
A N E W  E N G I N E  
University education is experiencing an 
enormous breakdown. An increasing 
number of students, employers, faculty, 
business executives, management special- 
ists, public officials, and taxpayers have 
declared their dissatisfaction with the 
education and research that is aw " 
able in most of our universities. 
Commentators say we do not 
know how to educate graduates 
who know how to succeed in the 
new kinds of organizations and 
shifting worldwide markets that 
are emerging. 

These complaints have a special poi- 
gnancy for those of us who devote our lives 
to information technology, for information 
technology animates the very changes that 
drive the critics' dissatisfactions. 

Our  institutions and businesses are 
experiencing a radical revision of the basic 
assumptions in which our practices and 
world views are rooted. These roots are 
visible in the traditional answers to the six 
basic questions underlying engineering edu- 
cation and research: 
. What  is a profession? 
• What  is a university? 
• What  is education? 
• What  is research? 
• What  is work? 
• What  is innovation? 

An increasing number of people are fred- 

ing the traditional answers hollow and 
unreal. 

Finding new answers to these questions 
is a task of special urgency. Universities 
face major threats to their survival. They 
no longer command public confidence and 

: automatic good will of public 
officials, a mood that has already 
damaged many of them finan- 
cially. Private organizations such 
as Nintendo, Sony, Apple Com- 
puter, and others are preparing to 

offer significant educational ser- 
es that for the first time directly 

compete with the universities. 
In what follows, two major claims are 

explored: First, the framework of assump- 
tions that constitute our current approach 
to engineering education is based on 
answers to the six questions that are no 
longer valid, and consequently the approach 
itself is no longer adequate. Second, a cur- 
riculum capable of preparing students for 
the shifting world must incorporate new 
elements emphasizing design, demonstrated 
proficiency, effective interaction with others, 
and a greater sensitivity toward the historical 
and cultural spaces in which we all live and 
work. The time has come to experiment 
with new curricula that will lead this way. 

We cannot wait for the federal govern- 
ment or even the recovering economy to 
make conditions better. The loss of public 
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confidence and the current budgetary 
problems will not disappear with an 
improved economy. It is the other way 
around: fundamental changes in our 
approach will be needed to shift the 
publ ic  m o o d  and our  economic  
fortunes. 

History 
In the past 80 years, education has 
moved from being a concern of  the 
family, church, and local community 
into a state-managed and state-run 
operation. The small classroom and 
involvement of  parents and teachers 
have given way to mass production of  
diploma holders. Buoyed by a public 
mood that low-cost education should 
be available to all citizens, every state 
supports at least one large campus 
with student populations in excess of  
20,000-- larger  than the home towns 
in which many of  us grew up. Most of  
the growth has occurred since 1960, 
when university budgets totalled 
about $7 billion and students num- 
bered nearly 3 million; today the 
budgets total about $150 billion and 
students number  over 12 million [1]. 
In the United States, residents typi- 
cally pay less than 40% of  the cost of  
their education. Class sizes in re- 
quired lower-division courses are 
often measured in the hundreds and 
in required upper-division courses in 
the many tens. Fifty years ago, classes 
o f  one or two dozen were the norm. 
In many cases, the diploma is little 
more than a receipt for attending the 
prescribed classes and paying tuition. 

During World War II, the U.S. 
government  offered large contracts 
to some universities to engage faculty 
and students in questions helpful to 
the war effort. In 1945, following the 
war, the practice was institutionalized 
with the creation o f  the National Sci- 
ence Foundation. Based on a report  
in 1945 by Vannevar Bush of  MIT  
called Science, The Endless Frontier, 
that legislation in effect established a 
social contract under  which the gov- 
ernment  would pay scientists to en- 
gage in research o f  their own choos- 
ing on the understanding that 
significant benefits would come back 
to American society in the form of  
military security, public health, and 
economic well-being [16]. In the 
1980s, the objectives of  federal sup- 
port  for university research were 

expanded to include international 
competitiveness, leading to the 
Human  Genome Project, the Manu- 
facturing Initiative, and the High 
Performance Computing and Com- 
munications Program (HPCCP). 
These new federal programs involve 
big monies; in 1993, for example, 
$800 million is allocated to the 
HPCCP, over half of  which will flow 
to universities. 

As a consequence o f  these durable 
government intentions, universities 
restructured their reward systems 
around success at sponsored re- 
search, producing the present system 
popularly nicknamed "publish or  
perish." Today, every one of  the 170 
Ph.D.-granting computing depart- 
ments in the U.S. stakes its reputa- 
tion on obtaining major federal re- 
search support. In the past half 
century, nearly every university has 
adopted the guideline o f  the Ameri- 
can Association of  University Profes- 
sors that says each new faculty mem- 
ber must be tenured or dismissed in 
six years. In the context of  the near- 
universal quest for a research repu- 
tation, this has produced among jun-  
ior faculty a mass frenzy to publish 
papers and reluctance to spend time 
in the classroom. About two million 
scholarly papers in science and engi- 
neering are published each year by 
72,000 journals; the vast majority of  
these papers are read by a few hun- 
dred people at most. 

In the past 30 years, the universi- 
ties have, largely at the behest o f  the 
state, undertaken new goals such as 
cultural diversity, ethnic studies, af- 
firmative action, and economic com- 
petitiveness, all founded in the belief 
that the state can forge a better soci- 
ety with less racial tension, less dis- 
ease, less poverty, less discrimination, 
and less unemployment.  These goals 
are administered by special offices, 
sometimes with large staffs. 

Until a few years ago, this enter- 
prise was the envy of  the world. Now 
it is facing a major crisis. The  com- 
plaints heralding the crisis have been 
widely documented in articles and 
commentaries, as well as in major 
books [e.g., 1, 9, 12, 13, 29]. 

Complaints 
Students (and their parents) com- 
plain that tuitions are too high, class 

sizes are too large and impersonal, 
they have more contact with inexpe- 
rienced teaching assistants than with 
faculty, they cannot get good career 
advice from professors, and the pro- 
fessors care more about research and 
consulting than about them. They 
make several claims: they are lumped 
together and treated as homogene- 
ous groups, even though differences 
in interest, learning pace, and back- 
ground are obvious; the faculty don' t  
get to know them as individuals; 
faculty ideas of  "quality" include 
tougher  admission requirements and 
higher flunk rates; the curriculum 
covers too much material, giving 
them little chance of  mastery over 
the essentials of  discipline; the cre- 
dential they need for a good j o b - -  
the diploma-- isn ' t  worth much un- 
less they have mostly As and Bs. 
They are aware that about 35% of  
entering engineering majors do not 
make it to graduation. Many fear 
they will become obsolete a few years 
after graduation. They  joke, "Faculty 
publish, students perish." 

Employers and business executives 
complain that graduates lack practi- 
cal competence. Graduates, they say, 
cannot build useful systems, formu- 
late or defend a proposal, write 
memos, draft  a simple project bud- 
get, prepare an agenda for a meet- 
ing, work on teams, or  bounce back 
from adversity; graduates lack a pas- 
sion for learning [e.g. 12]. They say 
the current  concepts-oriented curric- 
ulum is well suited for preparing re- 
search engineers, but not the prac- 
tice-oriented engineer on which their 
competitive advantage increasingly 
depends [14]. They say professors 
expect industry-university relations 
to yield more money for research 
projects, but are not open to discus- 
sions about curriculum. They say 
they must put graduates through in- 
ternal company training programs 
spanning 12 to 18 months to teach 
them the missing skills. 

Faculty complain that students 
come to them from high school un- 
prepared,  that students prefer party- 
ing to studying, and that students 
are grade-oriented rather than 
learning-oriented. They say they are 
being forced to lower standards to 
make up for the growing deficiencies 
in high school graduates. They say 
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BOX 1. Shifts in clearing of education 

Current New 

profession problem-solving experts in domain of ' expert partners with clients in other ' 
computing domains that use computing 

university place of learning business of learning 
campus as a geographic location campus as a space of action for learning 

education learning as acquisition of knowledge demonstration of competence in action 
learning as an individual process learning as a social process 
the competent individual the learning organization 

research discovery of invariant truths anticipation of future action 
knowledge for its own sake knowledge to address human concerns 

innovation gifted few seeding a linear pipeline social process of inventing new 
practices that improve work and living 

work motions and actions capable of commitments in communication 
optimization 

that: research funds are drying up 
and yet the reward system continues 
to function as if funds were plentiful; 
class sizes are too large for effective 
learning; administrators  allocate 
funds on the basis of  student-faculty 
ratios, and continue to accept stu- 
dents unaware of  the conditions in 
the classroom. As individuals, they 
say there is too much emphasis on 
research, but  collectively they say the 
tradit ion of  research scholarship 
must be preserved.  According to 
these faculty, depa r tmen t  chairs and 
deans talk about good teaching but  
continue to give the most weight to 
lengthy publication lists at promot ion 
time. Saying they often put  in 60 or  
more hours a week, they cannot un- 
ders tand why others complain about 
their  productivity. 

Public officials complain that pro- 
fessors will resort  to anything in pur-  
suit of  the research dollar,  including 
scientific f raud and overhead fraud.  
Officials increasingly favor research 
projects that have a high likelihood 
of  t ransferr ing the promised results 
to industry. Some elected officials 
use "pork barreling," saying that 
peer  review blocks both technology 
transfer  and a b roader  base of  partic- 
ipation in R&D. Many say it is t ime 
for universities to depend  less on the 
public till and more on their  own re- 
sources. 

