Int. J. Engng Ed. Vol. 20, No. 3, pp. 353-371, 2004
Printed in Great Britain.

0949-149X/91 $3.00+0.00
© 2004 TEMPUS Publications.

Influencing Engineering Education:

One (Aerosp

JOHN H. MCMASTERS

ace) Industry Perspective™

Ed Wells Initiative, The Boeing Company, Seattle WA 98124-2207, USA.
E-mail: john.h.mcmasters@boeing.com

The purpose of this paper is to discuss some of the steps that we within the broader technical
community (industry, government and academe) can and should take to assure an adequate future
supply of well-prepared engineering graduates for the full range of employers who have need for
such talent. While presented from an aerospace industry perspective, and thus from that of a
‘mature industry’ (at least in some major traditional product areas), it is believed that the issues to
be addressed have far wider relevance, because the evolution of engineering (and specifically
design) practice in the ‘airplane business’ provides a lens for discerning future trends and
requirements for both university and post-employment engineering education programs. Although
much has been accomplished in the past decade to enhance engineering education, we, as both
educators and practitioners, have much to do to cooperatively create a strong and vivid vision of our

Sfuture and assure the proper development of a future generation of engineers with the skills and

motivation to meet society’s needs in our always evolving and ever-volatile enterprise.

INTRODUCTION: A PERSPECTIVE FROM
THE PAST

THE PRESENT PAPER is based in part on a
series [1-4] begun in 2000 under the general rubric,
‘The Demise of Aerospace—We Doubt It.” The
series was initiated to counter some of the excesses
of a continuing spate of national studies and
articles in both the popular and professional
presses [e.g. 4-6] that decried the seriously declin-
ing state and future of aeronautics (and aerospace
in general) in this country, while providing long
lists of causes for the putative decline in aero-
nautics.

Whatever list is constructed, two fundamental
underlying factors have been, and remain, causes
for serious concern. The first is the fact that we in
the aeronautics community (industry, government
and academe) have been unable to create a collec-
tive vision of our future as compelling and exciting
as the one that has driven the past century of our
history. The second factor, reciprocal to the first, is
the need to aggressively replenish the seriously
aging pool of technical talent needed to maintain
an industry that still continues to find a multi-
billion-dollar annual market for its products and
services, and that is fundamentally important in
maintaining our security and enabling the further
development of our global economy.

An important point to be noted at the outset
of this exposition is that, while the focus is
ostensibly on ‘aerospace’ engineering, a company
like Boeing, in common with most others in our
industry, employs many more electrical, mechanical,
manufacturing and computer-related engineering
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graduates than it does those with explicit aerospace
engineering degrees. In this sense, the subsequent
text relates to our company (and industry) interests
inengineeringeducation enhancement and reformin
a broad sense.

As pointed out earlier [1-4], the development of
aeronautics was a symbiotic co-evolution with the
vast change that has been part of the whole
industrial revolution taking us from a largely
agrarian economy in the 19th century to the
world we know today. Through two World
Wars, the long-running Cold War, and on into
today, aviation has been a key element, both
driven by and enabling massive changes in the
world as we know it—socially, politically, milita-
rily and economically. Much progress has been
made in the art and science of human flight and
this may be charted conceptually, as shown in
Fig. 1, which was originally created over 20 years
ago to explain to Boeing management the reasons
why the then-new Boeing 757, after the expendi-
ture of very substantial research and development
money, carried no more passengers any farther or
faster than its predecessor, the circa 1950s Boeing
707. The conceptual diagram thus created still
seems as relevant today as it was then, and shows
where we now stand in a ‘mature’ technology.

