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Preface

The Engineer of 2020 Project centers on an effort to envision the fu-

ture two decades from now, to use this knowledge in an attempt to predict

the roles engineers will play in the future, and to position engineering edu-
cation in the United States for what lies ahead, rather than waiting for time
to pass and then trying to respond. It is driven by concern that engineering

students of today may not be appropriately educated to meet the demands

that will be placed on the engineer of 2020 and that, without refocusing

and reshaping the undergraduate engineering learning experience, America’s

engineering preeminence could be lost. It takes as a given that the nation’s

societal goals will not be met absent a robust engineering community in the

country. It asks what restructuring of program, reallocation of resources,

and refocusing of faculty and professional society time and energy are re-

quired so that our educational infrastructure can educate engineers pre-

pared to tackle the challenges of the future. It questions how we can more

effectively share with students—current and potential—our passion for

designing systems, structures, and devices to solve problems and our con-

viction that engineering is a profession that offers rich rewards for serving

the interests of society.

In addressing a Summit on Engineering Education held in conjunc-
tion with this project in July 2004, Massachusetts Institute of Technology
President Charles Vest encouraged the assembled educators and stakehold-
ers to think about the students when considering how the engineering

education system should be reengineered by stating, “This is the most

X1
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exciting period in human history for science and engineering. The explo-
sive advances in knowledge, instrumentation, communication, and com-
putational capabilities create a mind-boggling playing field for the next
generation. . . . As we think about the plethora of challenges, it is impor-
tant, in my view, to remember that students are driven by passion, curios-
ity, engagement, and dreams. . . . Despite our best efforts to plan their
education, to a large extent we simply help to wind them up, and then step
back to watch the amazing results.” Gretchen Kalonji, professor of materi-
als science and engineering at the University of Washington, expanded on
Vest’s desire to engage the passion and curiosity of students stating that
“[a]s we move forward, I think we need to undertake a far more bold
reformulation of engineering education. Bluntly speaking, with existing
models, we are losing the battle for the imagination of our youth. . . .
What I would argue for is a dramatic and fundamental transformation of
the educational process.”

Originated and chartered by the Committee on Engineering Educa-
tion of the National Academy of Engineering (NAE), the Engineer of 2020
Project consists of two parts, the first related to the development of a vision
for engineering and the work of the engineer in 2020. A report of the first
phase was published in the spring of 2004. The second part, the subject of
this report, is to examine engineering education, in the broadest context,
and ask what it needs to do to enrich the education of engineers who will
practice in 2020. This initiative is not unique in that other groups have
somewhat similar efforts under way or have recently completed them. The
work of NAE differs in that it considers the issues with respect to all the
diverse branches of engineering and examines them from the broadest pos-
sible perspective. Its principal focus is on the future of undergraduate engi-
neering education in this country, although it is appreciated that to under-
stand the full perspective, engineering practice and engineering education
must be considered within a global context.

A Steering Committee for the Phase II project was established in Feb-
ruary 2004 by the NAE president to guide the work. The committee met
in July 2004, coincident with the Summit on Engineering Education,
which was held at the National Academies’ Constitution Avenue location
in Washington, D.C., attended by approximately 100 participants. As back-
ground information for the summit, a series of papers was prepared by
education experts on a variety of subjects, including cooperative education,
the National Science Foundation engineering education coalitions, the Olin
College experience, diversity, the Greenfield Coalition, the Pedagogies of
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the Professions Program of the Carnegie Foundation, accreditation systems,
and the history of efforts to realign engineering education. These papers are
included in Appendix A.

The Summit featured keynote addresses by Ruth David, Charles Vest
(see Appendix B), Shirley Ann Jackson, and Nicholas Donofrio and, be-
tween the plenary sessions of the Summit, five breakout groups met to
allow more detailed and interactive discussions on various aspects of the
engineering education system. The Summit agenda is in Appendix C.

Immediately following the workshop, the Steering Committee met to
review the workshop discussions and was assigned the task of preparing this
report. Final review of the report by the Steering Committee to critique its
conclusions and recommendations was conducted by e-mail.

It is notable that the Phase I report posits a statement of aspirations for
the engineer of 2020 and closes with a statement of attributes thought
suitable for the engineer of 2020 that match the aspirations. These aspira-
tions and attributes express a bold optimism for the engineering profession
if it is willing to confront the possibilities for the future and to prepare for
them.

Ahead lies the challenge of debating and adopting, where appropriate,
the recommendations of this report for adapting engineering education to
the new century. The committee recognizes that “one size does not fit all”
and has attempted to suggest a suite of interventions, not all of which will
work in every institution. We expect that debate on these interventions will
take place over the course of the coming year and we hope that their intro-
duction into the engineering education infrastructure will rapidly follow so
that today’s students will indeed be prepared to practice engineering effec-
tively in 2020.

Copyright National Academy of Sciences. All rights reserved.
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Executive Summary

This report is the result of an initiative of the National Academy of
Engineering that attempts to prepare for the future of engineering by
asking the question, “What will or should engineering education be like
today, or in the near future, to prepare the next generation of students
for effective engagement in the engineering profession in 20202 It ac-
cepts as a given that, first and foremost, engineering education must
produce technically excellent and innovative graduates, but it does not
attempt to define a “core” curriculum, recognizing that individual insti-
tutions need to design their own. It asks, rather, how to enrich and
broaden engineering education so that those technically grounded
graduates will be better prepared to work in a constantly changing glo-
bal economy. It notes the importance of improving the recruitment and
retention of students, and making the learning experience more mean-
ingful to them. It discusses the value of considering changes in engi-
neering education in the broader context of enhancing the status of the
engineering profession and improving the public understanding of
engineering.

Although the report comments on education beyond the baccalau-
reate, its primary focus is undergraduate education, not the academic
engineering research enterprise. The success of academic engineering
research is undeniable. It helped shape this nation’s industrial capabili-
ties and it continues to do so in an increasing degree as more complex
products and systems based on advanced technologies are emerging in

Copyright National Academy of Sciences. All rights reserved.
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2 EDUCATING THE ENGINEER OF 2020

the marketplace and in the social and economic infrastructure. Many of
the most hi-tech companies have been spun off from university research.
The end of the Cold War and the shift from defense work has put
pressure on university research to accept funding from industry for
shorter term product- or process-oriented research. Meanwhile, indus-
try has decreased its own in-house fundamental engineering research,
making it even more important that universities conduct advanced ba-
sic research. Thus, this is a part of the engineering education infrastruc-
ture that must be preserved, but, at the same time, it must not lead to
the neglect of the undergraduate engineering education experience. In-
deed, if domestic engineering students are energized by their under-
graduate education experience, it will enhance the possibility that they
will be retained and graduate as engineers and aspire to advanced de-
grees through the academic engineering research enterprise.

In response to the issues facing undergraduate engineering educa-
tion, the committee presents a suite of recommendations in this report,
including the following:

* The B.S. degree should be considered as a preengineering or
“engineer in training” degree.

* Engineering programs should be accredited at both the B.S.
and M.S. levels, so that the M.S. degree can be recognized as
the engineering “professional” degree.

* Institutions should take advantage of the flexibility inherent in
the EC2000 accreditation criteria of ABET, Incorporated (pre-
viously known as the Accreditation Board for Engineering and
Technology) in developing curricula, and students should be
introduced to the “essence” of engineering early in their under-
graduate careers.

*  Colleges and universities should endorse research in engineer-
ing education as a valued and rewarded activity for engineering
faculty and should develop new standards for faculty
qualifications.

* In addition to producing engineers who have been taught the
advances in core knowledge and are capable of defining and
solving problems in the short term, institutions must teach stu-
dents how to be lifelong learners.

*  Engineering educators should introduce interdisciplinary learn-

Copyright National Academy of Sciences. All rights reserved.
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EXECUTIVE SUMMARY 3

ing in the undergraduate curriculum and explore the use of
case studies of engineering successes and failures as a learning
tool.

*  Four-year schools should accept the responsibility of working
with local community colleges to achieve workable articula-
tion! with their two-year engineering programs.

* Institutions should encourage domestic students to obtain M.S.
and/or Ph.D. degrees.

*  The engineering education establishment should participate in
efforts to improve public understanding of engineering and the
technology literacy of the public and efforts to improve math,
science, and engineering education at the K-12 level.

e The National Science Foundation should collect or assist col-
lection of data on program approach and student outcomes for
engineering departments/schools so that prospective freshman
can better understand the “marketplace” of available engineer-
ing baccalaureate programs.

The report is grounded by the observations, questions, and conclu-
sions presented by the Phase I report, The Engineer of 2020: Visions of
Engineering in the New Century. That report begins with a review of the
likely technological changes and challenges that will impact the world
and the engineering profession. It notes that a dramatic expansion of
knowledge is expected that offers exciting opportunities for engineering
to develop new technologies to address the problems faced by society. It
addresses the societal, geopolitical, and professional context within
which engineering and its new technologies will exist. It notes that the
coming era will be characterized by rapid population growth, which will
contain internal dynamics that may affect world stability as well as the
types of problems engineers will face. Growth will be concentrated in
less developed countries where a “youth bulge” will occur, whereas in
advanced countries the population will age. Issues related to improving
quality of life through advanced technologies in some countries will be

!Articulation agreements establish rules that govern transfer credits that students earn
at one institution (typically the community college) and are recognized and accepted by the
partner institution (typically a four-year institution) for particular major courses of study.
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4 EDUCATING THE ENGINEER OF 2020

contrasted with more basic problems such as access to water and hous-
ing in others. Within countries, the demographics will change, includ-
ing in the United States, where the numbers of minorities will grow
rapidly whereas those of the traditional majority will decline in a rela-
tive sense. This has major implications for the future of engineering, a
profession where minorities and women remain underrepresented.

Although certain basics of engineering will not change, the explo-
sion of knowledge, the global economy, and the way engineers will work
will reflect an ongoing evolution that began to gain momentum a de-
cade ago. The economy in which we will work will be strongly influ-
enced by the global marketplace for engineering services, evidenced by
the outsourcing of engineering jobs, a growing need for interdiscipli-
nary and system-based approaches, demands for new paradigms of
customization, and an increasingly international talent pool. The steady
integration of technology in our public infrastructures and lives will call
for more involvement by engineers in the setting of public policy and in
participation in the civic arena. The external forces in society, the
economy, and the professional environment will all challenge the stabil-
ity of the engineering workforce and affect our ability to attract the
most talented individuals to an engineering career. However, amid all
these challenges, exciting opportunities also will exist if the engineering
community takes the initiative to prepare for the future.

If the United States is to maintain its economic leadership and be
able to sustain its share of high-technology jobs, it must prepare for this
wave of change. Although there is no consensus at this stage, it is agreed
that innovation is the key and engineering is essential to this task; but
engineering will only contribute to success if it is able to continue to
adapt to new trends and provide education to the next generation of
students so as to arm them with the tools needed for the world as it will
be, not as it is today. It is within this context that this Phase II report
considers recommendations for changes in engineering education.

Reinventing engineering education requires the interaction of engi-
neers in industry and academe. The entire engineering enterprise must
be considered so that the changes made result in an effective system.
Because most engineers work in industry and do not interact one-on-
one with people who directly benefit from their services, as do physi-
cians, lawyers, and teachers, the public is unclear about what most engi-
neers do, and secondary students (and their parents and advisors) have
poorly formed ideas about what an engineering education offers and
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EXECUTIVE SUMMARY 5

how they can serve society through engineering practice. Engineering
needs to develop iconic images that the public immediately recognize
and respond to in a positive way. Those “icons” should include simple
images of the options for engineering education, their implications for
future career paths, and the image of a person who never stops learning.
This report is intended to begin a dialog about reinventing engi-
neering education, but it makes recommendations that are broader than
the curricular challenges indicated in the Phase I report. In the spirit of
considering engineering education as a system and as part of a system of
systems, consideration is given herein to important factors such as im-
proving the public’s understanding of engineering, its technological lit-
eracy, and K-12 education, which can have an important but indirect
effect on engineering in terms of encouraging secondary school stu-
dents to consider an engineering education and preparing them intel-
lectually so that an engineering education is accessible to them.
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Phase I Revisited

As a prelude to considering formulation of recommendations for
the reengineering of engineering education, the Phase I committee imag-
ined how the context of engineering practice may change by 2020. A
brief summary of their observations is provided below.

THE PACE OF TECHNOLOGICAL CHANGE

Change is constant, but, on an absolute basis, our world has
changed more in the past 100 years than in all those preceding. By the
end of the twentieth century, the developed world had become a
healthier, safer, and more productive place, a place where engineering,
through technology, had forged an irreversible imprint on our lives and
our identity.

Scientific and engineering knowledge presently doubles every 10
years (Wright, 1999). This geometric growth rate has been reflected in
an accelerating rate of technology introduction and adoption. Product
cycle times continue to decrease, and each cycle delivers more func-
tional and often less expensive versions of existing products, and occa-
sionally introducing entirely new “disruptive” technologies. Older tech-
nologies are becoming obsolete at an increasing rate. Recent and
emergent advances, such as those in biotechnology, nanotechnology,
information and communications technology, material science and
photonics, and other totally unanticipated technologies will be among

7
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8 EDUCATING THE ENGINEER OF 2020

the changes with which engineering and engineering education will need
to contend leading up to 2020 and beyond.

CONTINUING CHALLENGES

The engineer of 2020 will need to learn much new technical infor-
mation and techniques and be conversant with and embrace a whole
realm of new technologies, but some old problems are not going to go
away. They will demand new attention and, perhaps, new technologies.
In some cases, their continuing neglect will move them from problems
to crises.

Although the United States has arguably had the best physical in-
frastructure in the developed world, the concern is that these infrastruc-
tures are in serious decline. Because it is of more recent vintage, the
nation’s information and telecommunications infrastructure has not suf-
fered nearly as much degradation, but vulnerabilities of the infrastruc-
ture (or infrastructures) due to accidental or intentional events are well
recognized and a serious concern. Natural resource and environmental
concerns will continue to frame our world’s challenges. For example, in
2020 the state of California will need the equivalent of 40 percent more
electrical capacity, 40 percent more gasoline, and 20 percent more natu-
ral gas energy than was needed in the year 2000 (CABTH, 2001). Forty-
eight countries containing a total of 2.8 billion people could face fresh-
water shortages by 2025 (Hinrichsen et al., 1997). The populations of
developed countries will “age” and engineering can be an agent for de-
veloping assistive technologies for aging citizens to help them maintain
healthy, productive lifestyles well beyond conventional retirement age.

SOCIAL CONTEXT OF ENGINEERING PRACTICE

The future is uncertain. However, one thing is clear: Engineering
will not operate in a vacuum separate from society in 2020, any more
than it does now. Both on a macroscale, where the world’s natural
resources will be stressed by population increases, and on a microscale,
where engineers need to understand how to work in teams to be effec-
tive, consideration of social issues is important to engineering.

By the year 2020, the world population will approach 8 billion
people, and much of that increase will be among groups that today are
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outside of the developed nations (CIA, 2001).! Of the 1.5 billion people
that the world population will gain by 2020, most will be added to
countries in Asia and Africa. By 2015, and for the first time in history,
the majority of people, mostly poor, will reside in urban centers, mostly
in countries that lack the economic, social, and physical infrastructures

to support a burgeoning population.

In the United States, if current trends continue, Hispanic Ameri-
cans will account for 17 percent of the U.S. population and African
Americans will constitute 12.8 percent of the population by 2020. The
percentage of whites will decline from the 2000 value of 75.6 percent to
63.7 percent. Looking even further into the future, by 2050, almost
half of the U.S. population will be nonwhite (USCB, 2002). Thus, in
2020 and beyond, the engineering profession will need to develop solu-
tions that will serve an increasingly diverse community and will likely
need to (and should try to) draw more students from sectors of the
community that traditionally have not been well represented in the en-

gineering workforce.

As new knowledge on health and health care is created, shifts in life
expectancies will lead to an increase in the number of people living well
beyond established retirement ages. With increases in life expectancy,
relatively fewer young workers will be available to help pay for the ser-
vices that older citizens expect to have, and stresses on economic sys-
tems will occur. An aging population makes greater demands on the
health care system, heightens labor force contractions, and increases
political instability (CIA, 2001). The engineering profession of 2020
will have to operate in this environment, which may include “senior”
engineers who are willing and able to work, and perhaps compelled to

do so because of economic necessity.

In contrast to the aging trend, nations in many politically unstable
parts of the world will experience a “youth bulge,” a disproportionate
number of 15- to 29-year-olds in the general population; globally, more
than 50 percent of the world’s population could be under 18 years old
in 2020. Youth-bulge conditions are likely in many regions of recent
social and political tension, which are exacerbated by an excess of idle
youth unable to find employment. As a consequence, the world could

Developed nations as defined by the World Bank are countries with a gross national

product equal to or greater than $10,000 per person.
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face continuing social and political unrest and threats from terrorism
and fundamentalism, creating an increased need for military services
and security measures domestically and abroad.

Among these unfolding changes, the world’s economy, which has
become tightly interlinked, with much of the change triggered by tech-
nology itself, will remain so, short of worldwide military or economic
warfare. In such an environment, the marketplace for engineering ser-
vices will be worldwide, and jobs will move freely. Information sharing
allowed by the Internet, broadband communication links, and high-
speed computers has the effect of tying cultures, knowledge, and econo-
mies together with possible positive as well as negative impacts on
U.S.-based engineers. For many years to come, engineers in developing
economies will be willing and able to do equivalent work for less than
U.S. wages. The key to maintaining a robust marketplace for U.S.
engineers will be how they can bring additional value to offset this
difference.

PROFESSIONAL CONTEXT FOR
ENGINEERS IN THE FUTURE

In the past, steady increases in knowledge have spawned new
subspecialties within engineering (e.g., microelectronics, photonics, and
biomechanics). However, contemporary challenges—from biomedical
devices to complex manufacturing designs to large systems of networked
devices—increasingly require a systems perspective. This drives a grow-
ing need to pursue collaborations with multidisciplinary teams of tech-
nical experts. Important attributes for these teams include excellence in
communication (with technical and public audiences), an ability to
communicate using technology, and an understanding of the complexi-
ties associated with a global market and social context. Flexibility, re-
ceptiveness to change, and mutual respect are essential as well.

The explosion in knowledge sharing, coupled with advances in tech-
nology, will provide the ability to achieve a new era in customerization—
a buyer-centric business strategy that combines mass customization with
customized marketing (Wind and Rangaswamy, 2000). This will de-
mand the social interaction of many engineers with customers, even
more so than today, belying the image of the engineer as the “techie
nerd” and demanding that such engineers have well-developed people
skills in addition to their ability to solve problems.

The business competitiveness, military strength, health, and stan-
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dard of living of a nation are integrally connected to engineering. As
technology becomes increasingly ingrained into every facet of our lives,
the convergence between engineering and public policy will also in-
crease. This new level of interrelatedness necessitates that engineering,
and engineers, develop a stronger sense of how technology and public
policy interact. To date, engagement of engineers in public policy issues
has been limited at best. It is both the responsibility of engineers and
important to the image of the profession that engineers increase their
ability to eloquently articulate the relevance of engineering to many
public policy issues. In parallel with this, it is critical to try to improve
public understanding of engineering, so that the public can appreciate
the value and consequences of new technology and meaningfully par-
ticipate in public debates where technology is a critical factor.
Attention to ethical issues in engineering through review of case
studies—perhaps delivered and supported by advances in information
technology (as described in the paper by Donald Falkenburg in Appen-
dix A) will reduce our vulnerability to repeat the mistakes of the past
and increase our opportunities to emulate “best practice” successes.
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The Past as Prologue

In presenting this document for review and use by the community,
we recognize that this is not the first time for serious discussions about
the character of engineering education in the United States. Some 50
years ago, such debate led to the introduction of the engineering science
model of engineering education. It produced engineers who “practiced”
differently, and that led to many new products and technologies that
were developed more rapidly and were of higher quality than those de-
veloped by the semi-empirical methods that were then the norm for
engineering practice. Today, the practice of engineering needs to change
further because of demands for technologies and products that exceed
existing knowledge bases and because of the changing professional envi-
ronment in which engineers need to operate. That change must be en-
couraged and facilitated by changes in engineering education, but in
contemplating such changes, we are sobered by two realities: first, that
scattered interventions across engineering education over the past
decade or so have not resulted in systemic change, but rather only in
isolated instances of success in individual programs, on individual cam-
puses; and second, that the disconnect between the system of engineer-
ing education and the practice of engineering appears to be accelerat-
ing. This is due to the explosion of knowledge, the growing complexity
and interdependence of societal problems, the worldwide reach of those
problems, and the need to operate in a global economy. However, we
are optimistic that the community of advocates recognizing the need for

13

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11338

Educating the Engineer of 2020: Adapting Engineering Education to the New Century

14 EDUCATING THE ENGINEER OF 2020

change is reaching a critical mass and that coordinated action on a broad
scale may be possible and effective.

Efforts to realign engineering education, of varying scopes, have
taken place in almost every decade of the twentieth century, beginning
in the early 1900s. (See the brief history provided by Bruce Seely in
Appendix A.) As a student of this history, Seely suggests points of conti-
nuity between this initiative and efforts in past eras, including:

* an explicit desire to increase the public recognition of the role
of engineering professionals, to enhance the social status and
prestige of the community by depicting a compelling vision of
engineering;

* aclear recognition of the need to attract and sustain the interest
of students from the groups continually and currently
underrepresented in the study and practice of engineering;

e the complex relationship between academic engineering, the
corporations and large industrial concerns that employ the great
majority of engineering graduates, and the nation’s economy;

* acontinuous and sometimes contentious debate about the role
of liberal studies (humanistic and social science courses) in pre-
paring the professional engineer;

* apersistent struggle to arrive at balance in the several curricular
elements in the undergraduate engineering program—the sci-
entific base, the technical core, professional and general educa-
tion; and

* lurking concerns about institutional inertia, whether in the
form of faculty resistance to change or the challenges of mov-
ing the “battleship” of the modern research university.

He also suggests that present efforts are characterized by some posi-
tive points of departure with past efforts, particularly:

* a motivation to think ahead as a community, to step beyond
the immediacy of the moment and the challenges of the present
to imagine the future;

 the active engagement of experts from the field of management
in the first phase of the Engineer of 2020 Project, informing
the process of gathering facts, of forecasting future conditions,
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and of developing scenarios of the possible contexts in which
the engineer of 2020 will pursue his or her profession;

* avision that an engineering degree has the potential to become
a liberal arts degree for the twenty-first century;

* arealization that the present advocates are perhaps the first gen-
eration of reformers to take seriously the opportunity for fash-
ioning a wider portal for engineering, viewing engineering edu-
cation as concerned with more than the graduation of
practicing engineers;

* an undercurrent of awareness that current complexities are so
daunting that tinkering at the edges—reforming one course,
one program, one department at a time, developing isolated
instances of success here and there—is no longer a viable re-
sponse if we are to build the kind of robust programs in re-
search and education now needed to strengthen the U.S. engi-
neering community by 2020; and

* arecognition that today’s concerns extend beyond undergradu-
ate engineering per se, to the interplay of the engineering pro-
fession, the practice of engineering, and engineering education
as a system.

It is our belief that many, if not all, of these factors are presently in
play, which yields a sense of optimism that meaningful reengineering of
engineering education can occur in the near future to allow effective
preparation of engineering graduates who will be in the most produc-
tive phase of their careers in 2020.
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Getting to 2020: Guiding Strategies

Our goal to ensure effective engineering education should be pur-
sued within the context of a comprehensive examination of all relevant
aspects of the interrelated system of systems of engineering education,
engineering practice, the K-12 feeder system, and the global economic
system. Engineering education must be realigned to promote attain-
ment of the characteristics desired in practicing engineers, and this must
be done in the context of an increased emphasis on the research base
underlying conduct of engineering practice and engineering education.
This will require that action be taken by key stakeholders, particularly
engineering faculty and the engineering professional societies.

ENGAGE IN A COMPREHENSIVE EFFORT

Too many efforts at reform attempt to look at single elements of
complex interconnected systems. We believe that entire systems must
be considered, even if a narrower focus is ultimately taken. Thus, within
the context of professional engineering practice, one must consider a
system that includes at least the following elements:

 the application of engineering processes to define and solve
problems using scientific, technical, and professional knowl-
edge bases;

17
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engagement of the engineer and professionals from different
disciplines in team-based problem-solving processes;

the tools used by the engineer and other technical
professionals;

interaction of the engineer with the customer and engineering
managers to set agreed-upon goals; and

the economic, political, ethical, and social constraints as bound-
ary conditions that define the possible range of solutions for
engineering problems and demand the interaction of engineers
with the public.

Similarly, one must consider the several elements of the engineering

education system, to include:

the teaching, learning, and assessment processes that move a
student from one state of knowledge and professional prepara-
tion to another state;

students and teachers/faculty as the primary actors within the
learning process;

curricula, laboratories, instructional technologies, and other
tools for teaching and learning;

the goals and objectives of teachers/faculty, departments,
colleges, accreditors, employers, and other stakeholders of en-
gineering education;

the external environment that shapes the overall demand for
engineering education (e.g., the business cycle and technologi-
cal progress); and

a process for revising goals and objectives as technological ad-
vances and other changes occur.

Odur goal is to reengineer engineering education. This reengineering

focuses not on the enterprise’s organization, but on its products and
services—in the present case, what higher education would define as its
outcomes. Reengineering involves asking the questions: How can we
make our processes more effective, more quality conscious, more flex-
ible, simpler, and less expensive? It begins by identifying the desired
outcome, product, or service, and then designing backward, using as
design criteria what the outcome is supposed to look like and the nature
of the processes used to produce it. Quality is measured in terms of both
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the product (Did we meet our specifications?) and the process (Is it
simple, integrated, efficient?). The desired outcomes should include an
enhanced educational experience for engineering students, opportuni-
ties to pursue engineering as a liberal education, and, in the systems
context, program changes and/or efforts by engineering educators that
engage and support K-12 faculty, enhance public understanding of en-
gineering, foster technological literacy of the public, and elevate the
stature of the profession.

Two recent efforts at comprehensive innovation in engineering edu-
cation are those launched by the National Science Foundation (NSF)
Engineering Education Coalitions (EECs; SRI International, 2000) and
the revision of the Engineering Accreditation Criteria by ABET, Inc.
(ABET, 2004b). The EECs addressed program structure, curricular con-
tent, and pedagogy. Formal evaluations of the various coalitions have
been mixed to negative in their judgments of their impact and effective-
ness, noting in particular the difficulty of achieving large-scale adoption
of the new educational materials developed by the EECs. In a sobering
observation, given the desire to impact the education of the engineer of
2020, Froyd (see paper in Appendix A) suggests that it might take several
decades for an EEC approach to succeed. On the other hand, comments
from many participants in the EECs have been much more positive
regarding their impact, noting that the EECs catalyzed a number of
systemic changes including the early introduction of engineering and
engineering design into the freshman/sophomore curriculum at many
institutions and the adoption of continual assessment programs at the
course, department, and college levels. They also lead to increased
involvement of engineering faculty in the education of freshman and
sophomore students; the use, for engineering faculty, of new pedagogical
modes; and the introduction of programs such as reverse engineering or
dissection.

With regard to ABET, it is noted that, in addition to addressing the
traditional educational topics, the revised criteria place particular em-
phasis on the stakeholder goals and objectives as reflected in the institu-
tional mission. ABET (2004a) also has recently begun exploring the
role of accreditation in preparing engineers for working in diverse envi-
ronments. However, ABET prohibits the accreditation of both a bacca-
laureate degree and a master’s degree in engineering programs with the
same name. ABET should revisit this prohibition.
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CONSIDER THE LINKAGES

The nature of engineering practice (e.g., the limited contact of most
engineers with the public), the credentials required of engineering prac-
titioners, and the structure and rigor of an engineering education vis-a-
vis other baccalaureate or professional education programs all play a
role in how the public perceives the status (or perceived status) of the
engineering profession and individual engineers. In thinking about
changes in engineering education, one should think about optimization
in a systems sense, to include, for example, how the changes can en-
hance the stature of the profession.

Science had its origins in the work of scholars supported by wealthy
patrons and in the personal work of wealthy aristocrats who looked to
the stars to understand the origins of the universe and life or who were
intrigued to understand the natural physical, chemical, or biological
world around them. Engineering had its origins in the trades, in the
effort to make and implement something useful, first for military pur-
poses and later for civil purposes. The artifacts created, deployed, and
repaired were made by craftsmen in military armories or tradesmen for
the public, and the knowledge to do so was passed from generation to
generation by an apprentice system. The forebears of the professional
engineering societies were guilds designed to support and preserve this
labor system. Although the artifacts produced, such as steam engines,
rapidly became more complex than the output of the simple trades and
required “engineers” to design and produce them, in some respects it
has never been possible to dispel the notion that an engineer is but a
highly trained tradesman. Indeed, today there are highly skilled techni-
cians that maintain boilers, sanitation systems, and so on, who are com-
monly referred to as engineers and have no need of the science and
mathematics education of the current engineering baccalaureate degree.

Formal engineering education eventually replaced the apprentice
system and, early on, was based on engineering practice. With the in-
creasing complexity of engineering problems, the basis of engineering
education shifted to the fundamentals of science and mathematics (in
the middle of the twentieth century in the United States). This led to
engineers who were more capable and flexible and more able to bring
better products to market more quickly, thereby immeasurably improv-
ing the standard of engineering practice. As time has progressed, how-
ever, a disconnect between engineers in practice and engineers in aca-
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deme has developed and grown. The great majority of engineering fac-
ulty, for example, have no industry experience. Industry representatives
point to this disconnect as the reason that engineering students are not
adequately prepared, in their view, to enter today’s workforce.

It is noteworthy that, for over a century, engineering has adhered to
the notion that four years of education is all that is needed to become an
engineer. Perhaps reflecting its apprenticeship origins, engineering edu-
cation appears designed to get graduates into gainful employment, pri-
marily in industry, as fast as possible.! Other professions have recog-
nized the inadequacy of this approach (see Figure 3-1). Indeed, because
of the educational practice in those professions, there is a perception
that one becomes a “professional” following two, three, or more years of
education beyond the baccalaureate degree, which is the degree most
engineers hold. Thus, it is not so surprising, perhaps, that engineers do
not feel that the public values their “professional” status. To this point,
data collected for the American Association of Engineering Societies by
Harris Interactive (NAE, 2002, p. 11) indicate that scientists continue
to be held in higher regard than engineers. In a survey, 55 percent of
respondents indicated that scientists had “very great prestige,” whereas
34 percent indicated the same for engineers. This level of appreciation
for engineers was constant from 1977 to 1998, a performance that Har-
ris rated as “consistently mediocre.” Engineers in academe enjoy the
personal and professional prestige of their academic environment (in
the same 1998 Harris Poll, educators labeled as “teachers” rated at 53
percent), so the prestige of the engineering profession may have a less
visceral concern for them, but they can and should play a role in design-
ing an engineering education infrastructure that will enhance the pres-
tige of the profession.