Th rough  polls, taxpayers com- 
plain that the education system is in 
disarray and that tax dollars are 

being spent  for university research 
that has not  p roduced  noticeable 
improvements  in military security, 
public health, or  economic well- 
being. Most o f  these taxpayers be- 
lieve that faculty spend only six 
hours a week (the classroom hours) 
in contact with students. Many of  
them believe that many professors 
tolerate scientific f raud and over- 
head dipping.  Many say their  chil- 
d ren  will be worse off  than they 
w e r e .  

Although these complaints have 
been heard  sporadically for many 
years, what is new is that the many 
groups are now in accord, agreeing 
that the system is in crisis. None talks 
as a g roup  perceiving value for what 
is at stake. 

The  fundamenta l  breakdown is a 
failure to adap t  our  fundamenta l  
miss ion- -g radua t ing  thoughtful  
young adults who are competent  at 
living and at their  chosen profes- 
s i o n s - t o  the world as it now exists 
and will exist. 

Diagnosis: Shifting Paradigms 
Our  current  approaches to curricu- 
lum are g rounded  in a set of  inter- 
pretations about  our  profession, uni- 
versities, education, research, 
innovation, and work. Box 1 summa- 
rizes the elements of  our  cur ren t  
unders tandings  of  these notions and 
the elements of  emerging  new un- 
ders tandings about them. The  shifts 
are also elaborated.  What  is striking 

is that so many shifts are occurr ing 
all at once. 

Profession. Most computer  scien- 
tists view their  discipline as the study 
of  phenomena  sur rounding  comput-  
ers. These  phenomena,  they say, 
have to do with representat ions of  
the world and with algori thmic trans- 
formations of  those representations.  
To them, the comput ing profession 
is the set of  experts  who make their  
living by solving problems in hard-  
ware and software, yielding faster, 
cheaper,  smaller, and more  reliable 
informat ion processing systems. 

But this notion conflicts with our  
unders tandings  of  o ther  professions. 
Few would say the legal profession 
studies phenomena  sur rounding  
laws. Instead,  most say that all 
human  beings have an endur ing  con- 
cern about living in order ly  societies 
with governments,  constitutions, and 
courts. Lawyers, judges ,  police, and 
legislators are  all par t  of  a profession 
that devotes itself to taking care of  
o ther  people 's  concerns about living 
together  in an order ly  way. Similarly, 
few would say the medical profession 
studies phenomena  sur rounding  dis- 
eases. Instead, most say that all 
human  beings have an endur ing  con- 
cern about  health, and that physi- 
cians, nurses, and pharmacists are all 
par t  of  a profession that devotes it- 
self to taking care of  o ther  people 's  
concerns about health. 

Recording, processing, and com- 
municat ing informat ion are parts of  
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an enduring concern of  all human 
beings for effective coordination of  
work and action. Computing profes- 
sionals are coming to be seen as the 
people who take care of  other peo- 
ple's concerns in this domain. These 
concerns are not simply for design of  
better hardware and software: they 
include installation, configuration, 
and maintenance of  computer  sys- 
tems within organizations; standards 
for communication and information 
exchange; privacy and integrity o f  
conversations, files, and documents; 
and the historical context o f  comput- 
ing and communications, as well as 
the shared values of  the people in the 
professions that use computers and 
networks. Every one of  these con- 
cerns mandates that the computer  
professional become an expert part- 
ner with clients in other domains. 

These new understandings have 
not yet affected our  curricula, our  
teaching, and our  ways of  doing busi- 
ness. Yet our  stakeholders are begin- 
ning to expect them to. Computer  
scientists who fail to heed the shift 
will find themselves increasingly iso- 
lated from the mainstream of  the 
profession. 

University. Our  traditional un- 
derstanding of  a university, dating 
back hundreds  of  years, is a campus: 
a place at which a faculty o f  scholarly 
experts have gathered, at which li- 
braries, laboratories, and other 
shared physical facilities have been 
established, and at which students 
seclude themselves for several years 
in order  to prepare themselves for 
adulthood in civilization and partici- 
pation in a profession. These as- 
sumptions are now beginning to be 
challenged. Libraries are going digi- 
tal and are becoming accessible by 
network; powerful computers and 
instruments can be accessed re- 
motely. The  campus is no longer an 
exclusive domain of  access to librar- 
ies, computers, and instruments. 

Similarly, it is becoming possible 
for faculty to offer teaching through 
multimedia channels including inter- 
active TV, recorded video, and even 
electronic mail. In the coming years, 
fewer students will need to come to 
campus to interact with faculty of  
their choice. 

Finally, students do not want to 
prolong their stays on campus. They 

see the diploma as a "union card" to a 
better job. Increasingly, they believe 
that to be more valuable to employ- 
ers they need less theory and more 
practice. The  number  who work 
part-time and take courses part-time 
is increasing. 

Even as information technology is 
providing alternatives to going to 
campus, many private firms are of- 
fering educational services over the 
networks. Universities are beginning 
to encounter competi tors--some- 
thing they are not used to. This is 
beginning to force them to formulate 
education as a service business that 
must establish market niches and 
offer better value. 

Education. Our  approach to edu- 
cation, in which traditional engineer- 
ing education is rooted, is founded 
on an unspoken assumption that be- 
fore we can take effective action, we 
must have an accurate model of  the 
world, which we gain by acquiring 
knowledge. Consequently, our  teach- 
ing is organized as a continuing pre- 
sentation o f  important  facts, pro- 
cedures, methods, and models, 
transferring to our  students a subset 
o f  the body of  knowledge constitut- 
ing the discipline. Our  curricula are 
specifications of  these presentations. 
Our  research programs are a search 
for new facts, laws, and models that 
might one day be manifest in our  
curricula. 

This unspoken assumption is los- 
ing its validity. The  world now 
changes too fast and is too complex 
to allow full reflection before action. 
People are pressed into action before 
they fully understand what is hap- 
pening. The  desire to act effectively 
in such a world is showing up as a 
new demand by students and their 
employers for practical competence. 
Students accept theory only as a way 
to extend action they know into other 
domains. They want more hands-on 
experience to show them the connec- 
tions between theory and practice. 
They ask us to assess competence not 
only by testing memorization, but by 
evaluating their individual perfor- 
mances. They  wish to learn through 
active involvement, not through pas- 
sive observation. 

This shift does not mean we 
should replace "informational 
knowledge" with "actional knowl- 

edge." It does mean we should rec- 
ognize a second kind of  knowledge 
besides facts, procedures, rules, and 
models- - the  kind of  knowledge that 
can be gained only from involvement 
with others in the community who 
already know it. The  second kind of  
knowledge includes knowing how to 
listen, to design, to care, to persuade, 
to be organized for new learning, to 
be a professional, and even to be 
trustworthy and honest. Both kinds 
of  knowledge are essential tor an 
engineer [2]. 

Research. In  the universities we 
regard research as a formal process 
of  generating new knowledge for 
accretion to the human store of  
knowledge. We consider research to 
be the first step in a linear pipeline 
that transfers new ideas into prod- 
ucts. After research come develop- 
ment, production, and marketing. 
The  flow through the pipeline is 
often called "technology transfer." 
Since the creation of  knowledge is 
held, within the universities, to be 
more fundamental  than the transfer 
or application of  knowledge, re- 
search is accorded a higher place 
than is teaching or  service in most 
universities. Moreover, the term "re- 
search" is often synonymous with 
"sponsored research," meaning that 
a government  agency or commercial 
firm has paid money to allow the re- 
searcher to do the research. Research 
proposals routinely emphasize the 
utility and importance of  the work to 
be done. 

There  is widespread and growing 
discontent with this understanding. 
The  connection between much of  the 
research in universities and the con- 
cerns of  people in business firms or  
general public concerns is not  appar- 
ent either to the outside observer or  
to the researcher. Peter Likins says 
the social contract established in 
1945 has been breached-- taxpayers  
are demanding to know what bene- 
fits flow from university research 
and business people are demanding 
more technology transfer [ 16]. Derek 
Bok says public "university bashing" 
would diminish if universities em- 
braced issues of  national concern [3]. 
Those who sponsor research are be- 
ginning to demand that it be con- 
nected to some real long-term con- 
cern, and not be simply "knowledge 
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for its own sake." The  high momen- 
tum of  this demand is being ex- 
pressed in the form of  national initia- 
tives tied to national concerns, such 
as the HPCCP, the Human Genome 
Project, the search for cures to AIDS 
and Altzheimer's, the Manufacturing 
Initiative, or the Global Change Initi- 
ative. It is also being expressed with 
new programs explicitly oriented 
toward consortia involving universi- 
ties, businesses, and government. 
The  National Research Council of  
the National Academy of  Sciences 
has recommended strongly that com- 
puter scientists broaden their re- 
search agenda so that computing 
expertise can help generate new 
knowledge in domains of  interest to 
others [ 12]. 

Research is beginning to be seen as 
the anticipation of  science and tech- 
nology that may be useful in the 
world we care about generating. The 
emerging understanding will isolate 
those who are concerned only with 
obtaining funding. It will honor  
those who commit themselves to 
studying questions that are or will 
become important, whose passion 
and vision seduce others to support 
them. 

