of new knowledge to industry.

m  Support industry engineers and scientists as visiting “professors of practice” in
engineering and science faculties.

m  Provide incentives for corporate R&D laboratories to host advanced graduate and
postdoctoral students (e.g., fellowships, internships, etc.).
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DISCOVERY-INNOVATION INSTITUTES: A PATH AHEAD

S. leadership in innovation will require commitments
and investments of funds and energy by the private
sector, federal and state governments, and colleges and
universities. The committee believes that a bold, transfor-
mative initiative, similar in character and scope to initiatives under-
taken in response to other difficult challenges (e.g., the Land Grant
Acts, the G.I. Bill, and the government-university research partner-
ships) will be necessary for the United States to maintain its leadership
in technological innovation. The United States will have to reshape its
engineering research, education, and practices to respond to challenges
in global markets, national security, energy sustainability, and public
health. The changes we envision are not only technological, but also
cultural; they will affect the structure of organizations and relation-
ships between institutional sectors of the country. This task cannot be
accomplished by any one sector of society. The federal government,
states, industry, foundations, and academia must all be involved.

Research universities are critical to generating new knowledge,
building new infrastructure, and educating innovators and entrepre-
neurs. The Land-Grant Acts of the nineteenth century and the G.I. Bill
and government-university research partnerships of the twentieth
century showed how federal action can catalyze fundamental change.
In the past, universities dealt primarily with issues and problems that could be solved
either by a disciplinary approach or by a multidisciplinary approach among science and
engineering disciplines (e.g., ERCs). To meet future challenges, however, universities will
need a new approach that includes schools of business, social sciences, law, and humani-
ties, as well as schools of science, engineering, and medicine. Solving the complex systems
challenges ahead will require the efforts of all of these disciplines.

RECOMMENDATION 9. Multidisciplinary
discovery-innovation institutes should be
established on the campuses of research
universities to link fundamental scientific
discoveries with technological innovations
to create products, processes, and services
to meet the needs of society. Funding
should be provided by federal and state
governments, industry, foundations, the
venture capital and investing community,
and universities.
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Discovery-innovation institutes would be foci for long-term fundamental and applied
engineering research on major societal challenges and opportunities, would create new
models of sectoral and disciplinary interaction on university campuses, and, indeed, would
change the culture of research in this country. The committee envisions a large number of
diverse institutes, some based at single universities, some involving consortia of institu-
tions, and some focused on strengthening the research and educational capacity of a wide
variety of institutions. With the participation of many scientific disciplines and profes-
sions, as well as various economic sectors (e.g., industry, federal and state governments,
foundations, entrepreneurs, and venture capitalists), the institutes would be similar in
character and scale to academic medical centers and agricultural experiment stations. In
scope and transformational power, discovery-innovation institutes would be analogous
to the agricultural experiment stations created by the Hatch Act of 1887 and the comple-
mentary creation of cooperative extension programs authorized by the Smith-Lever Act
of 1914.

Operationally, discovery-innovation institutes would be comparable to academic med-
ical centers, which combine research, education, and practice in state-of-the-art facilities
and address significant national priorities rather than applications-driven research and
technology centers, such as engineering experiment stations and federally funded R&D
centers (e.g., MIT’s Lincoln Laboratory and Carnegie Mellon’s Software Engineering
Institute). Like academic medical centers and other large research initiatives, discovery-
innovation institutes would stimulate significant commercial activity, as clusters of start-
up firms, private research organizations, suppliers, and other complementary groups and
businesses locate nearby; in this way, the institutes would stimulate regional economic
development. Some of the existing NSF-sponsored ERCs could serve as starting points for
the development of discovery-innovation institutes. An effective way to initiate a discovery-
innovation institute program on a pilot basis might be to expand the charter of one or two
ERCs to include the multidisciplinary scope and scale of the research, education, innova-
tion, and technology transfer activity of fully developed discovery-innovation institutes.

Discovery-innovation institutes would require the active involvement of industry and
national laboratories to fulfill their missions of conducting long-term research to convert
basic scientific discoveries into innovative products, processes, services, and systems. They
would stimulate the creation of new infrastructure, encourage (in fact, require) interdisci-
plinary linkages, and lead to the development of educational programs that could produce
new knowledge for innovation and educate the engineers, scientists, innovators, and
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entrepreneurs of the future (Figure 3). Discovery-innovation institutes
would be characterized by partnership, interdisciplinary research, educa-
tion, and outreach.

FIGURE 3 Discovery-innovation institutes.

CAMPUS LINKAGES DISCOVERY-INNOVATION NATIONAL PRIORITIES

Sciences INSTITUTES Economic competitiveness

Professional schools \ National and homeland security
Link scientific discovery with Public health and social well-being

PRIVATE-SECTOR LINKAGES societal applications

Industry partnerships GLOBAL CHALLENGES

Entrepreneur participation — ~e—s»] Educate and train innovators, —>  Global sustainability
entrepreneurs, and engineers Geopolitical conflict

PUBLIC-SECTOR LINKAGES

Federal agencies Build infrastructure \ OPPORTUNITIES
National laboratories (laboratories, cybersystems, etc.) Emerging technologies
States Interdisciplinary activities