The professional engineering societies addressed this problem early
on by creating “professional” engineers who are licensed by examina-
tion. This was largely the outgrowth of civil engineering and reflects a
need for the public to know whether an engineer they are dealing with
on a project is competent. However, with the rise of large corporations,
who felt capable of judging competence for themselves and who were

'The data show that almost 85 percent of baccalaureate recipients are employed by

private, for-profit firms. See Table 4 in htep:/fwww. nsf.gov/sbelsrs/infbrieflnsf043 1 6/start. htm.
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FIGURE 3-1 Years of formal postsecondary education required to begin practicing in
different fields. SOURCE: Russell et al. (2001).

more than willing to employ unlicensed engineers and train them in the
specific needs of their business, the bachelor’s degree became and re-
mains the overwhelmingly dominant ticket for practicing engineering.

It is unreasonable to expect that corporations will require more than
a four-year engineering degree for entry-level employment, and thus it
is unreasonable to expect that engineering schools will only graduate
five-year (or more) degree students. If, as in the past, some schools move
to a mandatory five-year program, students will flock to those schools
that do not. Similarly, it is unreasonable to expect that professional li-
censure requirements will change in some way to become attractive to
most baccalaureate engineers. Thus, other things being equal, we be-
lieve that engineering schools and professional societies need to look to
other ways that reinvention of engineering education can enhance the
perception of engineering as a profession. A possible alternative is the
master’s degree, in particular, one that can be designed to be accredited
and universally recognized and promoted by both schools and societies
as a “professional” degree, perhaps along the lines of a more technology-
based MBA. That degree will clearly have to provide value in the mar-
ketplace if large numbers of engineers are likely to commit to the time
and expense to acquire it.
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FOCUS ON LEVERS FOR CHANGE

A factor underlying the systems of engineering practice and engi-
neering education is that the engineering profession has a trans-organi-
zational character. That is, practicing engineers seek to maintain a pro-
fessional identity that they can carry with them, irrespective of who is
their current employer. Membership in professional societies and adher-
ence to professional codes of ethics codified by such societies provide a
means to achieve these ends. Professional societies are seen as the pri-
mary avenues through which engineers support their identities as pro-
fessionals, identify opportunities for continuing professional education,
and collectively communicate their views on issues affecting their pro-
fession to the policy community (Denning, 2001). Professional societ-
ies are also key portals through which knowledge is diffused to members
of a profession (Hall, 2003). It is through this close connection to their
members that professional societies can play an important role in advis-
ing on changes in the engineering education system.

Engineering faculty, of course, will be on the front line of any
change, and encouraging and enlisting their support for engineering
education innovations is essential. Providing incentives for their sup-
port is challenged by the present faculty reward system, which bases
decisions for tenure primarily on excellence in research. The nation has
benefited enormously from the efforts of research universities, through
their research faculty and Ph.D. programs, but this has not necessarily
translated into excellence in undergraduate education. In a 1998 study,
fully 98 percent of students switching from engineering to another ma-
jor cited poor teaching as a major reason for their departure; 81 percent
cited inadequate advising (Adelman, 1998). Thus, increased attention
to teaching, to how students learn, and to student mentoring is impor-
tant for enriching the undergraduate experience. To effect such changes,
one must engage engineering faculty leaders, including deans, depart-
ment chairs, and individual faculty in consideration of how to reward
attention to and excellence in such activities.

The other major players in the engineering education system are, of
course, the students, who are the “consumers” seeking preparation to
enter the profession and, in some sense, are the “products” of the educa-
tional system. As consumers, students should be participants in the edu-
cational processes. Much has been written about the responsibility that
students need to take for their own education and careers. Efforts to
help them do so, however, frequently devolve to attempts to “fix” their
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skills and habits so that they can work within existing systems rather
than fixing the systems. Students have a role to play, but fixing the
system is not a problem solely, or even primarily, within their domain to
correct.

In addition to engaging these “direct” levers for change, the impact
of the Engineer of 2020 initiative will also depend on how well it en-
gages the perspectives, imagination, and energies of the broader spec-
trum of persons who can help in designing, implementing, and assess-
ing systemic change to create an American engineering enterprise in
2020 that will truly serve the interests of society. These include young
people who are the rising engineering leaders; those responsible for ca-
reer development in industry and government; practitioners from mul-
tiple disciplines and fields of inquiry beyond engineering; experts in
learning theory and colleagues from the learning sciences; those with
professional expertise in fields of ethics, communication, and leadership
theory; iconoclasts within and beyond engineering, skeptical about the
potential of technologies; and those pioneers already mounting pro-
grams to change the profession, the practice of engineering, and the
environment in which students discover the essence of engineering and
are motivated to become engineers.

PURSUE STUDENT-CENTERED EDUCATION

One should address how students learn as well as what they learn in
order to ensure that student learning outcomes focus on the perfor-
mance characteristics needed in future engineers. Two major tasks de-
fine this focus: (1) better alignment of engineering curricula and the
nature of academic experiences with the challenges and opportunities
graduates will face in the workplace and (2) better alignment of faculty
skill sets with those needed to deliver the desired curriculum in light of
the different learning styles of students.

Engineering professional societies have recognized this challenge
and are actively engaged in efforts to create better alignment between
academic experiences and anticipated future workplace requirements.
For example, various engineering societies are revisiting the bodies of
knowledge that should be expected of professionals in their disciplines,
including civil (ASCE, 2004) and chemical engineering (Lidtke et al.,
2004), computer engineering (IEEE, 2004), and mechanical engineer-
ing (Laity, 2004). Engineering professional societies and university fac-
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ulty also have come together recently to improve the quality and effec-
tiveness of instruction and student learning. The American Institute of
Chemical Engineers, the American Society of Civil Engineers, the
American Society of Mechanical Engineers, and the Institute of Electri-
cal and Electronics Engineers are collaborating to offer “Excellence in
Engineering Education” teaching workshops for engineering faculty.?

DEVELOP A RESEARCH BASE
The National Science Board has observed that

The organizational structures and processes for educating,
maintaining skills, and employing science and engineering tal-
ent in the workforce are diverse and their interrelationships
complex and dynamic. As a result, production and employ-
ment of scientists and engineers are not well understood as a
system. (NSB, 2003, p. 26)

Moreover, the system is evolving. Rosalyn Williams, historian of
science and technology, has asserted that engineering is undergoing a
transformative evolution as a profession. The most fundamental engi-
neering processes remain the same (design, development, and so on),
but the domains of application are rapidly expanding. We need to de-
velop enhanced understanding of models of engineering practice in this
evolving environment (Williams, 2003). The medical community offers
an example of the development of such models (Council on Graduate
Medical Education, 1999) and nascent efforts exist in the engineering
community (see, e.g., description of a seminar sponsored by the Univer-
sity of Western Australia Faculty of Engineering, Computing and Math-
ematics® and Auyang [2004]). Although progress is being made, much
remains to be done in developing the research base underlying best prac-
tices in engineering education (Wankat et al., 2002) and faculty profes-
sional practice generally (Arreola et al., 2003).*

2ExcEED Teaching Workshops for Engineering Faculty. Available online at Azp://
wwuw.asme.orgleducation/prodev/teach/.

Professional Engineering Skills Research. Available online at http://www.mech.
uwa.edu.au/jptipes. html.

“Beyond characterizing the system, a key challenge is to understand the roles of the
various stakeholders. See Siller and Johnson (2004).
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The growing body of research about how students learn can serve as
a guide and check at each stage of the work of transforming the under-
graduate learning environment. Past attempts toward reforming engi-
neering education—whether in individual courses or programs or on
individual campuses—have been informed primarily by the opinions
and experiences of those leading these efforts. What “works” has been
intuitively felt, rather than based on a body of carefully gathered data
that provide evidence of which approaches work for which students in
which learning environments. Without such data, engineers, and their
colleagues in the scientific community, have found it difficult to evalu-
ate claims, for example, about the effectiveness of emerging pedagogies
or the impact of information technologies on strengthening student
learning. Unlike the technical community, wherein data-driven results
from one lab have widespread impact on the work of peers, many edu-
cational reformers have not incorporated research on learning into their
work.

The publication of How People Learn by the National Research
Council (NRC, 1999) was a seminal event in the educational commu-
nity. It outlined clearly the advances in understanding learning theory
achieved by researchers in the learning sciences. Engineering educators
should be guided by these findings in order to design and conduct edu-
cational research to address critical issues related to broadening partici-
pation, improving retention of majors, creating courses for non-majors,
and designing an alternative engineering degree for those students
interested in careers and public service opportunities outside traditional
engineering employment. By focusing on research on learning, we will
be able to understand:

*  how to serve students with different learning styles;

*  why specific approaches and pedagogies work, for example, how
research as undergraduates serves learning goals such as per-
sonal development, knowledge synthesis, development of skills
such as data collection and interpretation, design and hypoth-
esizing, information literacy/computer literacy, and teamwork;

*  how to help students clarify, refine, and confirm their career
goals and enhance their preparation for career/graduate school,
if appropriate;

*  how to help them become responsible lifelong learners;

*  how information technology can support student learning; and

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11338

Educating the Engineer of 2020: Adapting Engineering Education to the New Century

GETTING TO 2020: GUIDING STRATEGIES 27

*  how they can best learn the specific skills required for the prac-
tice of engineering in the twenty-first century.

COMMUNICATE, COMMUNICATE, COMMUNICATE

A strategy for realigning engineering education must be developed
within the contexts of understanding the elements of engineering and
recognizing the importance of constant communication with the public
and engineering community stakeholders on the goals of education re-
invention and the value of success. Communications across the engi-
neering education establishment, which is both a community of com-
mon interests and a community of competitors, have been spotty at
best, and communications between engineering schools and the public
have been lacking as well. The engineering community has shown much
interest in enhancing public awareness of engineering and has pursued a
wide variety of approaches, including those that communicate to the
public the ubiquity of “engineering systems,” the role of engineers in
the realization of those systems, and the education requirements for
such work (NAE, 2002; Constable and Somerville, 2003), but such
efforts have not been particularly successful (NAE, 2002). Thus, as
noted earlier, the public has little understanding of the nature and value
of an engineering education and how changes might make it a more
attractive option for their sons and daughters. Communications at both
levels must be enhanced as a key element in promoting systemic change
of engineering education.

Surveys of precollege students have consistently shown great inter-
est in meaningful career fields tied to “helping others” (Taylor Research
& Consulting Group, 2004). Thus, it would be particularly helpful if
the engineering community could successfully communicate the social
context of engineering—how engineering has made enormous contri-
butions to our quality of life—and the social responsibilities of engi-
neers beyond just taking care to exercise their skills responsibly. Several
authors have suggested altering engineering education to explicitly make
such connections (COSEPUP, 1995; Schacterle, 1997; Winchester,
1997; Barke et al., 2001). One indication of the failure of the engineer-
ing community to communicate this message is provided in Table 3-1,
which shows that only 35 percent of college students believe an engi-
neering career is “worth the extra effort.” It is both perplexing and dis-
appointing that college students, who presumably have or should have a
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TABLE 3-1 Student Perceptions of Professional Careers

Careers “worth the extra
High Opinion, % effort,” %

High School College High School College

Professions Students Students Students Students
Doctors 78 85 90 92
Lawyers 45 38 71 77
Teachers 66 83 70 81
Engineers 58 72 68 35
Accountants/ CPA 30 36 40 47

SOURCE: Taylor Research & Consulting Group (2000).

better understanding of the nature of engineering than high school stu-
dents, have a higher opinion of engineers than high school students
have, but are much less likely to believe an engineering career is worth
the extra effort.

It is also important for the engineering community to better com-
municate, in an increasingly technological society, the value of engi-
neering training for a variety of tasks/challenges not typically consid-
ered within the boundaries of “traditional” engineering. NSF (1998)
data show that there are 2.2 million people with degrees in engineering,
and of those, 1.0 million indicate that their principal occupation is not
engineering. The value of a broad engineering education, to include, for
example, business and communications expertise, for those who aspire
to management can be deduced from the NSF data in Figure 3-2, which
show that, “among master’s-level engineering graduates in the private
for-profit sector (where most engineering graduates work), those who
have combined their engineering degree(s) with a degree outside science
or engineering are more likely to become senior managers (someone
responsible for leading others in management) at some point in their
career” (NSE 1998).

Similarly, it is important to help the public understand the breadth
of engineering as well as its depth. Many consider engineering to in-
volve, among other things, the application of scientific principles to the
solution of human challenges. For a long time the scientific principles
of interest were those of the physical sciences. Recent advances in the
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FIGURE 3-2 Likelihood of being in senior management of master’s level engineering
graduates in the private sector, by degree combination, 1995.

NOTE: Master’s degrees may be in any field, any degree combinations imply neither
order of degree fields nor number of degrees earned. In this figure, social sciences are
included in “other.”

SOURCE: NSF (1998).

fields of information technology and the life sciences have led to in-
creasing exploration of engineering as an application of these separate,
yet related, sciences. Engineering education options open to students
are thus expanding, and communicating the nature of those options is
essential to attracting the most talented students.
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Guideposts to the Future

There are a variety of mechanisms and specific programs that have
been investigated and/or developed to affect changes in education in
general, and engineering education in particular. Some examples of these

are discussed below.

COLLABORATIONS

The difficulty of effecting change duly noted, there are, perhaps,
some advantages now over past attempts to transform undergraduate
engineering. For example, there is a wide range of collaborations already
in place—some sponsored by federal agencies such as the National
Science Foundation (NSF); others sparked by industry, foundations,
and/or professional associations; and others engaging global partners.
These collaborations demonstrate that there are effective means for
building the kinds of formal and informal relationships needed to effect
systemic change. From these collaborations, we can learn about the pro-
cesses of collective goal setting; of designing, implementing, and assess-
ing curricular and pedagogical approaches; and of using technologies to
enhance learning. There are also lessons learned about how to, or how
not to, adapt innovations and reforms in different settings, on campuses
with different missions and circumstances. The experiences of depart-
ments and institutions involved in the NSF-funded Engineering
Coalitions, the most recent Grand Challenges effort, and in the

33
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Whitaker Foundation-funded development of biomedical engineering
programs, as well as efforts on individual campuses exploring the wide
range of experimentation enabled by ABET and its accreditation crite-
ria, must be captured, distilled, and disseminated as “lessons learned” to
the broader community. Where those efforts have had mostly local im-
pact, the challenge is to promulgate their successes to other locales and,
where appropriate, to coalesce their efforts on a national scale.

The Engineer of 2020 initiative does not assume that there is one
right way to transform the learning environment; we recognize that we
must understand and capitalize on the treasure that is the diversity of
American higher education. Through this initiative, by 2020, engineer-
ing programs across the country might be designed for specific areas of
distinction, perhaps serving the regional industrial community, perhaps
linking to institutional objectives to infuse a global dimension into the
undergraduate learning environment, perhaps focusing on a particular
thrust within engineering, and/or spotlighting the development of lead-
ers for the engineering profession. We recognize that support will be
needed at the local level for adapting the work of others; that campus
leaders must exercise leadership to shape an agenda for action that makes
sense for them, given their mission, circumstances, and vision of the
future. Success will require asking the right questions at each stage of
the process and continually revisiting those questions in the context of
the answers returned—creating, articulating, and driving a vision to
implementation.

TECHNOLOGIES FOR COLLABORATION

In addition to the experience of many active collaborations, an-
other significant advantage over past efforts is in the electronic tech-
nologies that enable sharing of ideas, materials, and other resources re-
lating to the transformation of individual courses or labs, departments,
programs, or institutions. It will be important to approach this sharing
of information systematically, integrating the identification, analysis,
and dissemination of appropriate data and best practices into each stage
of course, curriculum, and laboratory transformation.
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RELATED EFFORTS

A fortuitous leverage point for realizing our goals to reengineer un-
dergraduate engineering by 2020 is that the engineering community
can learn from the experiences of individuals and institutions working
to transform undergraduate programs, within and beyond STEM (sci-
ence, technology, engineering, and mathematics). Leaders in other sec-
tors, professions, and disciplines are similarly examining societal and
educational trends that affect learning in their fields. The undergradu-
ate physics community, for one, has worked for decades to establish
goals for student learning and to develop inventories that monitor
progress toward realizing those goals in individual classes, programs,
and departments.! So, collaborations within a campus—across disci-
plinary boundaries, engaging pedagogical pioneers—extend opportuni-
ties for sharing best practices beyond the community of engineering
educators, for learning what works, for example, in building interdisci-
plinary teams, in serving students from groups currently underrepre-
sented in the study and practice of STEM fields, and in bringing real-
world concerns into a discovery-based learning environment.

STEM fields are all dealing with the same trends that are redefining
the undergraduate learning environment, including:

* the awareness that exposure to science, mathematics, technol-
ogy, and engineering during their undergraduate career is good
preparation for a “wide variety of societal roles; and that the
nation will depend increasingly on a citizenry with a solid base
of scientific and technical understanding” (Center for Science,
Mathematics, and Engineering Education, 1996, p. 4);

* the momentum toward integrating research and education so
that all students have access to discovery-based, problem-solv-
ing learning experiences;

The Force Concept Inventory (FCI) is described by Hestenes et al. (1992) as the set of
six Newtonian force concepts that leads to an accurate understanding of force and motion.
The FCI explores student conceptual understanding of kinematics, the first, second, and
third laws of motion, the superposition principle, and kinds of force by providing questions
with a single Newtonian-based answer along with “commonsense” misconceptions that serve
as powerful distracters.
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the dissolution of boundaries between disciplines such that
“imagination, diversity, and the capacity to adapt quickly have
become essential qualities for both institutions and individuals,
not only to facilitate research, but also to ensure the immediate
and broad-based application of research results related to the
environment. To meet these complex challenges as well as ur-
gent human needs, we need to . . . frame integrated interdisci-
plinary research questions and activities and to merge data, ap-
proaches, and ideas across spatial, temporal, and societal scales”
(AC-ERE, 2003);

the efforts of the learning sciences community and researchers
in specific disciplines exploring how people learn that are pro-
viding a solid theoretical foundation for designing, implement-
ing, and assessing new approaches to transform undergraduate
education—course by course and program by program, as well
as at the institution-wide level—to enhance student learning
(NRC, 1999);

external pressures for accountability that call for greater stew-
ardship over the quality and character of learning—requiring
a clearly defined mission, explicit educational goals, and
documented progress toward meeting those goals (ABET, 2005,
p- 1);

student demographics, with greater diversity from the perspec-
tives of academic preparation, career aspirations, and ethnic
background that require approaches to learning, teaching, and
research designed intentionally to respect (and celebrate) this
diversity;

faculty demographics—a pattern of heavy retirements now un-
derway and anticipated in the immediate future affords an op-
portunity to reconsider preparation of incoming faculty, includ-
ing consideration of what kinds of skills they will need and
what rewards and incentives will be offered for their scholarly
efforts;

economic pressures to use resources as efficiently as possible to
serve agreed-upon priorities; and

opportunities afforded by new technologies to transform the
learning environment:
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Powerful new technologies now under development by
U.S. businesses, universities, and government promise to trans-
form virtually every industry and many human endeavors.
These technologies could possibly also be harnessed to trans-
form education and training in ways previously unimaginable.
Rapid advancements in the years ahead could enable new learn-
ing environments using simulations, visualizations, immersive
environments, game playing, intelligent tutors and avatars, net-
works of learning, reusable building blocks of content, and
more. The technologies that are coming could create rich and
compelling learning opportunities that meet all learners’ needs,
and provide knowledge and training when and where it is
needed, while boosting the productivity of learning and lower-
ing its cost. (Evans, 2002, p. ii)

SPECIFIC PROGRAMS AND MECHANISMS

The discussions presented under this heading are intended to
present some examples of efforts to improve engineering education, not
a comprehensive review. In the context of thinking of engineering as a
system of systems, it provides examples related to K-12 preparation,
increasing retention in engineering programs, attracting students from
underrepresented groups, entrepreneurship, technology-enabled learn-
ing, program flexibility, reconsidering what an “engineering education”
means, and preparation of engineering faculty. Although most of these
examples deal with the “efficiency” and “throughput” of engineering
education, these approaches also serve to develop skills that industry has
repeatedly stated are necessary for performing well.

The K-12 System and Engineering Education

Several individuals commented at the summit that the current
K-12 system does not provide a sufficiently rigorous education to large
numbers of students, particularly in the inner-city schools, to allow them
to enter and succeed in an engineering program. As a community, engi-
neering educators are working to assist the K-12 community to under-
stand the engineering profession and how engineering activities can in-
vigorate the teaching of mathematics and science in the K-12
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classrooms. Many programs are actively engaging K-12 districts and
faculty across the country; however, there are several that stand out with
respect to their growth in number of schools, connection to state educa-
tion standards, and support from stakeholders. Following is a brief de-
scription of some of these notable programs:

Project Lead the Way (PLTW) was initiated by Richard Blais in the
1980s while he was chairman of the technology department of an up-
state New York school district. Partnerships with private philanthropy
and the Rochester Institute of Technology (the program’s first national
training center) allowed the program to grow into a national organiza-
tion with 22 institutions of higher education supporting schools in over
40 states that institute some or all of PLTW’s middle school and high
school curricula of hands-on, problem-based, technology-driven
learning.?

The Infinity Project was developed in the late 1990s by a national
team of engineering educators led by Geoffrey Orsak at Southern Meth-
odist University that had as its goal to help “students see the real value
of math and science and its varied applications to high-tech engineer-
ing.”®> With strong support from Texas Instruments and state and na-
tional government, the Infinity curriculum has demonstrated tremen-
dous growth in Texas high schools and is in place in 80 schools in 21
other states.* Precourse and postcourse surveys of student attitudes have
shown a significant growth in student interest in pursuing an engineer-
ing degree, with nearly 80 percent of students indicating a “very strong
interest” in pursuing engineering.’

Massachusetts K-12 Engineering Standards were instituted in 2001
and provide K-12 educators with guidelines for age-appropriate inquiry-
based learning. The frameworks also provide students with an introduc-
tion into the ways in which engineering/technology is related to, but
substantially different from, the field of science—“Technology/engineer-
ing seeks different ends from those of science.” The outcomes of science

2See http:/fwww.pltw.orglAUHistory.shtml and http:/fwww.pltw.org/network.shtml.

3See http://www.infinity-project.org.

4See http:/fwww.infinity-project.orglinfinitylinfinity_outcome.html.

5See http:/lwwuw.infinity-project.org/files/infinity_powerpoint.ppt#275,20, Student %20
Impact.
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can be defined simplistically as observation, experimentation, and docu-
mentation that allows for generalized statements concerning patterns in
nature. Conversely, “engineering strives to design and manufacture use-
ful devices or materials, defined as technologies, whose purpose is to
increase our efficacy in the world and/or our enjoyment of it” (Massa-
chusetts Department of Education, 2001, p. 3).

NSF is supporting the development of the National Science Digital
Library (NSDL) to provide “educational resources for science, technol-
ogy, engineering and mathematics education.”® One of the collections
being funded through the NSDL program is called 7eachEngineering.com.
This collaboration consists of engineering educators at several Research-
Extensive’ institutions that were previously awarded grants in NSF’s
Graduate Teaching Fellows in K-12 Education program.® The project
brings together the knowledge and content created by these separate
efforts, gives the content materials a “common look and feel,” and
provides a system architecture that allows K-12 teachers to search the
collection in a variety of ways (subject matter, content domain, grade
level, national standards, and selected state standards). The goal of
TeachEngineering is to rapidly build on the number of curricular units
in the collection and to map all content to standards of all 50 states.’

These efforts and others represent real progress in changing the pub-
lic understanding of engineering and should, over time, begin to en-
hance the recruitment of students into engineering who are knowledge-
able of the field and prepared academically for its rigors. The goal for
higher education is to connect these students to a curriculum that is
challenging, exciting, and relevant to student interests. Summit attend-
ees advocated for a curriculum designed around grand challenges that
would serve to engage and inspire students in a way that makes the
engineer’s contribution to society more explicit.

6See http:/www.nsdl.orglabout].

"These institutions typically offer a wide range of baccalaureate programs, and they are
committed to graduate education through the doctorate. During the period studied, they
awarded 50 or more doctoral degrees per year across at least 15 disciplines. From hzp://
www.carnegiefoundation.org/Classification/ CIHE2000/defNotes/Definitions. htm.

8A description and solicitation are available online at hzp://www.nsf.gov/funding/
pam_summ.jsp?pims_id=5472 from=fund.

Jacquelyn Sullivan, Lead Principal Investigator of TeachEngineering.com, personal
communication, January 4, 2005.
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Retention

The ABET EC2000 criteria (ABET, 2005) and the Engineer of
2020 Phase I Report (NAE, 2004) reflect a desire to produce engineers
with technical competence and a broader array of “professional skills”
than the traditional curriculum seeks to develop. At the same time,
engineering educators and American industry have been working to
create systems that lead to improved retention of students and broader
participation of women and minorities. Fortunately, these goals are not
incompatible with one another, and institutions have experimented with
a variety of approaches to realign the traditional curriculum and to en-
hance student support mechanisms to meet them. Some notable ex-
amples are briefly described below.

Only 40 to 60 percent of entering engineering students persist to
an engineering degree, and women and minorities are at the low end of
that range. These retention rates represent an unacceptable systemic fail-
ure to support student learning in the field. (See Bennett Stewart’s com-
ments in Appendix B; also see Seymour and Hewitt, 1997.) To address
this issue, it is becoming increasingly recognized that it is important to
introduce engineering activities, including team-based design projects
and community service projects, early in the undergraduate experience
alongside basic science and math courses, so that students begin to de-
velop an understanding of the essence of engineering as early as pos-
sible. For example, the impact on retention of a First Year Engineering
Projects (FYEP) course was documented by Knight et al. (2003) of the
University of Colorado at Boulder and is summarized in Figure 4-1.

One of the earliest curricular interventions to introduce engineer-
ing activities at the beginning of the curriculum was led by Eli Fromm
of Drexel University. Working with a team that encompassed faculty
members from across the entire institution, the new college of engineer-
ing curriculum was “organized into four interwoven sequences replac-
ing and/or integrating material from 37 existing courses in the
university’s traditional lower division curriculum” (Fromm, 2002).
These vertically integrated sequences, which included substantial early
engineering laboratory experiences, resulted in improved retention
(21 percent increase) of students in the trial cohort and an even greater
increase in the rate of on-time graduation (50 percent increase). The
Drexel curricular approach was successfully replicated by the Gateway
Coalition members during the 1990s.
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Retention (%)
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% —B— Caucasian Non-Takers
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—@— Latino Non-Takers
60
—tF— African American Takers
50 —[+ African American Non-
Takers
40 . . |

Third Fifth Seventh
Semester of Engineering

FIGURE 4-1 Long-term retention rates of students taking freshman design course
(“Takers”) compared to students that did not (“Non-Takers”). The data total 2,581
students with 1,035 students who took the FYEP course and 1,546 students who did
not take the course. The sample includes 2,057 men and 524 women with 2,063 Cau-
casian students (80%), 190 Asian students (7.4%), 160 Latino students (6.2%), and 35
African American students (1.4%). SOURCE: Knight et al. (2003).

An example of a scheme for introducing design activities is illus-
trated by the curriculum of Olin College of Engineering (see paper by
Kerns et al. in Appendix A), which was developed by the faculty with
feedback from a cohort of 30 students who were part of Olin’s initial
class. The system that Olin’s faculty developed includes roughly 20 per-
cent design activities in the first year, with the design tasks constructed
in such a way that deep content knowledge of materials/engineering
principles is less necessary than use of tools (software packages, rapid
prototyping equipment) and the application of creativity. By the final
year, students are engaged in design activities roughly 80 percent of the
time, and greater content knowledge is expected. Note that these design
experiences are in both team and individual settings and that students
are often responsible for self-directed learning—and teaching their fel-
low students—in areas that will support a more effective and innovative
design solution.

A separate approach to introducing design into the curriculum is
modeled by what is known as “service learning” or “experiential learn-
ing.” The Engineering Projects in Community Service (EPICS) pro-
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gram at Purdue has shown tremendous success in its 10 years of exist-
ence. EPICS projects are designed to engage students from engineering
and other disciplines in activities to support community-based organi-
zations that serve community needs in social services, education, and
the environment. These projects, which can begin in the freshman year
and may continue to graduation, allow students to design, build, deploy,
and maintain engineered solutions in response to customer needs. By
engaging with the community, students quickly understand how engi-
neers contribute to society and learn how the scientific and technical
courses they are taking contribute to innovative solutions to real-world
challenges. In the process, students strengthen skills related to customer
relations, problem analysis and definition, communication, teamwork,
and designing/building/testing their solutions.!® Industry has recog-
nized the promise of the EPICS approach by supporting new EPICS
programs at seven institutions nationally, and members of the NSF-
sponsored Corporate and Foundation Alliance have partnered with the
NSF Division of Engineering Education and Centers to foster the spread
of service learning as a means to broaden participation and increase
retention.!!

Specifically regarding the low retention rates (and low enrollment)
of women in engineering programs, the NSF Women’s Experiences in
College Engineering Project conducted extensive data-gathering surveys
of students, administrators, and faculty to determine the program com-
ponents and support mechanisms that produce higher retention rates.
Early exposure to the design, build, and test process that marks the
practice of engineering was found to be important. Additionally, those
who persist in engineering point to such positive factors as Women in
Engineering programs, woman-only courses that teach skills such as
tool use and computer graphics that help bridge some skill gaps, and
advisors—particularly in freshman and sophomore years—who help to
provide information, encouragement, and a welcoming environment
(Goodman et al., 2002).

0See hetp:llepics.ecn.purdue. edul.
YSee http:/fwww.cfalliance.org/history. html.
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Diversity

In her comments at the summit, Shirley Ann Jackson stressed the
need to broaden the participation of underrepresented minorities in
engineering and cited a BEST (2004) report that examined programs
across the country that have been working to increase diversity in STEM
fields and recognized that there were common characteristics at success-
ful institutions. These characteristics are summarized in Table 4-1.

A particular example of a program to increase diversity is one devel-
oped by the Georgia Institute of Technology (May and Chubin, 2003).
In cooperation with historically black colleges and universities (HBCU)
in the Atlanta area, Georgia Tech has created a dual-degree engineering
program that is graduating 30 to 40 African American engineers per
year out of a total of about 130 African American engineering graduates
each year (best in the United States for a non-HBCU). Another pro-
gram is the partnership between the University of California at Los
Angeles (UCLA) and the Hewlett-Packard (HP) Company to deploy

TABLE 4-1 Design Principles to Expand Higher Education Capacity

Principle Evidence

Institutional leadership Commitment to inclusiveness across the campus
community

Targeted recruitment Investing in and executing a feeder system, K-12

Engaged faculty Developing student talent as a rewarded faculty outcome

Personal attention Addressing, through mentoring and tutoring, the

learning needs of each student

Peer support Providing student interaction opportunities that build
support across cohorts and allegiance to institution,
discipline, and profession

Enriched research Providing beyond-the-classroom hands-on opportunities
and summer internships that connect experience to the
world of work

Bridging to the next level ~ Building institutional relationships that help students and
faculty to envision pathways to milestones and career
development

Continuous evaluation Ongoing monitoring of process and outcomes that guide
program adjustments to heighten impact
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the Diversity in Education Initiative in the city of Los Angeles.!? Led
by the staff of the Center for Excellence in Engineering and Diversity,
UCLA faculty engaged with the K-12 system in urban Los Angeles to
build capacity of math and science educators in order to better prepare a
greater number of minority students. The top students from these school
districts are eligible for 1 of 10 HP scholarships that provide the stu-
dents with tuition money, computer equipment, summer internships,
and an industry mentor. The program has experienced great success in
the early years with marked increases in advanced placement course
enrollments in high school, a greater number of engineering/computer
science—ready high school graduates, and higher retention for the HP

scholars in engineering and computer science majors.