Innovation.  By tradition, we place 
a high value on innovation. Our  cur- 
rent understanding is that innova- 
tion is introduction of  a new machine 
or procedure that makes a set of  ac- 
tions more efficient. Innovation is 
typically seen as the work of  a gifted 
few. One of  the jobs of  a technology 
manager is to find and nurture inno- 
vative people and to provide a path 
for their innovations to flow into the 
technology pipeline. Note the win- 
nowing process: only a few people 
are capable of  innovations, and only 
a few innovations actually make it to 
market. In the university we say that 
we teach innovation by having stu- 
dents work with innovative people 
and learn problem-solving skills. 

The  reality of  "learning organiza- 
tions" that are constantly making 
improvements in their products and 
gaining a reputation for ongoing 
innovation belies this understanding 
[8, 14, 21, 24, 25, 27]. A new under- 
standing of  innovation is emerging 
that accounts for this phenomenon:  
An innovation is a shift of  the stan- 
dard practices of  a community to 

help them achieve their purposes 
more effectively. Innovations are 
often enabled by new technology. 
Examples of  innovations are fast- 
food restaurants, single waiting lines 
in banks, unidirectional tolls at 
bridges, replacement o f  the slide rule 
by the calculator, international 
touch-tone dialing, and order-taking 
by fax. The  larger the community 
affected by the shift, the bigger the 
innovation. An innovator is a person 
or organization that articulates a 
shift, offers the means to do it, and 
mobilizes people to adopt the new 
practices. Innovation is an organiza- 
tional phenomenon,  not merely an 
individual one. 

Work. Through  education, we 
promise to prepare our  students for 
careers and jobs. Our  understanding 
of  education is influenced by our  
understanding of  work. Our  tradi- 
tional understanding is that work is a 
set of  tasks by which a group of  peo- 
ple carry out a mission. Work can be 
optimized by reducing the number  
and motions of  task steps, and pro- 
ductivity can be increased by fewer, 
faster steps. Tasks are planned, spec- 
ified, assigned, and supervised by 
managers. Th rough  training in tasks, 
individual workers can contribute to 
their work groups much faster than 
by apprenticeship. 

This technological view of  work 
traces back to the time-and-motion 
studies and theories of  F.W. Taylor at 
the end of  the nineteenth century. It 
was augmented in the 1940s by the 
cybernetics of  Norbert  Wiener and in 
the 1960s by the systems dynamics of  
Jay Forrester-- theories that treat 
organizations as feedback systems of  
nodes implementing functions per- 
formed by individuals who hold vari- 
ous roles. These theories were fur- 
ther augmented in the 1950s by 
Herbert  Simon's model of  decision 
making in which managers solve 
problems by collecting alternatives 
and choosing the best one. 

A new, linguistic understanding of  
work is beginning to emerge. Work is 
a closed-loop process by which a per- 
former completes action leading to 
the satisfaction of  a request by a cus- 
tomer (or client) [6, 11]. In carrying 
out the work agreed to, a performer 
becomes in turn the customer of  oth- 
ers for pieces of  the work. Thus  a 

whole network of  customers and per- 
formers comes into play for the ful- 
fillment of  the original request. Such 
a network of  workflows is called a 
business (or organizational) process. 
Work may include motions, but 
many big requests are satisfied with- 
out much discernible motion--e.g. ,  
closing a deal for a million dollars of  
stock. Much work is accomplished 
through conversations on telephone, 
fax, or email. 

Some observers use the terms 
"knowledge worker" and "informa- 
tion organization" to refer to this 
new understanding. These phrases 
are too narrow. They focus on the 
exchange of  messages and data but 
not on the requests, negotiations, 
agreements, and declarations of  
(dis)satisfaction people make to one 
another. Work is performed in the 
declarations, commitments, and sub- 
sequent actions, but not necessarily 
in the exchange of  data. For exam- 
ple, the CEO's announcement  of  lay- 
offs is not merely a transmission of  
information; it is the alteration of  
future possibilities for many people 
in the company. It takes work not 
only to produce, but to offer a ser- 
vice, to negotiate, and to ascertain 
that the customer is satisfied. 

There  is significant disagreement 
about whether the Taylor tradition is 
any longer appropriate for successful 
knowledge organizations. For exam- 
ple, Konosuke Matsushita, chair of  
the Matsushita Electric Company, 
has said that American business has 
been paralyzed by the Taylor view of  
work, which, he says, stifles innova- 
tion by workers [18]. Peter Drucker 
claims instead that with suitable 
modifications Taylor's principles can 
work with knowledge organizations 
[8]. Yet, both agree that waste arises 
when workers are uncertain about 
the commitments they have made to 
one another. Both agree that history, 
tradition, and moods such as loyalty 
and ambition strongly influence the 
effectiveness of  workers and organi- 
zations. The  significant point is that 
these and other observers o f  organi- 
zations agree that effective work 
embraces dimensions larger than ef- 
ficient tasks. 

Drucker reminds us that most 
workers today are employees of  or- 
ganizations. This was not true a hun- 
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dred years ago when the basic prem- 
ises of  university education were set. 
Colleges do not adequately prepare 
graduates for the world in which 
they will actually work [7, 8]. 

Many of  the skills our  students 
lack are in the areas o f  communica- 
tion and collaboration, rather than in 
technologies. Acquiring the missing 
skills would enable them to perform 
work, in the new understanding, 
more effectively. 

A New Kind of Organization 
The foregoing changes can be sum- 
marized by saying that a new para- 
digm of  a successful organization is 
emerging. The  successful organiza- 
tions have three distinguishing char- 
acteristics: listening--they have de- 
veloped the capacity to identify the 
concerns of  their customers and cli- 
ents and to form individualized part- 
nerships with them in which those 
concerns are addressed; completing-- 
they are rigorous about keeping their 
commitments, delivering on time, 
and achieving satisfaction among 
customers or  clients; and learning-- 
their members are constantly learn- 
ing new skills and improving their 
competence. This statement applies 
equally to businesses, universities, 
and government.  Organizations that 
demonstrate these characteristics will 
flourish [7, 8, 11, 17, 19, 20, 24]. 

The  kind of  engineer who will suc- 
ceed in these organizations must, in 
addition to being competent in engi- 
neering, be a skilled listener for con- 
cerns of  customers or  clients, be rig- 
orous in managing commitments and 
achieving customer or  client satisfac- 
tion, and be organized for ongoing 
learning. This is not the kind of  engi- 
neer we normally train. 

Relnventlng Education and 
Research 
Paradoxically, the traditions of  the 
university system impede the charac- 
teristics o f  listening, completing, and 
learning. Mass-produced diplomas 
and large classes do not foster tailor- 
ing teaching to the individual stu- 
dent. Consensus by committees and 
teaching by presentation do not fos- 
ter clear agreements and timely com- 
pletion o f  promises. The  emphasis 
on personal contributions does not 
foster teamwork and, when coupled 

with emphasis on preserving aca- 
demic traditions and on building ac- 
curate models before taking action, it 
does not foster organizational learn- 
ing. 

A two-part strategy is required to 
transform education and research 
into an effective combination: 
• Broaden research: Enter into collab- 
orations with groups in other fields, 
connect project goals to real con- 
cerns, and insist that all project mem- 
bers can articulate those goals and 
connections. 
• Reorganize curriculum: Educate an 
engineer who knows not only engi- 
neering but how to work effectively 
in organizations that listen, complete, 
and learn. 

The  importance of  balance be- 
tween these strategies cannot be 
overstated. Well-planned integration 
between research and education can 
make undergraduates eyewitnesses 
of  emerging technologies and the 
processes of  their invention. It can 
dispell the illusion that research and 
education are separate, competing 
enterprises. 

The first of  these strategies is cov- 
ered at length in the National Re- 
search Council Report  [12] and will 
not be covered further  here. What 
follows is a proposal for the broad 
outlines of  a new curriculum: An 
invitation for a discussion and new 
action. The  outlines are formulated 
with computer  science as an exam- 
ple, but can easily be translated for 
other engineering disciplines. The  
outlines focus on undergraduate  
curricula, where we have our  great- 
est breakdown, but the same princi- 
ples will work for graduate curricula. 

Donald Runkle's advice to focus 
on core competence, listen, reduce 
wasted time, improve success rates, 
and emphasize teamwork is helpful 
here [26]. Ted Sizer's detailed study 
of  curriculum and accountability in 
high schools can be a major inspira- 
tion for a university setting [28]. 

Curriculum 
A curriculum is a plan for educating 
students, providing them with the 
knowledge and skills needed both for 
living and competently practicing a 
profession. The curriculum must antici- 
pate the shifting world in which graduates 
will live and work. Every department  

needs an ongoing curriculum-plan- 
ning process that persists in asking 
several basic questions: What is miss- 
ing from our  curriculum? What are 
we teaching that we don ' t  need to? 
What study habits and work practices 
must our  students master? In short: 
What to study. How to study. 