Three lines can be drawn on this chart of
progress versus time. The first is a theoretical
upper bound established by the basic laws of
physics (and economics). These limits are imposed
by factors such as the Second Law of Thermo-
dynamics, the fact that generation of lift with a
wing of finite span produces (induced) drag even
when ‘optimally loaded’, etc. The second line
represents what could be accomplished with the
extant technology available to us at a given date if
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we had a perfect knowledge and understanding of
our art (and no significant economic limits on what
we were/are allowed to do). It is shown as a sort of
stair-step progression based on significant techno-
logical breakthroughs that periodically occur.
The third line on the figure is the measure of
actual progress made over the course of 100 years
of dedicated effort (not forgetting that much of the
basic groundwork that led to the Wright brothers’
success [which initializes the figure as drawn]
had been laid by the advances made by the
theoreticians and ‘failed’ experimentation in
previous centuries). This progress has been truly
dramatic—particularly in the time period from
approximately 1920 through the 1960s. However,
as the gaps between theoretical limits, possible
achievement and actual realization shrink, the
opportunities for further gain in traditional
measures of performance become increasingly
difficult (and expensive) to achieve. This is the
hallmark of any ‘mature technology,” and is
exacerbated by the fact that not only are designers
getting smarter over time, but their customers,
government regulators and the public are all
getting more demanding and sophisticated as well.
In the face of an increasingly lawyer-rich en-
vironment, with unending demands for improved
safety, reduced noise, increased fuel efficiency, etc.,
etc., the designers have to run harder and harder to
make increasingly small gains. Indeed, if research
and development did not continue at a healthy
pace, progress would be stagnant or even retro-
grade at some point under the weight of these
external pressures. With regard to the Boeing 757
vis-a-vis the 707, the 757 turned out to be a
significantly better airplane than its predecessor
in all regards—except speed, range and passenger
count. Indeed, had the team developing the 707
been faced with the same circa 1975 design require-
ments and objectives that the much larger 757
team had to deal with, and were still limited by
the circa 1954 knowledge and technology available
to them, it is debatable whether the original 707

could ever have flown—and helped change the
world as it did.

While Fig. 1 shows a leveling of at least cruise
airplane performance over the past two decades,
influenced in part by the basic laws of physics and
economics, more interesting for our future will be
the increasing importance of environmental
considerations, and (since the advent of OPEC
and its aftermath) the warning of the vulnerability
and finiteness of the world’s fossil fuel supply.
Such constraints on ‘faster, higher, farther’ have
thwarted efforts to develop economically viable
transports on into the supersonic range. Only the
announcement of the short-lived Boeing effort to
develop a ‘Sonic Cruiser’, coupled with the Airbus
decision to plunge ahead with their monster A 380,
seemed to open the prospect that aeronautical
engineers working in the commercial airplane
arena need no longer look forward to so dreary a
future as was predicted only a few years earlier as
we entered the post-Cold War era of ‘quicker (to
market), better, cheaper.” Thus the question again
becomes: is the most exciting prospect on offer, or
our inevitable future, simply the further redesign-
ing of the current line of Boeing and Airbus
subsonic transports, albeit with more exotic elec-
tronics? Given the importance of commercial air
transportation (and the aerospace industry as a
whole), however, the whole question of what we
may mean regarding the supposed maturation of
our art must thus be examined and challenged in
more general terms.

SO NOW WHAT?

Stories similar to the Boeing 757 can be told
within the conceptual framework of Fig. 1 for
other classes of traditional aircraft types, both
civil and military, and further ruminations may
be found in earlier publications [7-11]. The ques-
tion that arises from such examination is: where do
we go from here in the next 100 (or even 20) years
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of an endeavor that has a potential multi-trillion
dollar market for its products and services in its
first two decades of the 21st century alone? There
are at least three possible answers, all of which are
likely one way or another, despite (or perhaps
because of) the dramatic turn of events on 9/11/01:

® Keep running harder and harder (i.e. doing what
we have been doing) for smaller and smaller
gains in speed and other traditional performance
measures, but with a greatly increased emphasis
on safety, security, cost and environmental
impact, as long as a market exists for the pro-
ducts thus developed.

® Schedule a breakthrough (e.g. a possible Sonic
Cruiser II via large reductions in sonic boom
intensity and ‘aerospace plane’ technology) or
an invention (e.g. economically and logistically
viable alternatives to fossil fuel propulsion
schemes for transport aircraft).

e Start a whole new game—one in which the gap
between the possible and the achieved is once
again very large, e.g. the whole range of possi-
bilities for uninhabited (combat) air vehicles
(UAV/UCAV) which represent a complete
fusion of traditional and emergent aerospace
vehicle technology with ‘information and
communications technology.’

Regardless of which path is pursued, there remains
much to do in aviation in the coming decades,
despite recent events. Many continue to lament the
supposed end of ‘farther, faster, higher’ as the
driving force for aeronautical progress, and its
replacement with the newer, less exciting call for
‘quicker (to market), better, cheaper’ [6]. These
newer imperatives have been forced on us by a
new economic and geopolitical reality, as the
competition in all phases of the aviation market
has grown increasingly fierce. Such imperatives
will not soon disappear, but more likely will
simply increase in their complexity.