Skill Development—Preparing for Rapid Technological Change

In addition to developing the FYEP courses, Jacquelyn Sullivan and
L. E. Carlson have utilized the Integrated Teaching and Learning Labo-
ratory at the University of Colorado at Boulder to develop a course
called “Innovation and Invention” that introduces students to entrepre-
neurial pursuits while building strong interdisciplinary and team skills.
As Nicholas Donofrio described while addressing the summit, “Inven-
tion alone does not guarantee value. That's where innovation comes in.
It is the application of invention—the fusion of new developments and
new approaches to solve real problems.” These types of entrepreneurial
courses were widely supported by industry representatives at the 2020
Summit, and the entrepreneurial/innovator role was viewed as a unique
American strength that should be supported in view of increasing global
competition. Recognizing that “inventors frequently depend on a mix
of deep theoretical understanding of materials and processes and hands-
on experiential knowledge of how things work in the physical and social
worlds,” courses such as Innovation and Invention begin to develop the
boundary-broaching skills that typically mark the innovator (Commit-
tee for Study of Invention, 2004). Other professional skills that are
realized in a course of this type relate to communication skills because
students must present and defend product design features and work
closely with peers (from engineering, business, and other domains) and

advisors.

2See http:/fwww.cfalliance.org/gallery. html.
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Technology-Enabled Learning—
Modularity and Lifelong Learning

The use of information technology-enabled learning (TEL) is in its
carly stages (see Falkenburg’s paper in Appendix A). An example of
TEL is the Laboratory for Innovative Technology and Engineering Edu-
cation (LITEE) project headquartered at Auburn University. LITEE
educators have worked with industry partners to develop a series of case
studies—delivered through CD-ROM “textbooks,” which include
video and audio clips, data sets, photographs, drawings, and anima-
tions that the students choose how to unpack—that deal with current
issues related to design for safety, B2B e-commerce, new product
research and design, and the impact of engineering analysis on eco-
nomic outcomes.!? Rigorous evaluation of the LITEE project has
shown how these technology-enabled cases positively influence
persistence in engineering, development of higher order cognitive skills,
improved communication and teamwork skills, and a better under-
standing of the practice of engineering.

One of the discussion threads of the summit breakouts dealt with
the short “shelf life” of knowledge in today’s world (and what shelf life
might be in 2020). It was asserted that students need to develop the
skills and attitudes that foster lifelong learning and that technology ad-
vances that allow distance and asynchronous learning could be key
enablers to support that learning. The Massachusetts Institute of Tech-
nology Open Courseware initiative is probably among the best-known
efforts with respect to providing access to engineering content, and the
leadership of the institution should be commended for this bold initia-
tive. However, content is only a small part of the technology-enabled/
lifelong-learning puzzle. Research on Web-mediated learning must con-
tinue so that we can better understand how to utilize the electronic
multimedia approaches to teaching and learning with respect to engi-
neering content knowledge.

BSee http:/fwww.auburn.edulresearchl/litee/casestudy/index. html. Accessed July 9,
2005.
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Program Flexibility

Reports from the National Center for Educational Statistics
(Adelman, 1999) and the American Association of Colleges and Uni-
versities (AAC&U, 2002) document the rising numbers of students who
already attend more than one institution during the course of their un-
dergraduate studies—a course-taking strategy sometimes referred to as
“swirling.” We simply note that there are many commendable examples
of articulation agreements that are arranged between two-year and four-
year institutions that facilitate the transition across that interface.

Summit participants did question what needs to occur to construct
an even more flexible degree path for students, for example, for a stu-
dent to concurrently enroll in calculus courses online from a for-profit
provider, to take physics at the local community college, to take man-
agement courses at a liberal arts college and engineering courses at a
research institution. Such an education path would clearly represent a
challenge of integration, and research and development of robust assess-
ment tools would be necessary to ensure degree quality.

An Alternative Engineering Degree

In one of the Summit breakout groups, the central topic of discus-
sion was the concept of engineering becoming a “liberal arts degree” for
the twenty-first century. The traditional liberal arts degree was charac-
terized as providing the knowledge, skills, and breadth of thinking nec-
essary to perform in leadership roles in government, industry, and, more
broadly, all aspects of society. As our everyday life becomes more driven
by technology and the panoply of decisions that we must make regard-
ing the use (or rejection) of technological solutions, understanding of
the “engineering approach” should likewise become more valued to all
well-informed citizens. In that regard, Summit participants from
Lafayette College and Princeton University discussed how their institu-
tions have developed bachelor of arts degrees for engineering that are
intended to appeal to a broader (or alternative) set of students than the
bachelor of science (B.S.) degree. In the case of Lafayette, the curricu-
lum for the first-year bachelor of arts (B.A.) student matches that of the
B.S. student; in succeeding years, the B.A. student chooses from a
broader set of electives in economics, management, and the liberal arts.
The faculty views the B.A. in engineering as the liberal arts degree for
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the technological age—preparing students for careers in manufactur-
ing, management, finance, or government.'# Other institutions, for ex-
ample, Columbia University in New York, have created “3/2 Plans” that
combine three years of study in the liberal arts and two years of engi-
neering study that result in students earning two degrees (a B.A. in
liberal arts and a B.S. in engineering).

Downey and Lucena (1998) contend that there can be multiple
engineering tracks that serve different end purposes for different stu-
dents. For example, there can be an engineering sciences track, an engi-
neering management track, a public policy track, and an engineering
design track. These multiple tracks could serve as a recruiting tool and
strengthen the baccalaureate engineering degree into what Carmi and
Aung (1993) refer to as the “optimum launch pad to challenging and
rewarding professions—engineering first and foremost, but also medi-
cine, law and business.”

We recognize that not every institution with an engineering pro-
gram will be able to or will want to create these different tracks; how-
ever, graduates from such programs could provide an infusion of engi-
neering awareness and habits of mind that would serve to strengthen
technological literacy in both the public and private sectors.

Faculty Development

The examples described above cannot be successfully adapted and
adopted (nor, for that matter, will new approaches be developed) if fu-
ture faculty are not exposed to the challenges of teaching during their
postgraduate studies, or if current faculty are not actively encouraged
and supported to develop their skills as teachers. There has been sub-
stantial activity in faculty development in areas of pedagogy and assess-
ment, such as in NSF’s Preparing Future Faculty program that funded
work by the Council of Graduate Schools and the AAC&U. The goal of
these programs is to better prepare graduate students for the role of
educator that they will be expected to fill following their advanced de-
gree. NSF and other agencies also fund a variety of faculty development

ViSee hitp:/fwww. lafayette.eduladmissions/majors/ba_engineering. html#course.
B5See http:/fwww.engineering.columbia.eduladmissions/cp/.
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workshops that have demonstrated success. The Carnegie Foundation
for the Advancement of Teaching is in the process of evaluating the
preparation of engineering faculty as one part of their Preparation for
the Professions Program (see paper by Sheppard, Sullivan, and Colby in
Appendix A; see also Davidson and Ambrose, 1994). In the study, in-
vestigators have identified three “signature pedagogies” in engineering
and will seek to determine “their power in fostering a particular kind of
learning, their limitations, and creative approaches to overcoming those
limitations.” However, Summit participants voiced the desire for a more
uniform approach to developing faculty skills in areas of curriculum
development, material development, and pedagogical skills.

The Higher Education Centers for Learning and Teaching may be-
gin to address that desire. Funded by NSF, these centers are engaged in
research to develop a better understanding of effective teaching and
learning in STEM fields. The centers are intended to provide a broader
education research base and to apply that research in order to provide
current and future faculty with the sorts of content knowledge and peda-
gogical skills that lead to improved student learning in STEM disci-
plines. The collaborative effort known as the Center for the Integration
of Research, Teaching, and Learning, located at the University of
Wisconsin at Madison (partnering with faculty members at Michigan
State University and Pennsylvania State University), seeks to have a
national impact by focusing on the roughly 100 research institutions
that supply the large majority of faculty to the nearly 4,000 institutions
of higher education with STEM programs.!® The Center for the
Advancement of Engineering Education (CAEE)—a collaboration
among researchers at the Colorado School of Mines, Howard University,
University of Minnesota, Stanford University, and University of Wash-
ington (lead)—focuses on the advancement of scholarship in
engineering learning and teaching with a goal to inform the practice of
engineering teaching. The CAEE effort will also work to “strengthen
the research and leadership skills of the engineering faculty and gradu-
ate student community.”!/

16See http:/lcirtl.weeruw.orglourwork_overview. html.

VSee hitp:/fwww.engr.washington.edulcaeelindex. html.
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Recommendations

ASPIRATIONS AND ATTRIBUTES OF ENGINEERS OF 2020

Within the context of the changing national and global landscape,
the Phase I committee enunciated a set of aspirations for engineers in
2020. These aspirations set the bar high but are believed attainable if a
course of action is set to reach them. At their core they call for us to
educate technically proficient engineers who are broadly educated, see
themselves as global citizens, can be leaders in business and public ser-
vice, and who are ethically grounded. The committee took the aspira-
tions a step further by setting forth the attributes needed for the gradu-
ates of 2020 to reach them. These include such traits as strong analytical
skills, creativity, ingenuity, professionalism, and leadership. It is our hope
and expectation that the implementation of the recommendations be-
low will allow these aspirations and desired attributes to be met.

REENGINEERING THE ENGINEERING
EDUCATION SYSTEM

Given the changing landscape sketched in the Phase I report, a
number of possible implications for engineering education were evi-
dent. Supplemented by discussions at the Summit and deliberations by
the Phase II committee, these “implications” formed the basis for the

recommendations set forth below.

51
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It is evident that the exploding body of science and engineering
knowledge cannot be accommodated within the context of the tradi-
tional four-year baccalaureate degree. Technical excellence is #he essen-
tial attribute of engineering graduates, but those graduates should also
possess team, communication, ethical reasoning, and societal and glo-
bal contextual analysis skills as well as understand work strategies. Ne-
glecting development in these arenas and learning disciplinary technical
subjects to the exclusion of a selection of humanities, economics, politi-
cal science, language, and/or interdisciplinary technical subjects is not
in the best interest of producing engineers able to communicate with
the public, able to engage in a global engineering marketplace, or trained
to be lifelong learners. Thus, we recommend that

1. The baccalaureate degree should be recognized as the “pre-
engineering” degree or bachelor of arts in engineering degree,
depending on the course content and reflecting the career aspira-
tions of the student.

Industry and professional societies should recognize and reward the
distinction between an entry-level engineer and an engineer who mas-
ters an engineering discipline’s “body of knowledge” through further
formal education or self-study followed by examination. The engineer-
ing education establishment must also adopt a broader view of the value
of an engineering education to include providing a “liberal” engineering
education to those students who wish to use it as a springboard for
other career pursuits, such as business, medicine, or law. Adequate depth
in a specialized area of engineering cannot be achieved in the baccalau-
reate degree.

To promote the stature of the profession, engineering schools should
create accredited “professional” master’s degree programs intended to
expand and improve the skills and enhance the ability of an engineer to
practice engineering. Thus, as an addendum to Recommendation 1, we
recommend that

2. ABET should allow accreditation of engineering programs of the
same name at the baccalaureate and graduate levels in the same
department to recognize that education through a “professional”
master’s degree produces an AME, an accredited “master” engineer.
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With the increased robustness of information technology and the
rapidly expanding number of educational models being developed at
engineering campuses, one could conceive of an engineering “program”
at institution A that consists, in part, of courses offered online by insti-
tutions B and C, and internships at industrial site D. As long as institu-
tion A defines its outcome goals, has rigorous metrics for their attain-
ment, and stands behind the “program,” one can conceive that such an
approach could be accredited. Such a hypothetical model is meant to be
illustrative of unconventional approaches that can be explored. A re-
newed effort to mine the promising approaches that were developed by
the coalitions could be a source of inspiration for such efforts. Thus, we
recommend that

3. Engineering schools should more vigorously exploit the flexibility
inherent in the outcomes-based accreditation approach to experi-
ment with novel models for baccalaureate education. ABET should
ensure that evaluators look for innovation and experimentation in
the curriculum and not just hold institutions to a strict interpreta-
tion of the guidelines as they see them.

Based on the curricular experiments that have been conducted un-
der the National Science Foundation (NSF) Coalitions Program, it is
apparent that students who are introduced to engineering design, engi-
neering problem solving, and the concept of engineering as a servant of
society early in their undergraduate education are more likely to pursue
their engineering programs to completion. The same approach appar-
ently is also more appealing to women and underrepresented minority
students who are in such short supply in engineering programs and
much more likely to drop out. Treating the freshman year as a “sink or
swim” experience and accepting attrition as inevitable is both unfair to
students and wasteful of resources and faculty time. Thus, we recom-
mend that

4. Whatever other creative approaches are taken in the four-year
engineering curriculum, the essence of engineering—the iterative
process of designing, predicting performance, building, and test-
ing—should be taught from the earliest stages of the curriculum,
including the first year.
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Curricular approaches that engage students in team exercises, in
team design courses, and as noted above, in courses that connect engi-
neering design and solutions to real-world problems so that the social
relevance of engineering is apparent appear to be successful in retaining
students. However, the designs of such approaches and assessment of
their effectiveness in terms of how to evaluate individual student perfor-
mance are still not well rooted in rigorous investigation. Changes in
engineering learning experiences involving curricula, pedagogies, and
support services should be based on research on learning. Thus, we rec-
ommend that

5. The engineering education establishment, for example, the
Engineering Deans Council, should endorse research in engineer-
ing education as a valued and rewarded activity for engineering
faculty as a means to enhance and personalize the connection to
undergraduate students, to understand how they learn, and to
appreciate the pedagogical approaches that excite them.

At the application end of engineering practice, there is a growing
disconnect with engineering education that begs for enlightened indus-
trial engineering leaders and a new generation of faculty able to bridge
the gap more effectively. For their part, if engineering faculty, as a group,
are to adequately prepare students for practice, then some population
within that group must have credible experience in the world of non-
academic practice. This is not a recommendation that all engineering
faculty must have “»” years of experience in industry. It is a recommen-
dation that departments need to more closely examine the mix of skills
and experiences possessed across their cadre of faculty to determine how
best to provide students with the knowledge and experiences essential to
engineering practice. The engineering education establishment should
strengthen the ties binding engineering education to practice not only
through curricular design and provision of co-curricular activities, but
through the experiences of engineering faculty in industrial research,
product design, and/or production. Thus, we recommend that

6. Colleges and universities should develop new standards for

faculty qualifications, appointments, and expectations, for example,
to require experience as a practicing engineer, and should create or
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adapt development programs to support the professional growth of
engineering faculty.

The half-life of cutting-edge technical knowledge today is on the
order of a few years, but globalization of the economy is accelerating
and the international marketplace for engineering services is dynamic.
In such an environment, an engineer is like a small boat in a storm-
tossed sea if he or she cannot recognize global trends and lacks the abil-
ity, instinct, or desire for continuous learning. In the vein that one can
provide the means, if not ensure the ends, we recommend that

7. As well as delivering content, engineering schools must teach
engineering students how to learn, and must play a continuing role
along with professional organizations in facilitating lifelong learn-
ing, perhaps through offering “executive” technical degrees similar
to executive MBAs.

Real-world problems are rarely defined along narrow disciplinary
lines. Undergraduate students would benefit from at least cursory learn-
ing about the interplay between disciplines embodied in such problems.
Thus, we recommend that

8. Engineering schools introduce interdisciplinary learning in the
undergraduate environment, rather than having it as an exclusive
feature of the graduate programs.

It is sometimes said that, when a technical effort goes poorly, valu-
able knowledge from that failure is lost, the innocent are sacrificed, and
the guilty are promoted. This dooms future engineers to make the same
mistakes. The management of knowledge is somewhat better in the case
of successes, but it is questionable whether the real elements of success
are identified separate of the marketing “spin” for the product or ser-
vice. In this case, following the “same” path to success may be an illu-
sion. In the interest of promoting success and avoiding failure, we rec-
ommend that

9. Engineering educators should explore the development of case
studies of engineering successes and failures and the appropriate

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11338

Educating the Engineer of 2020: Adapting Engineering Education to the New Century

56 EDUCATING THE ENGINEER OF 2020

use of a case-studies approach in undergraduate and graduate
curricula.

Approximately 40 percent of baccalaureate graduate engineers have
had some community college experience along the way. Community
colleges provide a vital pathway for an engineering education for lower
income students, from both majority and underrepresented groups. Fa-
cilitating articulation between two-year and four-year engineering pro-
grams is a critical factor in ensuring that the pool of potential engineer-
ing students from two-year institutions has a fair opportunity to
complete a four-year degree. Ironically, the greater flexibility provided
to four-year schools by the ABET Engineering Criteria 2000 makes the
dovetailing of curricula more difficult. Thus, we recommend that

10. Four-year engineering schools must accept it as their responsi-
bility to work with their local community colleges to ensure effective
articulation, as seamless as possible, with their two-year programs.

Graduate students from all over the world have flocked to the
United States for years to take advantage of the excellent graduate edu-
cation available. U.S. universities must recognize that there is rapidly
increasing competition for these international Ph.D. students that will
likely persist even if post-9/11 immigration challenges and restrictions
subside. They must posture themselves to compete for foreign graduate
students, who have typically represented half the “life blood” of engi-
neering departments. At the same time, however, they cannot afford to
neglect domestic students. Indeed, improvements in engineering educa-
tion that energize the undergraduate experience may encourage more
domestic students to pursue advanced degrees. Thus, we recommend
that

11. U.S. engineering schools must develop programs to encourage/

reward domestic engineering students to aspire to the M.S. and/or
Ph.D. degree.

To recruit the most highly qualified, best-prepared students from
the nation’s secondary school system, colleges, universities, and com-
munity colleges should play a prominent role in ensuring that all Ameri-
cans have the opportunity to pursue an engineering education, if they
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so choose. There are many local efforts in progress to help secondary
school students understand the nature of engineering and some, such as
Project Lead the Way and the Infinity Project, which are active in mul-
tiple states. Efforts to share successful practices from these programs
and propagate them even further are essential. Thus, we recommend
that

12. Engineering schools should lend their energies to a national
effort to improve math, science, and engineering education at the
K-12 level.

It is in the enlightened self-interest of engineering schools to help
the public understand what engineers do and the role that engineering
plays in ensuring their quality of life. Moreover, a country weak in
technological literacy will have increasing difficulty competing in the
technology-driven global economy of the twenty-first century. Thus, we
recommend that

13. The engineering education establishment should participate in
a coordinated national effort to promote public understanding of
engineering and technology literacy of the public.

As indicated in a paper by Busch-Vishniac and Jarosz, provided to
the Summit participants, there appears to be an unlimited number of
different engineering curricula structures and the attendant engineering
education schemes they imply offered by the multitude of engineering
programs across the country (2004). While engineering faculty, as ex-
perts in the domain, might understand and appreciate the different pos-
sible approaches, it is highly unlikely that a high school junior or senior,
his or her guidance counselor, or parents could understand the alterna-
tives and deduce which scheme and which school might be most suit-
able for enrollment. In the spirit that the engineering community must
“sell” the value and excitement of an engineering education, the com-
munity must make every effort to help interested students make an
informed choice. The American Society of Engineering Education
(ASEE) has an excellent website (http://www.asee.orglabout/publications/
profiles/index.cfm#Online_Profiles) containing statistical profiles of un-
dergraduate engineering programs, but we believe that it would also be
informative to collect information from the point of view of the
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student, for example, about program philosophy—engineering up front,
availability of team design activities, etc., and about student outcomes
in terms of retention, years to degree completion and securing jobs at
graduation.

14. NSF should collect and/or fund collection, perhaps through
ASEE or the Engineering Workforce Commission, of comprehen-
sive data by engineering department/school on program philoso-
phy and student outcomes such as, but not exclusively, student re-
tention rates by gender and ethnicity, common reasons why students
leave, where they go, percent of entering freshman that graduate,
time to degree, and information on jobs and admission to graduate
school.
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Appendix A

The reports included here were prepared as background informa-
tion for the consideration of Summit attendees prior to the meeting.
They represent the opinions of the authors and are not necessarily en-
dorsed by the Engineer of 2020 Phase II Committee. The committee
wishes to express its appreciation for the efforts of the authors in prepar-
ing these reports.
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A Brief Summary of
Cooperative Education:
History, Philosophy, and Current Status

Thomas M. Akins
Georgia Institute of Technology

In a recent survey conducted by Monster TRAK of college gradu-
ates in 2004, 74 percent thought relevant work experience was the most
important factor in securing employment, and 52 percent of employers
agreed. However, 41 percent of the students had gotten 7o relevant ex-
perience during their undergraduate careers. For those students, finding
a job and deciding on a career choice can be much more difficult than
for those who have experience. Cooperative education, a time-tested
method of enhancing learning, gives students such experience and en-
ables them to achieve much more than their counterparts who are edu-
cated in the traditional way.

DEFINITION/PHILOSOPHY

Cooperative education primarily involves sequential training in
both theory and practice; theoretical and practical training are coordi-
nated in a progressive educational program. For both school and stu-
dent, studies become “applied subjects” because theory (studies) is real-
ized through practical application (work). With feedback from
employers on student performance, cooperative education is also a great
vehicle for outcome-based assessment of the undergraduate curriculum.
From the employer’s point of view, the two most important elements in
cooperative education are (1) the selection of workers and (2) an en-
lightened interest on the part of students in the work.
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For the purposes of this paper, I use a traditional definition of a
cooperative education program adapted from the “The Cooperative Sys-
tem—a Manifesto,” an article by Clement Freund in the Journal of En-
gineering Education in October 1946.

A cooperative education program shall be one:

e in which curricula lead to the bachelor’s, master’s or doctoral
degree

*  that requires or permits all or some students to alternate peri-
ods of attendance at college with periods of employment
in business/industry during a portion or all of one or more
curricula

* in which such employment is constituted as a regular, continu-
ing, and essential element in the educational process

*  that requires such employment to be related to some phase of
the branch or field of study in which the student is engaged

*  that expects such employment to be diverse so that students
have a wide range of experience

* that expects such employment to have work assignments with
increasing levels of responsibility on successive work terms

*  that specifies as requirements for a degree a minimum number
of hours of employment and a minimum standard of perfor-
mance in such employment

SPECIFIC GOALS OF COOPERATIVE EDUCATION

Freund also detailed five specific aims of cooperative education that
are still embraced today:

1. To impart first-hand and actual knowledge of and experience
with the execution in industry/government of engineering de-
signs, business principles, projects, and developments in all ca-
reer fields.

2. To impart understanding of and familiarity with the problems
and viewpoints of working men and women.

3. To assist students, by direct and personal experience in indus-
try, in testing their aptitudes for their chosen careers.

4. To enable students to adjust to employment by a gradual tran-
sition from academic pursuits to the requirements and condi-
tions of the world of work.
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5. To train and otherwise prepare students especially and directly
for higher level administrative and operating functions.

HISTORY

In the 1890s, many colleges realized the need for better integration
of theory and practice. At Worcester Polytechnic Institute, regular shop
courses began operating a commercial shop and offering articles for sale.
Students worked in the shop for foremen/instructors. The school also
advised students to work in industry for 15 months between their jun-
ior and senior years. All of this was to be supplanted by an idea that
took shape in the mind of Herman Schneider, a civil engineering gradu-
ate of Lehigh University who had worked his way through school.

Schneider believed that his work experience had given him an ad-
vantage upon graduation. He researched the records of other Lehigh
graduates and found that most of those who had shown marked ability
in engineering during the early years after graduation had combined
industry practice with education through part-time jobs, summer jobs,
or simply by dropping out of school to work periodically. Schneider
concluded that the educational values of working exceeded the mon-
etary gains.

When he joined the faculty of the University of Cincinnati in 1903
(as assistant professor of civil engineering), he envisioned a new kind of
institution that would blend theory and practice so students could pro-
vide industry with the services for which they were being prepared. In
September 1906, the first cooperative education program began with
12 students in mechanical engineering, 12 in electrical engineering, and
3 in chemical engineering. In the beginning, they alternated between
school and work weekly, then every two weeks, then monthly, then
quarterly.

Other schools soon followed suit: Northeastern University in 1909,
University of Pittsburgh in 1910 (although the program was discontin-
ued for many years and reestablished in 1987), University of Detroit in
1911, and Georgia Tech in 1912. In the early years, cooperative educa-
tion programs experienced various external and internal problems. Ex-
ternal problems included: resistance among employers; recessions/de-
pressions; wars; and resistance among labor unions. Internal problems
at schools included: hesitant faculty; scheduling and alternating pat-
terns; mandatory versus optional programs; and funding. Most of the
external problems are beyond institutional control, of course. But many
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schools continue to wrestle with internal problems. As Herman
Schneider stated in a speech in 1929, “There are no two cooperative
courses the same, and different tactics have to be used in different places.
I hope there will never be two programs the same.”

As the number of programs grew, it became apparent that educa-
tional professionals could benefit from sharing ideas and concerns. In
1926, the Association of Cooperative Colleges was established; it later
became the Cooperative Education Division of what is now the Ameri-
can Society for Engineering Education. The National Commission for
Cooperative Education was begun in 1962, and the Cooperative Edu-
cation Association was formed in 1963. The World Association of Co-
operative Education started in 1979, and there are numerous state and
regional associations across the United States. Through these organiza-
tions, cooperative education programs have been able to present a united
front on many issues, particularly in the area of funding for co-op pro-
grams on campuses.

The federal government has been instrumental in providing seed
money. In 1970, Title IV-D provided a total of more than $1.5 million.
Title VIII replaced this in 1977, and by the late 1980s total grants aver-
aged about $15 million per year. By 1989, there were more than 1,000
cooperative programs in the United States with approximately 250,000
students. Later in this paper, I review the current status of co-op pro-
grams. However, | want to turn now to a brief summary of the benefits
of the cooperative education model.

BENEFITS OF COOPERATIVE EDUCATION

The Directory of College Cooperative Education Programs, put out by
the American Council on Education, includes lists of advantages of co-
operative education to students, employers, schools, and society as a
whole (Hutcheson, 1966). The benefits are summarized below (in no
particular order):

Advantages to students

* enhances classroom learning through integration of theory and
practice

*  confirms or redirects career decision making
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helps defray the costs of postsecondary education through
wages earned

expands after-graduation job opportunities

teaches “soft skills,” such as communications, working on
multidisciplinary teams, career assessment, resume writing, and
interviewing

encourages traditionally non-college-bound students to pursue
postsecondary education

Advantages to employers

provides a pool of well prepared employees

provides on-the-job performance as a basis for permanent hir-
ing decisions

enhances relations between businesses and colleges

improves access to permanent employment for students from
disadvantaged (underrepresented) groups

makes recruitment and training more cost effective

increases retention rates among permanent employees
provides a means of technology (knowledge) transfer

Advantages to postsecondary institutions

expands the range of educational opportunities by integrating
workplace learning into the academic program

builds positive relationships between schools and industry
enables the enrollment and education of more students with-
out the expansion of physical facilities, especially in an alternat-
ing program in which a large number of students are at work
each term

provides a means of technology (knowledge) transfer

Advantages to society

increases the effectiveness and relevance of education by relat-
ing classroom study to the world of work

promotes respect for work

addresses national concerns about the preparation of the future
workforce for competition in a global economy

does not add costs to taxpayers because cooperative education
returns sizable tax revenues from student earnings
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CURRENT STATUS

In 1989, there were more than 1,000 cooperative education pro-
grams of various kinds in postsecondary institutions throughout the
United States; approximately 250,000 students were enrolled in these
programs. At the same time, 34,089 students were enrolled in engineer-
ing and engineering technology cooperative programs at 104 schools.
As Tite VIII funding disappeared, however, many schools could no
longer provide financial support for these programs, and, consequently,
a large number of them were dissolved. The latest figures below show
the number of undergraduate students participating in cooperative pro-
grams in engineering and engineering technology (Mathews, 1998,
2000, 2002, 2004):

1998, 142 schools, 38,734 students
2000, 118 schools, 31,716 students
2002, 121 schools, 36,718 students
2004, 99 schools, 34,136 students

One might ask why the number of programs, and particularly the
number of students, has not increased over the years. Here are some
possible answers based on conjecture and anecdotal information:

Students are opting for more internships, rather than making
commitments to cooperative programs.

More financial aid is available now than ever before, which
eliminates the monetary incentive for participating in a co-op
program.

Because of the “blue-collar” connotation of cooperative pro-
grams, faculty and administration at many institutions have
not fully embraced the idea.

Some misconceptions and “myths” about cooperative educa-
tion have discouraged participation (e.g., that it takes longer to
graduate; that co-op students cannot participate in campus ac-
tivities or study abroad, etc.).

Recent research at Georgia Tech has shown that rising family in-
come levels of entering students and the availability of other options,
such as undergraduate research and internships, have been major factors
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in the declining enrollment in cooperative education at that institution.
Interestingly, students who participate in cooperative programs at Geor-
gia Tech actually do take about six months longer to graduate, but they
enroll in fewer school terms to do so, thus saving tuition money in the
long run. Many of these students also participate in study abroad pro-
grams and undergraduate research, which dispels some widely held mis-
conceptions.

ACCREDITATION DATA

I would be remiss if I did not mention the value of co-op programs
to the accreditation of engineering programs. Recently, accrediting or-
ganizations, including the Accreditation Board for Engineering and
Technology (ABET), have moved toward outcomes-based assessments
of programs. Engineering Criteria 2000, which was begun by ABET
several years ago, includes students’ ability to perform certain functions,
such as working on multidisciplinary teams, applying engineering
knowledge, and so forth. Consequently, engineering deans and provosts
at many institutions have discovered the value of data collected by their
co-op programs. In fact, information gathered from employers’ evalua-
tions of co-op students’ performance has been invaluable in determin-
ing, from a third-party source, if the education received on campus is
not only thorough, but also relevant enough to prepare individuals for
the transition from “student” to professional.