The three characteristics of  an ef- 
fective organization translate into 
three aspects of  a new approach to 
curriculum. Today's curricula are 
primarily presentation-based; they 
can teach broadcasting but not listen- 
ing. A "listening-oriented curricu- 
lum" must teach listening by relying 
less on presentations and more on 
design projects with clear clients and 
clear conditions of  satisfaction. The  
faculty must establish explicit, ongo- 
ing channels for outside businesses 
and other organizations to say what 
should be in the curriculum and why. 
They must establish processes for 
review of  the curriculum and its 
graduates. What faculty will hear 
first when they start to listen are re- 
quests for graduates to demonstrate 
practical engineering competence 
and basic organizational skills. The  
resulting curricula will be local ex- 
pressions o f  national standards. 

What is a "completion-oriented 
curriculum"? It is a set of  promises 
faculty make to students to turn 
them into competent actors in the 
discipline. Faculty must accept more 
responsibility for the success of  their 
students, and must give their stu- 
dents more responsibility for their 
work and their progress. Faculty 
must establish new methods of  as- 
sessing their own effectiveness as 
teachers so they can know how well 
they are fulfilling their promises to 
students. Faculty commitment to a 
competence-delivering curriculum is 
a crucial component  of  achieving 
rigor at delivering promises and 
achieving client satisfaction at an 
organizational level. Some disci- 
plines, notably architecture, already 
teach this: engineers can learn much 
from these disciplines. 

What is a "learning-oriented cur- 
riculum"? Current  curricula give stu- 
dents the illusion that most learning 
takes place by acquiring knowledge 
from presentations and books. When 
they need to learn new skills, they are 
not prepared to do so effectively: 
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BOx t .  FaCUlty dec la ra t ions  f o r  a n e w  c u r r i c u l u m  

Our overall mission in our university is to teach our students competence at living and profession. Our 
department's curriculum is our public offer to deliver our students a capacity for action in our discipline. 
We will specify explicitly what we promise to our majors and what we expect of them. 

Our curriculum will be oriented around three major exhibitions, in which each student demonstrates publicly 
the abilities to think, act resourcefully, and integrate knowledge and concerns from the discipline, 
mathematics, science, the arts, history, and philosophy. Examples in computing are Programming Practicum, 
Design, Advanced Design, and Research, the first two being required for the bachelor's degree. These 
milestones can be passed as soon as the student is ready. Courses will be oriented toward preparing students for 
exhibitions and will contain smaller exhibitions. 

Our curriculum will be balanced between informational knowledge--facts, procedures, models, and processes 
that can be displayed through answers to standardized tests--and actionai knowledge--which can be learned 
only through involvement with other people. 

We expect students to take responsibility for their own learning. Faculty will be not only presenters and 
providers of instructional services, but coaches and guides, moving the students toward successful 
exhibitions. Working with their advisers, students will maintain portfolios of their accomplishments during 
their stay in our department. 

Out of respect for the individuality of students--differences in interests, backgrounds, and paces of 
learning--we commit ourselves to getting to know our students and then to tailor our advice to each one. 
One aspect of this commitment is a permanent, personal faculty adviser for each major. 

Our grades record our assessment of a student's capacity for action in the domain covered by a course: 
C can mean minimally competent, B competent, A proficient. Students who are dissatisfied with a grade 
can retake the same course until they raise their performance to the desired level. A student must 
demonstrate competence or proficiency to pass a major exhibition. 

We will regularly seek, and act on, feedback from students, employers, and other stakeholders about the 
conduct and content of our curriculum, so we are assured our curriculum continues to be a valuable 
offer. 

We will exemplify, and will build awareness and respect in our students for ethical and responsible practices 
in the computing profession. 

Skills are best learned in action 
under  the guidance of someone who 
is already competent by the stan- 
dards of the community. A curricu- 
lum designed for students to learn 
skills will put them into controlled 
situations in which they must acquire 
and demonstrate those skills, and will 
allow them to repeat material until 
they learn it. The curriculum must 
be designed to constantly put stu- 
dents into situations in which they 
must organize themselves for new 
learning. The  curriculum must de- 
mand that students become aware of 
the communities in which they par- 
ticipate, teaching them how to be ef- 
fective members. The  faculty must 
get to know the students as individu- 
als and tailor their guidance to each 
one. The  faculty must themselves 
exemplify the listening, caring, per- 
suading, designing, organizing for 
new learning, and professionalism 
they expect graduates to attain. 

Box 2 offers eight basic principles 
of a curriculum that meets these cri- 

teria, formulated as declarations a 
faculty can make publicly. The es- 
sence of these declarations is that a 
curr iculum is an offer to students, 
whom faculty commit to take seri- 
ously as individuals. Faculty and stu- 
dents enter  into a bilateral contract in 
which faculty agree to deliver knowl- 
edge and skills characterizing a com- 
petent eng inee r - -who  knows how to 
maintain and develop engineering 
skills in a shifting wor ld - - and  in 
which students agree to do assigned 
work, to follow the guidance of their 
advisers, and to be full members of 
their depar tment  and university 
communities. 

The  proposed curriculum is orga- 
nized around several major mile- 
stones, called exhibitions [28]. In  an 
exhibition, a student must publicly 
demonstrate the abilities to think, act 
resourcefully, and integrate knowl- 
edge and concerns from the disci- 
pline, mathematics, science, the arts, 
history, and philosophy. Some ele- 
ments of exhibitions will be engi- 

neering problems that are paradigms 
of problems the student can expect 
to encounter  frequently in the prac- 
tice of engineering. Some elements 
will be public presentations, demon- 
strations, and defenses of projects in 
which students have engaged for sev- 
eral months. The  exhibitions serve as 
destinations, giving focus, and mean- 
ing to a student's journey.  To pass 
an exhibition, a student must learn 
not only the technical side of engi- 
neering, but also skills of listening, 
completing, and communicating. 
Coursework and advising are ori- 
ented toward preparing students to 
pass their exhibitions. Courses will 
contain smaller, practice exhibitions. 
Work toward exhibitions is a part- 
nership between a student and his or 
her personal adviser. 

Four exhibitions are proposed for 
computer  science: Programming 
Practicum, Design, Advanced De- 
sign, and Research. Boxes 3 and 4 il- 
lustrate the first two, which would be 
required of all students. Program- 
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m i n g  Pract icum,  which would  be 
c o m p l e t e d  by the end  o f  the sopho-  
m o r e  year, certifies basic p r o g r a m -  
ming  skills expec ted  o f  all c o m p u t e r  
scientists. Design,  which would  be 
c o m p l e t e d  by the end  o f  the  senior  
year,  certifies that  the s tudent  can 
comple te  a major  design project  to 
the satisfaction o f  some client and  
b e t t e r m e n t  o f  that  client 's c o m m u -  
nity. A d v a n c e d  Design and  Research  
would  be a l ternat ives  cu lmina t ing  in 
a p r o g r a m  called Early Gradua t e  
School,  o f f e r ed  for  s tudents  who  
c o m p l e t e d  the  first two exhibi t ions 
early and  wished to d e m o n s t r a t e  

prof ic iency at some g radua te  school 
work. Early Gradua t e  School migh t  
be o f f e r ed  as par t  o f  a f ive-year  pro-  
g r a m  leading  to combined  bachelor /  
mas te r  degrees .  Cert i f icates  would  be 
given to s tudents  passing exhibit ions.  
T h e  bachelor ' s  d e g r e e  would  r equ i re  
the first two certificates.  

Some  e lements  o f  these exhibi-  
t i o n s - b r e a d t h ,  dep th ,  and  d e m a n d  
for  i n t e g r a t i o n - - a r e  ambit ious  by 
today's s tandards .  T h a t  is inten-  
tional. S tudents  a re  likely to welcome 
these chal lenges  because they will see 
t h e m  as practical  and  because  faculty 
will be c o m m i t t e d  to thei r  passage. 

Box 3. Example of  a p r o g r a m m i n g  pract icum exhiDit ion (pat terned 
af ter  Sizer [25, p. 48]) 

You wil l  be asked to present your responses to these six elements. In each 
case, we wil l  expect  you to present your design and to defend it against 
reasonable criticism by a panel o f  faculty judges.  

1. We will ask you and four other classmates to form a team to prepare the 
IRS Form 1040 returns of five families. Each of you will be given a 
description of  the financial data of one of the families and will be asked to 
prepare a spreadsheet that groups those data and calculates the income tax 
correctly. You will work with your other classmates to be sure that the way 
you structured your spreadsheet gives a defensible return. Faculty acting as 
outside auditors will examine your family's return and you will be expected 
to defend your spreadsheet and other assumptions. 
2a. You will be given a database of records representing observations of 
some phenomenon. We will tell you certain kinds of questions that users of  
these data are asking. You will have three days to demonstrate a retrieval 
system that answers those questions efficiently. 

OR 
2b. You will be given a database of news clippings and videos. Your job will 
be to construct a multimedia database that organizes these materials so that 
an editor can locate texts and pictures quickly and decide whether or not to 
use them in new articles. 
3a. You will be given data from a simulation of turbulent air flow around 
the wing of a 747 jetliner. Your job will be to depict (visualize) these data as 
a set of  2D slices or as 3D data, choosing colors to show pressure and 
velocity. You will be asked to speculate on structural changes in the wing 
design that will reduce turbulence. You will be asked to display a picture of  
the flow field using a graphics package such as Mathematica. 