Analogous to agricuture experiment Complex large-scale systems
stations and acdemic medical centers

i

SUPPORT Entrepreneur participation

Core federal support (e.g., Hatch Act) University participation

State participation (physical facilities) Co-investment

Industry participation Policies (e.g., for intellectual properry)
Partnership

The federal government would provide core support for the discovery-innovation
institutes on a long-term basis (perhaps a decade or more, with possible renewal). States
would be required to contribute to the institutes (perhaps by providing capital facilities).
Industry would provide challenging research problems, systems knowledge, and real-life
market knowledge, as well as staff who would work with university faculty and students
in the institutes. Industry would also fund student internships and provide direct finan-
cial support for facilities and equipment (or share its facilities and equipment).
Universities would commit to providing a policy framework (e.g., transparent and effi-
cient intellectual property policies, flexible faculty appointments, responsible financial
management, etc.), educational opportunities (e.g., integrated curricula, multifaceted stu-
dent interaction), knowledge and technology transfer (e.g., publications, industrial out-
reach), and additional investments (e.g., in physical facilities and cyberinfrastructure).
Finally, the venture capital and investing community would contribute expertise in licens-
ing, spin-off companies, and other avenues of commercialization.



ENGINEERING RESEARCH AND AMERICA’S FUTURE

Interdisciplinary Research

Although most discovery-innovation institutes would
involve engineering schools (just as the agricultural experi-
ment stations involve schools of agriculture), they would
require strong links with other academic programs that
generate fundamental new knowledge through basic research (e.g., physical sciences,
life sciences, and social sciences), as well as other disciplines critical to the innovation
process (e.g., business, medicine, and other professional disciplines). These campus-based
institutes would also attract the participation (and possibly financial support) of estab-
lished innovators and entrepreneurs.

Education

Engineering schools and other programs related to the discovery-innovation insti-
tutes would be stimulated to restructure their organizations, research activities, and edu-
cational programs. Changes would reflect the interdisciplinary team approaches for
research that can convert new knowledge into innovative products, processes, services,
and systems and, at the same time, provide graduates with the skills necessary for innova-
tion. These changes would also generate strategies for retaining undergraduates in engi-
neering programs and attracting and retaining students from diverse backgrounds.
Discovery-innovation institutes would provide a mechanism for developing and imple-
menting innovative curricula and teaching methods.

Outreach

Just as the success of the agricultural experiment stations depended on their ability to
disseminate new technologies and methodologies to the farming community through the
cooperative extension service, a key factor in the success of discovery-innovation institutes
would be their ability to facilitate implementation of their discoveries in the user com-
munity. Extensive outreach efforts based on existing industry and manufacturing exten-
sion programs at engineering schools would be an essential complement to the research
and educational activities of the institutes. Outreach should also include programs for
K-12 students and teachers that would build enthusiasm for the innovation process and
generate interest in math and science.

Research Priorities

This initiative would stimulate and support a very wide range of discovery-innovation
institutes, depending on the capacity and regional characteristics of a university or con-
sortium and on national priorities. Some institutes would enter into partnerships directly
with particular federal agencies or national laboratories to address fairly specific technical
challenges, but most would address broad national priorities that would require relation-
ships with several federal agencies. Awards would be made based on (1) programs that
favor fundamental research driven by innovation in a focused area; (2) strong industry
commitment; (3) multidisciplinary participation; and (4) national need. Periodic reviews
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BOX4 LARGE COMPLEX SYSTEMS

The development of methodologies for creating very large, complex systems would be an ideal focus for a
discovery-innovation institute. Experience shows that the development of such systems always costs more and
takes longer than anticipated, and usually results in less capability than desired. The solutions require the inte-
gration of knowledge from many disciplines and the modification of plans based on experience gained from
the implementation of subsystems.

To create systems on a “learn as you go” basis requires a strategy for collecting and analyzing information from the early use of subsys-
tems and dynamic management of budgets and schedules, without compromising accountability. However, there are no accepted method-
ologies for this type of sequential management of systems based on incremental implementation. Even selecting the sequence of subsys-
tem implementation based on where the most valuable experience is likely to be gained as early as possible is not standard practice.

Although computer-based tools are emerging to improve collaboration among large teams working on common problems, analogous tools
for the development of large, complex systems are not available. Systems-engineering researchers at the nation’s universities could inte-
grate research from many disciplines to develop new methodologies and tools for the creation and management of large, complex systems.
Faculty members who work on these projects would gain direct experience with the pressures and problems of system development.

System development could lead to new approaches to embedding automated information-collection capabilities into systems, using collab-
orative computing to gain early insight into system performance, broadening the education of engineers to include exposure to manage-
ment complexities, and developing new materials for research and education.

These systems reside and operate in a complex environment that raises financial, political, social, and ethical issues. Mobilizing multidisci-
plinary teams to address these issues would be an important step toward maximizing their social and economic benefits.

would ensure that the institutes remain productive and continue to progress on both
short- and long-term deliverables. The examples below suggest some areas of focus for
institutes (see also Boxes 4 and 5):

m Institutes linking engineering with the physical sciences, social sciences, environ-
mental sciences, and business programs to address the urgent national challenge of
developing sustainable energy sources, including, for instance, the production,
storage, distribution, and uses of hydrogen-based fuels for transportation.