CONCLUSION

In the future, there will be many models for engineering education.
However, the concept of cooperative education still makes good fiscal
sense, good pedagogical sense, and good career sense. Cooperative edu-
cation opens a myriad of possibilities for anyone pursuing a formal edu-
cation at the postsecondary level. Although its form may change from
one generation to the next, there is no substitute for blending practical
application with theory learned in the classroom, and there is no better
laboratory than the real world. Future leaders of technology must have
experience outside the classroom to function effectively.
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Information Technology in Support of

Engineering Education: Lessons from the
Greenfield Coalition

Donald R. Falkenburg
Greenfield Coalition
Wayne State University

Many studies have focused on the impact of information technol-
ogy (IT). To frame the discussion in this paper, I call your attention to
two quotes from a section called Technology Futures in Preparing for the
Revolution: Information lechnology and the Future of the Research Univer-
sity published by the National Academies Press (NRC, 2002).

From the average user’s point of view, the exponential rate dic-
tated by Moore’s Law will drive increases of 100 to 1,000 in comput-
ing speed, storage capacity, and bandwidth every decade. At that pace,
today’s $1,000-notebook computer will, by the year 2020, have a
computing speed of 1 million gigahertz, a memory of thousands of
terabytes, and linkages to networks at data transmission speeds of
gigabits per second.

... [TThe world of the user could be marked by increasing tech-
nological sophistication. With virtual reality, individuals may rou-
tinely communicate with one another through simulated environ-
ments, or “telepresence,” perhaps delegating their own digital
representations— “software agents,” or tools that collect, organize, re-
late, and summarize knowledge on behalf of their human masters—
to interact in a virtual world with those of their colleagues. As com-
munications technology increases in power by 100 fold (or more)
each decade, such digitally mediated human interactions could take
place with essentially any degree of fidelity desired.
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In a National Academy of Engineering workshop, Information
Technology (IT)-Based Educational Materials, this future vision was
translated into the framework of teaching and learning. In the work-
shop report, the current state of the use of IT in support of learning was

described (NAE, 2003):

Many STEM [science, technology, engineering, and mathemat-
ics] educational programs and institutions have been involved in
projects to improve teaching and learning through the application of
IT. The resulting I'T-based learning materials have proven to be adapt-
able and dynamic, and in many cases they have enhanced the educa-
tional process. A growing number of people are involved in the devel-
opment of I'T-based educational materials. The landscape of STEM
education is now dotted with islands of innovation—isolated areas
where IT-based materials are being used effectively. However, not all
innovations have led to more effective learning because these materi-
als are often used by limited numbers of users. Thus, opportunities
for synergy, discourse, and exchange—steps that often lead to im-
provements in next-generation products—have also been limited.
Impediments to realizing a desirable environment for IT-based edu-
cational materials are complex. . . . [T]echnology and tools, infra-
structure, content and pedagogy, and human, cultural, and organiza-
tional issues . . . are inextricably intertwined.

Based on the workshop discussions, the participants developed a
vision of an IT-transformed educational environment summarized in
three broad categories: technology and tools infrastructure; content and
pedagogy; and human, cultural, and organizational frameworks. The

discussions were summarized in the following vision of the future (NAE,
2003):

A robust suite of modular, IT-based resources supports a dy-
namic, distributed, and flexible learning environment. Built on open
system architectures and machine-understandable semantic models,
these resources are interoperable, sharable, easy to use, easy to modify,
and widely disseminated; they underpin a vibrant teaching and learn-
ing community and enable a sustainable ecology for continuous im-
provements in educational practice. A rich array of technologies and
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approaches form the scaffolding for further modifications to the learn-
ing environment, enabling the optimization of educational practices
for their effectiveness rather than for simple efficiency. The elements
that support the learning environment integrate advanced knowledge
about technology, people, processes, and organizations.

The report also included the following descriptions of the future:

In the world of I'T-transformed education, advanced learning ob-
jects are the building blocks of IT-enabled educational materials. Ad-
vanced learning objects will be developed based on community-de-
fined requirements for a services-based architecture that supports
varying levels of interoperability and emphasizes operational commu-
nication and data exchange.

STEM educational practices will have a learner-centric orienta-
tion and will reflect advanced, evidence-based knowledge on learning
and cognition.

IT-based teaching and learning practices will be generated by an
active community of authors and users who create, share, and modify
IT-enabled educational materials. This community will embrace a
scholarship of teaching and learning and will have a continuing goal
of advancing learning.

The dissemination of I'T-enabled teaching and learning resources
will be supported by a novel legal framework (e.g., open licenses and
attribution systems) that promotes creation and sharing, while main-
taining incentives for authors (including individuals, teams, and in-
stitutions) to create and distribute or assemble and reuse high-quality
learning materials.

In the remainder of this paper, I briefly describe the efforts of the
Greenfield Coalition to move toward this IT-enhanced learning future.

INFORMATION TECHNOLOGY IN
SUPPORT OF PEDAGOGY

One of the lessons learned at the Greenfield Coalition was that,
even though IT can open new avenues to enhance learning, technology
is not a silver bullet that can promote learning by itself. We posed the
following question: What do we want to accomplish by using IT to
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support the learning process? The answer reflects the Greenfield
Coalition’s values and beliefs about learning:

*  Learning is a responsibility shared by learner and teacher.

* Faculty plays a key role in guiding students in the learning
process.

* Learning is made real if it is integrated with real-world
experience.

*  Learners must prepare to engage in classroom experiences.

*  Learning is a social process that requires interaction with men-
tors and peers.

* By actively participating in learning, students can reach a deeper
understanding and enhance their skills.

IT must be leveraged not for its own sake, but in support of a vision of
the transformed classroom. There are many issues we might consider,
but I illustrate two here.

Case Studies: Engaging Learners in Decision Making Framed in
Real-World Environments

In the future, improved hardware and software will
enhance simulated virtual environments in which learners
can become immersed in the problem-solving and
decision making experience.

Case studies have revolutionized teaching in the business and medi-
cal communities. The case-study methodology is a framework for em-
bedding learning in an environment as close to the real world as pos-
sible, challenging learners to explore resources, make assumptions, and
construct solutions. Case studies are also ideal for illustrating complex
concepts, which are especially common in engineering. Horton (2000)
suggests that case studies are an excellent way for learners to practice
judgment skills necessary in real-life situations, which are not as simple
as textbook problems. Stimulating critical thinking through case studies
is a recommended instructional strategy (Bonk and Reynolds, 1997).

In the current educational environment, computer-based resources
allow learners to access real data and participate in case-based learning

(Falkenburg and Schuch Miller, 2003). For example, students can
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explore a real factory of a tier-1 auto supplier, with access to process
plans, production data, scrap reports, and interviews with key person-
nel. Figure 1 displays the web interface for a case developed by the
Greenfield Coalition, which targets a boring operation used in the
manufacture of a pulley. In the future, with improved hardware and
software, learners will be able to immerse themselves in the problem-
solving and decision-making experience. Instead of “canned” inter-
views, the learner and intelligent computer systems will provide re-
sponses to learner inquiries.

Case studies can also be used to introduce students to the complex
interactions among technology, business, and ethics. The Laboratory
for Innovative Technology in Engineering Education at Auburn Uni-
versity has produced a number of case studies. One of these describes a
turbine-generator unit in a power plant that vibrates heavily enough to
shake the building. Two engineers recommend different solutions, and
the plant manager must make a decision that could cost the company
millions of dollars (Raju and Sankar, 2000).

Simulation: Improving Understanding and Decision Making

Many of us already feel comfortable teaching computer simulation
to enhance problem-solving skills. The problem is that we most fre-
quently focus on the development of computer models to represent an
engineering component or system, and we frequently forget to talk
about the reason we build models—to improve students’ ability to make
engineering decisions.

The future will bring improved methods of simulating
real-world systems. Those simulations will be easier to
construct and encapsulate very real views. Simulation technol-
ogy should be used early in the career of the student engineer,
not to teach modeling per se, but to enhance the student’s
ability to make engineering decisions.

In Manufacturing Systems, a sophomore-level Greenfield Coali-
tion course developed by Professor Emory Zimmers at Lehigh Univer-
sity, learners are introduced to Colebee Time Management Incorpo-
rated, a firm that has determined that rapid order fulfillment is one of
their competitive advantages. As they move toward producing more
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Manufamuring Case Studies >> Dimensional Irregularity >> Boring Dimensional Irregularities

s Review the documentation provided regarding the instability of
the bore dimensions in turned pulleys at Focus:HOPE's
Center for Advanced Technalagies. Be prepared ta discuss
issues related to your investigation of this case.

Part drawing
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Part specifications

Product flow of pulleys — from arrival through shipping

Pulley at various process stages:

= Rough boring
= Finishing bore
= Drilling
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= Chief Engineer

= Manufacturing Engineer
= Tooling Coordinator
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Interview: Manufacturing Engineer

Candidate: What is the tolerance on the
tapered portion of the hole that runs through
the hub?

Manufacturing Engineer: The tolerance is
based on a two-digit dimension. It is
designated as being a “"cast” surface,
therefore, it is not significant unless the
castings are out of dimension.

Candidate: Can we control the relationship
between the two counterbores by boring
them during the same set-up?

Manufacturing Engineer: Yes. We
presently bore the 3.9352 to 3.9364 inch
bore and then, without changing the part
clamping, bore the second counterbore by
reaching through the part and boring it to the
shoulder. This requires that we bore in the
direction that is moving away from the
chuck, which has the potential of pulling the
part out of the chuck. We have to be careful
not to put too much load on the part.

Candidate: Does the problem with the bore
appear to be a result of an older machine
that is not repetitive?

@xm Pulley

Scetion Vicw

Tool Turret

=
o
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FIGURE 1 Computer resources supporting a Greenfield Coalition case study.
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customized planners and calendars, they find they need more analysis
of the printing cell, because more varieties of products and smaller batch

sizes have slowed printing.

When a new printing job arrives, it must wait until the current
group of jobs is completed. When all of the jobs in the current group
are finished, the new jobs are lined up in a specific order. The student’s
task is to improve the operational efficiency of the printing cell by mini-
mizing the so-called “make-span” (the time it takes to complete the
entire group of parts ready to proceed into the process). A simulation
model of a printing cell is provided to help students predict operational
improvements to the system (see Figure 2). The students are told that
make-span should be their primary focus, but they may want to also pay
attention to the queue sizes and the average time jobs remain in the
printing area. They are told that they can manage three key parameters:
(1) the number of work centers; (2) the number of hours per shift; and

(3) the number of shifts per week.

Simulation Animation: Colebee Case Study Diegk Genetic
SHIFT 1, HISTORICAL SEQUENCING I
Lead Time in Days (Custom) vs, Time in Weeks Desk Custom
: 0|
Juiter Generic
weer [N 0|
Jotter Custorm
Da _ _ 0|
Y E- 10 Lead Time in Days (Ger\c) v, Time in Weeks Falio Generic
Tirne: UELIEL] Falio Custam
0|

Fartable Generic

B eneric Order
Custem Ord
B custom order Pan‘ryp54 Portagle Custormn
Custom ‘; s ’
GEHEI’IC’ . .

!

#in Printer Gueue Fin WS 1 Queue #in'Ws 2 Quede #in'WS 3 Queue #in WS 4 Queue
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FIGURE 2 Simulation animation for the Colebee case study.
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The learners are asked the following key questions:

e What strategy did you use to select the parameters to improve
operational efficiency?

* If you could modify the simulation model to allow more pa-
rameters to be changed, which parameters would you choose to
add? Explain your answer.

e Which combination of parameters optimized the manufactur-
ing plant’s operations? Explain your answer.

This case is not about building a computer model. It is about mak-
ing engineering decisions. In the future, methods of simulating real-
world systems will certainly improve. Simulations will be easier to
construct and will encapsulate very real views. These improvements
should be introduced early in the careers of student engineers, not to
teach modeling per se, but to improve their ability to make engineering
decisions.

LEARNING OBJECTS

The Greenfield learning object model (LOM, Figure 3) recognizes
a hierarchy of learning objects (Falkenburg et al., 2003). At the base of

Course>>Module>>Session

Course

FIGURE 3 Greenfield Learning Object Model.
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the model are learning activities focused on the process of learning.
Learning activities are dynamically configured into sessions, modules,
and courses. In Greenfield parlance, “activities” include discussions,
computer-based animations and simulations, mini-lectures, cooperative
problem-solving exercises, and so forth—in other words, activities that
address the “action” of learning. “Sessions” are groups of activities.
Greenfield does not define a time frame for sessions. They are simply
convenient groupings of activities. “Modules” are concept-frame pack-
ages of learning. A module includes one or more sessions.

The Greenfield course Engineering Economics, for example, in-
cludes Depreciation Accounting (a module), which includes Deprecia-
tion Methodologies and Income Tax Impact (sessions). Income Tax Im-
pact Consequences is an interactive e-learning activity in the Income
Tax Impact session.

We had an important reason for developing this hierarchical struc-
ture, namely, that most faculty members want to structure their own
courses. Although teachers may be interested in borrowing some “neat”
learning activities, they want to package learning in their own unique
ways. Thus, each learning activity is an individual entity. Using a meth-
odology that is becoming more common each day, we define the struc-
ture of the learning activity, describe its content using XML, and dis-
play the activity on a web page using XSL templates (Figure 4).

Links up the hierarchy are constructed differently. If a course is
shared, the uplinks are displayed on a tool bar. The content of the tool
bar is a property of the assembled course and depends upon the position
of the learner in the hierarchy. For a user currently accessing an activity,
the tool bar would look as depicted in Figure 3. Courses contain links to
modules that are included in their content. If the user is at the session
level, the tool bar would show Course>>Module. A module contains
links to sessions, are a part of the module content.

Objectives are included in the definition of learning objects. Objec-
tives are defined at the course level (terminal objectives) and at the mod-
ule and session levels (enabling objectives—objectives that support the

FIGURE 4 Implementing the Greenfield LOM structure.
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terminal objectives of a course). Because objectives are included in the
object structure of a course, it is a straightforward process to produce a
tree of learning objectives.

There are two additional levels in the Greenfield object structure—
the program and knowledge areas. A “knowledge area” is a group of
courses that share certain instructional objectives and outcomes. For
example, in a program that focuses on manufacturing engineering, there
are typically courses that focus on manufacturing systems and courses
that focus on manufacturing processes. By defining programs in this
way, we can provide a tree of objectives for an entire program. By treat-
ing prerequisite knowledge as a “child object” of a course, for example,
we can better manage requirements for a full curriculum. Meta-tags
embedded at each level of the hierarchy define content, special technol-
ogy support requirements, etc.

Authorship and intellectual property rights are embedded in the
objects. Thus, a document with multiple authors can be created by ref-
erencing different objects. Data about use restrictions and ownership
are drawn from the database and displayed in the composite document.

CHANGING OUR CULTURE

Technology provides one platform for reforming our educational
processes, but technology cannot make a difference unless people and
organizations change and adapt. The Greenfield Coalition is in the final
phase of a research study of the factors that enhance, and the factors
that impede, the diffusion of learning technologies. Each classroom is
an arena in which the culture of learners and the culture of teachers
must negotiate their beliefs, values, and behaviors. Changes in educa-
tional process are not simply a matter of adopting I'T. I'T must also lead
to changes in our approaches to learning enabled by that technology.
Does IT give us a better means of enhancing modern approaches to
learning (Bloom, 1956; Gagne, 1985; Filipczak, 1996), or does it merely
divert future engineers from a deeper understanding and better decision
making?

THE GREENFIELD COALITION AND FOCUS: HOPE
The Greenfield Coalition and Focus: HOPE is a coalition of five

universities, three university affiliates, six manufacturing companies, the
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Society of Manufacturing Engineers, and Focus: HOPE. The impetus
for the Greenfield Coalition project was a sense that most academic
studies in manufacturing engineering did not include real manufactur-
ing experiences (Falkenburg and Harkin, 2002). The idea for the coali-
tion was initiated by Focus: HOPE, a human and civil rights organiza-
tion in Detroit, Michigan.

Focus: HOPE supports a network of programs that support its edu-
cational objectives. Founded in 1968 after the urban riots in Detroit,
Focus: HOPE “pledges intelligent and practical action to overcome rac-
ism, poverty and injustice’—to make a difference in the city and sub-
urbs. The organization began by providing food for needy people who
were undernourished (women with children and then senior citizens)
but quickly added programs to give inner-city youth an opportunity to
acquire the knowledge they need to take advantage of highly skilled,
good-paying jobs.

Today, an individual may enroll in First Step or Fast Track, four-
and seven-week programs that use computer-based learning to build
fundamental skills in mathematics and English. Students who graduate
from Fast Track have skills certified at the ninth-grade and tenth-grade
levels in reading and math, the prerequisite skills for entering the Ma-
chinist Training Insticute (MTT). MTT is a 31-week program in which
students earn certification in the operation of material-processing equip-
ment (machining), metrology, computer-aided design, computer nu-
merical control, and associated math, computer, and communication
skills.

Greenfield provides an opportunity for graduates of MTI to cap
their practical experience with courses that could lead to advanced uni-
versity degrees. Students who qualify after completing MTT’s basic ma-
chining program can enter a 24-week preengineering program. After a
series of diagnostic tests and interviews, they can then become candi-
dates in the Center for Advanced Technologies—Focus: HOPE’s manu-
facturing facility, a not-for-profit entity and a first-tier supplier of manu-
factured components and systems to Ford, General Motors,
DaimlerChrysler, Detroit Diesel, and the U.S. Department of Defense.
Candidates are employed by Focus: HOPE and work in a broad range
of manufacturing, production, and support activities. This employment
not only provides financial support, but, more important, it provides a
real-world laboratory that supports learning.

The partners of the Greenfield Coalition saw Focus: HOPE as an
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FIGURE 5 Focus: HOPE candidates working in the Center for Advanced Technologies.

opportunity to support a new approach to manufacturing education in
which real-world manufacturing applications would drive learning,
rather than the more traditional academic approach of theory looking
for an application. A key tenet of the Greenfield Coalition’s proposal to
the National Science Foundation was the integration of production ex-
periences with the work activities of the candidates at the Focus: HOPE
Center for Advanced Technologies (see Figure 5).

The framers of the Greenfield Coalition proposal envisaged an edu-
cational experience in which candidates would work and study in the
same facility. They would experience the functional operations involved
in production, and they would be exposed to flexible manufacturing
system architectures, manufacturing systems design, and process and
quality control. Candidates would rotate through positions in produc-
tion and manufacturing engineering and learn through their experi-
ences. At the same time, they would be guided by a combination of
mentors/teachers, including functional supervisors in the Center for
Advanced Technologies, vendor trainers, faculty from coalition univer-
sities, and industry experts. Learning would be modular and would pro-
vide fundamental skills and understanding to support a progression of
work experiences. Thus, the work environment and the learning experi-
ence would be mutually supportive. The ultimate goal would be to pro-
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duce a new breed of engineer who has not only a theoretical under-
standing of manufacturing, but also practical, hands-on experience.
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EXECUTIVE SUMMARY

The National Science Foundation (NSF) supported six engineering-
education coalitions (EECs) with the goal of catalyzing systemic reform
in engineering education (i.e., changes throughout the system, espe-
cially among faculty members, the most important component of the
system). The most productive innovations intentionally or unintention-
ally provoked faculty members into reflecting on and modifying their
ideas about learning and teaching. For example, faculty members who
participated in interdisciplinary, integrated curricular activities were
involved in mutually supportive, thoughtful discussions with their peers
about learning, assessment, and teaching. Another project involved the
construction of multidisciplinary design projects that exposed faculty
members to multiple disciplinary perspectives on the engineering de-
sign process. Faculty members also participated in workshops where
they were encouraged to consider and apply pedagogical options and
alternative learning environments (e.g., active/cooperative learning,
problem-based learning, etc.). In another exercise, faculty members were
involved in the development of instruments and methodologies to as-
sess students’ conceptual understanding of engineering science. All of
these activities encouraged faculty members to reflect and reevaluate
their approaches to learning and teaching.

82
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The most productive EEC projects led to the development of re-
sources that were intended to make it easier for others to explore inno-
vative approaches. For example, interactive workshops were focused on
modeling pedagogical innovations being tried and advocated in the
EECs, assessment instruments and methods were developed for assess-
ing student learning, websites provided widespread access to publica-
tions and other resources created as a result of EEC activities, and sum-
mary documents were produced synthesizing research and innovation
in engineering education both as part of the EECs and from other
sources.

However, faculty and institutions that had not been directly in-
volved in the EECs showed little interest in adopting these innovations,
even when assessment data demonstrated that they led to measurable
improvements in retention and/or student learning. Thus, it was clear
that catalyzing systemic reform would require more than model pro-
grams and approaches that could be adapted by faculty members any-
where. It would require “out-of-the-box” thinking and the active par-
ticipation of educators in conversations about learning, assessment, and
teaching before adoption could be expected.

INTRODUCTION

NSF developed the EEC Program to stimulate the development of
models of bold, innovative systemic reforms in undergraduate engineer-
ing education. Through the EEC Program, groups of universities and
colleges with different characteristics formed coalitions for the purpose
of becoming agents of change in the engineering education community.
Goals for systemic reform included increasing the retention of students,
especially students from underrepresented groups, such as white women
and minorities; and improving introductory experiences in engineering
through active, experiential learning, such as artifact dissection, and
multidisciplinary capstone design experiences. Reforms developed by
EECs have reinvigorated undergraduate engineering curricula at insti-
tutions throughout the coalitions and beyond and are turning out gradu-
ates who are better prepared to meet the challenges of a constantly
changing global workforce. At the same time, EEC participating schools
(listed in Table 1) have increased diversity, improved student retention,
and increased graduation rates.
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OVERVIEW

There has been a great deal of interest in a review of the EEC Pro-
gram that would tell what was done, what worked, and what did not
work. The National Academy of Engineering (NAE) requested a con-
cise overview of the program to support its Engineer of 2020 Project,
which will define how engineering in the twenty-first century will be
refashioned. To assist NAE, we consider results from the EEC Program
through four different “lenses”

*  Content. Through this lens we describe new topics that might
be included in engineering curricula.

*  Expectations. We chose the word “expectations” instead of out-
comes, objectives, goals, student outcomes, learning objectives,
assessments, or evaluations, all of which might have precon-
ceived meanings that could interfere with an objective descrip-
tion of expectations for engineering graduates. Issues associated
with expectations include assessment and evaluation, because it
must be determined if stated expectations have been met. In
this respect, the expectation lens is similar to the testing lens for
engineering design; testing requires not only specifications, but
also methods of determining whether a product sample satis-
fies specifications. Other issues associated with expectations in-
clude retention of students and increased participation of
underrepresented groups. Improvements in both areas were
goals of the EEC Program.

*  Methodology. The word “methodology” is used because read-
ers might have preconceived ideas about the meaning of other
words (e.g., pedagogy, teaching, classroom practice, and class-
room approaches) that might interfere with an understanding
of how expectations might be realized and/or improved. Issues
associated with the methodology lens include pedagogy, lec-
tures versus more active student engagement, and instructional
technology.

e Systemic reform. This is the most complex lens, and the most
fundamental, because significant investments were made in
hopes that reforms initiated in a particular EEC would have
major positive effects well beyond the schools directly involved
in that coalition.
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The Content Lens

Content addresses questions such as new topics for engineering cur-
ricula and in what order topics should be presented. Questions about
content can often be answered by textbooks. The EEC Program con-
tributed surprisingly little new content. EECs invested comparatively
lictle effort in adding topics to engineering curricula or in reordering
existing subject matter. This may seem surprising considering that new
technological areas (e.g., information technology, biotechnology,
nanotechnology, sustainable engineering, etc.) are continuously emerg-
ing. Various explanations might be offered for the comparatively small
investments in content.

First, engineering curricula have reached topical capacity. Thus,
adding new topics at this point would require eliminating other topics,
and reaching consensus on which topics are the most important is a
difficult and contentious process. Second, EECs were intended to ad-
dress questions associated with engineering education as a system; topi-
cal additions and/or deletions raise questions for individual disciplines,
rather than for engineering as a whole. Third, adding new topics may
not have appeared to be as pressing a challenge as increasing the number
of engineering graduates, raising retention rates for students already in
engineering, increasing the percentages of students from traditionally
underrepresented groups, such as white women and minorities, and
improving students’ capabilities in communications, teamwork, prob-
lem solving, ethics, engineering design, project management, and life-
long learning. Changes in content would not have addressed these needs.

Given that the results of the EEC program in terms of content were
comparatively small and given the preeminence attached to content by
people associated with engineering, some might conclude that the EEC
Program contributed little to engineering education. We hope that con-
clusion will be reversed when the program is looked at through the
other lenses.

The Expectations Lens

Each EEC first articulated expectations for graduates of engineer-
ing education programs, refined them to the point that assessment
methods could be formulated and implemented, and then shared their
expertise and experience associated with these processes nationwide.
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EEC contributions viewed through the expectations lens will be exam-
ined in three categories: the performance and capabilities of engineering
graduates; the participation of underrepresented groups in engineering;
and the number of engineering graduates.

The Performance and Capabilities of Engineering Graduates

The EECs made major contributions to the formulation, refine-
ment, and assessment of student outcomes beyond the traditional focus
on knowledge and applications of engineering science. The EECs fo-
cused significant attention on engineering design and teamwork. In al-
most every design activity created by the EECs, students worked in
teams. Most of the partner institution in the ECSEL coalition devel-
oped and subsequently institutionalized a first-year engineering course
that emphasized engineering design as a process and enabled student
teams to engineer meaningful prototypes. Multidisciplinary design, in
which engineering majors from many disciplines, and sometimes other
majors, worked together on teams, was a key aspect of activities devel-
oped by SUCCEED; partner institutions developed capstone courses in
which multidisciplinary teams developed solutions to problems posed
by external clients. SUCCEED partners also developed design courses
for first-year engineering students. Many institutions in all of the EECs
developed team projects as integral parts of both first-year integrated
curricula and individual courses.

Another goal of numerous institutions was integration, that is, the
linking of concepts among courses to enable students to transfer knowl-
edge to novel situations, both in their undergraduate courses and in
their subsequent careers. Coalition partner institutions initiated numer-
ous integrated-curriculum pilot projects, especially in first-year cur-
ricula. Based on their experiences with these pilot programs, many then
proceeded to institutionalize integrated curricula that combined learn-
ing communities, student teams, and active/cooperative learning. How-
ever, some unique features of the pilot projects (e.g., specific topical
rearrangements) did not transfer to the institutionalized versions either
because of perceived increases in faculty workload or resistance to
changes in the institutional culture (e.g., “That’s not the way we do it
here.”).

In developing multidisciplinary design and integrated curricular
projects, the EEC institutions had to create much of the required infra-
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structure, such as (1) faculty teams and interactions that crossed de-
partmental and college boundaries and (2) assessment processes to mea-
sure the outcomes of these unique programs. Even though many inter-
departmental and intercollegiate boundaries were bridged for pilot
programs, sustaining those bridges proved to be challenging.

Assessments of student outcomes in engineering design courses,
multidisciplinary design courses, and integrated curricula require care-
ful definitions of observable student behaviors (e.g., team skills, design
skills, multidisciplinary design skills, communication skills, and linking
of concepts) and work products. Once the definitions had been estab-
lished, assessment instruments and processes had to be developed. The
EECs made progress on these challenging tasks, but they had to start
from ground zero in every area except communication skills and team
skills. Their efforts to improve assessments of student outcomes were in
step with ABET’s development and implementation of outcomes-based
accreditation. However, assessment processes for many outcomes related
to engineering design and practice were still not sufficiently developed
for widespread implementation or for the acquisition and interpreta-
tion of critical data.

Recent results of continuing research have yielded concept maps
and assessment instruments for engineering design and metacognitive
control that can be used to estimate performance. For example, engi-
neering-science concept inventories to estimate conceptual understand-
ing are being beta-tested across the nation. Concept maps, in which
students are asked to produce graphical representations of concepts and
their interrelationships, are being refined into instruments that can be
scored and used to assess structured knowledge of concepts. Instruments
are also being developed, tested, and adopted to assess knowledge and
skills in engineering design. The coalitions made outstanding progress
in these innovative directions and in creating an infrastructure that could
support continued progress. However, a tremendous amount of work
remains to be done.

Increased Participation of Underrepresented Groups

One of the expectations for the EEC Program was to increase the
participation of students from underrepresented groups, such as white
women and some racial/ethnic minorities. Efforts to increase the
percentages of these groups can be divided into three categories:
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(1) outreach efforts to increase the number of students from under-
represented groups in engineering; (2) efforts to work with students
from under-represented groups who enroll in engineering to improve
their success rate; and (3) curricular reforms that promote success in
engineering for all students, including students from underrepresented
groups.

Examples of outreach programs include: sending engineering stu-
dents into K-12 schools to provide information and demonstrations of
the nature of engineering; working with K-12 students on weekends or
during the summer to promote their understanding of the nature of
engineering; and working with K-12 teachers and/or guidance counse-
lors to improve their understanding of the nature of engineering and
career opportunities for their students. Examples of “success efforts”
included: peer mentoring programs; summer bridge programs to pro-
vide support for students during the transition from high school to
college; academic success programs to improve study skills, essential
technical and nontechnical skills, and social skills that are vital to aca-
demic success, especially for students from underrepresented groups;
and programs on women in engineering and minorities in engineering.

Although outreach and success efforts by EECs did increase partici-
pation and the retention of students from underrepresented groups, they
were not unique to EEC participating institutions and did not promote
systemic reform in engineering education. In addition, most outreach
and success efforts did not involve engineering faculty members who
were not engaged in constructing these programs. As a result, they re-
mained uninformed about research on underrepresented groups in en-
gineering, rationales for outreach and success programs, and the suc-
cesses of such programs. Consequently, these programs have not
changed the learning environments in which the vast majority of stu-
dents study engineering.

Efforts at curricular reform were based on the understanding that
recruiting members of underrepresented groups into engineering cur-
ricula fashioned by white males and then working with them to encour-
age their success did not address a basic problem—the curricula in place
in 1990 did not have the attributes that would stimulate interest and
promote the success of students from underrepresented groups, or, in
fact, all students. The curricula did not provide students with experi-
ence with engineering practice and artifacts, did not build links
between abstract concepts and real-life tasks, and did not build connec-
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tions among students or between students and faculty, which have been
demonstrated to increase retention.

Many of the above-mentioned innovative curricular efforts to pro-
mote nontraditional student outcomes did have these attributes: they
encouraged the development and institutionalization of first-year engi-
neering design courses, design courses in which student teams worked
on projects for external clients (both for-profit and nonprofit), and in-
tegrated curricula. More important, engineering faculty members were
actively engaged in the conceptualization, design, implementation, and,
in many cases, assessment of curricular reforms. Even though many of
these pilot initiatives demonstrated improvements in the retention rate
of underrepresented groups, institutional barriers and the absence of
the necessary assessment infrastructure limited their success.

Increasing the Number of Engineering Graduates

The outreach programs, success programs, and curricular reforms
initiated to increase the participation of underrepresented groups were
also used to increase the overall retention of engineering majors. Typi-
cally, if a student completes the first two years of an engineering pro-
gram, he or she will graduate with an engineering degree. Therefore,
efforts to improve retention have been focused on the first two years of
engineering programs, and faculty members have been actively engaged
in those initiatives.