OR 
3b. You will be given data from slices of a human torso taken in a CAT scan. 
You will be asked to assemble these data into a 3D image and to 
parametrically alter the viewing ratios of flesh and bone. This imaging 
technique is used regularly by physicians. You will be expected to answer 
questions about the history of the method and the successes physicians have 
had with it. 
4. You will be given a problem that is normally solved with linear 
programming and asked to construct an optimal solution in Pascal. You will 
be asked to interpret your solution physically. 
5. You will be given a problem that is normally solved with recursion. You 
will be asked to program the problem in Lisp. You will be asked to program 
an equivalent solution as an iteration in Pascal. You will be expected to 
explain how the two solutions work and to evaluate which one is the more 
efficient for the particular problem domain at hand. 
6. You will be given a description of  the work processes of an organizational 
unit. You will be asked to analyze the description and design databases and 
networked communications to manage, track, and report on workflows. 

Exhibi t ions can be i m p l e m e n t e d  
by crea t ing  new course  n u m b e r s  for  
them.  T h e  r e m a i n i n g  courses  would  
need  carefu l  review to r educe  thei r  
n u m b e r  and  or ien t  t h e m  toward  pre-  
pa r ing  s tudents  for  the exhibi t ions.  

In  des ign ing  a cu r r i cu lum that  is 
o r i en ted  toward  he lp ing  s tudents  
d e m o n s t r a t e  prof ic iency in the i r  
exhibi t ions,  it will be necessary for  
the faculty to r ea f f i rm  what  essentials 
s tudents  must  learn.  Cove r ing  a 
b read th  o f  mater ia l  will be less im- 
po r t an t  than  d e m o n s t r a t i n g  mas te ry  
o f  essentials. Less is more .  

It  is i m p o r t a n t  that  s tudents  learn  
skills for  work ing  effect ively as m e m -  
bers  o f  groups .  S o m e  o f  these  skills 
will be l ea rned  f r o m  the  e x h i b i t i o n s - -  
public  p resen ta t ion  and  defense ,  
wri t ing repor ts ,  and  satisfying cli- 
ents. O n e  set o f  skills, conce rn ing  
m e m b e r s h i p  in a g r o u p  or  c o m m u -  
nity is so i m p o r t a n t  it deserves  a spe- 
cial place in the  cu r r i cu lum (Box 5). 
Faculty will teach these skills and  stu- 
dents  will receive  a modes t  academic  
credi t  for  them.  

I t  is also i m p o r t a n t  that  w h e n  stu- 
dents  begin  the i r  p r o g r a m  in a de-  
pa r tmen t ,  they be g iven  an o p p o r t u -  
nity to get  to know the  d e p a r t m e n t ,  
its faculty, cu r r i cu lum,  and  the  uni-  
versity, for  thei r  u l t imate  success will 
d e p e n d  on  how well they exploi t  
what  the  univers i ty  has to o f fe r  [22]. 
Box 6 proposes  an  in t roduc to ry  sym- 
pos ium that  inc ludes  a s imulat ion 
g a m e  to deve lop  an initial sense o f  
c o m m u n i t y  and  apprec ia t ion  for  the  
wor ld  as a place o f  h u m a n  invent ion;  
it will also enable  s tudents  and  the i r  
advisers  to m a k e  initial assessments 
for  s tudents '  plans o f  study. 

Finally, it is i m p o r t a n t  to r e m e m -  
ber  that  we all live in a wor ld  that  
d e m a n d s  c o m p e t e n c e  in domains  
o the r  than  eng inee r ing .  To  r e m i n d  
ou r  s tudents  and  ourse lves  o f  this 
reality, we can give each  new aspi r ing  
e n g i n e e r  a le t ter  set t ing fo r th  the 
d imens ions  o f  the  eng inee r ' s  l a rge r  
responsibil i t ies.  T h e  s idebar  contains  
a sample  text. It  is based on  a let ter  
wri t ten  for  y o u n g  s tudents  by Fer-  
n a n d o  Flores. 

Assessment 
To  be he ld  accountable  for  the i r  
promises ,  d e p a r t m e n t s  and  schools 
must  have  a way to assess whe the r  
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they are fulfi l l ing their  missions. T h e  
measures  and  means  of  assessment 
mus t  be consistent  with a n d  suppor t  
their  missions. T h e  faculty mus t  con- 
t inual ly assess the worth  of  their  in- 
sti tutions to their  s tudents  an d  o ther  
stakeholders.  Assessments mus t  be 
suppor t ed  by organizat ional  pro- 
cesses that  effect change.  

T h e  word "assessment" (and its 
associate, "accountabili ty") of ten  pro-  
voke a l is tening of  "blaming"  a n d  
"accusing." This  is no t  the sense in 
which assessment is me an t  here.  
Wha t  is mean t  here  are proactive 
measures  faculty take to discover 
whether  their  major  clients are satis- 
fied with their  progress  a n d  direc- 
tions, and  to change  when  those cli- 
ents  p resen t  we l l -g rounded  negat ive 
assessments. 

T h e  cu r r en t  approach  to assess- 
m e n t  focuses almost  exclusively on  
the individual  cont r ibut ions  of  a fac- 
ulty m e m b e r  as seen by peers outs ide 
the inst i tut ion.  In  most  schools, the 
measures  address  mainly  research 
and  scholarly c o n t r i b u t i o n - - p u b -  
lications, citations, research grants  
awarded,  Ph.D. an d  master 's  degrees 
gran ted ,  awards, a n d  invitations.  
T h e  measures  for teaching an d  ser- 
vice, declared by faculty handbooks  
to be as impo r t a n t  as research,  are 
l imited respectively to class evalua- 
t ions and  professional  posts held. 
Given the r ichness of  measures  for 
research and  scholarly con t r ibu t ion  
and  the sparseness of  measures  for 
teaching and  service, it is little won- 
de r  that,  operat ional ly,  research is 
the d o m i n a n t  factor in  faculty assess- 
ment .  T h o u g h  no t  wri t ten down,  it is 
par t  o f  faculty c o m m o n  sense that  to 
maximize one 's  prospects o f  p romo-  
tion, t enure ,  a n d  raises, one  mus t  
maximize publicat ions an d  research 
grants.  Pressure for quant i ty  is so 
s t rong  that  exper imenta l  studies take 
a dis tant  second place after  theoret i-  
cal studies. Af ter  p romot ion ,  most  
professors con t inue  in the mode  they 
have learned,  expect ing those who 
follow to do likewise. I t  is now com- 
m o n  to d e m a n d  that  applicants for 
entry-level  faculty posit ions have sev- 
eral publicat ions;  20 years ago this 
was rare.  The  p h e n o m e n o n  o f  "pub-  
lish or  perish" is s t ronger  today, op- 
erationally,  t han  it was two decades 
ago. 

Many faculty are dissatisfied with 
this "system." T h e y  came to the uni -  
versity because they want  to teach 
a n d  p repa re  s tudents  for successful, 
t hough t fu l  careers; bu t  they do no t  
feel they will be rewarded  for a good 
pe r fo rmance  as a teacher.  T h e y  
would  like to see a change  in the "re- 
ward system," so that  ou t s t and ing  
teaching will be as sure  a path  to suc- 
cess as ou t s t and ing  research.  

T h e r e  is, it t u rns  out,  little evi- 
dence  to suppor t  the widespread  be- 
lief that  good u n d e r g r a d u a t e  teach- 
ing  and  scholarly product ivi ty  are 
s trongly l inked [10, 13, 22]. We mus t  

recrui t  good teachers with the same 
care as we recrui t  top-f l ight  research- 
ers and  no t  expect  the same individ-  
uals to excel at both.  Candida tes  
should  be asked to submi t  evidence 
of  their  teaching  effectiveness as well 
as their  research bibliographies,  and  
d u r i n g  interviews they should  be 
asked to meet  with groups  of  stu- 
den ts  as well as g roups  of  faculty. 

In  1990, Erns t  Boyer publ i shed  a 
r epor t  called Scholarship Reconsidered 
[5]. He  of fered  a revised in terpre ta-  
t ion of  scholarship that  suggests 
b roade r  measures  o f  faculty perfor-  
mance.  He said scholarship is the tra- 

BOx 4. Example of a design exhibi t ion (adapted f rom Sizer [25, p. 791) 

Please meet with your adviser and agree on two year-long design projects. 
One should relate to important matters arising within our school. The other 
should relate to an outside enterprise that uses engineering in an important 
way to support its mission. 

The purpose of these projects is to give you the opportunity to shape a 
subject of your own choosing, to develop it over time, and to demonstrate to 
yourself and to us that you can persist in an important effort, that you can 
be self-conscious about your own work, usefully and accurately critical of it, 
and that you can identify and learn from your own mistakes. These projects 
will also develop your abilities to work effectively in teams, a skill that will 
serve you the rest of your life. We hope that you will gain pleasure as well as 
experience and self-confidence from this exercise. 

In these projects, design does not mean simply the construction of a 
computing system that meets specifications derived from statements clients 
have given you about their requirements. It means that you must come to an 
understanding of the nature of the work people in clients' domains, of their 
ongoing concerns, their missions, and breakdowns they are seeking to avoid 
or overcome. 

For the "schooL" part of the project: examples include assisting the school 
in providing on-line information services to assist other students filing in 
their plans of study, constructing a system for tutoring other students in 
aspects of computing, assisting the library in providing a means for searching 
for source materials, devising a multimedia presentation of school programs 
for entering freshmen. 