= Institutes linking engineering with the creative arts (visual and performing arts,
architecture, and design) and the cognitive sciences (psychology, neuroscience) to
conduct research on the innovation process per se.

m Institutes linking engineering systems research with business schools, medical
schools, schools of education, and the social and behavioral sciences to address
issues associated with the knowledge-services sector of the economy.
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BOX 5 BEYOND CMOS

Semiconductors represent a critical foundational technology for innovation in most industries and have helped
the United States achieve unprecedented economic prosperity and defense superiority. Most semiconductor
products are based on CMOS technology, which is likely to reach its fundamental limits—primarily for power dis-
sipation and reliability—in about 15 years. Because there is typically a 15-year lag from research to production,
the time to initiate the successor to CMOS is now. The successor technology will be in the broad area of nano-
electronics, but currently it is neither defined nor understood.

The Semiconductor Industry Association has proposed the concept of a nanoelectronics research initiative (NRI)
to meet this urgent need. The objective of the NRI is: “By 2020 to discover and reduce to practice via tech-
nology transfer to industry novel non-CMOS devices, technology, and new manufacturing paradigms which will
extend the historical cost/function reduction, along with increased performance and density for another sever-
al orders of magnitude beyond the limits of CMOS.”

Like the discovery-innovation institutes initiative, the NRI is envisioned as a partnership of industry, government, and academia. The NRI would
be primarily university-based, with federal funds leveraged by state and industry contributions. Industry assignees will effectively and swiftly
move results from universities to companies.

Source: Apte and Matisoo, 2004.

m Institutes linking engineering with social sciences and professional schools to con-
duct research on communication networks to determine capacity, identify bottle-
necks, estimate extendibility, and define performance characteristics of complex
systems that comprise terrestrial, wired, wireless, and satellite subnets, as well as
the legal, ethical, political, and social issues raised by the universal accessibility
of information.

= Institutes linking engineering, business, and public policy programs with biomedical
sciences programs to develop drugs, medical procedures, protocols, and policies to
address the health care needs and complex societal choices for an aging population.

Funding

The committee recognizes that federal and state budgets are severely constrained and
are likely to remain so for the foreseeable future. Nevertheless, with revised national R&D
investment priorities and public understanding of the critical need for public investment
in research to sustain national security and prosperity, the required sums could be made
available. The level of investment and commitment would be analogous to the invest-
ments in the late nineteenth century that created and sustained the agricultural experi-
ment stations, which endure to this day and have had incalculable benefits for agriculture
and the nation as a whole. We expect similar results from discovery-innovation institutes.

On the federal level, the discovery-innovation institutes should be funded jointly by
agencies with responsibilities for basic research and missions that address major national
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priorities (e.g., NSE, DOE, NASA, DOD, DHS, DOT, U.S. Department of Commerce,
Envirnmental Protection Agency, and U.S. Department of Health and Human Services).

States would be required to contribute to the institutes (perhaps by providing capital
facilities). Industry would provide challenging research problems, systems knowledge, and
real-life market knowledge, as well as staff who would work with university faculty and
students in the institutes. Industry would also fund student internships and provide direct
financial support for facilities and equipment (or share its facilities and equipment).
Universities would commit to providing a policy framework (e.g., transparent and efficient
intellectual property policies, flexible faculty appointments, responsible financial manage-
ment, etc.), educational opportunities (e.g., integrated curricula, multifaceted student
interaction), knowledge and technology transfer (e.g., publications, industrial outreach),
and additional investments (e.g., in physical facilities and cyberinfrastructure). Finally, the
venture capital and investing community would contribute expertise in licensing, spin-off
companies, and other avenues of commercialization.

CONCLUSION

xciting opportunities in engineering lie ahead. Some involve rapidly emerging

fields, such as information systems, bioengineering, and nanotechnology. Others

involve critical national needs, such as sustainable energy sources and homeland

security. Still others involve the restructuring of engineering education to ensure
that engineering graduates have the skills, understanding, and imagination to design and
manage complex systems. To take advantage of these opportunities, however, investment
in engineering education and research must be a much higher priority.

The United States has the proven ability and resources to

“We are not graduating the volume [of scientists
and engineers], we do not have a lock on the infra-
structure, we do not have a lock on the new ideas,
and we are either flat-lining, or in real dollars cut-
ting back, our investments in physical science. The
only crisis the U.S. thinks it is in today is the war on
terrorism. It’s not!” Craig Barrett, CEO of Intel and
current chairman of the National Academy of
Engineering (Friedman, 2004).

take the global lead in innovation. Scientists and engineers can
meet the technological challenges of the twenty-first century,
just as they responded to the challenges of World War II by cre-
ating the tools for military victory and just as they mounted an
effective response to the challenge of Sputnik and Soviet
advances in space. With adequate federal investment and the
participation of other stakeholders in engineering research,
education, and professional practice, we can realize this vision.

The country is at a crossroads. We can either continue on
our current course—living on incremental improvements to
past technical developments and gradually conceding techno-
logical leadership to trading partners abroad—or we can take
control of our destiny and conduct the necessary research, cap-
ture the intellectual property, commercialize and manufacture
the products, and create the high-skill, high-value jobs that
define a prosperous nation.



REFERENCGES

AAAS (American Association for the Advancement of Science). 2005. Analysis of R&D
in the FY 2006 Budget. Available online at: http://aaas.org/spp/rd/pre/06pr.htmihs.