More recent events have opened new avenues
for improving commercial aircraft, at the air
transportation system (rather than mere airplane)
level, as security becomes a major issue to be added
to the already existing list of environmental, poli-
tical, operational and economic pressures to be
dealt with. This fact, combined with the advent of
new programs such as the A 380 and a need to
replace aircraft of 747/757/767 vintage (as but a
few of a myriad future possibilities), suggest that a
new mantra for further progress may well be:
‘faster, higher (farther), cheaper, better, quicker,
cleaner, quieter, safer, etc.,” or simply, ‘leaner,
meaner, greener.” The only constraint is that,
while the laws of economics can be bent to some
degree, the laws of physics cannot!

PROCESSES AND PEOPLE: THE SOCIAL
SIDE OF AEROSPACE

Technological progress is easy to chart for
the historian, and to a lesser degree for the

prognosticator, via demonstrated performance
increases and an assessment of the gap between
what has and can be achieved. This can be done
based on our current or foreseeable technical and
scientific knowledge as constrained by possible
political and economic circumstances and devel-
opments.

Less easily mapped or predicted is the evolution
in the processes by which the amazing advances of
the past century have been developed, and, more
importantly, how these processes will continue to
develop in the future. This social aspect and the
‘people issues’ it contains are of fundamental
concern to the future of our enterprise, but are
too frequently ignored or treated as a separate,
disconnected topic in the aeronautical engineering
literature. It continues to be our purpose to treat
them here, even if incompletely, as a unity with
technology and processes. In reality, technology,
processes and people form an inseparable triad in
aerospace—in both industry and in academe.

Basic premises

As argued earlier [3, 4], money and people are
respectively the blood and soul of any organization
that provides goods or services to our society.
People, aided (or not) by machines, create, develop
and support products and services of value to a
customer that can in turn produce a profit and
thus provide shareholder value. In this simplistic
view, the most important assets of most companies
and institutions in our society are their people
(their ‘intellectual capital’) and the cash flow that
results from their activities. In this people-centric
view of our own industry, it may then be argued
that the best technology and processes in the world
are useless without the right skilled and motivated
people to apply them.

Maintaining and enhancing the excellence of our
technical workforce must be a central focus within
the technical community, in aerospace as in most
other industries—now and into our future. As in
earlier writings, the author’s concern is primarily
with the education and motivation of a potential
future generation of practitioners, rather than to
extol the magnificence of our past for the historical
record.

Airplane design today

The large-scale advent and vastly increasing
power of the computer and the tools (e.g. CFD—
direct analysis and inverse/design, CAD/CAM
systems, and multi-disciplinary optimization
methods) available to exploit its capabilities, the
lessons learned from our friends across the sea
(both Asian and European), the end of the Cold
War, and the emerging new world economic and
political order have combined to cause a transfor-
mation in the airplane design process. Terms like
‘customer-in,” ‘lean manufacturing (and engineer-
ing),” ‘up the value chain’ and ‘outsourcing’ have
become major elements of the new vocabulary of
the aerospace industry and many others.
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Fig. 2. The education system’s response to industry needs.

In the present context, however, perhaps the most
significant developments have been the invention of
‘integrated product teams (IPTs)’ and the more
general concept of ‘systems engineering’. Recogniz-
ing (finally) that separating design from manufac-
turing (and cost accounting) was a profoundly bad
idea, the notion of bringing together interdisciplin-
ary groups of the right people (including customers)
and insisting that they work as fully cooperative
teams has turned out to work rather well (e.g. the
Boeing 777) when done correctly and when the
people involved know how to do it. Design has
again become a cooperative social activity in the
more successful companies in our industry.

In more recent times, it has also become more
obvious that the proper approach to design is to
adopt a complete and more formalized system of
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systems approach and perspective for a given prob-
lem. While the notion of systems is far from new and
systems engineering is now an established (if not yet
widely accepted professional role among more
traditional technical disciplines), the importance
of the system integrator and system architect will
continue to become as important to our business as
the configurators of an airplane have been histori-
cally. Recognizing that this is now the case means
that dealing with a myriad of related ‘people issues’
must become a major priority for us all.