For the "out of school" part: We will organize you into teams of three, one 
designated as the team leader, to propose a solution to an engineering 
design problem submitted by a local client. Your team will present its 
proposed solution and written report to a faculty review panel, who will ask 
you reasonable questions about how and why you did aspects of the project, 
and what you would do under different circumstances. After the faculty 
panel accepts your team's report, your team will visit the client and present 
the solution and report. The team's final grade will depend in equal parts on 
the assessments of the faculty panel and of the client. Your grade will be the 
team's grade. 

Most of the submitted projects will be from local industrial clients, and 
some will be from other organizations such as government or civic groups. 

For both projects you must keep a journal, to be shared with your adviser 
on a schedule mutually agreed on. After the two projects are chosen, you 
must take the initiative to meet with your adviser once every two weeks for 
the first three months and no less than once a month thereafter. You a r e  

expected to keep a portfolio of materials about the progress and 
performance of your effort. Your adviser, and several other people whom 
you and the adviser will identify within and without the school, will assist 
you. They will periodically "drop by" your activity to see how it is 
proceeding. Your success in meeting the terms of this project will hinge on 
your enthusiasm, dependability, willingness to work out problems that arise, 
and skill in keeping track of details. 
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BOX S. M e m b e r s h i p  

You will almost certainly spend most of your days as a practicing engineer 
working in groups. Your effectiveness will depend on your ability to 
contribute your engineering expertise to those groups. Your ability to do this 
will depend in large measure on what you learn about group work while in 
our department and our university. We do not want to leave this part of 
your education to chance. 

The basic skills you will need for successful group work are: 
1. Bringing new members into the group 
2. Assigning work tasks to members of the group under your supervision 
3. Assessing the progress of work performed by those under your 
supervision 
4. Knowing who the group's customer is and what it will take to satisfy that 
customer 
5. Making and grounding assessments 
6. Participating in an effective review meeting 

We ask that in three of your semesters after you complete your sophomore 
year you engage in activities that contribute to our departmental community 
and in which you will learn these skills. You will receive one credit-hour on 
satisfactory completion of each of these semesters, for a total of three credit- 
hours toward your bachelor's degree. We will teach you how to perform 
these skills. This work will take about four hours a week of your time. 

In the first semester, we will ask you to tutor students in the introductory 
courses. This practice will contribute to the first of the membership skills. 

In the second semester, we will ask you to help design homework and 
programming assignments for students in the introductory courses. This 
practice will teach you how to assess the capacity of others to complete tasks 
and will contribute to the second of the membership skills. 

In the third semester, we will ask you to grade homework and 
programming assignments for students in the introductory courses. This 
practice will teach you how to assess the skills of others and offer them 
practical guidance for improvement. It will teach you the third of the 
membership skills. 

In all three semesters, you will meet regularly in groups with your adviser, 
who will present the basic distinctions of each of the first three skills, of 
customer satisfaction, and of assessment, and will demonstrate the format of 
successful review meetings. You will be given the opportunity to lead these 
meetings at intervals, a practice that will teach you the sixth membership 
skill. 

ditional and fundamental  value of 
the university. In  recent years, he 
maintained, scholarship has been 
narrowed to research publications. 
He called for a re turn  to traditional 
values of scholarship. He proposed 
that scholarship be measured in four 
dimensions. The  scholarship of dis- 
covery is concerned with sponsored 
research, discovery of natural  laws, 
hunt ing  through archives, re turn ing  
to original texts, and leading stu- 
dents to learn through inquiry. The  
scholarship of integration is con- 
cerned with multidisciplinary work 
and with writing texts that bring to- 
gether existing works in ways that 
provide new understandings.  The  
scholarship of application is con- 
cerned with professional service: 
making one's expertise available to 
the service of others through con- 
sulting, professional society work, 

public service, expert testimony, and 
committee work. The  scholarship of 
teaching is concerned with the mas- 
tery of effective teaching in all its 
forms, not just  classroom lectures. 
The  report  suggested that every fac- 
ulty member  enter into a "creativity 
contract" with his or her department,  
specifying the balance among contri- 
butions and effort in each of these 
four dimensions. Eyewitness ac- 
counts and testimonials can be used 
to assess the faculty member 's  per- 
formance in each of these dimen- 
sions. The  faculty member 's  success 
would be judged  by how well the 
terms of the contract were fulfilled. 

The  Boyer report  is a significant 
step toward reminding  faculty that 
there is more to a successful univer- 
sity than simply research. But it con- 
tinues to stress personal perfor- 
mance, not team or organizational 

performance. The  success of new 
curriculum efforts will depend not 
only on individual performance, but  
on the depar tment  as a whole. The  
Boyer report  does not go far enough. 

What means are needed to achieve 
accountability at the organizational 
level as well as the individual level? 
The leverage for significant change will 
come from shifting the emphasis of assess- 
ment from personal accomplishment of a 
faculty member to the success of students 
advised by a faculty member and the suc- 
cess of the department at building compe- 
tent graduates. Asking a depar tment  
and each faculty member  to achieve a 
90% success rate with their advisees 
would be a good target. It is a less 
stringent target than the success rates 
faculty have with their Ph.D. stu- 
dents (well over 90% for students 
who passed qualifying exams). 

Such a system would be based on 
each faculty member  taking as per- 
sonal advisees a set of students ma- 
jo r ing  in the department .  Personal 
advising must be backed up by de- 
partmental  staff or computing sys- 
tems that can help students deal with 
routine questions about curr iculum 
and with routine paperwork. 

Such a system needs checks and 
balances to guard against "inflation" 
and at tendant  lowering of standards. 

• The  check against the lazy student 
is a departmental  policy that all stu- 
dents accept full responsibility for 
at tending classes, managing prom- 
ises for completion of work, showing 
respect for everyone in the depart- 
ment,  and following guidance of 
one's advisor. Students who do not 
live up to these responsibilities will be 
dismissed as majors. 
• The  check against an individual 
faculty member 's  at tempting to let 
unprepared  students through exhi- 
bitions is the faculty panel of judges 
at the exhibitions. 
• The  check against the faculty as a 
body drift ing toward lower standards 
is a portfolio of assessments includ- 
ing: 1) a depar tment  advisory com- 
mittee of outside stakeholders, 
mainly business managers that em- 
ploy graduates, to review periodically 
the curr iculum and research pro- 
gram and assess its cont inuing value; 
2) standardized tests, such as the 
Graduate Record Examination, for 
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all graduating students; 3) students' 
individual portfolios (Declaration 4 
in Box 2); 4) an annual  meeting at 
which the depar tment  presents its 
accomplishments to students and 
outside stakeholders, receives their 
comments, and reports action taken 
in response to prior comments. 

The  new assessment measures 
must be supported by a program of 
faculty development aimed at assist- 
ing faculty improve their skills at 
teaching and research. Without this, 
a depar tment  cannot claim to be a 
learning organization itself. Depart- 
ment  heads must be chosen for dem- 
onstrated ability to coach other fac- 
ulty in these areas. 

With such a system of assessments, 
it becomes possible to implement  
new policies that apportion rewards 
at the organizational level. For exam- 
ple, a department 's  raise pool might 
depend on the overall accomplish- 
ment  of the department;  an individ- 
ual's promotion or raise might de- 
pend on his or her contribution to 
the team. 

Declarations from the dean and 
provost may be necessary to establish 
the new policies under  which these 
kinds of assessments can work. 
Among these declarations must be 
limits on the number  of published 
papers needed to satisfy a require- 
ment  for scholarship and research. 

I n f r a s t r u c t u r e  
The informational infrastructure is 
the set of technologies and standard 
practices that support  coordinated 
action in the organizational processes 
of the university. Because similar 
processes appear in all organizations, 
the support ing technologies teach 
students not only about storing, re- 
trieving, and processing information 
at work, but  about collaborating on 
projects with remote coworkers, 
some of whom may live in different 
time zones and speak different lan- 
guages. It is very important  that fac- 
ulty support  the development and 
maintenance of this infrastructure 
and that students learn to use it ef- 
fectively and responsibly. 

There  is already plenty of evi- 
dence that countries which build a 
good infrastructure of roads, com- 
munications, buildings, and distribu- 

Box Ii. In i t ia t ion (based on a s imula t ion  g a m e  des igned  by F e r n a n d o  
Flores at  a sympos ium fo r  new systems eng ineers  at  t he  Univers i ty  o f  
Sant iago in 1991) 

For the first week of your first semester as a student in our department we 
will conduct a special symposium to orient you toward our program. During 
these five days we will give you a road map to the curriculum, introduce you 
to the faculty of our department, and orient you in the university as a whole. 
To a large measure, your success in our engineering program will depend on 
how well you exploit the diverse opportunities and people who are here. 

The central activity of the week is a three-day simulation of a world of 
companies and markets. We will form you into groups of about 10 students, 
each of which will select an identity as an engineering company. The 
company accumulating the most wealth by the end of the game will be 
declared the winner. We will give you a stock of jigsaw puzzle parts and 
make the overall wealth of your company as the game progresses depend on 
how much of a complete puzzle your company can assemble. Each group will 
have a different puzzle and initially all the puzzle pieces will be randomly 
mixed before being distributed. You will therefore have to negotiate with 
other companies to obtain pieces you do not have. We will also give you a 
limited initial capital fund and set up a banking system in which you can 
obtain loans and buy and sell materials for your company. 