Apte, P, and J. Matisoo. 2004. Semiconductor Industry Association, Issues, Technology
Strategy Committee Mission Statement. Available online at: http://www.siaonline.org/
iss_technology.cfim.

CAL-ISI (California Institutes of Science and Innovation). 2004. California Institutes
of Science and Innovation Home Page. Available online at: http://www.ucop.edu/
california-institutes/.

Constable, G., and R. Somerville. 2003. A Century of Innovation: Twenty Engineering
Achievements That Transformed Our Lives. Washington, D.C.: Joseph Henry Press.

COSEPUP (Committee on Science, Engineering and Public Policy). 2002. Observations
on the President’s Fiscal Year 2003 Federal Science and Technology Budget.
Washington, D.C.: National Academies Press.

Council on Competitiveness. 2001. Imperatives for Innovation: The Second National
Innovation Summit 2001. Washington, D.C.: Council on Competitiveness. Executive
summary available online at: http://www.compete.org/pdf/summit_exsumm.pdf.

Council on Competitiveness. 2004. Innovate America. Washington, D.C.: Council on Compe-
titiveness. Available online at: http://www.compete.org/pdf/NII_Final_Report.pdf.

DOA (U.S. Department of Agriculture). 2004. Cooperative State Research, Education,
and Extension Service. Available online at: http://www.csrees.usda.gov/.

DOE (U.S. Department of Energy). 1995. Alternative Futures for the Department of
Energy National Laboratories. Final Report of the Secretary of Energy Advisory
Board Task Force on Alternative Futures for the Department of Energy National
Laboratories. Washington, D.C.: U.S. Department of Energy.

DOE. 2004. Office of Basic Energy Sciences: BES Scientific User Facilities. Available
online at: http://www.sc.doe.gov/bes/BESfacilities. htm.

DOT (U.S. Department of Transportation). 2004. University Transportation Centers
(UTC) Program. Available online at: http://utc.dot.gov/.

Engardio, P, B. Einhorn, M. Kripalani, A. Reinhardt, B. Nussbaum, and P. Burrows. 2005.
Outsourcing Innovation. BusinessWeek Online, March 21, 2005. Available online at:
http://www.businessweek.com/magazine/content/05_12/b3925601.htm.

Engineering Workforce Commission. 2004. Engineering and Technology Degrees, 2004.
Washington, D.C.: American Association of Engineering Societies.

Friedman, T.L. 2004. Losing Our Edge to China, India, Japan. New York Times, April 22,
2004, p. A27. Available online at: http://www.nytimes.com/2004/04/22/opinion/22
FRIE.html?ex=1092456000¢en=9bea80834cbbcc39¢ei=5070ex=1083612252¢ ei=
1&en=7bf396efdbca03b1.

31



32

Holt, D.A., and ].B. Bullock. 1999. Are research alliances between private firms and land
grant universities compatible with the original purpose? AgBioForum 2(1): 11-16.

Marburger, J.H. 2004. Achieving Diversity in Science and Engineering. Keynote Address,
A Celebration of Pioneering African Americans in Physics, University of Michigan,
Ann Arbor, Michigan, March 17, 2004.

Martin, M.O., L.V.S. Mullis, E.J. Gonzalez, and S.]. Chrostowski. 2004. Findings from [EA’s
Trends in International Mathematics and Science Study at the Fourth and Eighth
Grades. Chestnut Hill, Mass.: TIMSS & PIRLS International Study Center, Boston
College. Available online at: http://timss.bc.edu/timss2003i/scienceD.html.

Mullis, I.V.S., M.O. Martin, A.E. Beaton, E.J. Gonzalez, D.L. Kelly, and T.A. Smith. 1998.
Mathematics and Science Achievement in the Final Years of Secondary School: IEA’s
Third International Mathematics and Science Report. Chestnut Hill, Mass.: TIMSS &
PIRLS International Study Center, Boston College. Available online at:
http://timss.be. edu/timss1995i/MathScienceC.html.

NAE (National Academy of Engineering). 1996. Foreign Participation in U.S. Research
and Development. Washington, D.C.: National Academy Press.

NAE. 2003. The Impact of Academic Research on Industrial Performance. Washington,
D.C.: National Academies Press.

NAE. 2004. The Engineer of 2020: Visions of Engineering in the New Century. Washington,
D.C.: National Academies Press.

NAE. 2005a. Educating the Engineer of 2020: Adapting Engineering Education to the
New Century. Washington, D.C.: National Academies Press.

NAE. 2005b. Building a Better Delivery System: A New Engineering/Health Care
Partnership. Washington, D.C.: National Academies Press.

NAS (National Academy of Sciences), National Academy of Engineering, Institute of
Medicine, and National Research Council. 1995. Allocating Federal Funds for Science
and Technology. Washington, D.C.: National Academy Press.

National Academies. 2003. Current Visa Restrictions Interfere with U.S. Science and
Engineering Contributions to Important National Needs. Statement issued by Bruce
Alberts, President, National Academy of Sciences; Wm. A. Wulf, President, National
Academy of Engineering; and Harvey Fineberg, President, Institute of Medicine
(Revised June 13, 2003). Available online at: http://www4.nationalacademies.org/news.
nsf/0a254cd9b53e0bc585256777004e74d3/e061a6d4c13ed9ec85256ca70072dce5?
OpenDocument.