FROM CONFIGURATORS TO SYSTEM
ARCHITECTS

The development of the technical workforce
needed to support our industry in the future, and
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A Multiple Technical Career Path System for Engineers

A Team with complementary
skills, experience and
responsibilities.
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Fig. 4. If one is going to build houses (or airplanes or whatever), one needs three kinds of people.

academe’s role in it, is the central concern of this
paper. There are a variety of recruiting, hiring and
professional development issues that need to be
addressed in order to support various enterprise
priorities. Some of these issues are new and unique
to our times (e.g. the ‘globalization’ of many of our
major companies, the need to deal effectively with
an international terrorist threat that now extends
to our own shores), and others have plagued
industry for decades. Many of these were discussed
in our earlier papers [1-4], but one that requires
further elaboration is the fundamental question of
what engineers will be required to do as our
industry and its supporting infrastructure
continues to evolve in the coming decades. What
skills and attributes will (at least some) successful
practitioners need to possess and how will we
effectively acquire and develop them—especially

in the area of (airplane) design? The suite of
figures, Figs 2-10, are intended to address these
questions from a predominantly industrial
perspective, while additional thoughts on the
complementary role academe needs to play
(Fig. 2) are included in a later section of the paper.

A useful place to begin this inquiry is to start
with some ‘first principles’ and recall a quote
attributed to the late Theodore von Karman: ‘A
scientist discovers that which exists. An engineer
creates that which never was.” The purpose of
pointing this out is to remind the reader of the
obvious fact that engineering (design) is not (en-
gineering) science, and, as shown in Fig. 3, neither
are professionally practiced for their own sake but
always within a broader context. Even in the
engineering-centric sense displayed in Fig. 3, it
may be further observed that, as a general rule,

Increasing Demands on the Core Technical
Workforce (1975-2025)
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Fig. 5. Changing emphases on engineering work in the coming decades.
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to design (and build) just about anything beyond
the complexity of a paper clip, there is a require-
ment as shown in Fig. 4 for at least three classes of
individual who may possess one of three levels of
skill and experience.

The industry that has grown in head count, and
developed in evolutionary fits and starts over the
decades from the late 1930s into the early 1990s,
seemed to fly in the face of the late, legendary (via
his monumental achievements as head of the Lock-
heed Martin ‘Skunk Works’) Clarence L. (‘Kelly’)
Johnson’s commonsense dictum: ‘If you can’t
solve it with brain power, you can’t solve it with
man [sic] power.” While we have much to celebrate

in our massive achievements during that era, the
end of the Cold War (with its imperatives and
concomitant wealth of available resources),
coupled with the rise of new global commercial
competitiveness and a populace with growing
demands for ‘better, cheaper’, we are now
confronted with the need to adopt a strict diet of
‘Lean’ [14] as an over-riding imperative to our
continued survival.

Whether we who remain in, or will join, our
industry in the coming decades like it or not, the
new imperatives of increased productivity and effi-
ciency, coupled with the advent of enabling technol-
ogy and processes (e.g. the IT and communications
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revolution, Knowledge Management techniques),
will change the nature of some major aspects of
engineering work. In very general terms, the antici-
pated evolutionary path these changes may take
(at least in the major airframe and supplier compa-
nies) is shown in Fig. 5. Coupled with this must be
a much stronger emphasis on ‘system engineering’
(as both system analysts and as system architects)
and ‘system of systems’ thinking as typified by the
viewpoint shown in Fig. 6. Indeed, a need for a
major restructuring or rebalancing of our technical
workforces can be foreseen, as shown notionally in
Figs 7 and 8.

Taken together, Figs 4, 5 and 7 show that, in
future (starting yesterday), the role historically

played by the airplane configurator must now be
supplemented and assumed by an increasing
number of the ‘deep generalists’ (Fig. 7) acting as
system architects and integrators. While a natural
progression, it should also be noted that real
configurator talent has never seemed to be abun-
dant in the overall ‘engineering’ population and a
reason for this is suggested in Fig. 8. (and generally
supported by the Myers-Briggs data appended
in Figs 25-26). Those with a real talent for
design (and, by extension, system architecture)
apparently do not exist in equal measure in either
the general or the engineering populations with
those who are good analysts (‘reductionists’) in the
general population, much as in the case of other

“Desired Attributes of an Engineer”

+ A good understanding of
engineering science
fundamenials

- Mathamabics |nduting stalisbcs)
- Phpsioad and Iy sciencos

= Informmaiizn Sschnclogy (Tar mom than
“zmm paser By ©|

+ A good undarstanding of design

and manufacturing processess .