Pilot curricular initiatives demonstrated an increase in the retention
of engineering majors, and many curricular pilots were used as the basis
for renewing curricula for all engineering students. However, institu-
tional barriers and the absence of an assessment infrastructure limited
the success of curricular reforms.

THE METHODOLOGY LENS

Based on the foregoing description of the expectations for the EEC
Program and the degree to which those expectations have been
achieved, we can turn now to a brief overview of the approaches used to
meet those expectations. Viewed through the methodology lens, we
can group the contributions of the EECs into six categories: active,
experiential learning environments; student teams; instructional tech-
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nologies; integration across disciplinary boundaries; assessment; and
faculty development.

Active, Experiential Learning Environments

Every coalition consistently advocated and implemented learning
environments and approaches in which students (1) were more actively
engaged than taking notes, (2) focused on problems, design challenges,
and artifacts in addition to concepts, and (3) often worked with other
students to understand and complete assigned tasks. Specific innova-
tions that illustrate these learning environments include first-year engi-
neering design courses that focus on design challenges; artifact dissec-
tion, in which students disassemble engineered artifacts; problem-based
learning environments, in which students start with a problem instead
of a concept; cooperative learning environments, in which students work
together to achieve learning objectives; and multidisciplinary design
projects that bring together students from different educational back-
grounds.

Student Teams

Every EEC consistently emphasized using student teams in many
different learning situations, including design projects and engineering-
science courses. However, many questions remain about how to assess
whether teamwork skills and team leadership skills were improved.

Instructional Technologies

Every EEC consistently advocated greater use of instructional tech-
nology in many different forms. A paper on this topic by Donald
Falkenburg, Project Director of the Greenfield Coalition, is included in
this Appendix (p. 69).

Integration Across Disciplinary Boundaries

Although the importance of students linking concepts across disci-
plines was not always recognized at the beginning of the EEC Program,
many EEC projects began to emphasize integration as the program
evolved. Numerous first-year integrated pilot programs were
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implemented, and many have evolved into sustained, institutionalized
programs that have fostered the development of student learning
communities.

Assessment

The infrastructure to support assessments of curricular innovations,
especially on the scale implemented in many EEC projects, was virtu-
ally nonexistent when the EEC Program was initiated. The critical role
of assessment was recognized only gradually. The adoption of the new
Engineering Criteria by ABET in the mid-1990s was pivotal to the
near-universal recognition of the importance of assessment and stimu-
lated the development of an infrastructure to support assessments of
critical, nontraditional learning outcomes.

Every EEC invested substantial resources both to assess its initia-
tives and to support the further development of assessment instruments
and processes, such as Team Developer, the mining of student-informa-
tion databases, and concept inventories. However, despite the outcomes-
based ABET Engineering Criteria and efforts by the coalitions, the in-
frastructure for the assessment of critical capabilities (e.g., design,
problem-solving, lifelong learning) has not yet matured to the point of
supporting systemic reform in engineering education.

Faculty Development

In the beginning, faculty development did not appear on the action
agendas of the EECs. When the importance of faculty development was
recognized, about midway through the program, all of the EECs initi-
ated programs to address faculty development; subsequent assessments
of these programs suggest that they did have some effect. For example,
surveys of faculty by SUCCEED suggested that the value of active learn-

ing environments was more widely recognized.

THE SYSTEMIC REFORM LENS

In terms of systemic reform, the EEC Program yielded two signifi-
cant lessons. First, the dissemination of the results of engineering edu-
cation research and development is far more difficult than was initially
understood. Second, the culture of engineering education is sustained
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by engineering faculty members, and systemic reform will require cul-
tural change. However, defining the nature of cultural change and,
therefore, faculty change, as well as initiatives to promote cultural
change, proved to be elusive.

The Dissemination Challenge

Based on the EEC experience, the traditional means of disseminat-
ing research results (e.g., conference papers, journal articles, etc.) are
insufficient to catalyze systemic reform for several reasons. First, whereas
the intended audience for a discipline-specific research publication is
researchers actively involved in work in the same or closely related areas,
the intended audience for a publication by one or more EEC is the
entire engineering education community. However, only a small per-
centage of engineering faculty members regularly read engineering edu-
cation publications. In addition, even those who do, read only a small
percentage of the articles published. As a result, the EECs discovered
that a large percentage of the engineering education community was
unaware of the work they had done or the results they had achieved,
even years after the results had been presented several times. Second,
each publication tended to document work that had been done and the
results in a particular institutional context. Most traditional publica-
tions did not include directions for implementation of the approach in
other contexts or provide resources for faculty members who might want
to adapt a particular EEC project.

As problems with traditional dissemination mechanisms were real-
ized, the EECs tried more innovative approaches, three of which are
described below: websites; workshops; and summaries. Project web sites
are excellent repositories of information about the work of the coali-
tions, and faculty members searching for particular information can
find useful resources at one or more of the coalition web sites. However,
these web sites only provide information to faculty members actively
searching for resources related to innovations in engineering education.
In addition, navigating and finding the desired resources at a coalition
web site can be challenging.

Several coalitions developed interactive workshops that could be
held on campuses, at national conferences, such as those of the Ameri-
can Society for Engineering Education, Frontiers in Education, and
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the American Institute of Chemical Engineers, and at conferences
organized by coalitions. These workshops synthesize work from several
projects and offer participants an opportunity to explore the results in
depth. However, the number of participants that can be reached through
a workshop is small compared to the potential audience. In addition,
although workshops were offered at no cost to host campuses, surpris-
ingly few took advantage of the offer. Four Share the Future Confer-
ences, which consisted almost entirely of interactive workshops, were
offered by the Foundation, Gateway, and SUCCEED coalitions. Par-
ticipants at each conference praised the quality and breadth of the mate-
rial covered at the workshops; however, the participating audiences were
too small to justify additional conferences.

The third innovative dissemination mechanism was compact sum-
maries synthesizing the results of particular educational innovations.
One-page introductions that could be read in 10 to 20 minutes and
mini-documents that could be read in less than an hour provided fac-
ulty members with an opportunity to learn about innovations in engi-
neering education with a small investment of precious time. More than
20,000 copies of compact summaries by the Foundation Coalition have
been downloaded from its web site. Given the small investment in read-
ing a compact summary, however, the only anticipated result is greater
receptivity to future encounters with the subject. So, despite innovative
and diligent initiatives, the dissemination of results of educational re-
search and development remains a challenge.

The Cultural and Faculty Change Challenge

The importance of cultural change emerged as the EEC Program
shifted its focus from the development of models of curricular renewal
on partner campuses to the catalysis of systemic reform. However, a
clear understanding of the characteristics of cultural change and pro-
cesses for achieving it did not emerge. Researchers who have studied
cultural change suggest that the challenges are much more extensive
than is usually recognized. Seel (2000) suggests that cultural change in
engineering education will be achieved only when the nature of the
conversation about engineering education has changed. Eckel and Kezar
(2003) suggest that transforming engineering education will require that
the majority of engineering faculty members change the way they think
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about engineering education. If these researchers are correct, then the
magnitude of the challenge is apparent. The assumptions and mecha-
nisms that sustain the current system of engineering education, and
higher education in general, are more complex than is implied in simple
admonitions, such as “research is rewarded while teaching is not” and
“faculty members need to learn more about education research and
methods.”

Efforts to date have not clarified the nature, intensity, and expertise
that will be required to develop a “conversation” that will lead to sys-
temic reform in engineering education. Dee Hock (1999) states that it
took two years of regular, intense conversations among experts in the
banking industry to hammer out the principles for the foundation of
Visa International. Because engineering education is a much larger and
more complex enterprise than banking, longer, more intensive, more
inclusive, and more informed conversations will be necessary to estab-
lish a foundation for sustainable, systemic reform.

The length of time required to achieve widespread, sustained change
must be matched to the extent, breadth, and depth of the challenge. For
example, in the classic Diffusion of Innovations, Rogers (1995) noted
that it required a decade before almost all Iowa farmers adopted hybrid
corn. And the case for changing to hybrid corn (higher yields with no
changes in farming practices) was much more compelling than the cur-
rent arguments for reform in engineering education. Therefore, it might
take two to four times as long to achieve systemic reform in engineering
education. Lessons from other efforts to bring about cultural change
might also be enlightening.

CONCLUSION

The EEC Program demonstrated that engineering faculty members
can construct out-of-the-box, effective models for curricular and sys-
temic reform, and assessment data indicate that they lead to increased
retention and improved student learning. However, the EEC Program
also demonstrated that institutional and cultural barriers to change are
more complex, intricate, and subtle than is often appreciated and that
innovative models for reform are seldom enough to overcome the chal-
lenges to institutionalizing change. In addition, the program demon-
strated that effective models, even when well supported by assessment
data, do not catalyze systemic reform. To achieve that goal, resources
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matched to the extent, complexity, and dynamics of the system of engi-
neering education must be assembled and deployed through intense,

informed, and sustained conversation.
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Designing from a Blank Slate:
The Development of the Initial Olin
College Curriculum

Sherra E. Kerns, Richard K. Miller, and David V. Kerns
Franklin W. Olin College of Engineering

Olin College is an independent institution conceived and primarily
funded by the EW. Olin Foundation. The college, located in Needham,
Massachusetts, on about 70 acres of land adjacent to Babson College,
was chartered in 1997 by the Massachusetts Board of Higher Education
to offer a B.S. in mechanical engineering, electrical and computer engi-
neering, and engineering. Conceived as a residential undergraduate in-
stitution focusing on the education of engineers, Olin College was
charged by the foundation with exploring, testing, and implementing
innovative engineering curricula and addressing what the National Sci-
ence Foundation (NSF) and others have identified as systemic issues
with existing engineering education.

The college is entering its third year of teaching programs for credit;
for the preceding two years the faculty worked full time on inventing
the curriculum. The short-term enrollment target is 300 students; the
campus is designed for an ultimate enrollment of 600 to 650 students.
A fundamental objective of the EW. Olin Foundation is that Olin Col-
lege offer all of its admitted students a four-year, merit-based tuition
scholarship, not just for the first few years but in perpetuity. Admission
to the college is highly competitive, and a student/faculty ratio of fewer
than 10 to 1 will be maintained (the ratio will be much lower in the
early years).

Although Olin College is completely independent of nearby Babson
College, the two institutions have established a strong collaborative
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relationship that enables the sharing of certain facilities and services.
Olin students routinely take a variety of courses in liberal arts and busi-
ness at Babson, as well as a wide range of courses through cross-registra-
tion agreements at nearby Wellesley College and Brandeis University.

Olin College is distinctive in several ways. First, the college is not
organized with traditional academic departments. Instead, the faculty
operates as a single interdisciplinary group, and faculty offices are as-
signed with no regard to discipline, so there is a mix of faculty back-
grounds on every hallway to encourage interdisciplinary thinking. The
steady-state faculty count will approach 40 in the near term. Faculty
employment relationships are based on renewable contracts rather than
a traditional tenure system.

A primary objective of Olin College is to develop a culture of inno-
vation and continuous improvement, with an enhanced entrepreneurial
focus. In the fall of 2000 (prior to the arrival of the first students), the
college established a two-year strategic plan in pursuit of this objective.
The resulting plan, Invention 2000, reflects a comprehensive effort to
rethink all aspects of an educational institution, including curriculum,
student life, administration and finance, admission, development, and
college governance. In each of these areas, a deliberate, four-stage plan
consisting of a period of discovery (investigation of best practices), in-
vention, development, and testing was executed.

An important aspect of the plan was the Olin Partners Program. To
establish the initial curriculum, Olin College decided it would be ben-
eficial to invite a group of students to help brainstorm and test con-
cepts. In some respects, these students were considered partners in the
development of portions of the curriculum and student life programs.
In the spring of 2001, 30 Olin student partners were recruited; they
arrived on campus on August 23, 2001. These students were involved
in a unique academic program consisting of development and testing of
components of the curriculum and other programs involving student
life, community service, and relations with nearby colleges.

Their program was organized into six modules, either four or five
weeks each, and included a four-week trip to France to investigate inter-
national aspects of the program on the campus of Georgia Tech Lorraine
in Metz. Each of the four 4-week modules was used to test an aspect of
the curriculum. The partners received “non-degree” credit for the year.
The first freshman class of 75 arrived in fall 2002. The class consisted of
the 30 student partners (who will spend a total of five years to complete
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their B.S. degrees), 15 “virtual Olin partners,” who received deferred
admission from the Partners Program, and 30 additional new students.

Before the first employee was hired at Olin College, the EW. Olin
Foundation began planning an entirely new campus consisting of about
500,000 square feet in eight new buildings. The first four buildings,
completed in the fall of 2002, include Olin Center (faculty offices, ad-
ministrative offices, a library, a computer center, and an auditorium),
Campus Center (a dining hall, student-life offices, a central heating and
cooling plant), an academic center (27 major classrooms, teaching, or
research laboratories [about 1,100 square feet each], and numerous
smaller teaching and laboratory spaces), and the first residence hall (188
beds in double rooms, each with a private bathroom); the new con-
struction totals about 300,000 square feet. Subsequent construction will
be phased, as needed, and will include additional residence halls and
another academic building. The second residence hall is under con-
struction and is scheduled to be completed during the coming academic

year.

In early 1999, the Olin Foundation hired the founding president,
Richard K. Miller, who hired the founding leadership: David V. Kerns,
provost; Sherra E. Kerns, vice president for innovation and research;
Stephen P. Hannabury, vice president for administration and finance;
and Duncan C. Murdoch, vice president for external relations and en-
rollment. The founding faculty was then recruited by the provost and
explicitly charged with leading the development of the new curriculum.
The college looked for faculty members with a passion for undergradu-
ate teaching and innovation in engineering education. However, be-
cause Olin College is not just a teaching institution, faculty members
are also expected to maintain a high level of research, innovative cur-
riculum development, entrepreneurship, creation of intellectual prop-
erty, and other creative activities. This kind of intellectual vitality will

keep faculty members current in their fields.

The provost was looking for faculty with the following characteris-

tics (Kerns, 1999):

* apassion for teaching and education and a strong commitment

to improving student’s lives

* strong evidence of creativity through research, publications, in-
ventions, entrepreneurship, commercialization of technology,
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new course or curriculum developments, innovative engineer-
ing pedagogy, etc.

* evidence of integration of creativity (as identified above) into
the classroom

* awillingness to work as part of a team, to accept others’ ideas,
to “partner,” to lead, or to follow

* adesire to stay current and to reflect current developments in
teaching and in creative endeavors

* the potential for “nationally visible achievements” through any
of the creativity channels above

* a willingness to take reasonable risks to make a significant
impact

INVENTION 2000

Invention 2000 was proposed by President Miller as a blueprint for
developing all of the academic and operational aspects of the Franklin
W. Olin College of Engineering. Starting with a clean slate, the plan
includes an outline of an intensive two-year project of unprecedented
scope to produce (1) innovative educational processes for preparing the
next generation of leaders in a technological society and (2) institu-
tional policies establishing a commitment to continuous improvement
and innovation. The document includes plans for intense efforts on all
aspects of the college. However, only the section dealing with the devel-
opment of the academic curriculum will be discussed here. Because the
project was funded by the EW. Olin Foundation as part of the founding
gift, the faculty and staff were able to devote two full years of effort to
the project without the distractions of teaching responsibilities. The fol-
lowing excerpt is from Invention 2000, which is available on the Olin
website:

This project will involve the founding faculty, educational con-
sultants, and students in the creation of innovative engineering cur-
ricula, which simultaneously address all major challenges identified
by the National Science Foundation. These, together with several ad-
ditional features, will distinguish Olin College from other engineer-
ing colleges. These anticipated distinctive features of the curricula
include the combination of a rigorous science and mathematics core,
an integrated project-based design component, a firm grounding in
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the fundamentals of business and entrepreneurship, a strong interna-
tional component, a vigorous co-curricular component which makes
good use of strengths in humanities and social sciences at nearby col-
leges, and an emphasis on student service to society and a lifestyle of
philanthropy.

The project will be addressed in four sequential stages. For brev-
ity, these stages will be referred to as (1) discovery, (2) invention, (3)
development, and (4) test. The general nature of the activities in-
tended to occur during each phase is as follows. During the discovery
phase, rescarch into “best practices” at other institutions will take
place. Deliberate efforts will be made to visit other campuses, host
visitors from other campuses, obtain advice from knowledgeable con-
sultants, and obtain broad knowledge of the various successful ap-
proaches in use today. During the invention phase, knowledge of
best practices will be applied in a creative way to the problem of
inventing an overall vision of the four-year educational experience.
This will begin with a fundamental evaluation of educational goals
and objectives and end with a comprehensive concept for obtaining
balance in the overall curriculum. During the development phase,
further refinement of the newly invented curriculum will take place
in which the needed detail for the freshman year experience will be
developed. This will result in a set of specific courses or educational
experiences for teaching the freshmen in Fall 2002, as well as text-
books, laboratory experiments, reading materials, etc. Finally, during
the test phase, the specific educational materials will be tested with
the help of a small group of student “partners” who will be recruited
specifically for this purpose and will help with INVENTION 2000
as part of a unique one-year experience at Olin College. Each of these
stages will take from four to eight months, with the first (discovery)
beginning in Fall 2000 and the last (test) ending in Summer 2002.

DEVELOPMENT OF THE CURRICULUM

The Invention 2000 plan for curriculum development was initially
executed primarily by faculty teams assigned to various activities. Fac-
ulty groups of two or three visited 31 colleges and universities and stud-
ied and reported on curricula at a wide range of institutions. They also
visited (or hosted) more than 23 corporations and government agencies
to explore corporate learning models and assess corporate values and
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needs in engineering education. In addition, consultants were brought
to campus to discuss specific topics, and the results of the NSF coalition
programs were reviewed in detail. The data were then compiled and
discussed in a series of faculty meetings and off-campus retreats. With
the arrival of the student partners, various teaching and learning con-
cepts developed during the previous year were tested with “real” fresh-

man-age students.

Several of the principles that emerged have stood the test of time
and are still used to guide curricular discussions. One of these, the “Olin
Triangle,” was first proposed as a visual expression of Olin’s goal to “edu-
cate the whole person” and “open doors to student possibilities” (see
Figure 1). The Olin Triangle shows the three major dimensions of an
Olin engineering education: (1) superb engineering; (2) a strong em-
phasis on art, design, creativity, and innovation; and (3) basics in busi-

ness, entrepreneurship, ethics, and a spirit of philanthropy.

“Bold Goals” were developed by the founding faculty at one of the
first off-campus retreats, in the fall of 2000. The Bold Goals summa-
rized the curricular objectives at that time and are still used to guide

curriculum development:

* hands-on design projects in every year

* authentic, ambitious capstone senior/advanced-student projects

(representative of professional practice)

Superb Engineering

Arts

Entrepreneurship

Creativity, Innovation, Design, Philanthropy, Ethics

Communications

FIGURE 1 The Olin Triangle.
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* experience working independently, as a member of a team, and
as a leader of a team

e performance before an audience that includes experts

* international/intercultural immersion experience

* substantial constructive contribution to society

* ability to communicate logically and persuasively in spoken,
written, numerical, and visual forms

* development of self-sufficient individuals able to articulate and
activate a vision and bring it to fruition

All of these goals are to be accomplished in an environment of personal
attention and concern.
Additional curricular objectives are listed below:

* demonstrate significant creative artistic expression

* aquire significant work experience in a corporate or business
culture

* show ability to apply basic business practices necessary to bring
a product to the marketplace

The many ways these goals could be implemented in real cur-
ricula were openly and widely debated for months. One of the reali-
ties of starting a college from a clean slate is that faculty groups are
small, and there is a natural tendency for these groups to seek con-
sensus. The college leadership was concerned, however, that con-
sensus might close off discussions of truly innovative ideas and cre-
ative (sometimes wild) concepts that are “outside the box.”
Nevertheless, from the wide menu of possibilities, choices had to be
made that would meet the realities of a four-year time constraint,
Accrediting Board of Engineering and Technology (ABET) accredi-
tation requirements, reasonable cost, and many other factors, at the
same time, remaining true to the founding principles.

To move the selection process forward, the provost established the
Curriculum Decision Making Board (CDMB), a group of five faculty
members and one student partner. This group was charged with the
task of describing the first Olin curriculum. Three of the five faculty
members of the CDMB were elected by the faculty using a Copeland
ballot, and two were appointed by the provost. The student partner was
selected by the student government group. The members of the CDMB
were Professors Steve Schiffman and Mike Moody (cochairs), Rob
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Martello, Joanne Pratt, Mark Somerville, Jon Stolk, and Brian Storey;
the student partner was Sean Munson. This group put forward the first

detailed proposal for the Olin curriculum.

In the fall of 2002, Michael E. Moody joined Olin College as dean
of the faculty and assumed direct leadership of the development of the
Olin curriculum. Dean Moody created a successor group to CDMB,
the Academic Recommendations Board, which currently oversees cur-
ricular modifications and changes. Although modifications are being
introduced to the curriculum described below, most of the fundamental

concepts and structure have not changed.

THE INITIAL OLIN CURRICULUM

For the last 20 years, NSF and the engineering community have

been calling for systemic changes in engineering education:

* ashift from disciplinary to interdisciplinary approaches
* more emphasis on communication and teamwork skills
* more emphasis on the social, environmental, business, and po-

litical context of engineering
e improved capacity for lifelong learning

*  more emphasis on engineering practice and design throughout

the curriculum

In this section, we describe the “first fruits” of Olin’s efforts to re-
think engineering education—the first Olin curriculum, which was
implemented in the fall of 2002. The curriculum combines best prac-
tices from many other institutions with new ideas and approaches. Be-
cause Olin is committed to continuous innovation and improvement,
the curriculum described in this document represents only the “initial
conditions” for continuous curriculum reviews and refinements that will
never really end. As expected, improvements and adjustments are al-

ready being made.

CURRICULAR PHILOSOPHY

The founding principle of Olin College of Engineering is to pre-
pare leaders who can predict, create, and manage the technologies of the

future. Such leaders must have the following characteristics:
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* asuperb command of engineering fundamentals

* a broad perspective on the role of engineering in society
* the creativity to envision new solutions to problems

* the entrepreneurial skills to bring these visions to reality

The Olin curriculum is designed to give students all of these capabili-
ties. Rigorous technical courses and hands-on projects throughout the
curriculum require that students apply engineering concepts to real
problems. Interdisciplinary courses and projects make explicit connec-
tions in the technical world and between engineering and society. Ex-
tensive design experiences, significant work in the arts and humanities,
and an emphasis on original expression encourage students to develop
and apply their creativity. Continuous use of teamwork, communica-
tion skills, and entrepreneurial thinking give students the tools they
need to take their solutions from the research laboratory to the world at
large.

The Olin curriculum consists of three phases (Figure 2): founda-
tion, which emphasizes mastering and applying technical fundamentals

Foundation | Specialization | Realization

Coursework

Year 1 Year 2 Year 3 Year 4

FIGURE 2 Structure of the Olin curriculum. Projects occupy an increasing proportion
of the curriculum as students progress from foundation to specialization to realization.
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in substantial engineering projects; specialization, in which students
develop and apply in-depth knowledge in their chosen fields; and real-
ization, in which students bring what they have learned to bear on
problems approaching professional practice. In all three phases of the
curriculum, students are engaged in interdisciplinary engineering
projects that require them to put theory into practice, to put engineer-
ing in a larger context, and to develop teaming and management skills.
As a student progresses, projects become increasingly open-ended and
authentic. Students have significant flexibility in charting their path
through the curriculum, but all students must demonstrate a mastery of
required material through regular assessments.

The Foundation

Figure 3 illustrates the basic structure and requirements of the cur-
ricular “foundation,” which encompasses approximately the first two
years of a student’s education. A central building block of the founda-
tion is the cohort (a large block of coursework—equivalent to three
conventional courses) taught by a multidisciplinary faculty team. The
cohort combines two disciplinary topics with a large interdisciplinary
project, thus requiring close coordination between the understanding of
underlying disciplines and the application of this knowledge to real en-
gineering problems. Cohorts also provide a logical environment for stu-
dents to develop entrepreneurial skills, such as opportunity assessment
and teamwork. Finally, cohorts address student choice—in a given se-
mester, students can opt for one of three “flavors” of cohort.

For example, a student particularly interested in entrepreneurship
might opt to pursue a given set of physics and math learning objectives
while doing a related product-design and development project. An ar-
tistically inclined student might enroll in a cohort that uses kinetic sculp-
ture to motivate and reinforce the same physics and math objectives. In
some cases, cohorts combine two technical subjects (e.g., physics and
mathematics); in other cases, cohorts emphasize context by combining
technical with nontechnical material (e.g., materials science and busi-
ness). In all cases, cohorts provide connections between subjects and
bring theory into practice through projects.

Another prominent feature of the curriculum is the sophomore
design project in the second semester of the sophomore year. Although
students are engaged in design throughout the first two years through
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FIGURE 3 Illustration of the foundation. Although all students are required to meet
the same learning objectives, they have many choices for doing so—free electives and an

option structure in the cohorts.
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the cohorts, the sophomore design project offers a significant opportu-
nity for students to develop their own ideas, develop project implemen-
tation plans, and manage the process of bringing projects to fruition.
Planning (i.e., team formation and proposal writing) for the design
project begins in the first semester of the sophomore year.

To provide a context for their engineering studies, students will also
take courses in the arts, humanities, and social sciences. In addition,
in each semester of the foundation, students will participate in projects,
practica (e.g., short, just-in-time learning experiences), and a required
course on the basics of business to ensure that they have a solid ground-
ing in business and entrepreneurship. In some cases, this course work
will be connected directly to technical course work via projects—for
example, students might combine a study of signals with a course on
music theory and a project that focuses on building musical instru-
ments. Alternatively, signals might be combined with a study of busi-
ness and a project on opportunities in low-cost image processing. All
students will graduate with some background in both business and the
humanities. In addition, students will have the flexibility to choose
which area they wan to emphasize.

Students’ command of both theory and practice is evaluated at the
end of each year during “Gates,” a week-long, institution-wide assess-
ment period that includes written examinations, oral examinations,
team exercises, and other forms of authentic assessment. Interdiscipli-
nary by design, Gates forces students to synthesize material among
classes and from one term to the next. Gates is designed to assess insti-
tutionally defined learning objectives, rather than objectives determined
by a single instructor. By defining a desired outcome, but not the means
by which it is to be achieved, Gates allows faculty members great flex-
ibility in designing courses. Criteria-based assessment provides invalu-
able feedback to inform curricular innovation and, at the same time,
ensures that students have met the learning objectives for the year.

To encourage student creativity and initiative, Olin encourages stu-
dents to undertake passionate pursuits. Olin implemented this pro-
gram to acknowledge students’ passions—whether they are technical,
artistic, or entrepreneurial—that are important to their personal and
professional education and development. Some Olin students might
use this opportunity to start a business with the support of an Olin/
Babson hatchery; others might form a string quartet. Olin gives
students the opportunity to pursue their passions independently by
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providing resources and formal recognition via non-degree credit. Stu-
dents can also opt to pursue independent study and research as part of
the Olin curriculum; space is provided for these activities—either as
free electives each year or as passionate pursuits.

Specialization and Realization

Figure 4 shows the current concept for the third and fourth years of
the curriculum, in which cohorts again play a significant role. Special-
ization cohorts might revolve around different application areas of

Y

Year 3
Specialization Cohort
Required Project(s) - Arts, PaPssior[EIlte
- - Technical Practica Hi ities, ursuits
Tech Electiv Math Electiv WIEENT12,
BCHIECiIve athi:lective Content and Social

Research
(optional)

Sciences

Specialization Cohort
i Required Project(s) - Passionate
. Free Electiva Tn:hnicu\ Pm]ctil:u Humanities Pursuits

Tech Elective -or- es,

Independent (EEn and Social
Study Sciences Research
(optional)

v A 4 A 4
GATE |
Year 4

Arts, Passionate
Independent Humanities, Pursuits

AHS Project and Social
Sciences Research
(optional)

Capstone

a Arts, Passionate
Free_Eulreftwe Hu rgaoﬂiﬂ_“?i- Pursuits

and Social
TS Sciences Research
(optional)

GATE ]

FIGURE 4 Illustration of the concept of specialization and realization. Students have a
great amount of flexibility during years three and four.
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interest. Each cohort option will link one course with a project; addi-
tional optional courses will add “flavors” to the project. For example, a
biotech specialization cohort could connect a biology course with a
project. Some students might take a computational science course as an
optional elective and focus their project on bioinformatics. A second
group might take entrepreneurship as the technical elective and focus
on biotech start-ups. Such projects are compelling both for students
and for prospective faculty, and they provide logical opportunities for
corporate involvement.

The junior year will be the ideal time for international study and
corporate experience. Because content in the specialization and real-
ization years is defined by institutionally determined learning objectives
and measured during Gates, students can easily design nontraditional
means of achieving those objectives.

The final year at Olin will be focused on an ambitious capstone
project that occupies at least half of the student’s time for the semester.
The precise structure of this capstone has not been entirely defined, but
it will certainly look quite a bit like professional practice. Also in the
final year, students will complete a culminating project in the hu-
manities. In many cases, we imagine this project will be connected with
the capstone project. Olin students are encouraged to pass the Funda-
mentals of Engineering exam, which is designed to encourage self-
study skills, open the door to professional practice, and provide external
validation of a student’s proficiency.

ABET Requirements

The Olin curriculum is designed to satisfy the accreditation require-
ments of ABET. We believe that our focus on institution-wide learning
objectives and our use of Gates to assess whether courses achieve desired
outcomes and to promote improvement of the curriculum are entirely
consistent with ABET’s philosophy of assessment, evaluation, and im-
provement. The emphasis on interdisciplinary, hands-on design projects
throughout the curriculum also meets ABET criteria. In addition, the
curriculum is designed to satisfy ABET’s mechanical engineering and
electrical and computer engineering requirements through the special-
ization cohorts, which will address precise learning objectives.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11338

Educating the Engineer of 2020: Adapting Engineering Education to the New Century

112 EDUCATING THE ENGINEER OF 2020

Key Features of the Olin Curriculum

The Olin curriculum has a number of unique features that merit
repeating:

* Emphasis on engineering design, with substantial projects
(20 percent to 60 percent of a student’s time) every semes-
ter. A defining feature of the Olin curriculum, these projects
require that students apply math, science, and engineering prin-
ciples to real problems, consider engineering in a social con-
text, and develop entreprenecurial skills. Olin students will
graduate with extensive experience in applying theoretical
knowledge to real problems.

*  Objective-driven education based on assessments. Olin’s cur-
riculum is based on institutionally defined learning objectives
that are assessed every year by the institution and by outside
evaluators—not just by the instructor for a given course. This
commitment is critical to Olin’s mission of innovation and im-
provement.

*  Breaking of disciplinary boundaries. Through interdiscipli-
nary courses and projects, students learn the value of thinking
in non-traditional ways. Olin’s decision not to establish aca-
demic departments will further this goal.