NCMST (National Commission on Mathematics and Science Teaching for the 21st
Century). 2000. Before It’s Too Late: A Report to the Nation. Jessup, Md.: Education
Publications Center.



NNI (National Nanotechnology Initiative). 2004. NNI Centers, Networks and Facilities.
Available online at: http://nano.gov/html/centers/nnicenters.html.

NRC (National Research Council). 2001. Trends in Federal Support of Research and
Graduate Education. Washington, D.C.: National Academy Press.

NRC. 2005. Assessment of Department of Defense Basic Research. Washington, D.C.:
National Academies Press.

NSB (National Science Board). 2003. The Science and Engineering Workforce: Realizing
America’s Potential. NSB 0369. Available online at: http://www.nsf.gov/nsb/documents/
2003/nsb0369/nsb0369.pdf.

NSB. 2004. Science and Engineering Indicators 2004. NSB 04-01B. Available online at:
http://www.nsf.gov/nsb/documents/2004/nsb04-01B/nsb04-01B.pdf.

NSF (National Science Foundation). 2003. Federal Funds for Research and Development,
Detailed Historical Tables: Fiscal Years 1951-2002. NSF 03-325. Available online at:
http://www.nsf.gov/sbe/srs/nsf03325/start. htm.

NSE 2004a. Federal Funds for Research and Development: Fiscal Years 2001, 2002, and
2003. Vol. 51. NSF-04-310. Available online at: http://www.nsf.gov/sbe/srs/nsf04310/
start.htm.

NSE  2004b. National Science Foundation Engineering Research Center Fact Sheets.
Available online at: http://www.erc-assoc.org/factsheets/start.htm.

NSE. 2004c. ERC Achievements Showcase. Available online at: http://www.erc-assoc.org/
showcase/education_and_outreach.htm.

NSE 2004d. Update of Directorate Activities. Presentation by John A. Brighton, Assistant
Director for Engineering, to the Advisory Committee for Engineering, November 3,
2004. Available online at: http://www.eng.nsf.gov/engadvise/Fall2004/Fall2004.htm.

OECD (Organization for Economic Cooperation and Development). 2003. OECD S&T
Scoreboard. Paris, France: OECD.

OECD. 2004. Learning for Tomorrow’s World: First Results from PISA 2003. Programme
on International Student Assessment. Paris, France: OECD. Available online at:
http://www.pisa.oecd.org/.

O’Harrow, R., Jr. 2004. Tiny Sensors That Can Track Anything. Washington Post,
September 24, 2004, p. E1.

Ohio 3rd Frontier Project. 2004. Pioneering the 3rd Frontier of Science and Innovation.
Available online at: http://www.ohio3rdfrontier.org/index.asp.

Parker, L. 1997. The Engineering Research Centers (ERC) Program: An Assessment of
Benefits and Outcomes. Arlington, Va.: National Science Foundation. Available online
at: http://www.nsf.gov/pubs/1998/nsf9840/nsf9840.htm.

33



34

PCAST (President’s Committee of Advisors on Science and Technology). 2002. Assessing
the U.S. R&D Investment. Available online at: http://www.ostp.gov/PCAST/FINAL
R&AHDREPORTWITHLETTERS. pdf.

PCAST. 2004a. Sustaining the Nation’s Innovation Ecosystem: Maintaining the Strength of
Our Science and Engineering Capabilities. Available online at: http://www.ostp.gov/
PCAST/FINALPCASTSECAPABILITIESPACKAGE.pdf.

PCAST. 2004b. Sustaining the Nation’s Innovation Ecosystem: Information Technology,
Manufacturing and Competitiveness. Available online at: http://ostp.gov/pcast/FINAL
PCASTITManuf%20ReportPackage.pdyf.

Seely, R. 2004. State Will Aid Stem-Cell Institute Research Facility Will Be Built at
UW-Madison. Wisconsin State Journal (November 18): Al. Available online at:
http://www.madison.com/archives/read.php?ref=ws;j:2004:11:18:393898:FRONT.

Sega, R.M. 2004. Presentation to the NAE Committee to Assess the Capacity of U.S.
Engineering Research Enterprise, July 14, 2004, National Academy of Engineering,
Washington, D.C.

State of Texas, Office of the Governor. 2004. Gov. Perry Calls for Renewal of Successful
Enterprise Fund, Creation of Emerging Technology Fund. Press release, December 13,
2004. Available online at: http://www.utsystem.edu/news/2004/GovPerryNew-
Emerging TechFund12-13-04.pdf.

Varmus, H. 2000. Squeeze on Science. Washington Post, October 4, 2000, p. A33.



ENGINEERING RESEARCH AND AMERICA’S FUTURE

ANNOTATED BIBLIOGRAPHY

Vital Assets: Federal Investment in Research and Development at the Nation’s Universities
and Colleges. RAND. 2004.

Between fiscal year (FY) 1996 and FY 2002, total federal research and development
(R&D) funds going to universities and colleges increased from $12.8 billion to $21.4 bil-
lion, an overall increase of 45.7 percent in constant 1996 dollars. The increase was more
than twice the overall increase in total federal R&D funds of 20.9 percent. In FY 2002,
45 percent of all federal R&D funds provided to universities and colleges by the U.S.
Department of Health and Human Services and all other federal agencies went directly to
medical schools. The Medical School at Johns Hopkins University alone received more in
R&D funding than all but nine universities and colleges in the nation.