Ui e IRnds e nERTIg)
v Al l-diecilingey, S psiems
perspective
A basic understanding of the
cofort In which anginaering is
practiced
- Eeoramics dinclusing husinese
eglete ]l
- Hinkory
Thi derbwrissdi sl
= Cyginmer and o lsial reede

Diversity — wanted and needed |
ity Ve besping oo L

s e At

Firi

| e oy
o= few Mo pard v ARET B0 MRS

+  epod communication skills
- Wiritien
- Om
= (irmpivi:
= Limiening
*  High athical standards
* An ability to think both critically
and crealively - indepandently
and cooperativaly
*  PFlexibility. The ability and self-
canfidence fo adapt fo Apid oF
major changa
»  Curipsity and a desire 1o learn for
lita
& profound understanding of the
importance of teamwork

Thin ma bpd bagus i MU of baplr thrabsr s-ures
#ria sk oen b Tepeer apec T ohh relisring ibe
Ay o' i owrnl ang F i i whick
e g s i ea ! praciics coeeww
* Thig cusrerd Feemaa of few el cen be piewed o e Soeing
el BT barET TeaRage T one mesbing aov e o
24 the fapic. By corvmrie s aiea e loded

Fig. 9. The time-worn, but durable, Boeing list of engineering attributes.



360 J. McMasters

[Configurators —= System Architects]

{adapted from a list by C.R. Chaplin, UK. Fellowship of Engineering]
Visionary
Creative, imaginative
Objective, critical
Stubbornly tenacious
Flexible !7
Cooperative |
Independent |
Nympholept (yearns for the unachievabla)

Pragmatic

* The pairs of alinbutes shown canned be exhibited simullanegesly without short
oirouiting the brain. Ome can (and must) leam o switch refleadyvely from ong mods o
e alhar as need may erise. This can ba dona, and one cam Bam o o de il

—* Ambidextrous thinker *
|Controlled schizophrenic)

Fig. 10. A precursor and addendum to the Boeing list (cf. ref. 13).

professions such as biological taxonomy. This
simple, empirical observation places no value judg-
ment on the worth or merit of one type of
individual compared to another, but it does
suggest that, if one wishes to create a workforce
with a new balance between the two types, very
special extra care and attention will have to be paid
to finding and developing those in short basic
supply. This observation has many significant
implications and it should be noted that neither
our current college-level education system nor our
current industry ‘skills management’ systems do an
adequate job of recognizing, let alone dealing with,
the issue. What is wanted is outlined in Figs 9 and

10, and could be supplied with additional effort by
a proper interpretation and implementation of the
curricular reforms to be discussed in later sections
of this paper.

ENHANCING ENGINEERING EDUCATION

It can be foreseen that our industry will need a
greatly increased supply of systems engineering
talent in the coming decades, and the development
of this talent pool must begin while our potential
future employees are still in school. Thus, industry,
government and academe must work together in

Enhancing Engineering Education
[ Why? Because we need to and can.]
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Fig. 11. An industry view on the need to enhance engineering education.
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There are several important disconnects
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Our future supply of engineering talent is threatened and Industry
must pay part of the “taxes" needed to fix the problem.

Fig. 12. Our engineering education system is under stress.

complementary ways to assure that our mutual
needs are met. This again raises a suite of issues
regarding the need to reform or enhance what is
currently being offered in our colleges and uni-
versities across the country. With regard to the
explicit topic of the need to introduce even more
design (and system) oriented content into current
curricula, Figs 11 though 19 are offered as addi-
tional thoughts on the topics discussed in this
section of the paper.

For many years, undergraduate engineering
education has been based on the implicit (and
foolish) assumption that we somehow need to
teach students ‘everything they might need to
know’ before they enter professional practice. If

a new technological area became important in an
engineering discipline, then faculty would add a
course on that subject to the curriculum. This
‘throw a course at the problem’ (reductionist or
atomization) mentality continued until engineering
programs were saturated with courses, within en-
gineering, math & science, and the liberal arts. We
need to do a much better job of determining how
to educate students to operate in a modern engin-
eering environment, rather than merely thinking
about what specific skills they may need to gain
their initial job assignments, or as preparation for
graduate school in research. We need to demon-
strate to students that engineering is practiced
within a much broader societal context, and that

Replenishing the Engineering Workforce
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Fig. 13. The supply of engineering graduates may be inadequate unless steps are taken to attract and retain students.
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Englneering lsn't Just “Applled [and thus second rate] Science”

Engineering is about applying knowledge {in a systems
sense) from a broad range of disciplines {including
mathematics, science, economics and information
technology) to create products, services and processes
that meet societal needs and enhance the quality of life.

Technical Problems

v

Boience
“What"

» Understanding

* FaCis and data

s Tools & techniguas

* Poasibilites. arsd
opna e

Engineering
“How™

i

Humanities
& Liberal Aris
dwhrll

t: = Lindaratarsding

* Humamn and soclotal naods
= Ethics

* Compasaion

I Solutions (products, services, etc.) of Value to Society I

Fig. 14. A fundamental view of what (aerospace) engineering in the new century is really about.

engineering is not an end in itself. We need to teach
students how to learn, and how to make learning a
life-long pleasure.