* Emphasis on teamwork. Faculty members work on teams in
the cohort system and via other team-teaching opportunities.
Students learn “teaming” skills, both formally and through ex-
tensive teamwork on projects.

*  Flexibility and accountability. The objective-driven cohort
system provides flexibility with accountability for instructors.
Students shape their educations through learning plans that
enable them to determine their short-term and long-term learn-
ing goals and to make sure they meet these goals. Students also
have choices in subject matter—in their passionate pursuits and
their projects.

In summary, the initial Olin curriculum was created in response to
calls for changes in engineering education. In the spirit of continuous
improvement, the initial curriculum is already undergoing change, and
this process will continue as the curriculum constantly evolves. The free-
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dom of starting with a blank slate, combined with excellent students,
faculty, leadership, and resources, have provided Olin a unique oppor-
tunity to develop new ideas and a culture that welcomes innovation. By
teaching entrepreneurship, social context, creativity with design, and
superb engineering, Olin intends to provide a learning environment
suited to the acquisition and development of knowledge, skills, and
attitudes that will enable Olin graduates to be productive contributors

throughout their lives.
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Patterns in the History of Engineering
Education Reform: A Brief Essay

Bruce E. Seely
Michigan Technological University

Engineering education has been the subject of more studies and
reviews, formal and informal, than any other domain of professional
education. Indeed, one might argue that engineering education has un-
dergone continuous reform since college classrooms challenged appren-
ticeships and hands-on training in the last third of the nineteenth cen-
tury. In the pages of the Journal of Engineering Education, which was
launched by the Society for the Promotion of Engineering Education in
1893, one can track the ongoing debates about the nature and shape of
engineering education. In addition, regular reports were issued on the
state of the field at intervals of 10 to 15 years beginning with the Mann
Report of 1918, which initiated the self-study process (ASEE, 1968;
Grinter, 1956; Hammond, 1940; Jackson, 1939b; Mann, 1918; MIT
Center for Policy Alternatives, 1975; NRC, 1986, 1989; SPEE, 1930,
1934).

The present meeting sponsored by the National Academy of Engi-
neering is the most recent addition to the process. This history suggests
that there is more self-awareness in the engineering community than in
most other professional communities about the educational enterprise
that prepares new members to enter the profession. The continuous
conversations among engineering faculty members, professional and
practicing engineers (especially in leading societies, such as the Ameri-
can Society of Civil Engineers, the Institute of Electrical and Electronics
Engineers, the American Society of Mechanical Engineers, and the
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American Institute of Chemical Engineers), and executives in the firms,
businesses, and corporations that employ engineers have revolved
around a few basic issues. Considering the enormous changes that have
taken place in technology and in society at large since 1875, this conti-
nuity is striking. The intent of this brief essay is to identify the main
currents in various reform movements.

The dominant issue has involved the content of engineering cur-
ricula, including the relationship between theory and practice, the
length of engineering education, and the nature and structure of general
education courses. Issues that reflect influences from society at large
touch on the general goals and social expectations for engineering and
on who should be an engineer.

THE CONTENT OF ENGINEERING CURRICULA

It is a truism that engineering education is a product of history. Yet,
it is worth taking a moment to remember that until the end of the
nineteenth century, the primary means by which a young man became
an engineer was through a hands-on apprenticeship in a machine shop,
at a drawing board, behind a transit, or on a construction site. Although
educational institutions played a larger role than is often recognized by
providing courses and certificates, and a handful of institutions devel-
oped full-blown curricula and degree programs, it was not until after
the Civil War, when the Morrill Act led to the establishment of land-
grant schools, that the dominant pattern of engineering education
shifted from shop floors to classrooms (Reynolds, 1992). The formation
of the Society for the Promotion of Engineering Education at the
World’s Columbian Exposition in Chicago in 1893 ratified this devel-
opment (Reynolds and Seely, 1993).

A variety of factors influenced this transition. A major factor was
the steady emergence of new technologies that defied commonsense,
hands-on approaches to development and operation. Electrical and
chemical technologies increasingly required that engineers be grounded
in basic science—and in the case of alternating current, have a knowl-
edge of mathematics—to develop and improve devices and systems in
these fields. Thomas Edison, despite his attempts to appear as a trial-
and-error inventor, maintained one of the best scientific libraries in the
United States and routinely employed Ph.D.-holding scientists from
Europe (Hughes, 1989). Similarly, the design and construction of the
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alternating-current generators for the hydroelectric complex at Niagara
Falls in the 1890s owed much to European engineers because most
Americans did not have sufficient background in physics and math-
ematics to design these devices (Hunter, 1979; Kline, 1984). Charles
Steinmetz—a European immigrant working at General Electric in those
years—was one who spoke out for educational changes to keep up with
new technologies (Kline, 1992).

Another factor that influenced the shift to college education was
the emerging patterns of middle-class America. Engineering was only
one of the professions taking shape at this time; others included medi-
cine, law, economics, and even history. These professional groups had
several beliefs in common: that scientific knowledge was essential to the
improvement of the nation; that people with scientific expertise should
be given political and moral authority, as well as the social status that
comes with that authority; and finally that the best way to gain expertise
was through a university education.

The leaders of the engineering profession in the last quarter of the
nineteenth century had an acute sensitivity to their lack of social posi-
tion—at times to the point of an inferiority complex. Engineers fre-
quently asked when they would get the respect they deserved for design-
ing, operating, and maintaining the large systems on which Americans
increasingly depended, ranging from water and power systems in cities
to massive bridges and railroad networks. Eager to acquire the same
prestige as other professions, engineers embraced college classrooms as
the best approach to education, a decision that the demands of tech-
nologies reinforced (Calvert, 1967; Jackson, 1939a; Layton, 1971; Stine,
1984-1985).

But determining the nature, shape, and content of the classroom
experience proved a contentious issue that took time to resolve (and is
still being debated). A number of complex issues were involved, of which
the most delicate seemed to be finding a balance between hands-on
knowledge of devices and systems and a theoretical and scientific grasp
of nature and mathematics (Seely, 1999). Over time, more emphasis
was placed on an analytical style of engineering that emphasized sci-
ence, especially mathematical expression (usually labeled engineering
science) and less on the hands-on, empirical approach that stressed en-
gineering design. But early debates were loud and prolonged, despite
calls for changes as early as the 1880s by leading engineers, such as
Robert Thurston of Cornell. The most famous study of engineering
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education—the Wickenden report of the 1920s—also called for less
hands-on specialization and more general preparation in math and sci-
ence (Wickenden, 1927).

The change in emphasis gained momentum after European engi-
neers who arrived here after 1920 demonstrated the practical utility of
mathematics in modern engineering sciences applied to practical prob-
lems, such as vibration and dynamic movement in machinery, the
strength of materials, fluid dynamics in aviation and maritime engi-
neering, and stresses in pavement slabs and dams. Even so, it wasn’t
until the 1950s, when the Grinter report (1956) again emphasized such
knowledge and the federal government decided to fund fundamental
research (as opposed to “applied” research) and unleashed an avalanche
of money for university programs, that American engineering schools
almost universally adopted engineering science as the core of engineer-
ing education.

The far-reaching ramifications of this change included the first sig-
nificant focus on graduate education in engineering schools—especially
at the Ph.D. level. Research programs, which had always been small and
oriented more toward preparing students to understand research than
toward generating new knowledge, assumed substantially more impor-
tance in the eyes of college and university administrators. Until this
time, engineering faculty members were expected to have experience in
the real world—usually in industry.

The new emphasis on federally funded research (more than 70 per-
cent of university research was funded by the government) severed the
tight linkage between engineering faculty and business corporations.
The change was so complete that by the late 1960s practicing engineers
were complaining that the pendulum had swung too far toward theo-
retical concerns, that engineering graduates lacked problem-solving ca-
pabilities, and that engineering faculty and practicing engineers spoke
entirely different languages. Pressure began to build to redress the bal-
ance and restore design to engineering curricula and to rebuild ties be-
tween business and industry and engineering faculty. At the same time,
the federal share of research funding declined or at least held steady
(depending on the field) from the 1970s onward. In the 1990s, engi-
neering curricula underwent major changes driven by the accreditation
process overseen by the Accreditation Board for Engineering and Tech-
nology (ABET), with substantial support from American industry
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(ABET, 2005; Covert, 1992; Curry, 1991; Dixon, 1991; Kerr and Pipes,
1987; Masi, 1995).

The proper balance between science, engineering science, and de-
sign is only one of the issues engineers and engineering educators have
debated at length over the last 125 years. Other issues focused on the
content of engineering curricula, such as how long an engineering edu-
cation ought to last. Early on, the basic question of how long an engi-
neer needed to go to school had attracted significant attention. The
outcome was largely settled by adopting the pattern of four years of
schooling that had become firmly entrenched at most American col-
leges. The weak preparation of many incoming students, however, forced
some variations from the norm. For example, Cornell, the leading
American engineering school by the 1880s, was determined to maintain
high standards. To that end, Cornell established a preparatory academy
for students who lacked solid backgrounds in math or science.

The pressures posed by new technologies also kept the length-of-
study issue alive. After 1900, the problem became fitting the required
material for all of the new fields and topics into existing curricula. The
division of engineering into a large number of fields with specialized
subdisciplines was one way to keep up with rapid technological change.
New areas of study included industrial engineering, and subfields
emerged in automotive, acronautical, highway, radio, and municipal
engineering and so forth.

Even these adjustments, however, did not eliminate the sense that a
well-rounded, well-educated engineer had to know more and more. The
slow acceptance of engineering science was one factor in the growing
logjam, because fundamentals were given less emphasis than detailed
knowledge of the undergraduate’s specialty field. As new technologies
burst onto the scene, each requiring new courses, engineering faculties
almost continuously debated what to leave in and what to remove from
the curriculum (Baker, 1900; Landreth, 1906).

Another potential solution was to add a year of course work. This
idea was regularly discussed after 1900 as faculty members attempted to
keep their particular courses in the educational program (Derleth, 1909;
Fletcher, 1909; Humphries, 1913; Magruder, 1909; Marburg, 1902;
Marvin, 1901; Swain, 1913; Turneaure, 1909).

After World War II, however, pressures on the curriculum reached a
new level of intensity. The emergence of new military technologies, such
as radar and atomic bombs, had resulted in kudos for physicists, leading
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many engineers—notably Stanford’s Frederick Terman—to press for
more math, physics, and engineering science for all students.

To ensure that engineers would never again lag behind physicists,
degrees were offered in engineering science and engineering physics.
New fields, such as nuclear engineering, computer science, and interdis-
ciplinary materials science were evidence of how the new approaches to
engineering would unfold. Three schools decided that the only way to
ease the demands on students was to lengthen the curriculum to five
years. Cornell, Ohio State, and Minnesota made the switch, promising
that their graduates would be much better prepared for the new world
of engineering. Their competitors contended that in four full years, stu-
dents could do the same work and be employed a whole year sooner. All
three schools quietly ended the experiment after only a few years
(Cornell University Archives, 1948).

Ironically, almost every engineering college moved toward a post-
war curriculum that meant engineering students spent nearly five years
in school. This led Eric Walker, dean of engineering at Penn State in the
late 1940s and president of that school from 1956 to 1971, to press for
change. Walker was aware that every other profession required a gradu-
ate degree for admission to professional status. As president of the
American Society of Engineering Education in the mid-1960s, Walker
launched the Goals Study (Walker and Nead, 1966)—another review
of the state of engineering education—an intensely controversial report
that proposed addressing overloaded curricula by instituting a general-
ized undergraduate degree and reserving specialization for the master’s
level (an idea that Dartmouth adopted and has practiced for decades).

Toward the end of his life, Walker argued that, given the impor-
tance of technology to modern society, this change would allow engi-
neering to become the “liberal arts degree” of the twenty-first century.
By not specializing, undergraduates would have time for a broad educa-
tion that would prepare them for leadership positions in society and
business. By the 1990s, discussions about the relationship of under-
graduate and graduate work in engineering were under way in a number
of venues (Van Dam, 1990; Walker, 1989).

Walker’s line of thinking was in keeping with the other main issue
confronting engineers concerned with reforming the content of engi-
neering curricula—the place and shape of general education. The issue
of general education has dogged engineering educators every bit as much
as how much science and math to incorporate and how to teach engi-

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11338

Educating the Engineer of 2020: Adapting Engineering Education to the New Century

120 EDUCATING THE ENGINEER OF 2020

neering. In 1900, the debate focused on social status and prestige, issues
that had motivated the shift to classroom learning in the first place. A
professional was expected, almost by definition, to be a “gentleman,” a
term that connoted a well-rounded education. Generally, engineers as-
sumed they could achieve such a distinction through exposure to courses
in the liberal arts, but various engineering educators pressed for differ-
ent classes and subjects in the humanities and social sciences. They ar-
gued for the special value of everything from foreign languages to litera-
ture, political science to philosophy. Their rationales ranged from a need
to smooth the rough edges of engineering students to the value of cer-
tain courses for future careers (Baker, 1900; Crandall, 1901; Jackson,
1901; Johnson, 1903; Jones, 1906; Raymond, 1900; Tulleen, 1908).

The discussions focused on three topics, however. First, written
communication skills were considered especially important for engi-
neers; hence, engineering schools encouraged the teaching of technical
writing, and courses in this area were required for most engineering
students (Kynell, 1995; Kynell-Hunt, 1996). Second, nearly all observ-
ers felt that engineers needed to understand economics to be better de-
signers and to understand the calculus of profit and loss. In short, they
wanted engineers to fit easily into the large corporations that dominate
our capitalist society. Third, was history—especially the history of sci-
ence and engineering. Bridge designer J.A.L. Waddell argued, for ex-
ample, that engineers needed role models to assume the positions in
society they deserved and that historical examples were ideally suited to
advancing their professional education. Moreover, the history of past
and present accomplishments in technology could teach the general
public why engineers deserved to be leaders in society (Fleming, 1920;
McDonald, 1921; Pendred, 1923; Prelini, 1920; Waddell, 1903;
Zwilgmeyer, 1925).

The list of fields of study that could benefit young engineers was
not static. Changing circumstances, as we shall see, led to different em-
phases at different times. But calls for improving the nontechnical side
of engineering education were more or less constant. Every study of
engineering education in this century, beginning with the Wickenden
report in the 1920s, directed attention to broadening the engineering
curriculum.

An especially significant report, The Aims and Scope of Engineering
Education, was produced by a committee chaired by H.2. Hammond of
Penn State. Released in 1940, this study noted that because engineers
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frequently entered management and assumed duties outside the realm
of technical decision making, courses in the liberal arts were clearly
important to their success. Hammond coined the term “humanistic
stem” to characterize this aspect of engineering education, defining it as
parallel to a “scientific-technological stem” of undergraduate course
work (Hammond, 1940).

This conceptual scheme guided thinking about the place of non-
technical course work for several decades. During the 1950s, the Ameri-
can Society for Engineering Education received funding from the Ford
Foundation and the Carnegie Corporation to review the humanistic
stem (Hammond, 1946, 1956). And Case Institute of Technology em-
barked on a substantial reconstruction of its curriculum designed to
produce the best, most broadly educated engineers in the country (Seely,
1995; Shurter, 1952). During the 1960s, Eric Walker’s Goals Report
strongly emphasized a broad education, and occasional comments about
broad education surfaced during the next two decades. Samuel Florman,
for example, used the idea as his takeoff point for discussing social re-
sponsibility and engineering (Florman, 1976, 1987; Kent, 1978;
McCuen, 1983).

But the most telling evidence of continuing attention to nontech-
nical course work for engineering students can be found in the ABET-
sponsored EC 2000 project, which identified 12 competences engineer-
ing students need upon graduation. At least half of them, listed as items
a through 4 under Criterion 3. Program Outcomes and Assessment, can be
met in large part through courses in social sciences and humanities.
These competences include oral and spoken communication, teamwork,
understanding of the global and local contexts of engineering, and
knowledge of contemporary issues (Caruana, 1999). Discussions about
improving and reforming the content of nontechnical engineering edu-
cation continue, just as they do about scientific and technical educa-
tion. The discussions today, in fact, deal with the same topics that were
current more than a century ago.

SOCIAL INFLUENCES ON ENGINEERING REFORM

Many of the issues to which engineering reformers have devoted
significant attention, especially in terms of adjusting curricular content,
arose from concerns that were internal to the profession. Put another
way, the motivation for reform generally involved issues that engineers
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themselves felt were important. But as with any group in a larger soci-
ety, the engineering profession could not determine its shape without
taking into account the ideas and expectations of others; indeed, engi-
neering leaders always were sensitive to the opinions of outsiders about
engineering.

One of the challenges of engineering, according to historian Edwin
Layton, has been the close relationship between engineering and large
corporations, the most important outside voice in debates about engi-
neering education. Layton noted that other professions—notably law
and medicine—established their professional identities and ethical
norms in ways that emphasized their independence from sponsors and
employers; both explicitly identified the highest goal as service to soci-
ety (Layton, 1971). Engineers, however, placed greater emphasis on loy-
alty and service to employers, arguing that they could best serve society
in this way.

It is hardly accidental, then, that engineering educators and em-
ployers have always had close ties. Until the 1950s, engineering faculty
members, most of whom had practiced engineering before turning to
teaching, considered it their goal to train young men for positions in
business and industry. William Wickenden, who ran the great study of
the 1920s, came to the job from AT&T, and many faculty members
spent their summer vacations consulting for industrial firms in order to
remain familiar with real-world problems. Large corporations, as histo-
rian Thomas Hughes observed, found engineers perfectly suited for the
strategic task of incremental research and development (Hughes, 1989).
Today, industrial advisory boards to engineering departments, colleges,
and universities mark the ongoing ties between industry and engineer-
ing education.

Business corporations were not the only outside influence on engi-
neering education. Some engineering education reforms were motivated
by events in society at large or by legal or regulatory imperatives. In the
former category, we can place the effort to turn engineers into gentle-
men who received the rewards of social status and prestige. Respect for
expertise was a basic element of the American value system at the turn
of the twentieth century, and recognition of engineers’ expertise fit nicely
into the emergence of a middle class that valued professionalism.

Attitudes and outlooks in American society were never static, how-
ever, and as expectations changed, the efforts of engineering educators
also changed. Adjustments appeared almost every decade, most often in
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the humanistic stem. For example, during the 1920s, the wave of tech-
nical changes symbolized by Henry Ford’s assembly line prompted a
significant social interest in efficiency, as well as social acceptance of big
business. Engineering schools therefore placed slightly less emphasis on
cultural improvement for gentlemen and slightly more emphasis on pre-
paring students for a business environment with accounting and man-
agement courses. The economic catastrophe of the Great Depression
and talk of technological unemployment, however, undermined some
of the enthusiasm for technology and big corporations. As a defensive
measure of sorts, engineering curricula placed additional emphasis on
economics and other courses that might help explain the Depression
(Carey, 1940; Lescohier, 1933; Topping, 1934).

In 1936, at Carnegie Institute of Technology in Pittsburgh, for ex-
ample, new president Robert E. Doherty responded to the challenges of
the Great Depression with the Carnegie Plan, a revamped curriculum
that strengthened humanities and social science content. Doherty prom-
ised that Carnegie Tech graduates would gain “a clear historical under-
standing of the parallel growth of science and engineering, on the one
hand, and social customs, relations, and institutions, on the other, and
of how these have reacted on each other.” This social-relations program
included a required first-year course entitled “Origins and Develop-
ment of the Technological Age,” which examined the historical devel-
opment of Western and American civilization, including the role of tech-
nology (Boarts and Hodges, 1946; Doherty, 1950a,b).

The logic behind the Carnegie Plan was that students needed to
understand and defend the continued development of new technology.
But by the late 1930s and continuing into the early 1950s, new prob-
lems led to new emphases. World War II and the Cold War encouraged
engineering schools to direct students’ attention to the nature of gov-
ernment, above all to the differences between democracy and totalitari-
anism. To inoculate engineering students against the siren song of com-
munism, the humanist stem was significantly strengthened (Green,
1945; Rhys, 1946; Smith, 1945; Wickenden, 1945).

The social activism of the 1960s was felt in engineering schools in
several ways. Many engineering schools remained uniquely calm, even
hostile, to student antiwar activism; at Michigan Tech, for example,
Dow recruiters were received with open arms! But engineering cur-
ricula and outlooks did not escape the tumult of the 1960s, although
the consequences became visible only over the next two decades.
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For example, the environmentalism of Earth Day has become institu-
tionalized in departments of civil and environmental engineering. In-
deed, sustainability has become a buzzword among engineering faculty
members.

In addition, engineering colleges attempted to recruit more diverse
student bodies—especially more women and minority students. The
Society for Women Engineers (SWE) had been organized in the late
1940s, just about the time that Cornell’s Dean of Engineering Solomon
Cady Hollister had commented that women who venture into engi-
neering “must either think and act like men, or they must surrender a
considerable amount of their feminine characteristics in the normal pur-
suance of the professional work” (Alden, 1974; Cornell Engineer, 1952;
Durchholz, 1977; Hacker, 1983; Oldenziel, 1997; Sproule, 1976). By
the 1960s, however, SWE slowly grew into a national organization in
the wake of the civil rights and feminist movements. The National Ac-
tion Council for Minorities in Engineering (NACME) was organized in
1974 (Browne, 1980; Engineering News-Record, 1965; Fisher, 1971; Gib-
bons, 1971; Hartford, 1978; IEEE Spectrum, 1975; NACME, 2005).

Although some efforts were made to prepare and recruit racial mi-
norities for engineering careers, neither women nor other minority stu-
dents are well represented in engineering today. By the late 1990s, how-
ever, everyone involved in engineering education—educators and
colleges, corporate supporters, and governmental research sponsors—
seemed genuinely committed to ensuring that engineering no longer be
the most-white, most-male profession.

Diversity is the most obvious way social factors continue to influ-
ence efforts to reform engineering education. Such changes are not easy,
however. The internal historical logic of engineering seems deeply rooted
in a male-oriented past that celebrated virtues such as toughness and
strength shown by taming nature for the benefit of society. Such identi-
ties die hard.

Although it is now exceedingly rare for women students to encoun-
ter faculty members who believe that women should not try to become
engineers, Rosalind Williams, a historian of technology and former dean
of students at MIT, recently reported that student design teams on her
campus position men and women differently. The emerging division of
labor suggests that women undertake the “soft” tasks of team building,
communication, and contextual preparation and that men do the “real”
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work of design and innovation (Williams, 2004). Reform, in other
words, does not come easy.

REINVENTING THE WHEEL?

Given the difficulty of reform, I use the phrase “reinventing the
wheel” to characterize the history of engineering education. I do not
mean to say that history repeats itself. Social and political contexts
change, and the specific circumstances in which engineering schools,
faculties, and students find themselves have changed with new tech-
nologies and social developments that pose new challenges. Few engi-
neering deans before 1950 worried much about the relationship be-
tween undergraduate and graduate education—or about balancing
teaching and research. Fund-raising in its many all-consuming forms
looks very different now than it did 25 years ago. And even 10 years
ago, few engineering school administrators worried about the
outsourcing of U.S. engineering jobs to Asia.

Despite these changes, however, many of the challenges facing en-
gineering educators have remained remarkably consistent over time. The
questions of what to include in tight curricula, how long engineering
education should last, how much specialization there should be at the
undergraduate level, how to prepare students for careers that include
both technical and managerial tracks, and how to meet the needs and
expectations of society all seem timeless.

As a new round of inquiry and discussions begins, it may be useful
to remember that engineering educators have walked this path before
and that some of their ideas and solutions might be of value to us. Let
me close with a voice from the past—William Wickenden, who headed
the 1920s survey of engineering education and later became president
of Case Institute of Technology. In 1927, as he was completing that
massive study of engineering education in the United States, he wrote,
“Closer association between teaching, research, and the working out of
original engineering problems would be a potent tonic. What appears
to be most needed is an enriched conception of engineering and its
place in the social economy, a broader grounding in its principles and
methods, and a more general postponement of specialized training to
the graduate schools and to the stage of introductory experience which
marks the transition to active life” (Wickenden, 1927). Perhaps this
prescription still has some efficacy today.
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Preparation for the Professions
Program: Engineering Education
in the United States

Sheri Sheppard

Carnegie Foundation for the Advancement of Teaching

The Carnegie Foundation for the Advancement of Teaching has
produced many studies of professional education, beginning with the
influential Flexner report on medical education in 1910. Building on
that tradition, the foundation initiated the Preparation for the Profes-
sions Program (PPP) in 1999 to address the perception that profes-
sional education has been plagued by a long-standing failure to connect
theory and practice in systematic, productive ways. In law schools, for
instance, theoretical academic learning is the coin of the realm; litte
attention is paid to the “lawyering” skills and values that are essential in
the world of practice. In addition, professional preparation tends to be
insular, with no mechanism for learning from other fields to develop
strategies for tackling common challenges of professional preparation.
The goal of PPP is to raise issues and broaden the frame of reference for
leaders and practitioners in all fields of professional education. Phase I
of the program is focused on preparation for three professions—law, the
clergy, and engineering. Phase II, simultaneous studies of medical and
nursing education, is just being launched.

CONCEPTUAL FRAMEWORK OF THE PROGRAM

During Phase I of the program, the research team developed a
framework for addressing topics common to all fields, as well as the
particularities of each field. This structure is providing conceptual co-
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herence for the Phase I studies and will be carried forward into Phase II.
One concept that is proving useful for comparative purposes, for ex-
ample, is that each field is characterized by one or more “signature
pedagogies,” ways of teaching that are familiar, even iconic, to anyone
with experience in the field. This concept is based on observations of a
ubiquitous pedagogical approach in legal education—so-called Socratic,
or case-dialogue, teaching—which has been dramatized in 7he Paper
Chase and other films and novels and is thus well known even to the lay
public.

The concept of a signature pedagogy has been appropriate to the
other fields as well. Each study reveals the nature of the signature
pedagogies in that field, suggests their power to encourage a particular
kind of learning, identifies their limitations—and suggests creative ap-
proaches to overcoming those limitations. Engineering education, for
example, is characterized by four very different signature pedagogies,
each of them consistent in a particular component of the curriculum
(engineering science or “analysis” courses, laboratory courses, design
courses, and ethics modules). The three types of courses are thus strik-
ingly different from each other and engender different types of learning.
The engineering study takes a close, critical look at each of the signature
pedagogies and then considers their relationship to professional roles.

A second lesson from the PPP studies is derived from theoretical
efforts to determine the benefits of the old idea of apprenticeship in
professional preparation. The idea of “cognitive apprenticeship” is an
important aspect of contemporary discussions of how learning occurs
(e.g., Brown et al., 1989). To cover the full range of crucial aspects
of professional education, we developed a concept of a three-fold
apprenticeship:

* Intellectual training for learning the academic knowledge
base and the capacity to think in ways important to the
profession. In engineering, this is generally considered the
main goal of analysis classes, in which the emphasis is on un-
derstanding fundamental concepts.

* A skill-based apprenticeship of practice, which is the focus
in engineering laboratory and design settings. In these situa-
tions, faculty act primarily as advisors, consultants, and coaches
to student teams working on projects.

* An apprenticeship in the mission, ethical standards, social
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roles, and responsibilities of the profession, through which
the integrated practice of all dimensions of the profession
and the fundamental purposes of the profession are intro-
duced. This apprenticeship may be integrated into laboratory
or design settings, taught in stand-alone classes, or not taught
explicitly at all.

These aspects of professional apprenticeship reflect different em-
phases in all professional education and are deeply rooted in the history
and organization of professional schools. By examining these appren-
ticeships, we can characterize common issues across fields, as well as
distinct issues in each field. The metaphor of a three-fold apprentice-
ship also forms a basis for a normative analysis, a lens through which to
evaluate the adequacy of preparation for professional work. Based on
this framework, the study team was able to describe the tensions and
shortfalls, as well as the strengths, of professional education in each
field.

Assessment of student learning has emerged as a salient area in each
field we investigated so far and is closely linked to the pedagogical theme
of basic practices of teaching and learning. Assessment that helps stu-
dents both master subject matter and become more aware of their ca-
pacities can be a key contributor in professional education to the forma-
tion of competent practitioners. Assessment includes ongoing informal
feedback on performance, as well as formal assessments. Despite its im-
portance, however, assessment is a troublesome issue in all three of the
fields in Phase I and is emerging as a central concern for the professions
in the Phase II studies. Coaching and continuous, informative feedback
are critical to an effective apprenticeship, so assessment practices give
specific content to aspects of the apprenticeship framework and provide
a basis for making comparisons across fields.

THE STUDY OF ENGINEERING EDUCATION

In the first stage of the engineering study (2000-2001), we took a
“big picture” approach to answering questions about teaching and learn-
ing practices in engineering education in the United States. We reviewed
data from a national survey and ABET self-studies from 40 engineering
schools (100 programs) to select seven schools to look at in greater de-
tail through site visits. The selected schools are located in all regions of
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the United States and include a wide range of institutional types—a
small stand-alone school of engineering, a large public engineering
school, several university-based programs, a Catholic university, and a
school that serves many first-generation college students and transfer
students. Thus, striking similarities and important variations among the
schools are described. The study team visited these schools during the
first six months of 2002, interviewing more than 200 faculty and 200
students and administrators and observing 60 classes.

An important goal of the data analysis has been to develop a clear
picture of how administrators, faculty, and students understand the na-
ture of engineering practice and to identify a set of core ideas that are
consistent across these groups and in line with published analyses of the
essential features of the profession. The resulting conception of what an
engineer is and what an engineer does is laid out in the first chapter and
provides a “backbone” for the book. In subsequent chapters, curricula
and pedagogies are described in some detail and then examined with
reference to how well they contribute to preparation for the practice of
engineering. Draft chapters addressing the three main components of
the curriculum—analysis, laboratory, and design courses—are finished,
as are detailed outlines of the other chapters. A draft of the full manu-
script should be completed by the summer of 2005.
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International Recognition of
Engineering Degrees, Programs, and
Accreditation Systems

Kevin Sweeney
Miami University

As economic globalization increases, we must bring down artificial
barriers that limit workforce mobility. One way to increase mobility is
through the mutual recognition of degrees, degree programs, and ac-
creditation systems. Some places—Europe, for example—have a strong
desire to work towards global harmonization, and, given the expansion
of the European Union (EU) and its need for workforce mobility, re-
gional harmonization as well. This has provoked a great deal of activity,
especially in countries that do not have recognized accreditation sys-
tems in place, or even a tradition of accreditation, such as Germany.
The United States, which has a strong tradition of engineering accredi-
tation, is also working toward global recognition of accreditation meth-
ods. Mutual recognition and accreditation will not only benefit gradu-
ates in a particular country, but will also promote quality control and
attract students to national degree programs.

It is generally accepted that a competent practicing engineer must
have the following qualifications:

* astrong education that teaches analytical and theoretical think-
ing that enables problem solving, innovation, and invention

* training in working with people from diverse backgrounds and
solving technical problems

*  work experience, including responsibility for making decisions
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As Jack Levy (EUR ING Professor at the City University in the
United Kingdom) has said (2002), “While these components of com-
petence of professionalism are needed, the way they are acquired varies,
as does the point at which the national professional title is awarded . . .
[and] the length of the academic course may vary widely, from three
years to five or more years.”