The profile of federally funded R&D at universities and colleges that emerges from
this analysis raises questions about the proportionality of funding. In the current fund-
ing profile, approximately two-thirds of the federal funds going to universities and col-
leges for R&D is focused on one field of science—life science—and is concentrated at a
few research universities. These findings raise questions about whether other critical
national needs that have substantial R&D components (e.g., the environment, energy,
homeland security, and education) are receiving the investment they require and whether
the concentration of dollars at a few institutions is shortchanging science students at insti-
tutions that receive little or no federal R&D funding.

Critical Choices: Science, Energy, and Security. Final Report of the Secretary of Energy
Advisory Board Task Force on the Future of Science Programs at the Department of
Energy. October 2003.

In the last 30 years, the federal investment in research in the physical sciences and
engineering has been nearly stagnant, having increased less than 25 percent in constant
dollars. The corresponding investment in life science research has increased more than
300 percent. In 1970, research in physical sciences, engineering, and life sciences was
funded at a total annual level of approximately $5 billion in 2002 dollars. Today, physical
science and engineering research are funded at approximately $5 billion and $7.5 billion,
respectively. The current funding for life sciences is about $22 billion.
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During this same period, the U.S. Department of Energy (DOE) national laboratories
have suffered from decay and deferred maintenance, and U.S. industry has largely phased
out its basic physical sciences, mathematics, and engineering research programs and
organizations. As a result, the United States is no longer the clear leader in some impor-
tant areas of science.

The report recommends that DOE embark on three major, highly visible research ini-
tiatives to fulfill its mission of leadership in energy, security, and science. The first initia-
tive should directly address a basic issue in energy production, storage, distribution, or
conservation. The second should establish world leadership in the application of
advanced computation and simulation to basic scientific problems. And the third should
provide a pioneering research facility for the pursuit of basic science.

Assessing the U.S. R&D Investment. Prepared by the Panel on Federal Investment in
Science and Technology and Its National Benefits, President’s Council of Advisors on
Science and Technology. October 2002.

FUNDING FOR RESEARCH AND DEVELOPMENT. There have been considerable shifts in the
sources of funding for U.S. R&D. In FY 2000, private sector R&D accounted for 67 per-
cent of the total, and federal funding accounted for a mere 30 percent. In 1976, the split
was about 50/50, and prior to 1975, the share of federal funding was larger than the indus-
try share. With the predominance of industry R&D, basic and applied research as a per-
centage of total R&D will most likely drop. If there is not enough investment in basic and
applied research, no significant advances in new products, services, defense, or health will
be made, and we can expect that 25 years from now the United States will be an importer,
rather than an exporter, of most goods and services.

Another major change has taken place in the disciplinary areas funded over the last
25 years. In FY 1970, support for the three major areas of research (physical and envi-
ronmental sciences, life sciences, and engineering) was about equal. Today, the life
sciences receive 48 percent of federal R&D funding compared to 11 percent for the
physical sciences and 15 percent for engineering. The lack of funding in the latter two
disciplines raises a number of concerns:

m  The number of full-time graduate students and Ph.D. students in most physical
sciences, mathematics, and engineering disciplines is decreasing; the number in
the life sciences is increasing.

m Facilities and infrastructure in general for the physical sciences are less than
adequate for the needs of today’s researchers.

m Interdependencies among disciplines require that research in all disciplines
advance together.

HUMAN RESOURCES. The number of full-time graduate students in most fields of science
and engineering has either declined or remained stagnant (based on 1998 data). Nearly
half of the students earning doctorates in science and engineering fields and nearly
35 percent of those earning master’s degrees in the United States are foreign born.
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Compared to other countries, the United States is at the low end in terms of the number
of 24-year-olds attracted to the natural sciences and engineering; in 1975, the United States
was at the high end. These statistics are for four-year degrees and higher degrees, but sim-
ilar problems exist at the technical/community college level.

KEY RECOMMENDATIONS. 1. Beginning with FY 2004, the R&D budget should be adjusted
upward for the physical sciences and engineering to bring them collectively to parity with
the life sciences over the next four budget cycles. 2. A major program of fellowships
should be established to attract U.S. citizens to science and engineering fields that support
critical national needs.

Sustaining the Nation’s Innovation Ecosystems, Information Technology Manufacturing
and Competitiveness. Prepared by the Subcommittee on Information Technology
Manufacturing and Competitiveness, President’s Council of Advisors on Science and
Technology. January 2004.

The world is on the brink of a new industrial world order. Those who simply make
commodities faster and cheaper than the competition will not be the big winners in the
increasingly fierce global scramble for supremacy. The winners will be those who develop
talent, techniques, and tools so advanced that they have no competition. This will mean
securing unquestioned superiority in nanotechnology, biotechnology, and information
science and engineering. And it will require upgrading and protecting investments that
have given us our present national stature and unsurpassed standard of living.

U.S. leadership in technology and innovation depends on dynamic innovation eco-
systems, built on strong investment in basic R&D, skilled scientists and engineers, a
flexible, skilled workforce, reliable infrastructure, and a supportive regulatory and legal
environment. The United States will need increased federal funding for basic research in
nanotechnology, information technology, and manufacturing R&D and improvements in
science and technology education and related workforce skills to maximize its advantages.