Quality vs. quantity undergraduate engineering
education

How can this be accomplished with the ever-
growing constraints on higher education? We
believe that solving this problem will require a
new way of thinking about engineering education.
Instead of creating a course to meet a need, we

need to develop in the students a fundamental
understanding of the wunity of the fundamental
tools and concepts needed for engineering practice
(rather than providing them with a vast bag of
tricks for solving selected problems). These basic
fundamentals include (cf. Figs 9 and 10):

Mathematics

Information technology

Science, including the ‘engineering sciences’
Design and manufacturing

Economics and business practices
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& “conception to kegacy” [cradie to grave] hierarchy for engineering education

m
Socistal Walue

[ Dwsign/Synthosis [Enginessing]  +--- ——I-, 1
; Litveral Arts Formation | |
Science || “UTEUNE | Manual Arts r e m';';’; | Knowlodge
= Py :I"'-‘ ._“IT Fai (heds Lah Tebre] '
N * gy - Payraaign o T laEay| : l
il Commisnication Skills jsymiia) K ;
r Literacy Mumeracy ! Basic
Rt s asiing + Viousl thiking i, | Enabling
L - By « e . = Blafinlaen : Tasnls
u“”“'m - Grifiwewmn * Logis : i.
s eane
:':T' :_"'-:ﬂ Communication SKilks jverbal & iseming) : T
Social Skills Thinking Skills ¢ Faundational
* Temrrmork 1 Gemsin problem seking - —-———--' Sklls
+ Dt CrlCE arakne
+ Exhica “Ctmarrstion 1
s ‘WalhEE
——e

[y L]

The basis structure for a “liberal arts" education for the 21% Century ¥ I

Fig. 15. Elements of a comprehensive ‘engineering’ education.
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The Technical Workforce Pipeline
System Framework

-

Overall aducation system

Technical Talant must be raised, educated & put to work

&= Jobs for all

Many ol our besl abedanks become "hooked” an the Eopic
that will fesrn thisir hibers caraar dockione at =18-13 yeam
ol aige, Mot will not begin 90 make impariest coatrihubions
1o Thair profeas lons anid =1 5390 vaars |eder. Paparmg lar
our jand thairi loag-isrm fubure slaris now

L §

HE

B.5.

PO, L

At
axmas ..-“.-:."'i:Ea.E:“.u _1'"'-.__.. - ._T........ ._l a ___,..-...-'f'_ . —nn=_.-|"-'— =
Cradla —e K-12 College |Grad  Professional Practice —= Grave
Lot t | BEh.
T

Continuous LifesLong Learning

— Echool

T3 w‘"*_.—_—h

Tachnical (snginaering, math, scance, compuling| sducation and smelaymend pipesline

Mate: This pkpaline modol is just as relevant to (e creation of ke fuiure faculty
who will oduscate a fulure generation of indusirial and ofher praciithoners.

Fig. 16. A longer-range view of the engineer supply pipeline.

® Communications and teamwork (rather than
mere ‘group work’) skills

Of utmost importance, we need to emphasize
‘design (system) thinking’, where students learn
creative thinking and open-ended problem-solving,
but always within the context of design’s close
connection with manufacturing (i.e. ‘If you can’t
build it, you can’t use or sell it’) and customer/
societal needs. This must also be done in such a

way that students learn how to get information
and how to deal effectively with too much of it (i.e.
emphasize critical thinking and evaluation skills),
hopefully in an environment that emphasizes
teamwork and communication skills. Students
must learn the “‘Why’ and ‘What’ of theory, and
how these basics are then applied in practice. The
further refinements on ‘How’ in applications can
then be gained by experience, and subsequent
training and continuing education provided by

Expectations and Benefits of Design (-Build-Test) Projects Courses

Teaches students how to daal with “open-ended problems™ (I8, typecal real engineering

problems, the single right answers o which are rarely in the “back of the text book')
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Fig. 17. The value of design (-build-test) projects.
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Desired (and Now Required*) Outcomes of
an Undergraduate Engineering Education

{“per ABET Engloeering Critents J000 sdopbed in Hoy, 195

A demonstrated ability to:

= |dentify, formulate and solve engineering problems
= Liae the technigues, skill and modarm (ools mecessary for enginaaring praciice

= Apply knowledge of mathematics, science, information technology and
angineering [design and manufaciuring]
= Design and conduct experiments, as well as analyze and interpret data

= Design & sysiem, component. or process lo meel desired needs

Possess the broad education necessary to understand:

= The impact of enginaering salutisns in 8 global and secialal contaxt

*  The need, and posses the ability. to engage in life-long learming

. Contemperary Isswas [political, aconam ics, anvironmeantal, etc.]