In the following sections, current activities dealing with mutual rec-
ognition of accreditation of engineering degree programs, engineering
technologist degree programs, and the professional level for registered
engineering practitioners are summarized.

ENGINEERING DEGREE PROGRAMS

Washington Accord

The Washington Accord was signed in 1989 by the groups in Aus-
tralia, Canada, Ireland, New Zealand, the United Kingdom, and the
United States responsible for accrediting professional engineering de-
gree programs in their countries. The accord recognizes “substantial
equivalency” of the programs accredited by the signatories and satisfac-
tion of the “academic requirements for the practice of engineering at the
professional level.” The accord states that the “processes, policies and
procedures” used in the accreditation of academic programs are compa-
rable and “recommends that graduates of accredited programs in any of
the signatory countries be recognized by the other countries as having
met the academic requirements for entry to the practice of engineering”
(Washington Accord, 2004).

The Washington Accord has several limitations. First, it covers pro-
fessional engineering undergraduate programs but not engineering tech-
nology or postgraduate programs. Second, it does not apply to degree
programs accredited before signing by the accrediting body. Third, it
does not apply to degree programs declared or recognized as “substan-
tially equivalent” by the signatories. Finally, it covers only the academic
requirements of licensing, but not the actual licensing, which still varies
from country to country.

Interest in the Washington Accord has increased significantly since
it was signed in 1989. Two more countries have signed on since then
and are now full signatories: Hong Kong in 1995 and South Africa in
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1999. Four countries have been added as provisional signatories: Japan
in 2001 and Germany, Malaysia, and Singapore in 2003. In addition,
the accreditation bodies of India and Bangladesh have recently expressed
their intent to submit applications for provisional membership, and
Russia and Korea have sent representatives to meetings of the Washing-
ton Accord signatories.

Alec Hay, chairman of the International Committee of the Engi-
neering Council of South Africa, stated while reporting on a June 2001
meeting on the Washington Accord that “Being a signatory to the WA
[Washington Accord] remains therefore a significant development for
South Africa and is in line with the Government’s perspective that the
standards in engineering should meet international standards.”

A recent paper by Professor M.K. Khanijo (2004), senior consult-
ant with the Engineering Council of India, describes India’s motivation
for signing on to the Washington Accord: “Since GATS [General Agree-
ment of Trade in Services] emphasizes recognition of qualifications of
professionals, it is in India’s interest to get its own system of recognition
and registration made acceptable at the international level. If this is not
done, Indian engineers will be at a disadvantage and may even be ruled
out when they seek opportunities for employment.”

Although membership in the Washington Accord is considered by
many national accreditation agencies as the best path towards interna-
tional recognition, some concerns remain about whether developing
nations can be accepted as full members.

The EUR ING Professional Title

The Fédération Européenne d’Associations Nationales d’Ingénieurs
(FEANI) (translated as the European Federation of National Engineer-
ing Associations) is a federation of national engineering associations
from the EU, European Free Trade Association, and countries consid-
ered “eligible for accession into the EU” at a future time. Currently,
FEANI, which has 26 member countries representing more than two
million professional engineers, considers itself “the single voice for the
engineering profession in Europe” and is working to “affirm and de-
velop the professional identity of engineers.” The European Commis-

sion recognizes FEANI as the official representative of the engineering
profession in Europe (FEANI, 2005).
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One of the services provided by FEANI, the granting of the EUR
ING professional title, is intended to “facilitate the mutual recognition
of engineering qualifications in Europe” and (1) facilitate mobility by
assigning a “guarantee of competence” to engineers who wish to prac-
tice outside their own countries, (2) provide information to employers
about educational and training systems in Europe, and (3) encourage
continuous improvements in the quality of engineers by monitoring
and reviewing standards. Currently, slightly fewer than 30,000 regis-
tered engineers have been granted the EUR ING title.

FEANI maintains an index of universities and other institutions of
higher education and their engineering degree programs recognized as
fulfilling the mandatory educational requirements for the EUR ING
title. Member countries submit descriptions of schools and degree pro-
grams for inclusion in the FEANI Index upon approval by the Euro-
pean Monitoring Committee. The FEANI Index is intended to be the
“authoritative source of information about national engineering educa-
tion systems and educational institutions” (FEANI, 2000).

Other Pan-European Organizations

The European Standing Observatory for the Engineering Profes-
sion and Education (ESOEPE), which is associated with FEANI, com-
prises organizations concerned “with quality assurance and accredita-
tion of engineering programmes, including national and trans-national
(European) bodies, Associations or temporary networks.” ESOEPE has
aspirations of becoming #he European body dealing with accreditation
(FEANI, 2001). In fact, ESOEPE has considered changing its name to
the European Consortium for Engineering Accreditation.

The European Parliament is currently considering a directive
[COM(2004)317] that would accelerate the processing of requests for
recognition of qualifications by giving more automatic recognition to
engineers who meet certain agreed criteria. The purpose would be to
bridge differences in education and training and make it easier for engi-
neers and other professionals to work anywhere in the EU.

Many other pan-European organizations are addressing the issue of
mutual recognition of accreditation and quality control in higher edu-
cation. Currently, there is a good deal of discussion, even competition,
about which models for European-wide accreditation of degrees will

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11338

Educating the Engineer of 2020: Adapting Engineering Education to the New Century

INTERNATIONAL RECOGNITION OF ENGINEERING DEGREES 139

prevail and which organizations will take the lead. Some of these orga-
nizations are listed below:

e  The European Consortium for Accreditation in Higher Educa-
tion (ECA) was established in 2003 to achieve “mutual recog-
nition of accreditation decisions among the participants before
the end of 2007” (ECA, 2003).

*  The European Network for Quality Assurance in Higher Edu-
cation (ENQA) was “established to promote European co-
operation in the field of quality assessment and quality assur-
ance between all actors involved in the quality assurance pro-
cess” (ENQA, 2000).

e The Network of Central and Eastern European Quality Assur-
ance Agencies in Higher Education (CEE Network), founded
in 2001, was established “to serve as a clearinghouse for issues
on quality assurance in higher education in the Central and
Eastern European countries” (CEE Network, 2001).

e The Joint Quality Initiative, “an informal network for quality
assurance and accreditation of bachelor and master programmes
in Europe,” is based on the Bologna Declaration of 1999 and
the Prague Communiqué of 2001. The Joint Quality Initiative
works to “adopt a higher education system essentially based on
two main cycles, to co-operate in quality assurance, to design
scenarios for mutual acceptance of evaluation and accredita-
tion/certification mechanisms, to collaborate in establishing a
common framework of reference, and to disseminate best prac-
tice” (Joint Quality Initiative, 2000).

e The European Network of Information Centers (ENIC Net-
work) was formed “to develop policy and practice for the rec-
ognition of qualifications” and to provide information on the
recognition of foreign diplomas, degrees, and other qualifica-
tions; educational systems throughout Europe; and opportuni-
ties for studying abroad, including information on loans and
scholarships and answers to practical questions related to mo-
bility and equivalence (ENIC, 1999).

e The National Academic Recognition Information Centers Net-
work (NARIC Network) was initiated by the European Com-
mission in 1984 to improve academic recognition of diplomas

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11338

Educating the Engineer of 2020: Adapting Engineering Education to the New Century

140 EDUCATING THE ENGINEER OF 2020

and periods of study in EU member states, EEA countries, and
associated countries in Central and Eastern Europe and Cyprus

(NARIC, 1984).

ENGINEERING AND TECHNOLOGY
DIPLOMA/DEGREE PROGRAMS

Sydney Accord

Signed in 2001, the Sydney Accord, which provides for joint recog-
nition of academic programs for engineering technologists, is based on
the Washington Accord and operates in a similar way. Current members
include the national engineering organizations of Ireland, the United
Kingdom, Canada, South Africa, Hong Kong, Australia, and New
Zealand.

Dublin Accord

Signed in 2002, the Dublin Accord, which provides joint recogni-
tion of academic programs for engineering technicians, is also based on
the Washington Accord and operates in a similar way. Representatives
of the national engineering organizations of the United Kingdom, South
Africa, Canada, and Ireland have all signed on to this agreement (Dublin
Accord, 2002).

THE PROFESSIONAL LEVEL OF REGISTERED
PRACTITIONERS

Engineers Mobility Forum

The Engineers Mobility Forum (EMF), established in October
1997, was initially formed as a subcommittee of the Washington Ac-
cord signatories to facilitate the mobility of experienced professional
engineers. Unlike the Washington Accord, which focuses on mutual
recognition of accredited academic programs, EMF is developing “a sys-
tem of mutual recognition of the full professional level to facilitate cross-
border mobility of registered practitioners.” This is especially important
for currently practicing engineers whose qualifications are not recog-

nized through the Washington Accord (EMF, 2003).
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EMF maintains a decentralized Register of International Engineers
that includes the names of professional engineers in member countries
who meet very specific educational and experiential guidelines. The pur-
pose of the registry is to streamline the process of obtaining practice
privileges in EMF-member countries. The registry is “decentralized” in
the sense that each country operates its own section and writes its own
“assessment statement” describing the admission requirements for that
country. A monitoring committee in each country develops the assess-
ment statement, reviews applications for admission to the registry, and
functions as the point of contact for all matters relating to the registry.

EMF members include the national engineering organizations of
Ireland, the United Kingdom, United States, Canada, South Africa,
Hong Kong, Australia, Japan, Malaysia, Korea, and New Zealand.
FEANI has observer status, and India and Bangladesh have expressed an
interest in joining EME

With the signing of the EMF Agreement in June 2001, the Interna-
tional Register of Professional Engineers (IRoPE) was established
(IPENZ, 2000). The requirements for entrants to the registry are listed
below (BCS, 2005):

* registration in a signatory jurisdiction

* accredited degree or equivalent academic qualification

* seven years postgraduate experience

* two years of work with responsibility for engineering work
* maintenance of continuing professional development

Asia-Pacific Economic Cooperation Engineer Register

Similar to IRoPE, the Asia-Pacific Economic Cooperation (APEC)
Engineer Register is an initiative that facilitates cross-border mobility
for professional engineers in the APEC region. An APEC Engineer Reg-
ister has been established in Australia, Canada, Hong Kong China, In-
donesia, Japan, Korea, Malaysia, New Zealand, the Philippines, Thai-
land, and the United States.

In the United States, the EMF and APEC registers are maintained
by the U.S. Council for International Engineering Practice (USCIEP),
which was established to “develop and promote procedures to enable
U.S.-registered professional engineers to practice internationally”

(USCIEP, 2004). Member organizations of USCIEP include the
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Accreditation Board for Engineering and Technology (ABET), the
National Council of Examiners for Engineering and Surveying, the
National Society of Professional Engineers, and the Association of
Consulting Engineers of Canada.

Requirements for admission to the USCIEP Registry include li-
censing in one or more jurisdictions of the United States and the quali-
fications listed below:

* graduation from an accredited program (either via ABET or
the Washington Accord)

* a passing grade on the Fundamentals of Engineering
examination

* apassing grade on one or more of the Principles and Practice of
Engineering assessment examinations

*  no sanctions resulting in a suspension or revocation by any ju-
risdiction of the engineering practice license

e  at least five references from licensed professional engineers fa-
miliar with the candidate’s work, character, and integrity

* periodic updates of the professional activities record and testi-
monials from professional references

* at least seven years of qualifying experience (at least four at the
time of initial registration as a professional engineer)

e at least two years of experience in charge of significant engi-
neering work as defined in the USCIEP Assessment Statement

* minimum standards for continuing professional competence as
a condition of remaining on the registry as defined in the
USCIEP Assessment Statement

* citizenship in the United States

Engineering Technologists Mobility Forum

Similar to the EME the Engineering Technologists Mobility Forum
(ETMF) was established to remove “artificial barriers to the free move-
ment and practice of certified/registered/licensed engineering technolo-
gists amongst their jurisdictions.” The agreement specifically covers the
process by which substantial equivalence in competence of practitioners
is established. Signatories of ETMF include Canada, Ireland, New
Zealand, South Africa, and the United Kingdom (IPENZ, 2004).
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Other Agreements

Many bilateral and multilateral agreements have been established
between countries and organizations. Although these agreements may
still be important, especially on a regional level, they are rapidly being
preempted by large-scale, multinational, mutual agreements.
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Appendix B

These transcripts of presentations given at the plenary sessions of
the 2004 Engineering Education Summit served as catalysts for the
discussions that occurred in the breakout groups. They represent the
opinions of the individual speakers and are not necessarily endorsed by
the Engineer of 2020 Phase II Committee. The Committee wishes to
express its thanks to all of the speakers for their contribution to the

Summit.
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Capturing the Imagination:
High-Priority Reforms for

Engineering Educators

Gretchen Kalonji
University of Washington

My remarks are based on lessons learned in recent years, particu-
larly through the National Science Foundation (NSF) Engineering Edu-
cation Coalitions, but also through other notable efforts to reform sci-
ence education at both the university and K-12 levels. A great many
projects have been undertaken, and we have accumulated quite a bit of
data about what works well and what doesn’t. There have been many
successful innovations that can help us in planning for the future: the
benefits of interdisciplinary, team-based design activities early in the
curriculum; the power of novel linkages with K-12 programs and stu-
dent leadership activities; the importance of the innovative integration
of technology (particularly when students are involved in its design and
implementation); the importance of alternative approaches to assessing
student learning; the need for programs for graduate student and fac-
ulty development; and the implications of all of these for diversity in
our communities.

Even if we could scale up what works in the intellectual and profes-
sional development of students and in increasing diversity in the engi-
neering workforce, we would still not be able to address the problems
we face nationally in engineering education. That is because most of the
work up to now has been performed in the framework of perceived and/
or real constraints, focused mostly on the curriculum, particularly the
transformation of courses creatively about the kind of activities that
promote the intellectual and professional development of students, we
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have fallen back on old educational metaphors. To a certain extent, both
students and faculty are burdened by the tyranny of the assumption
that “courses” are the primary (and in many cases almost the sole)
mechanisms for student intellectual development.

As we move forward, we must boldly reformulate engineering edu-
cation. To put it bluntly, by sticking to existing models, we are losing
the battle for the imaginations of young people. Many of the best, most
creative, most idealistic, and most energetic young people do not see a
future for themselves in engineering that engages their passions. In-
stead, many see engineering education as a formulaic, boring, individu-
alistic endeavor driven largely by the acquisition of highly atomized,
esoteric technical skills. The connection in students’ minds between en-
gineering and the issues they care about is obscure. Even those who
recognize engineering as a venue for solving major problems facing hu-
manity often become discouraged in the early years by the seemingly
endless drudgery of courses that appear to be largely disconnected, not
only from their interests, but also from the broader picture of what
engineering could be, and should be, about.

Besides losing the battle for the imaginations of young people, we
are not addressing the rapidly changing nature of professional practice.
Considering the rapid pace of change and the internationalization of
technical labor, there simply will not be jobs for our students unless we
begin to think more creatively about the kinds of skills and personal
development they will need to be competitive.

I am arguing for a dramatic, fundamental transformation of the
educational process. Instead of an education based on courses, we should
focus on participation in multidisciplinary, multisectoral, multicultural,
even multinational teams addressing the grand challenges facing our
world. Let engineering capture the intellectual high ground of trans-
forming higher education across disciplines by challenging the funda-
mental structure of undergraduate education. In this reformulation, the
heart of the curriculum is participation—in interdisciplinary teams and
in substantive research projects. This new approach might be called a
“grand challenges curriculum.”

Examples of grand challenges could include: the development of
effective, low-cost wastewater treatment technologies to make clean wa-
ter accessible to more people around the world; new health care diag-
nostic technologies; the transformation of decaying urban infrastruc-
tures; and so on. Because the lines between science and technology are
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being increasingly blurred (e.g., nanotechnology and bioengineering),
basic challenges at the frontiers of science should also be included. Su-
perb science also serves humanity.

Building a curriculum around grand challenges would mean that
courses as we currently think of them would have a subsidiary, support-
ing role. The predominant activities of students would change dramati-
cally, as would the role of faculty. In structuring this new educational
paradigm, we can learn from the NSF Engineering Education Coali-
tions and other projects:

*  Engage students in exciting, team-based, authentic experiences
in their freshmen year. We can build here on the experience of
the NSF Engineering Education Coalitions.

*  Help students develop intellectual road maps of their field(s) (a
moving target for many). The road maps should include “mile-
stones,” that is, specific knowledge and skills they will need and
why. Some of these milestones may be reachable through exist-
ing courses, but we should be open to defining alternative
mechanisms and alternative ways of certifying these skills.

*  Provide students with multiple entry points and exit points. We
must preserve the extraordinary flexibility of the U.S. higher
education system and encourage students to explore a variety
of interests without inordinate penalties. Even a student who
starts and finishes her degree in one institution would benefit
greatly from “messing around” a bit and working on a number
of challenges before zeroing in on an area of specialization.

*  Establish interdisciplinary working teams to address challenges
thatinclude, as appropriate, faculty and students from social
sciences and humanities, natural sciences, business and law, and
other disciplines. Of course, if the challenges are big enough,
the research will have to be interdisciplinary. This would also
give students who initially thought engineering was boring a
chance to take a second look and maybe reconsider. Interdisci-
plinary teams can also further diversity.

*  Offer students multiple opportunities for leadership, either in
the K-12 community, in the design and delivery of educational
technology, or in service projects to local communities. Stu-
dents are our most underutilized resource in making educa-
tional change.
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* Promote extra-university partnerships. The new educational
metaphor will require more involvement with state and local
government, the nonprofit sector and industry. These deeper
and broader multisector partnerships will have a number of
ancillary benefits for students.

*  Develop international alliances to enhance partnerships. Ben-
efits include: preparing students educationally and profession-
ally for the world arena in which they will be working and the
transnational dimensions of the challenges they will face; over-
coming the insularity of the U.S. engineering education com-
munity; and increasing the diversity of the student body.
Women, for example, are significantly overrepresented in most
“study abroad” programs. If we choose partners and topics care-
fully (e.g., working closely with partner universities around the
world), internationalizing student projects can be a strategy for
increasing ethnic and cultural diversity.

*  Continue (albeit with some modifications) the culminating se-
nior thesis/design project, either as an individual or as part of a
team. Students must have the experience of completing and
presenting a substantive body of work before they move to the
next stage of their lives.

An undergraduate engineering education based on participation in
multidisciplinary teams working on major, or grand, challenges will have
a variety of ancillary benefits. Students will develop strong leadership,
communication, and teamwork skills, cross-cultural and cross-national
awareness, and most important, confidence in their ability to contrib-
ute to the science and engineering community.

In the new educational setting, faculty will experience the intellec-
tual excitement of learning new things and building new partnerships
and will be able to focus more energy on the things they really care
about, such as contributing to important research, making a real differ-
ence in young people’s lives, and contributing to society. The emotional
rewards for faculty are a key element in a transformed educational envi-
ronment.

If the new educational environment is carefully constructed, it can
also benefit institution in many ways: by increasing the credibility of
the institution with stakeholders as university research is targeted to-
ward solving local societal problems; by establishing better partnerships
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with local organizations and international allies; and by making institu-
tions more attractive to students and faculty from diverse backgrounds.

The engineering profession will be more likely to capture the imagi-
nations of young people, thus moving engineering to the forefront as
educational institutions rethink and redesign undergraduate education.
Engineering graduates will be among the most creative, energetic, and
dynamic young professionals in the world.

CONCLUSION

In this brief summary, I have outlined where I think engineering
education should be going and some of the steps we must take to move
from a curriculum focused on courses to a curriculum focused on col-
laborative, interdisciplinary projects. Individual institutions can do a
lot; multi-institutional alliances can do much more. Catalyzing the re-
sults of experiments in the pragmatics of educational transformation
would be very useful. For the health of the system as a whole, we should
maintain institutional diversity in “flavors” and approaches.

The University of Washington has taken some steps in the direction
I have described. Through an initiative I led called UW Worldwide, the
university is bringing together faculty and students not just in engineer-
ing, but also from a wide variety of other colleges and schools, to work
with partner universities around the world on multinational, project-
based education. Our flagship project is a joint, four-year, research-based
undergraduate curriculum with Sichuan University focusing on chal-
lenges to the environment in the U.S. Pacific Northwest and southwest
China. This program combines research in water quality and wastewa-
ter treatment, eco-materials, forest ecology, and biodiversity with exten-
sive language and cultural studies and a reciprocal year-long exchange.
This is just a beginning, though. Our hope is that this initiative will be
a model for networks of projects and institutions working together to
transform the curriculum to focus on participation in large-scale, team-

based research challenges.
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The Global Engineer

Linda Katehi
Purdue University

As I was preparing for this panel, I read 7he Engineer of 2020 with
great interest (NAE, 2004). One particular section attracted my atten-
tion. It describes scenarios for the future, four alternative environments,
all futuristic, each one taking us in a different direction. When I fin-
ished reading, I was thankful that none of them was real and intrigued
by a future so wonderfully unknown. And yet, the unknown that makes
the future beautiful and wonderful in the eyes of some, also makes us
vulnerable. This vulnerability has become clear in the present economic

environment.

In the last few years, the U.S. engineering workforce has undergone
trends that we would never have anticipated 10 or 20 years ago—
the outsourcing of mainstream engineering jobs; increasing reliance on
foreign-born Ph.D. graduates; and the need for retraining engineers to
enable them to change careers a number of times before retirement.

As we try to predict the future of the engineering profession and
engineering education, we must take into account some important fac-
tors. First, history has shown that changes in the engineering profession
follow changes in cultural, social, and political environments. Evidence
shows that these changes in the profession have led to technology break-
throughs that helped or harmed social progress, depending on the po-

litical environment surrounding them.

Second, as we think about the engineering profession of the future
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and education to prepare the engineer of 2020 and beyond, we should
keep in mind statistical projections relevant to anticipated social and
economic changes:

* By 2050, 8 billion of the 9 billion people on Earth will live in
developing countries, and economic growth in these countries
will be only 2 percent below the expected economic growth in
the developed world.

* In 20 to 30 years, the most popular language will not be En-
glish, and what we now consider U.S. industries will not exist
in their present form. If these industries exist by name at all,
their headquarters will not be in the United States.

* By 2050, the biggest social problem occupying the world will
be poverty, and its primary impact will be on the female popu-
lation.

* In 20 to 30 years, the primary economic growth in nations
around the world will depend on females working in all profes-
sions, from farming to high-tech industry.

THE U.S. ENGINEER OF 2020 AND BEYOND

With these factors in mind, it is very easy to conclude that U.S.
engineers will face totally different problems from the ones we face to-
day. It is expected that U.S. engineers will be based abroad, will have to
travel (physically or virtually) around the world to meet customers, and
will have to converse proficiently in more than one language. U.S. engi-
neers will represent a minority culture and, thus, will have to be open to
different religions, different ways of thinking, and different social val-
ues. Flexibility and respect for ways of life different from ours will be
critical to professional success.

Future U.S. engineers will have to address and help solve a variety
of problems, from creating means of communication among indigenous
groups to reducing or eliminating poverty to providing transportation
to addressing environmental problems to accommodating new technol-
ogy breakthroughs in solutions to becoming accustomed to a technol-
ogy progress rate 10 to 100 times faster than today’s rate.

U.S. engineers must become global engineers. They will have to
know how to replenish their knowledge by self-motivated, self-initiated
learning. They will have to be aware of socioeconomic changes and
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appreciate the impact of these changes on the social and economic land-
scape in the United States and elsewhere. The engineer of 2020 and
beyond will need skills to be globally competitive over the length of her
or his career.

ENGINEERING EDUCATION

History has shown that the “Great American Engineering College”
has been extremely conservative in terms of curricular issues. This in-
digenous and historical conservatism has been compounded by the over-
specification and over-prescription of educational requirements. How-
ever, revising the curriculum has become a heroic and very expensive
task. As a result, university curricula structures last for long periods of
time, sometimes more than 20 years.

When it comes to changes in the curriculum, we tend to focus on
the successes of the past rather than the challenges of the future. As 7%e
Engineer of 2020 states, “we are teaching more and more about less and
less.” As our interest and awareness of global problems increases, our
teaching efforts are increasingly being perceived as pointless attempts to
teach everything about nothing.

Although the future is unpredictable, the skills required for engi-
neers to be successful are well known. And one thing is for sure—the
future will be global. Neither the United States nor any other developed
country will be able to ignore global issues. Addressing poverty and
health care delivery on a global scale and accepting social responsibility
will not be matters of philanthropy but of survival.

Current Challenges

Engineering schools today are facing a challenge they have never
faced before. They must prepare engineers for solving unknown prob-
lems and not for addressing assumed scenarios. Therefore, the emphasis
should be on teaching to learn rather than providing more knowledge.
Teaching engineers to think analytically will be more important than
helping them memorize algebra theorems. Teaching them to cope with
rapid progress will be more critical than teaching them all of the tech-
nology breakthroughs.

We have seen in the past 20 years that the amount of new knowl-
edge increases at a logarithmic rate in all technology and physical sci-
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ence disciplines. It is fascinating that all of this information is available
at the click of a keyboard key.

Future Learning Paradigms

The new engineering curriculum must take into account that in the
future students will learn in a completely different way. Up to now,
engineering schools have developed curricula by creating scenarios or
predicting the problems we expect to face. In doing so, we have focused
on knowledge rather than skills.

Curricula based on specific knowledge are built from the bottom
up. In this teaching paradigm, we dissect a hypothetical problem into a
myriad of pieces. We then teach about each of these pieces, anticipating
that we will be able to develop a solution by combining them. As the
complexity of the problem increases, however, the relative size of the
building blocks becomes smaller. Eventually, the effort involved in learn-
ing about the small pieces is so overwhelming that we can no longer
synthesize the original problem—the parts become more important than
the whole. Engineers whose education is built from the bottom up can-
not comprehend and address big problems. They get lost in irrelevant
details.

Solving Unknown Problems

In a scenario-free future, there are no anticipated problems, only
anticipated challenges and possible opportunities. The future engineer-
ing curriculum should be built around developing skills and not around
teaching available knowledge. We must focus on shaping analytic skills,
problem-solving skills, and design skills. We must teach methods and
not solutions. We must teach future engineers to be creative and flex-
ible, to be curious and imaginative.

Future engineers must understand and appreciate the impact of so-
cial/cultural dynamics on a team environment. They must appreciate
the power of a team relative to the importance of each individual’s tal-
ent. They must know how to communicate effectively and how to think
globally. Engineering curricula must focus on developing skills that en-
able them to address the unknown.
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CREATING GLOBAL ENGINEERS

We need engineering curricula that are not overly prescribed, that
focus on how to learn and how to apply what has been learned. We need
to focus on how to seek and find information. We need curricula that
satisfy a few fundamental teaching principles but allow for true varia-
tions. Requirements must be flexible to react to change. Future engi-

neers will need design skills, as well as analytical skills.

We must also open engineering curricula to non-engineers and
teach our students how to solve social problems and how to
commoditize technical innovations and processes to erase poverty. We
must recreate connections between engineering and the larger society
and focus on tools that will improve the quality of life. American engi-
neering schools are facing a great challenge, and we should be looking
forward to making it an opportunity for national and global leadership.
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The Importance of Economics

G. Bennett Stewart, 111
Stern Stewart & Co.

Given my slim curriculum vitae and engineering credentials, I
agreed to speak only on the condition that Princeton Professor John
Mulvey not revoke my engineering degree. This is the first lesson of risk
management, of which Mulvey is a world expert. I should explain that I
entered Princeton’s engineering program in 1970 because my father was
an engineer, I was good at math and science, and I enjoyed solving
problems. But like many, many others, I didn’t know what to expect,
and by the end of my freshman year, in 1971, I didn’t know which of
the five departments to choose. A fellow engineer and roommate, Larry
McKeithan, helped. “Bennett,” he said, “it’s electrical engineering.
Computers are the wave of the future.” That was enough to convince
me. At the end of my junior year, when I was once again approaching a
fork in the road, I consulted my consigliere Larry again. “Business
school,” he advised. “What's that?” I asked. “I'm not sure,” he said, “but
it gets you a job at the end.”

With the next stage of my education carefully plotted, off I went to
the University of Chicago, which at the time was an engineer’s delight.
Finance was taught like a branch of physics—mathematical models and
empirical research into stock market and accounting data, and, in my
humble opinion, the world’s best economics department. I lapped it up,
while, to my satisfaction, undergraduate liberal arts majors struggled
mightily.

The Chicago business education is now decidedly different than it
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was in my time. It now includes more case studies, more teamwork,
more of the “real world,” largely in reaction to popular rankings pub-
lished in Business Week magazine and other publications. Based on my
experience interviewing Chicago students, recent graduates are more
verbal, less one-dimensional, “slicker” than we were, but also less sub-
stantive. In exchange for more immediate market value, they appear to
have surrendered foundations and skills I believe are of lifelong value.
Although they may be better at addressing questions of the moment, I
suspect they lack the ability to adapt readily to unpredictable changes,
and therein may lie a lesson for the education of engineers.

To complete this short story, I ended up joining the corporate fi-
nancial advisory arm of the Chase Manhattan Bank, from which, in
1982, a group of us left to start our own management consulting firm
specializing in valuation, financial management, and incentive compen-
sation. And in this work I have found my training as an engineer to be
of real value, not so much in specific ways, although there certainly were
specifics, particularly in the early years, but in the rational, systemic,
problem-solving mind-set engineering education fosters. That is a gift I
have cherished, and I owe it to the outstanding and dedicated engineer-
ing faculty at Princeton. I have been fortunate, and will not forget it.

And that brings me at long last to my first pertinent comment,
based on my particular set of experiences. Engineers must learn eco-
nomics. Not high-faluting Keynesian macroeconomics, but basic
micro-economics, the setting of prices, the determinants of market
value, and so forth. If engineering is about designing solutions to prob-
lems in a world of constraints and tradeoffs, which I think is a fair
definition, the best engineering solutions can emerge only in the con-
text of market prices and market forces. And engineers should take the
lead in insisting that market forces be permitted to work as broadly as
possible.

For example, pollution taxes and the trading of pollution credits are
preferable to outright pollution controls or mandated solutions. The
former allow an economic calculus of tradeoffs to enter the engineering
model, and the later, not. To take another example, the Engineer of
2020 report cites the shortage of water as a pressing global need, and
surely it is. But why? Because, universally, the price of water is regulated
and held below a price that reflects its true value. The engineering solu-
tion ought to be to develop the right price and let market forces operate,
not to waste precious resources solving a problem that fundamentally
may not exist.
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One of the best papers I read at Chicago suggested that we will
never run out of any natural resource, as long as market forces are al-
lowed to work. As relative scarcity raises the price, conservation, and
more important, the development of new supplies and substitutes
(which is what engineers are so darn good at doing) will take care of the
problem. The point is that engineering and free-market economics nec-
essarily advance hand-in-hand. The extreme case of communist coun-
tries, where market forces and the profit motive were closed off, proves
the point. They resorted to stealing technology because they were un-
able to create it.