High-Technology Manufacturing and U.S. Competitiveness. RAND. March 2004.

From 1977 to 2001, U.S. manufacturing output nearly doubled when measured in
constant 1996 dollars. In the same period, real output per manufacturing worker more
than doubled to more than $86,000. This large increase in productivity is the reason for
decreases in manufacturing employment. U.S. manufacturing activities that have
remained in the United States tend to be the most advanced, complex kinds of manufac-
turing, typically requiring close coordination with engineering or design staff. But routine
manufacturing, in which every efficiency must be pursued, tends to locate overseas.

Research universities, national laboratories, and technology industries depend on
R&D funding for the development of emerging technologies and cutting-edge innovation.
In 1970, federal R&D funding was slightly more than 1 percent of gross domestic product
(GDP). By 2000, federal funding had fallen to about 0.25 percent of GDP.
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Pasteur’s Quadrant. Donald. E. Stokes. Brookings Institution. 1997.

Stokes argues persuasively that the post-WWII linear paradigm of research, from basic
to applied research, has scientific, political, and social shortcomings. He documents how
adherence to this paradigm influenced patterns of federal sponsorship for research after
the war, including the emergence of the National Science Foundation (NSF) and the dis-
tribution of federal research funds to mission agencies, NSF, and the National Institutes of
Health. For instance, the U.S. Department of Defense definitions of research (e.g., 6.1, 6.2,
etc.) are based directly on the linear model.

As an alternative to the linear model, Stokes proposes a planar model with four quadrants:

CONSIDERATION OF USE?

YES NO
QUEST FOR
FUNDAMENTAL YES Pure basic research Use-inspired basic research
(Bohr) (Pasteur)
UNDERSTANDING?
NO Wissenschaft Pure applied research
(Edison)

Stokes argues that a national debate should be opened to discuss the limitations of
the linear model and develop agendas for the future based on use-inspired basic science
that bears on the nation’s needs. This research should be funded by agencies throughout
the government.

Revolutionizing Science and Engineering Through Cyberinfrastructure. NSF Blue Ribbon
Advisory Panel on Cyberinfrastructure. January 2003.

A new age has dawned in scientific and engineering research, pushed forward by
continuing progress in computing, information, and communication technology and
pulled ahead by the increasing complexity, scope, and scale of today’s challenges. The
panel recommends that the National Science Foundation establish and lead a large-scale,
interagency, and internationally coordinated advanced cyberinfrastructure program to
create, deploy, and apply cyberinfrastructure in ways that radically empower all scientific
and engineering research and related fields of education. Sustained funding of $1 billion
per year will be necessary to achieve critical mass and leverage co-investments from other
federal agencies, universities, industry, and international sources.
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Invention: Enhancing Inventiveness for Quality of Life, Competitiveness, and Sustainability.
Committee for the Study of Invention, Lemelson-MIT Program and the National Science
Foundation. April 2004.

To meet the challenges and take advantage of our recent opportunities, it is important
that we leverage human ingenuity. The United States has an enviable record of scientific
discovery and engineering invention but has not been as good at anticipating the long-
term effects and larger implications of new technologies. Economic forces, including
government support for research and development, play a decisive role in the direction of
inventiveness. Federal support for large systems projects has stimulated inventiveness;
support for individual investigators doing basic research has expanded discovery-type
knowledge but has been less effective in stimulating invention.

Engineering schools should examine their tenure and promotion policies to deter-
mine how they can put greater emphasis on invention and the teaching of inventiveness.
They should also support research projects and external collaborations, and maintain
policies, that promote creativity among students and faculty.

The Future of University Nuclear Engineering Programs and University Research and Training
Reactors. Department of Energy Office of Nuclear Energy, Science and Technology. May 2000.

The U.S. nuclear science and engineering educational structure has not only stagnated,
but has actually declined significantly. The number of independent nuclear engineering
programs and the number of operating university nuclear reactors have both fallen by
about half since the mid-1980s. The survival of nuclear engineering as a discipline is
becoming problematic, as falling enrollments result in fewer programs, which in turn
result in further declines in enrollment. Nevertheless, the demand for nuclear-trained
personnel is on the rise.

Preparing for the 21st Century: Science and Engineering Research in a Changing World.
National Research Council. 1997.

This report aggregates the findings and recommendations of National Research
Council reports from the early and mid-1990s. A primary recommendation is that the fed-
eral government establish a new budget category, federal science and technology to enable
individual agencies to consider their science and technology budgets properly.

New Perspectives on Economic Growth and Technological Innovation. EM. Scherer. Brookings
Institution. 1999.

Economic studies have shown that increases in productivity are significantly correlated
with the level of spending on R&D. Technological progress in industry requires concerted,
profit-oriented activity that yields (1) products that can be patented and produced and
(2) knowledge, which tends to spill over into the general pool of knowledge. As knowledge
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increases, R&D becomes more productive, creating more knowledge, more new products,
and more economic growth. The cycle is dependent on sufficient human capital, which is
the most important component in advancing science and technology.