=  The need, and possass the ability. to communicate affectively

= The need, and possas the akikity, o funclion on mulli-gisciplinary teams
= Professional and ethical responsibilitios

L4 thi Boging lisk of the "Oesined Aftribules of an Enginesar”

Fig. 18. The ABET engineering criteria 2000 requirements.

their employers in close cooperation with academe
and our various professional societies.

Desired elements of a model engineering education
program. a high level view

In order to achieve the goals of producing modern
engineers of real value to our industry and our
society, we need curricula with real content rather
than mere course listings that strike a proper
balance between fundamentals (math, engineering
sciences, IT, etc.) and provision of in-depth experi-
ence in skills and issues important to professional

practice. This requires that programs be fully
compliant with the spirit and intent of ABET EC
2000, as informed by employer strategic (rather
than short-term) needs and concerns. We need to
provide students with a solid foundation for sub-
sequent graduate study, professional practice and
continued career-long learning in an environment
where career change may become the norm for job
security and employability. This can be accom-
plished by building on our traditional strengths in
graduate education, but not by viewing graduate
education via research programs as the sole
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Fig. 19. Competing demands from competing interests.
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How we might expand a too small (4-years to a B.3,) box.
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Fig. 20. Some ways to fit more education into too small a box.

purpose of the university. Also, an even stronger
emphasis on design-build-test project experience
from the freshman year through graduation (at
whatever degree level) would greatly enhance the
quality of engineering education, and help to
create engineers with the ability to solve real
problems for which the answers are seldom
among the even numbered ones in the back of a
textbook.

What does this mean to the faculty at univer-
sities? Well, probably even more work for one
thing, with little prospect of near-term reward.
Changing the goals and rewards for faculty may
be more difficult than changing the curriculum
they teach, but a focused effort needs to be made
that is both practical and realistic. A similar
effort is needed to attract a diverse, dedicated,

well-qualified faculty who have strong teaching
ability, as well as a desire to perform meaningful
research. This faculty of the future should have
industry and professional practice experience, so
that they are ‘literate’ in this, as were many faculty
members prior to World War IT and into the 1950s.
Perhaps most difficult of all is to create a culture
and climate where faculty are willing and able to
function as a team. In this way they will serve as
true role models for their students—as a group of
engineering educators who are true exemplars of
life-long learning and team-based problem-solving.

The basic puzzle for engineering academe

The preceding discussion suggests that engineer-
ing academe faces as many challenges today as
does industry as a whole. At root, however, it must

Influencing Student Learning
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Investing Our Limited Resources Wisely
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Fig. 22. Key leverage points in influencing engineering education.

be recognized that, despite all criticism, we still
retain arguably the finest graduate education
system in the world and that any attempts to
reform or enhance undergraduate programs must
be done in a way that does not damage the quality
of what we now have. In making this observation,
it must be recognized that research remains the
life-blood of much of the current system. We have
much to do in this arena as well, to assure the
future health of our industry.

Effective mechanisms must be put in place to

integrate knowledge transfer (teaching, etc.) with
research and community service:

® Vertically, between graduate and undergraduate
programs

e Horizontally, across department, college and
discipline boundaries

How all this is to be done is left as an exercise for
the ‘student’ and may be recognized by engineering
faculty as just a major system of systems design
problem.
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Fig. 23. Influencing engineering education—an industry (Boeing) view.
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AEROSPACE ENGINEERING
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Fig. 24. A general ‘aerospace’

INFLUENCING ENGINEERING
EDUCATION REFORM

While much progress has been made in the past
decade (e.g. the adoption and initial imple-
mentation of ABET Engineering Criteria 2000
as an outcomes-based, continuous improvement
method of accreditation), many acknowledge a
need for further significant reforms in engineering
education in this country. There remain some
formidable roadblocks to this process, and they

engineering education.

are far from limited to academe itself. Among

those that can be clearly identified are:

® The ‘faculty reward system’ (more than just

tenure)

— Driven by research and associated prestige

— What incentives to devote effort to under-
graduate teaching?