We will give you a stock of Lego pieces that you can use to build a 
prototype of an engineering system representative of your company. You will 
be able to obtain additional Lego pieces on negotiations with other 
companies and at auctions conducted by the bank. A panel of judges will 
assess the market value of your prototype from a marketing presentation 
your group will make. There will be periods of production during which you 
manufacture copies of your prototype and receive a payment from the 
judges for each successful copy. 

This game will show the importance of skills such as negotiation, 
teamwork, marketing, manufacturing, and production, that you must learn 
in addition to your engineering skills. It will also show you the approach you 
automatically fall into for dealing with these matters when put into 
unfamiliar situations in which there is insufficient time to understand and 
plan in advance. 

After the game, you can discuss the results with your adviser and construct 
a plan of study for you time here. You will without doubt want to include in 
your plan the learning of the skills you found were missing while playing the 
g a m e .  

tion networks invariably attain a su- 
perior competitive position in world 
markets [17]. The  same principle 
applies at the more limited horizon 
of an organization, such as a univer- 
sity. Those with good informational 
infrastructures will be in a stronger 
pos i t ion- -and  their graduates will be 
more effective professionally-- than 
those without them. 

Until recently, "maintaining a 
good informational infrastructure" 
was a very expensive proposition. It 
is now possible to provide all faculty 
and students with basic services for 
conduct ing  bus iness - - inc lud ing  
word processing, spreadsheets, 
graphics and drawing tools, elec- 
tronic mail, database--at  under  
$4,000 per person capital invest- 
ment. The  service and maintenance 
structure to keep it all working can 
be covered with one or two full-time 
persons for a school comprising 80 

faculty. About 200 students each 
week can be accommodated by one 
lab with capital investment on the 
order  of $100,000 and annual  main- 
tenance and staffing costs of under  
$75,000. University computing ser- 
vices will need to provide more pow- 
erful and specialized computers and 
functions, as well as perpetual ac- 
counts for all faculty and students 
and connections to the Internet.  

Many of the technologies students 
must master for a programming 
practicum, such as graphics, visuali- 
zation, and multimedia databases 
(see Box 3), will be common by 1995. 
It is important  that our  labs be 
equipped to allow them to gain such 
mastery. 

Concerns 
Any proposal for significant change 
is bound  to evoke expressions of con- 
cern. Several such concerns are coy- 
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ered  in quest ion-and-answer format.  
Isn't it grossly misleading to model a 

university after a business? Many fac- 
ulty worry that in t roducing an ex- 
plicit orientat ion toward customers 
and practical action will accentuate 
the breakdown and threaten liberal 
education.  Businesses, they say, are 
too focused on short- term issues, 
while educat ion must  be concerned 
with p repar ing  students for life. Cus- 
tomer  satisfaction, they say, orients 
toward gratification o f  students and  
not  on the long-term community  
benefits of  educat ion [15]. Some say, 
moreover ,  that it is folly to model  
ourselves after  organizations that are  
themselves having trouble succeed- 
ing in world markets.  

Corpora te  recrui tment  executives 
unders tand  the concern but  say it 
does not  apply  to reality. High on the 
list of  qualities they seek in new em- 
ployees are enthusiasm for learning 
and new challenges, coupled with the 
abilities to bounce back from adver-  
sity, to complete work on time, to 
work effectively on teams, and  to 
make good public presentations.  
These  are all l ifelong skills. Employ- 
ers are not interested in graduates  
who are so "practical" that they will 
become obsolete in a few years. 

Customer  satisfaction does not 
mean gratification. I t  is not a r epor t  
on the psychological state o f  the stu- 
dent.  I t  means the specific agree- 
m e n t - t h e  conditions o f  satisfaction-- 
between the s tudent  and faculty have 
been honored  and fulfilled. Because 
this agreement  is about  education for 
life, a complete assessment o f  
whether  it is fulfilled cannot  be made 
at the end of  any part icular  course or  
even at graduat ion.  A full assessment 
awaits the reports  o f  graduates  sev- 
eral years after  graduation.  

Most graduates  will work in orga- 
nizations in which success depends  
on knowing who one must  satisfy and 
what that person's  conditions of  satis- 
faction are. Everything an engineer-  
ing depa r tmen t  can teach students 
about  customers in this sense will be 
of  lasting value to the graduates.  

The  basic concern here  is fidelity 
to the educat ional  mission. To the 
extent  that they fail to listen to stu- 
dents,  employers,  and  other  stake- 
holders,  faculty j eopard ize  that 
mission. Universities are  service or- 

ganizations. Those offer ing educa- 
tion of  demonstrably lower value for 
the tuition will simply not attract 
enough students to stay in business. 
Like other  businesses, universities 
must learn to compete  in markets  
with demand ing  customers and lim- 
ited budgets.  

Doesn't this program threaten graduate 
curricula, the source of the greatness that 
has made U.S. universities the envy of the 
world? Won't  an emphasis  on under-  
graduate  curricula prevent  greatness 
by turn ing  a depa r tmen t  into a jun -  
ior college? Gradua te  education is an 
impor tan t  professional service. 
Gradua te  research can contr ibute 
new unders tandings  to issues of  
major  public concern. The  two- 
p ronged  strategy enunciated e a r l i e r - -  
b roaden  research agenda  and reor- 
ganize cu r r i cu lum- - i s  needed  to 
preserve the excellence of  the re- 
search p rogram and couple it with a 
good underg radua te  program.  It  has 
become a mat ter  of  urgent  public 
concern to resolve the breakdowns in 
our  unde rg radua te  programs as well 
as our  graduate  research programs 
[12]. The  curr iculum principles here 
apply  as well to graduate  programs 
as they do to undergradua te .  

The proposal for assessment seems to 
allow outsiders to determine the goals and 
performance of the faculty. Isn't this at 
odds with our understanding of profes- 
sion? Although outsiders make as- 
sessments, it is up  to the faculty and 
adminis trat ion to act on them. I f  
their  depa r tmen t  is receiving strong 
negative assessments, they continue 
the status quo at their  peril. Disci- 
pl ined professionals rout inely seek 
feedback f rom their  clients. 

Broadening the research agenda seems 
likely to limit basic research in order to 

favor research with immediate deliver- 
ables. Wouldn't this diminish the likeli- 
hood of serendipitous discovery that has 
enlivened technology? The  under ly ing 
question here  is, who sets the re- 
search agenda? Because of  the wide 
utility o f  comput ing  and limited fed- 
eral research budgets,  representa-  
tives of  o ther  disciplines and of  in- 
dustry are demand ing  a say in the 
goals o f  sponsored research in com- 
puting.  T h e  agenda  itself may con- 
tain substantial undirec ted  research. 
I t  is up  to the negotiators to ensure 
that. 

Won't a focus on exhibitions lower 
standards by allowing students to cover 
less material? To the contrary:  Exhibi- 
tions are  an oppor tuni ty  to raise 
s tandards and raise the success level 
of  all students. Because exhibitions 
are public, it is easy to observe 
whether  a s tudent  per forms  to the 
level o f  proficiency expected in the 
community.  Because they d e m a n d  
individual  expression as well as r igor  
in engineering,  exhibitions raise the 
stakes for everyone. Well-planned 
exhibitions that  focus on essential 
material,  integration,  and self-learn- 
ing will leave students knowing more  
and being less confused than a wide- 
ranging,  informat ion-present ing  
curriculum. 

Many of the new proposals sound more 
like liberal arts. What happened to the 
engineering? The  engineer ing content  
remains central. T h e  proposal  fo- 
cuses on what is missing. New ele- 
ments such as exhibitions, member-  
ship, and  initiation provide a 
f ramework a round  which the more  
t radi t ional  engineer ing coursework 
can be reorganized.  The  exhibitions 
themselves are designed to demon-  
strate the student 's  mastery of  im- 
por tant  engineer ing knowledge. 

At  the same time, the proposals  
here  call for a s t rengthening o f  the 
connections between liberal arts and 
engineering.  Ironically, many o f  the 
skills requi red  for  success at exhibi- 
tions (e.g., writing, team leadership,  
and historical sensibility) are  more  
endur ing  than the specific engineer-  
ing technical skills. 

Won't fast students resent the slow ones 
who eventually get the same grades? The  
fastest learners  will certainly pass 
their  first two exhibitions soonest. 
The  advanced certificates (Research 
and Advanced Design) offer  such 
students an oppor tun i ty  to raise their  
proficiency beyond the min imum 
requi red  for  the bachelor 's  degree.  
Speed o f  learning and highest-level 
certificate at tained may replace to- 
day's grade point  average as indica- 
tor  of  proficiency at learning. 

It is impor tan t  to r emember  that 
while speed of  learning is valued in 
universities, it is not an essential tal- 
ent  in many parts of  many profes- 
sions. What  is often most impor tan t  
is proficiency and ability to take care 
o f  client concerns. 
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Isn't there a major professional risk to 
faculty who assist in the planning or the 
execution of the new curriculum advo- 
cated here? As long as measures of  
per formance  are or iented toward 
individual  publication and research, 

this may be true. But per formance  
measures can be altered.  They  can 
include success with one's advisees 
and part icipation in successful teams. 
Participation does not  have to be 
professional suicide. Policy changes 

by depa r tmen t  chairs, deans,  and  
provosts will be par t  o f  any successful 
achievement of  the p rogram advo- 
cated here. 