After World War II, the United States allocated more of its human capital to R&D than
any other country in the world. But growth slowed in the 1980s, and a decline began in the
early 1990s, when Japan led the world with 41 scientists and engineers per 10,000 people.
The United States was second with 38, followed by Norway with 32, West Germany with
28, and Singapore with 23. In 1993, China had 3, and India had 1. Reasons for the decline
in U.S. science and engineering graduates include a lack of academic openings, low earn-
ings relative to other professions, and the poor quality of math and science education,
which limits interest and ability in science and engineering studies.
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JAMES J. DUDERSTADT (NAE), chair, is President Emeritus and University Professor
of Science and Engineering at the University of Michigan. He received his baccalaureate
degree in electrical engineering with highest honors from Yale University and his doctor-
ate in engineering science and physics from the California Institute of Technology. His
teaching and research interests include nuclear fission reactors, thermonuclear fusion,
high-powered lasers, computer simulation, science policy, information technology, and
higher education. Dr. Duderstadt has been awarded the E.O. Lawrence Award for excel-
lence in nuclear research, the Arthur Holly Compton Prize for outstanding teaching, and
the National Medal of Technology for exemplary service to the nation. Dr. Duderstadt
has served on and/or chaired numerous public and private boards, including the
National Science Board; the Executive Council of the National Academy of Engineering;
the Commission on Science, Engineering and Public Policy of the National Academy of
Sciences; the Big Ten Athletic Conference; the University of Michigan Hospitals; Unisys;
and CMS Energy. He has also been elected to numerous honorific societies, including
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Phi Beta Kappa, and Tau Beta Pi.

ERICH BLOCH (NAE), currently a consultant and Distinguished Fellow with the
Council on Competitiveness, was director of the National Science Foundation from
1984 to 1990. He received his B.S. in electrical engineering from the University of Buffalo
in 1952 and has been awarded honorary degrees from the University of Massachusetts,
George Washington University, Colorado School of Mines, SUNY Buffalo, University of
Rochester, Oberlin College, University of Notre Dame, Ohio State University, Rensselaer
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also a member of the National Research Council Committee on Commercial Computers
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in Automated Manufacturing. He is a fellow of the Institute of Electrical and Electronics
Engineers (IEEE) and recipient of the IEEE Founder’s Award (1990), a member of the
American Association for the Advancement of Science, and an honorary member of the
American Society of Manufacturing Engineers. He was elected to the National Academy

of Engineering in 1980.

RAY M. BOWEN is President Emeritus and professor in the Department of Mechanical
Engineering, Texas A&M University. Dr. Bowen earned his B.S. in mechanical engineer-
ing from Texas A&M University, his M.S. from the California Institute of Technology,
and his Ph.D. in mechanical engineering from Texas A&M University. His research
interests are focused on nonlinear continuum mechanics, especially the theory of mixtures.
From 1994 to 2002, Dr. Bowen was president of Texas A&M. During Dr. Bowen’s tenure,
the university was admitted to the Association of American Universities, numerous
academic programs were expanded and enhanced, and a major capital campaign was
completed successfully. Before assuming the presidency of Texas A&M, Dr. Bowen held
appointments at Oklahoma State University, University of Kentucky, Rice University,
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Virginia. Prior to joining the faculty there, he was chairman and founder of Concept
Five Technologies, an e-business solutions provider specializing in applying enterprise
application integration and security technologies to business-to-business systems. He
was also president and CEO of MITRE Corporation and president and CEO of Mitretek

Systems. Dr. Horowitz was awarded the highest civilian award of the U.S. Air Force for



ENGINEERING RESEARCH AND AMERICA’S FUTURE
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missiles. He holds a B.S.E.E. from City College of New York and an M.S.E.E. and Ph.D.

in electrical engineering from New York University.

LEE L. HUNTSMAN is President Emeritus of the University of Washington (UW). Prior
to his term as president, he was UW provost and vice president for academic affairs and
associate dean for scientific affairs in the School of Medicine. Dr. Huntsman joined the
UW faculty in 1968 as a professor of bioengineering. His research, which has received
continuous funding from the National Institutes of Health (NIH), is on the application
of engineering principles to biology and medicine, particularly in the measurement and
regulation of the cardiovascular system. Dr. Huntsman received a B.S. in electrical engi-
neering from Stanford University in 1963 and a Ph.D. in biomedical engineering from
the University of Pennsylvania in 1968. He is a fellow of the American Association for
the Advancement of Science and the American Institute of Medical and Biological
Engineering and has served on the Board of Directors of the Biomedical Engineering
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chaired the NITH Working Group on Review of Bioengineering and Technology and the
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JAMES H. JOHNSON JR. is a professor of civil engineering and dean of the College of
Engineering, Architecture and Computer Sciences at Howard University. Dr. Johnson
received his B.S. from Howard University, M.S. from the University of Illinois, and
Ph.D. from the University of Delaware. His research interests include the treatment
and disposal of hazardous substances, the evaluation of environmental policy issues in
relation to minorities, and the development of environmental curricula and strategies to
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Dr. Johnson is chair of the Board of Scientific Counselors Executive Committee of
the U.S. Environmental Protection Agency (EPA), a member of EPA’s Science Advi-
sory Board, and co-principal investigator of the U.S. Department of Energy (DOE)-
sponsored HBCU/MI Environmental Technology Consortium. He is also a member of
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He has published more than 50 scholarly articles, contributed to three books, and
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M.S., and Ph.D. in electrical engineering from Stanford University. Her areas of expert-
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has 44 patents or patents pending.
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