Unless the importance of free markets is understood, engineering
can easily go the wrong way. The 2020 report quotes the Guiding Prin-
ciples for Green Engineering, many of which read like Communist Party
slogans. For example, Principle #6 is: “Strive to Prevent Waste.” (I think
I'll put that up on my living room wall in bright red letters.) But that
statement is non-operative. The trouble is that striving itself is wasteful
if the waste saved is not worthwhile. And how would one measure in
the absence of a price for the waste? Again, engineers need market prices,
not black-and-white regulations, to make correct, “unwasteful,” eco-
nomic decisions, and engineers should inject themselves forcefully into
this very public debate.

While we're on the subject of waste, there is a form of waste in
engineering that I think everyone will agree must be reduced. I was
stunned to read that if all entering freshmen completed their engineer-
ing degrees, the number of graduates would increase by an astonishing
40 percent. To put that in the parlance of total quality management, the
failure rate of American engineering departments is two out of five—
hardly 6 sigma. If a for-profit company had a failure rate that high, it
would go out of business. Something is terribly wrong here, and it must
be fixed. Perhaps part of the fix is better preparation and better selection
of students before they enter an engineering program.

Engineers have always yearned for more respect from, and author-
ity in, society. They still clamor for it, I suspect. But if an answer has
been to make engineers better engineers by making them more human,
it is equally true that to make humans better humans they must become
better engineers. (My sloganeering is definitely competing with Chair-
man Mao.) We must begin earlier imparting the mind-set of engineer-
ing to all students, not just engineering students, to help them under-
stand the merits of using rational, economic models and discourse to
solve problems, even before they enter college but also while they are in
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college. The challenge, I repeat, is not just to put the human in the
engineer, but also to put the engineer in all humans. In this respect,
engineering departments have failed miserably. They have not implanted
the mind-set of the engineer in liberal arts students. Why is there a one-
way street—we have to take their classes, and they make fun of us? We
must reciprocate. Call it the revenge of the nerds.

In Bruce Seely’s excellent review of engineering education reform,
he closed with a passage from William Wickenden, a 1920s president of
Case Institute of Technology. Wickenden wrote, “What appears to be
the most needed is an enriched conception of engineering and its place
in the social economy, a broader grounding in its principles and meth-
ods, and a more general postponement of specialized training to gradu-
ate schools’—and I paraphrase here—to entry-level jobs. Like Seely, I
recommend this pithy summary, which seems to address some of the
issues I have just raised.

As a closing note from the perspective of industry, let me say that in
business we learn that whatever gets measured gets managed; the ob-
verse is mostly true, too. My favorable impression of the work of the
task force as represented in the Engineer of 2020 report was under-
mined by the paucity of specific, numerical goals. I urge you to quantify
objectives, to set targets and milestones, and to develop a system of
accountability and reward around achieving them. You must also be
very careful to set goals for the right outcomes, because you might just
get them in ways that make no sense. In fact, I wouldnt be above sug-
gesting soliciting award funding from industry.

A related point is that engineering departments should not eschew
industry relations but should embrace those connections, unabashedly
and much more broadly and formally than they do today. Do not be
concerned that you will be co-opted by mere commercial priorities,
because they can never overcome the instinct for learning and discovery
that is so strong in the engineering community. Look at funds as impor-
tant market signals of how to allocate resources to problems that prom-
ise the biggest and most immediate “bang for the buck.” I'd even like to
get monetary incentives into faculty pay, but that is a topic for another
day.

I know I've thrown out some tough challenges for you as tenured
academics, but you owe it to yourselves and the future of engineering to
rise to them. I earnestly thank you for hearing out this has-been engi-
neer. And I close by imploring you to be generous when you grade my
presentation. Thanks, again.
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Charles M. Vest
Massachusetts Institute of Technology

I am very pleased to be playing a small role in these important
deliberations about educating the engineer of 2020 and beyond. In his
letter of invitation, Wayne Clough suggested that I explore this topic
“particularly with respect to your extensive experience in higher educa-
tion.” That was probably his way of reminding me that I am approach-
ing graybeard status. But it also gave me a chance to look back over my
35-plus years as an engineering educator. When I did, I realized that
many things have changed remarkably, but others seem not to have
changed at all.

The list of things that have not changed is long—far too long. Is-
sues that are still with us, that have hardly changed during all these
years, are: how to make the freshman year more exciting; how to explain
what engineers actually do; how to improve the writing and communi-
cation skills of engineering graduates; how to bring the richness of
American diversity into the engineering workforce; how to give stu-
dents a basic understanding of business processes; and how to get stu-
dents to think about professional ethics and social responsibility. But
for the most part, change has been astounding. In the past 35 years, we
have moved from slide rules to calculators to PCs to wireless laptops.
Just think of all that implies.

Looking ahead to 2020, a mere 16 years in the future, and setting
goals should be a “piece of cake.” But is it? To gain some perspective,
just look back 16 years and think about what was not going on in 1988.
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There was no World Wide Web. Cell phones and wireless communica-
tion were in the embryonic stage. The big challenge was the inability of
the American manufacturing sector to be competitive in world markets.
Japan was about to bury us economically. The human genome had not
been sequenced. There were no carbon nanotubes. Buckminster
Fullerines had been around for about three years. We hadn’t even started
to inflate the dot-com bubble, let alone watch it burst. And terrorism
was something that happened in other parts of the world—not on our
shores.

All this is to say that predicting the future, or even setting meaning-
ful goals, is a risky business . . . even on a scale of a mere 16 years. Years
ago, I read that an author who made a study of predictions of the future
found one simple invariant. We always underestimate the rate of tech-
nological change and overestimate the rate of social change. That is an
important lesson for engineering educators because we educate and train
the men and women who drive technological change. We turn them
loose to affect, and work within, the developing social, economic, and
political context.

Although Phase I of the Engineer of 2020 (creating the vision) has
already been completed, I hope you will forgive me for making some
observations about the context within which we must advance engi-
neering education. These observations fall into five categories: (1) op-
portunities and challenges; (2) globalization; (3) scale and complexity;
(4) new systems engineering; and (5) delivery and pedagogy.

OPPORTUNITY AND CHALLENGE

I envy the next generation of engineering students because this is
the most exciting period in human history for science and engineering.
Explosive advances in knowledge, instrumentation, communication,
and computational capabilities have created mind-boggling possibilities
for the next generation. The degree to which students are already rou-
tinely cutting across traditional disciplinary boundaries is unprec-
edented. Indeed, the distinction between science and engineering in
some domains has been blurred to extinction, which raises some serious
issues for engineering education.

As we think about the many challenges ahead, it is important to
remember that students are driven by passion, curiosity, engagement,
and dreams. Although we cannot know exactly what they should be
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taught, we must think about the environment in which they learn and
the forces, ideas, inspiration, and empowering situations to which they
are exposed. Despite our best efforts to plan their education, to a large
extent we can simply wind them up and then step back and watch the
amazing things they do. In the long run, making universities and engi-
neering schools exciting, creative, adventurous, rigorous, demanding,
and empowering milieus is more important than specifying curricular
details.

GLOBALIZATION

Our task today is to focus on engineering education in the United
States, but we can only do so in the context of engineering in 2020 and
beyond. We have to ask basic questions about future engineers: who
they will be; what they will do; where they will do it; why they will do it
and what this implies for engineering education in the United States
and elsewhere.

The truth is that in the future American engineers will constitute a
smaller and smaller fraction of the profession. More and more engineers
will be educated and will work in other nations, especially in Asia and
South Asia, and they will do just what our engineers do—work to run
at the leading edge of innovation. Future engineers will be moving rap-
idly up the proverbial food chain. They will practice engineering in
national settings and in global corporations, including corporations with
headquarters in the United States. They will see engineering as an excit-
ing career, a personal upward path, and a way to affect local economic
well-being.

Universities around the world, especially in Asia and South Asia,
are becoming increasingly utilitarian, focusing on advancing economies
and cutting-edge research. Tectonic changes are taking place in the way
engineers are being produced and in where engineering and research
and development are being done.

From the U.S. perspective, globalization is not a choice; it is a real-
ity. To compete in world markets in the “Knowledge Age,” we cannot
depend on geography, natural resources, cheap labor, or military might.
We can only thrive on brainpower, organization, and innovation. Even
agriculture, the one area in which the United States has traditionally
been the low-cost producer, is undergoing a revolution that depends on
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information technology and biotechnology, that is, brainpower and
innovation.

So, we must do two things: (1) discover new scientific knowledge
and technological potential through research; and (2) drive high-end,
sophisticated technology faster and better than anyone else. We must
make the new discoveries, innovate continually, and drive the most so-
phisticated industries. We must also continue to get new products and
services to market faster and better than anyone else. We must design,
produce, and deliver to serve world markets. And we must recognize
that there are natural global flows of industry and that the manufactur-
ing of many goods will inevitably move from country to country ac-
cording to their state of development. Manufacturing may start in the
United States, then move to Taiwan, then to Korea, and then to China
or India. These megashifts will occur faster and faster and will pose
enormous challenges to our nation.

Meeting these challenges will require an accelerated commitment
to engineering research and education. Research universities and their
engineering schools will have to do many things simultaneously: ad-
vance the frontiers of fundamental science and technology; advance in-
terdisciplinary work and learning; develop a new, broad approach to
engineering systems; focus on technologies that address the most im-
portant problems facing the world; and recognize the global nature of
all things technological.

SCALE AND COMPLEXITY

Now let’s think a bit about engineering frontiers and the content of
engineering education. There are two frontiers of engineering. Each of
them has to do with scale, and each is associated with increasing com-
plexity. One frontier has to do with smaller and smaller spatial scales
and faster and faster time scales, the world of so-called bio/nano/info.
This frontier has to do with the melding of the physical, life, and infor-
mation sciences, and it has stunning new, unexplored possibilities. Natu-
ral forces of this world are forcing faculty and students to work together
across traditional disciplinary boundaries. This frontier certainly meets
the criterion of inspiring and exciting students. And out of this world
will come new products and processes that will drive a new round of
entrepreneurship . . . based on things you can drop on your toe and
feel—real products that meet the real needs of real people.
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The other frontier has to do with larger and larger systems of great
complexity and, generally, of great importance to society. This is the
world of energy, environment, food, manufacturing, product develop-
ment, logistics, and communications. This frontier addresses some of
the most daunting challenges to the future of the world. If we do our
jobs right, these challenges will also resonate with our students.

NEW SYSTEMS ENGINEERING

I first heard the term “systems engineering” as a graduate student in
a seminar about the Vanguard missile—the United States’ first, ill-fated
attempt to counter Sputnik by putting a grapefruit-sized satellite into
space. An embarrassing number of Vanguards started to climb and then
blew up. Khrushchev found this very funny. In fact, the Vanguard rocket
was assembled from excellent components, but they had been designed
with no knowledge of the components with which they would inter-
face. As a result, heat, electrical fields, and so on, played havoc with
them. The fix was to engineer the system. I found this very interesting
... and then, like most students of that era, I pursued a career in engi-
neering science.

But back to the present. Many of our colleagues believe that we
must develop a new field of systems engineering and that it should play
a central role in engineering education in the decades ahead. In 1998,
MIT established an Engineering Systems Division, which reflected a
growing awareness of the rising social and intellectual importance of
complex engineered systems. At the time, a large number of faculty
members in the School of Engineering and other schools at MIT were
already engaged in research on engineering systems . . . and MIT had
launched some very important educational initiatives at both the
master’s and doctoral levels.

The Engineering Systems Division is intended to provide a focus
for these activities by giving them greater administrative and program-
matic coherence and stimulating further development. MIT, of course,
is famous for establishing “engineering science,” which revolutionized
engineering in the post-World War II era. In fact, in my view, the piv-
otal moment in MIT"s history was when President Karl Compton real-
ized that we could not be great in engineering if we did not also have
great science. This realization started the institution on a path that led
to the engineering science revolution.
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Another pivotal moment in MIT’s history occurred half a century
ago when a faculty commission (headed by Warren K. Lewis) consider-
ing the nature of our educational programs told us that to be a great
engineering school in the future we would have to develop strong pro-
grams in the humanities and social sciences. Perhaps that set us on a
path to the evolving twenty-first-century view of engineering systems,
which surely are not based solely on physics and chemistry. Indisput-
ably, engineers of today and tomorrow must conceive and direct projects
of enormous complexity that require a new, highly integrative view of
engineering systems.

Academics led the way in engineering science, but I don’t think we
have led the way in what we now call “systems engineering.” In fact, as
we observe developments in industry, government, and society, we are
asking ourselves what in the world we should teach our students. Al-
though this is a valuable exercise, it is not enough. We need to establish
a proper intellectual framework within which to study, understand, and
develop large, complex engineered systems. As Bill Wulf [president of
the National Academy of Engineering] has eloquently warned us, we
work every day with systems whose complexity is so great that we can-
not possibly know all of their possible end states. Under those circum-
stances, how can we ensure that they are safe, reliable, and resilient? In
other words, how can we practice engineering?

Something exciting is happening, however, and it comes none too
soon. The worlds of biology and neuroscience are suddenly rediscover-
ing the full glory and immense complexity of even the simplest living
systems. Engineers and computer scientists are suddenly as indispens-
able to research in the life sciences as the most brilliant reductionist
biologists. The language is about circuits, networks, and pathways.

It is fascinating to participate in discussions of the role of science
and biology—of research and development—in homeland security, or
more generally in antiterrorism. I think of this as the “Mother of All
Systems Problems.” Designing systematic strategies to protect against
terrorism has about as much in common with our experience of pro-
tecting ourselves from the Soviet threat of just a few years ago as it does
with strategizing against eighteenth-century British troops marching
toward us in orderly file.

Consider what IBM’s vice president for research, Paul Horn, is
thinking about these days. His company and his industry, which pro-
duce the ultimate fruit of the engineering science revolution (i.e., com-
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puters) is morphing into a new services sector—financial services, manu-
facturing services, McDonald’s hamburger services. Paul Horn is asking
himself if a services science is about to emerge. I don’t know if a new
discipline is about to appear, but if it does, it will be a subset of the new
systems engineering.

I referred to homeland security as the Mother of All Systems Prob-
lems, but there is an even greater, and ultimately more important sys-
tems problem—that is the “sustainable development” of human societ-
ies on this system of ultimate complexity and fragility we call Earth. In
Europe, sustainable development, ill defined though it may be, is part
of the everyday work of industry and politicians and a common element
in political rhetoric—and rhetoric is a start. I am troubled that sustain-
able development is not even on the radar screen in the United States,
let alone on the tongues of presidential contenders. Nevertheless, sus-

tainable development must be on our agenda as we prepare the engi-
neers of 2020.

DELIVERY AND PEDAGOGY

So far, I have suggested that engineering students prepared for 2020
and beyond must be excited by their freshman year; must have an un-
derstanding of what engineers actually do; must write and communi-
cate well; must appreciate and draw on the full richness of American
diversity; must think clearly about ethics and social responsibility; must
be adept at product development and high-quality manufacturing; must
know how to merge the physical, life, and information sciences when
working at the micro- and nanoscales; must know how to conceive,
design, and operate engineering systems of great complexity. They must
also work within a framework of sustainable development, be creative
and innovative; understand business and organizations, and be prepared
to live and work as global citizens. That is a tall order . . . perhaps even
an impossible order.

But is it really? I meet kids in the hallways of MIT who can do all of
these things—and more. So we must keep our sights high. But how are
we going to accomplish all this teaching and learning? What has stayed
constant, and what needs to be changed?

One constant is the need for a sound basis of science, engineering
principles, and analytical capabilities. In my view, a strong base of fun-
damentals is still the most important thing we provide, because we re-
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ally can’t predict in detail what students will end up needing. And I am
so old fashioned that I still believe great lectures are wonderful teaching
and learning experiences. So humor me, and don't give up entirely on
masterfully conceived, well delivered lectures. They still have their place
... at least they better have, because at MIT we just built a magnificent,
whacky, inspirational, and expensive building designed by Frank Gehry,
and—by golly—it has classrooms and lecture halls in it (among other
things). But even I admit that there is truth in what my extraordinary
friend Murray Gel-Mann likes to say, “We need to move from the sage
on the stage to the guide on the side.” Studio teaching, team projects,
open-ended problem solving, experiential learning, engagement in re-
search, and the philosophy of CDIO (conceive/design/implement/op-
erate) should be integral elements of engineering education.

Now for what has changed. Two obvious things have changed—we
now have information technology, and we have the MTV generation.
So the idea is to provide deep learning through instant gratification. It
sounds oxymoronic to me . . . but it seems to be happening! Actually,
our Frank Gehry building is about something like that.

Of course, I have to say something about the role of information
technology in educating the engineer of 2020. But before I do, I want
to tell you a true story. A few years ago, two dedicated MIT alums, Alex
and Britt d’Arbeloff, gave us a very generous endowment, the d’Arbeloff
Fund for Excellence in Education, which was inspired by Alex’s desire to
understand and capitalize on the role of information technology in
teaching and learning on a residential campus. We celebrated the estab-
lishment of the fund with an intense, day-long, highly interactive fo-
rum on teaching that brought together a large number of our most
innovative and talented teachers and a wide range of students.

At the end of that very exciting day, we all looked at each other and
realized that nobody had actually talked about computers. Even though
information technology is a powerful reality, an indispensable, rapidly
developing, empowering tool, computers do not contain the essence of
teaching and learning. These are deeply human activities. So we have to
keep our means and ends straight.

In the first instance, the Internet, World Wide Web, and computers
can do two things for engineering schools. First, they can send informa-
tion outward, beyond the campus boundary. And second, they can bring
the external world to the campus. By sending information out, we can
teach, or better yet, provide teaching materials to teachers and learners
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all over the world. By bringing the world in, we can enrich learning,
exploration, and discovery by our students.

Information technology can also create learning communities across
time and distance. It can access, display, store, and manipulate unfath-
omable amounts of information, images, video, and sound. It can pro-
vide design tools and sophisticated simulations. And it can burn up a
lot of money. To reduce the amount of money, we can do what the
Internet and Web do best—create open environments and share re-
sources and intellectual property across institutions. The goal of MIT’s
OpenCourseWare initiative is to make the basic teaching materials for
2,000 MIT courses available on the Web to teachers and learners any-
where, at any time, free of charge. For example, my remarkable col-
league Jesus del Alamo is installing PCs in underresourced African uni-
versities, enabling students to log on and operate sophisticated and
expensive experimental equipment that is physically located at MIT.

Information technology in education is important, but it is merely
the paper and pencil of the twenty-first century. For engineering stu-
dents of 2020, it should be like the air they breathe—simply there to be
used, a means, not an end. But my secret desire, which I hope will play
out on the time scale of the next 16 years or so, is that cognitive neuro-
science will catch up with information technology and give us an un-
derstanding of the nature of experiential learning—a real science of
learning. Then we might see a quantum leap, a true transformation in
education.

IN THE MEANTIME.. ..

In closing, I want to repeat something I said earlier. Making univer-
sities and engineering schools exciting, creative, adventurous, rigorous,
demanding, and empowering milieus is more important than specifying
curricular details. My primary advice for educating the engineer of 2020
is this. As you develop the concept of a new curriculum and new peda-
gogy, as you try to attract and interest students in nanoscale science,
large complex systems, product development, sustainability, and busi-
ness realities, don’t be tempted to crowd the humanities, arts, and social
sciences out of the curriculum. The integral role of these subjects in
U.S. engineering education differentiates us from much of the rest of
the world. I believe the humanities, arts, and social sciences are essential
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to the creative, explorative, open-minded environment and spirit neces-
sary to educate the engineer of 2020.

American research universities, with their integration of learning,
discovery, and doing, can still provide the best environment for educat-
ing engineers . . . if we support, sustain, and challenge them. We must
retain their fundamental rigor and discipline, but also provide opportu-
nities for as many undergraduates as possible to participate in research
teams, perform challenging work in industry, and gain substantive pro-
fessional experience in other countries.

One final, critical point—once we decide what to teach and how to
teach it, we must be sure that the best and brightest young American
men and women become our students . . . and the engineers of 2020
and beyond. In the past 16 years, the number of B.S. degrees in engi-
neering granted in the United States dropped from about 85,000 to a
low of 66,000; it has rebounded now to about 75,000. In this global,
knowledge age with its serious problems and opportunities, we need the
best and brightest students to pursue careers in engineering, and we
need a large percentage of them to earn Ph.D.s in the areas of engineer-
ing that can lead to innovations that will keep us free, secure, healthy,
and thriving in a vibrant economy.

This will require two things in addition to the broad objectives I
have already discussed. First, we must double and redouble our efforts
to make engineering schools and the engineering profession attractive
and fully engaging to women and students in underinvolved minorities.
We need equity and full participation in our engineering workforce,
faculties, and leadership. Second, we should rally support for the grow-
ing movement to create a twenty-first-century analogue of the National
Defense Education Act of the 1950s and 1960s.

I wish you all good luck with the tasks you have set for yourselves.
And remember, we cannot afford to fail.
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NAE Engineer of 2020
National Education Summit

National Academy of Engineering
2101 Constitution Ave. NW
Washington DC 20418

Thursday, July 22, 2004
Continental Breakfast—GREAT HALL
Opening and Welcome—AUDITORIUM
Wm. A. Wulf, President, National Academy of
Engineering
Stephen Director, Dean of Engineering, University
of Michigan and Chair, NAE Committee on
Engineering Education
G. Wayne Clough, President, Georgia Institute of
Technology and Chair, Engineer of 2020 Steering

Committee

8:00 a.m.
8:45

SESSION I: CHAIR, G. Wayne Clough

9:10 Keynote Presentation:
Engineering Education in the 21st Century: An

Industry View
Ruth David, President and CEO, ANSER
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9:50 Invited Panel: Innovation and Reform in Engineering
Education
Panel Moderator, Ray Bowen, President Emeritus,
Texas A&M University
Gretchen Kalonji, Professor, University of
Washington
Arden Bement, Director, National Institute of
Standards and Technology; Acting Director,
National Science Foundation
Linda Katehi, Dean, School of Engineering,
Purdue University
Bennett Stewart, III, Senior Partner, Stern
Stewart & Co.
Follow-on discussion and Q&A in Town Hall Meeting

format
11:05 BREAK—GREAT HALL

11:30 Keynote Presentation:
Engineering Education in the 21st Century: A
University View
Charles M. Vest, President, Massachusetts Institute
of Technology

12:15 p.m. Lunch—THE REFECTORY

SESSION II: CHAIR, Wm. A. Wulf

12:45 Address by Shirley Ann Jackson, President, Rensselaer
Polytechnic Institute
SESSION III: CHAIR, G. Wayne Clough

1:15 Review of Engineer of 2020 Phase I Report—
AUDITORIUM
Alice Agogino, Professor, University of California,
Berkeley
Follow-on discussion and Q&A

1:45 Statement of Charge to Breakout Teams
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2:00 Breakout Sessions
Attendees will be distributed among five breakout
teams. The teams will be given the afternoon to
respond to the team assignments. Teams can
determine their own break schedules. Refreshments
will be available throughout the afternoon.

A. An Education Philosophy and Strategy

Each breakout team is assigned an education
philosophy below and is charged to develop a
strategy for achieving the long-term goals of a
successful engineering education model in 2020
within the framework represented by that philosophy.

Group 1, NAS 150
Leader, James Wagner, President, Emory
University

Propose an undergraduate engineering
education model(s) that meets the aspirations
expressed in the Engineer of 2020 Report
assuming conventional constraints are not
binding. Consider how much of the
conventional curriculum should be retained,
e.g., the calculus requirement.

Group 2, NAS 180
Leader, David Daniel, Dean of Engineering,
University of Illinois

Propose an undergraduate engineering
education model(s) that comes as close as
possible to meeting the aspirations expressed in
the Engineer of 2020 Report while remaining
within conventional constraints such as the
“four-year” curriculum and ABET
requirements. How will we add new knowledge
in areas like nanotechnology?
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Group 3, NAS 250
Leader, Stephen Director, Dean of
Engineering, University of Michigan

Propose new pedagogical approaches that
should be used to educate engineering
graduates for 2020 with respect to
accommodating differences in learning styles,
the changing nature of the student graduating
from high school, new options offered by
educational technology, problem-based
education, “just in time” material delivery, and
interdisciplinary education.

Group 4, Members Room
Leader, Alice Agogino, Professor, University of
California, Berkeley

Explore the role of undergraduate engineering
education in relation to liberal arts and social
studies, and public policy. What should
engineering do to promote preparation for
management, law, medicine, and other
professions? How should topics like
management and leadership be accommodated?

Group 5, NAS Board Room
Leader, Kent Fuchs, Dean of Engineering,
Cornell University

Propose revisions for department and faculty
roles needed to meet the engineering education
needs of graduates in the year 2020. Should all
engineering faculty be required to have a
Ph.D.? Should experience be required for
capstone courses? How can the professoriate be
diversified to better reflect the population at
large? Can department expectations allow for
flexibility in individual faculty expectations?
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B. Setting an Action Agenda

Keeping in mind the philosophy assigned and
strategy developed in part A, breakout teams will
develop an action agenda to achieve their desired
goals.
1. List the things in engineering education that
should be changed immediately (short-term) and
would not require significant support from
external communities. Choose the three most
important things on the list and describe the
rationale for their selection.
2. List the things in engineering education that
should be changed in the immediate or near-term
but would likely require support from external
communities. Choose the three most important
things on the list and describe the rationale for
their selection.
3. List the things in engineering education that
should not be changed and that should be
sustained in the new century. These will be
considered constraints as the team develops plans
to make the changes identified above.
4. Consider the questions listed in the addendum
as the action agenda is being developed.

5:00 Reception—GREAT HALL
Friday, July 23, 2004
8:00 a.m. Continental Breakfast—GREAT HALL

SESSION IV: CHAIR, Wm. A. Wulf

9:00 Review of Day 1—AUDITORIUM
G. Wayne Clough
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9:30

10:10

11:25
11:40

12:00 p.m.

1:30

2:45

3:00

EDUCATING THE ENGINEER OF 2020

Keynote Address
Engineering Education in the 21st Century:
An Industry View
Nicholas Donofrio, Senior Vice President,
Technology and Manufacturing, IBM

SESSION V: CHAIR, G. Wayne Clough

Team Reports with Q&A

Teams will present their proposed strategies and action
agendas to the full assembly. The audience will have an
opportunity to critique and react to the proposals.

BREAK—Teams move to breakout rooms
Breakout Sessions—same meeting rooms

Breakout teams meet to create action plans considering

feedback from the full assembly.

C. Creating an Action Plan
Prepare a plan to make the three most important
immediate changes and the three most important
near-term changes identified in step B above. Keep in
mind the constraints the team has agreed upon in
step B.3 above. The action plans should include
short- and medium-term milestones as needed,
metrics to assess and evaluate the impact of the
recommended changes, and mechanisms for feedback
and continuous improvement. Consider the
questions below as the details of the plan are

developed.
Lunch (working lunch served in breakout rooms)

Plenary Session—AUDITORIUM

Teams present their action plans.
Closing Remarks (Clough, Wulf)

Adjourn
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ADDENDUM
POSSIBLE QUESTIONS FOR THE BREAKOUT SESSIONS

1. Outcome Goals for Engineering Graduates

a. What technical and professional knowledge should be expected
of an individual called an “engineer” in 2020?

b. Given their likely social and political environments, what addi-
tional knowledge and skills will be required beyond those currently
expected of engineering graduates (e.g., leadership, civic involve-

ment, public policy, etc.)?

c. Will any skills currently assumed of engineering graduates be
superfluous because of changes in technology or society?

d. What knowledge, skills, and abilities will best position domestic
students to compete in a global marketplace?

e. How can formal education be better integrated with informal
and lifelong learning by engineering graduates?

f. How do we attract and engage the broadest range of talent as
future engineers?

g. How do we better provide fluency in operating in diverse intel-
lectual and cultural environments to our graduates?

2. Curricula, Laboratories, and Learning Technologies

a. What experiences can we provide to best prepare our students for
their future working environments?

b. How do we balance disciplinary depth with the interdisciplinary
challenges of real-world problems?

c. How do we best address the technological knowledge needs of
non-majors?
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d. Should wider adoption be made of block scheduling and other
efforts to overcome the tyranny of the current academic units such
as the course and the semester?

Teaching, Learning, and Assessment Processes

a. How do we ensure the continuing currency of our curricula?

b. Can accreditation better recognize proficiency in teaching and
learning practices or are alternative processes necessary?

c. How can assessments that better reflect the situations and knowl-
edge that we will expect of graduates?

d. Out of class learning experiences can be valuable in broadening
the education for an engineering graduate; how can we formalize
activities like service, internships, leadership workshops, study
abroad, team competitions, and so on?

Faculty, Departments, and Institutions

a. How do we better prepare current and future faculty for their
roles as guides and mentors?

b. How can be better balance the teaching of practical and theoreti-
cal engineering knowledge and skills?

c. Can engineering departments accommodate a service course
function as a means to address the needs of non-majors?

d. How do we overcome the barriers to departmental and institu-
tional evolution and change?

e. Do we need to change and can we change the faculty reward and
tenure systems?
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5. External Influences and Constraints on Engineering Education

a. How can engineering education adapt to and engage an increas-
ingly diverse student population?

b. How can engineering education better accommodate fluctua-
tions in domestic and global economic cycles?

c. How can information technologies that allow the blurring of
time and place best be exploited to provide flexible and continuing
education?

d. How do we best anticipate and exploit consolidation within
higher education?

e. What strategies will be necessary for the survival of engineering
education in political environments where states (and corporations)
invest less and less in higher education, but expect ever higher re-
turns on their investments?
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NAE ENGINEER OF 2020 NATIONAL EDUCATION SUMMIT

National Academy of Engineering
2101 Constitution Ave. NW

Washington DC 20418
Attendees

Alice Agogino* Tim Anderson
President Professor
Association of Academic Women, University of Florida

UC Berkeley 300 Weil Hall
University of California, Berkeley Gainesville, FL 32611
5136 Etcheverry Hall P: 352-392-0946

Berkeley, CA 94720
P: 510-642-6450
aagogino@me.berkeley.edu

John Anderson

Provost and University Vice
President

Case Western Reserve University

10900 Euclid Avenue

Cleveland, OH 44106-7001

P: 216-368-4346

johna@case.edu

Rich Anderson
President-elect

ABET

President, SOMAT
26445 Northline Road
Taylor, M1 48180

P: 734-946-1147

tim@ufl.edu

Cynthia Atman

Director, Center for Engineering,
Learning, and Teaching

University of Washington

Room 223, Engineering Annex

Box 352180

Seattle, WA 98195

P: 206-616-2171

atman@engr.washington.edu

Frank Barnes

Distinguished Professor
University of Colorado, Boulder
Engineering Center

ECOT 250

Boulder, CO 80309

P: 303-492-8225
barnes@colorado.edu

*Engineer of 2020 Phase IT Committee Member.
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