How can we accomplish this with cur- 
rent class sizes and numbers and majors? 

L e t t e r  t o  an  Asp i r ing  E n g i n e e r  
(Based on a text of Fernando Flores) 

Dear (name of aspiring engineer), 
You are very for tunate  to have ar- 
rived at the end o f  the twentieth cen- 
tury, in which we are beginning to be 
l iberated from a plague o f  the last 
several centuries. 

For  a long time we in the West 
have thought  that before  we take 
action, we must  have a plan, which is 
based on t ruth gained from accumu- 
lating knowledge. This view began to 
take root  in the seventeenth century,  
whose inhabitants believed that  all 
human  problems could be solved by 
rationality and fidelity to the laws of  
nature.  The  tradit ions of  engineer-  
ing, to which you now aspire, are 
deeply rooted in this view. 

In our  par t  of  the twentieth cen- 
tury we are coming to see that  many 
aspects of  the human  condit ion such 
as poverty, homelessness, and envi- 
ronmenta l  devastation cannot be 
solved by rationality and technology 
alone. They  require  caring, trustwor- 
thiness, concern, and respect  for the 
dignity of  others. They  require  reac- 
tivation of  practical respect  for life 
and  the world which has been given 
to us. 

You are considering embarking on 
the engineer ing curr iculum of  our  
depar tment .  To be a competent  engi- 
neer,  you must master the essential 
facts, procedures ,  models, and pro-  
cesses of  engineering,  and you must 
demonst ra te  their  resourceful  use in 
practice. Most o f  the time we spend 
together  will be devoted to accom- 
plishing this. 

While you are a member  of  our  
depar tment ,  we will accord you the 
respect o f  your  own individuality by 
getting to know you well and by tai- 
loring the curr iculum to your  indi- 
vidual interests, background,  and  
speed of  learning. We will expect  you 

to take full responsibility for your  
learning:  a t tending all classes, com- 
pleting all work, doing all assigned 
exercises, and meeting regularly with 
your adviser. We will expect  you to 
be a full member  by contr ibut ing to 
the well-being of  the depa r tmen t  
through s tudent  organizations and 
projects that  help others here,  and  by 
exhibit ing respect  for everyone here. 

Th ro ughou t  your journey  toward 
becoming a competent  and resource- 
ful engineer  in our  depar tment ,  your  
personal  advisor, Professor NN, will 
be your  guide. He (she) will assist you 
in choosing coursework from this 
and other  depar tments  as you build 
the skills o f  life. 

The  skills of  engineer ing alone are 
not enough to grant  you a life o f  sat- 
isfaction and accomplishment.  You 
will also need:  
• To learn rhetoric: the capacity of  
seduction and invention with others. 
• To learn to be a writer of  fiction 
and poetry, and  realize that all we say 
about life is a narrative with con- 
straints of  responsibility. Even the 
study of  nature  is a study of  effects 
constructed in the skillful manipula-  
tions of  humans.  
• To learn music: to unders tand the 
pure  manifestation o f  history and 
mood.  
• To learn dance or  the martial  arts: 
to unders tand  the beauty o f  the man- 
ifestation of  the spirit  in the body. 
• To learn science: not  as a descrip- 
tion of  realities, but  as a sister to tech- 
nology and to biological cognition 
and as testimony to the careful 
weighing of  evidence. 
• To learn history and philosophy: 
so that  you can locate yourself  in the 
conversations that mankind has 
been, grasp the historicity that sur- 
rounds  and pervades you, enhance 

your capacity for  reinvention,  and  
embrace the spiri tual and  ethical 
dimensions of  life. History is not  a 
record  of  the past; it is a narrative 
that  we weave, an i l lumination of  the 
present  by the past that br ings a new 
perspective on the future.  

You will also need to take respon- 
sibility to p repa re  for the situations 
and conversations in which humani ty  
will f ind itself in the years ahead,  and  
to which you will be expected to con- 
tribute: 
• A new conception of  enterprise  is 
emerging,  dr iven by pervasive infor- 
mation technology that continues to 
decline in cost. Labor  has become a 
worldwide commodity.  Global corpo- 
rations compete  with political institu- 
tions. 
• Geographical  borders  are losing 
their  meaning and political institu- 
tions are being torn by cultural and 
racial conflicts. The  roles of  nations 
and internat ional  bodies are being 
reformulated.  The  old idea of  the 
nineteenth century state, with its pa- 
ternalistic pretensions,  is failing. 
• The  stability of  the ecology and 
energy sources of  the planet  are un- 
certain. 
• T h e r e  is a struggle to define mo- 
rality and social reality that is limiting 
and not  enhancing our  individualism 
and our  families, and is increasing 
social tensions. 

Even in all this instability, you have 
a solid foundation.  You should not 
forget  your  skill as creator  and  lis- 
tener  of  the world. I f  you can retain 
this, the social moods that  hold cer- 
tain evils such as despair ,  resignation, 
and  resentment  will be shifted to a 
mood of  joyful  challenge, mutual  
respect, responsibility, dignity, won- 
der,  and  a new spirituality. 

~mmuNmCA'~OUOp'~gmACN/December 1992/Vol.35, No.12 9 5  



Currently, 154 new engineering ma- 
jors must be admitted to graduate 
100 (success rate of 65%) [26]. With a 
90% success rate, the number of in- 
coming majors can drop to 111 with- 
out changing the number who grad- 
uate. Juniors and seniors can be a big 
help in tutoring freshmen and soph- 
omores. Similarly, graduate students 
can help with tutoring juniors and 
seniors. In most departments, the 
number of undergraduates who will 
be personal advisees of a faculty 
member will be between 15 and 20, 
and a restructured reward system 
will provide the additional time re- 
quired to take care of them. 

Where will the time come from to allow 
the higher level of advising? How do we 
prevent a few "good advisers'from wind- 
ing up with the whole department's load? 
Part of the time will come from re- 
structuring curriculum to provide 
time for faculty and students to work 
together on exhibitions. Another 
part will come from better manage- 
ment of the advising process. For 
example, a faculty member can hold 
monthly meetings of his or her per- 
sonal advisees, thereby obviating 
many routine one-on-one sessions 
and building a sense of community 
among those students. Students 
would be assigned randomly to fac- 
ulty for advising. 

What happened to the honors pro- 
gram? It is replaced by the Early 
Graduate School and its exhibitions 
in Research and Advanced Design. 

Do we know how to accomplish this? 
No. We don't know how to do much 
of what is advocated here. Faculty 
have a learning and planning process 
to go through themselves. The times 
ahead will be both challenging and 
satisfying. The risks of staying with 
the status quo are much higher than 
the risks of change. 

Conclusions 
In this article we have proposed that 
many of the breakdowns in educa- 
tion and research in universities are 
associated with profound changes 
occurring simultaneously with six 
understandings that we have as- 
sumed are stable: profession, univer- 
sity, education, research, work, and 
innovation. The changes are being 
driven by constantly dropping costs 
of digital technology. 

We have proposed further that the 
type of organization that will succeed 
in the emerging marketplaces is one 
skilled at listening to customers, com- 
pleting promises, and learning. Our 
mission in universities must be to 
prepare our students to live and 
work thoughtfully in such organiza- 
tions, which will flourish in the world 
of global markets and pervasive in- 
formation technologies. To accom- 
plish this, we must not only teach our 
students good engineering, but teach 
them how to listen, how to complete 
their work rigorously, and how to be 
self-learners. We must transform our 
own schools and departments to 
demonstrate these same characteris- 
tics. 

The essence of the transformation 
required to accomplish this is: 
broaden our research agenda, refor- 
mulate our curriculum around exhi- 
bitions of competent performance, 
reformulate our means and mea- 
sures of assessment so that faculty 
success depends on student success, 
provide institutional support for fac- 
ulty development as teachers and 
researchers, and provide an infor- 
mational infrastructure permitting 
students to work in the same kind of 
communications environment that 
will be common for them in the years 
ahead. 

With these changes we can pro- 
duce dramatic changes in our pro- 
ductivity. Within five years it is possi- 
ble to raise the success rate (of 
students who ultimately graduate) 
from the current levels of around 
65% to 90%. It is possible to lower 
the assimilation time into an employ- 
er's organization from 12-18 months 
to 3-6  months. 

It is important to note that most of 
what is said here is not new. Pieces 
are already practiced in some univer- 
sities and high schools. These un- 
usual practices can become the norm. 

There is a sense of urgency to 
undertake the planning of new cur- 
ricula. The social contract of 1945 is 
breaking down. Taxpayers want to 
know what value will come from re- 
search they are paying for: "knowl- 
edge for its own sake" is now less so- 
cially acceptable, and the connections 
between research and real concerns 
must be clearly stated. Taxpayers, 
moreover, are demanding improve- 

ments in undergraduate engineering 
education: flunk rates of 35% and 
higher are no longer socially accept- 
able. Mandating "more hours in the 
classroom" won't broaden the re- 
search agenda or improve student 
success rates. Instead, a qualitative 
change in the content and conduct of 
our curricula must be initiated by us, 
the faculty. Now. 
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