The industry ‘reward system’

— Driven by near-term needs for business (and
career) success

Myers-Briggs Type Indicator Dichotomies

E Extraversion +——»

« Exfrnsically motivated
+ Focus on peophs and things

Sensing T

« Botiom up - specific to gensral
+ Facts arnd dats drivan
+ Dietall and vty oriented

| Introversion

+ Intrinsically mabvatod
+ Focus on thowughis and concepis

N Intuitive

« Top down - general to speciic
» Cancapls and maaning eriariad
+ Theory ard speculation

» Here and maw arientation v Future arisnbesd

T Thinking +— F Feeling
+ Bulbijective ayaluations
+ Objective analysis of cause & affect
+ Descisio » People centened
ns based mainty on kogic + Daidiang B mairdy an values

J Judging +«—— P Perceiving

 Profer planning and arganization + Prafer Mexibility and spontansity

+ Prafer 10 have things setted + Prefar to keep oplions open

Potsri: Thaa BIBTI makas no value jedgream on B enporlanca f o fppe ovar malbar. Wk esparance, peopla

am capakie ol acting sHecively artside ol s prefermad fype indicaors,
Fig. 25. The basic Myers-Briggs categorizations of ‘type preferences’.
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Fig. 26. A national database supporting Fig. 8.

— What career incentives to devote effort to

‘university relations’?
® General lack of communication and shared

common vision

— A lot of ‘runners out for a pass’, with a too-
limited vision of our future

— Ignorance of industry needs from a university
perspective

— Little understanding of faculty needs and
constraints in industry

— Industry and university timescales for change
or action are very different—which thus
causes major gaps between expectations and
realization

Despite these and other challenges, there is much
that can be done with the always too limited
resources available to us. Some elements are
indicated in Figs 19-23.

Some of this can be accomplished at the local or
specific program/departmental level in a given

college or university. If one seeks real systemic
change, however, a much more pervasive assault is
required and this must be based on some basic
principles. These include:

® A ‘system of systems’, student learning-centered
approach and perspective must be adopted.

® [t must finally be recognized that reform cannot
be accomplished ‘unilaterally’—it must involve a
combined, fully cooperative effort by a suite of
stakeholders, including academe itself, govern-
ment and industry.

® Culture change, as many have advocated, takes
generations to accomplish; behavior change can
be accomplished more rapidly if one works with
(to the degree possible) rather than against the
existing culture and its reward systems—as
appropriately modified by invoking the simple
principle of enlightened self-interest. In the end,
we really are all in this together and we will

Problem: What is the MINIMUN number of straight lines required
to connect the nine dots shown without lifting the pencil

fram the paper?

Fig. 27. An abstract paradigm for dealing with old problems in new ways.
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Basic Solution: 5 linas

[Government required solution: & lines (5 lines to solve the problem
and one more to assure compliance))

Fig. 28. The traditional ‘within the box’ solution.

succeed or fail to the degree we choose to find
common cause.

SOME CONCLUSIONS

This paper and our earlier series [1-4] have been
primarily concerned with advancing the argument
that airplane design, in common with most modern
engineering practice, must be fundamentally
viewed as a social activity wherein technology,
processes and people must be treated as a unified
whole—from a true ‘systems perspective’. Many
issues have been raised and thoughts and sugges-
tions have been presented about how these might
be viewed and dealt with in the future in order to
assure the continued prosperity of our enterprise.
These need not be recapitulated, but three final
conclusions need to be reinforced as a summary of
what has been written.

The aerospace industry (in common with many
other industrial sectors in our economy) continues
to change in massive ways, and probably can be
expected to remain volatile and dynamic through
the rest of its foreseeable history. The events of
9/11/01 and their aftermath, while horrifying, are
only one of the more vivid incidents that have

rocked our complacency and reordered our prio-
rities since the beginning of our industry. In a
longer-term view, many of the conclusions in our
earlier work may still be considered valid. An
important conclusion of that work was that,
while the aerospace industry of tomorrow may be
very different than it was in the Cold War era in
which many of us matured professionally, it is
incorrect to assert that it will be any less exciting
and challenging to those who will choose to be
involved in its future. While those future practi-
tioners should be fully cognizant of our past, it is
they who will invent our future, and the value
judgment regarding the nature and quality of the
jobs they will perform should be left to them to
decide—not unduly colored by the prejudices and
nostalgia of practitioners from an earlier era they
cannot have experienced.

The aerospace industry, both nationally and
globally, can be expected to prosper over the
long haul, barring a complete collapse of the
world economy. While space exploration and
astronautics has an obvious future, there is no
reason to predict that aeronautics has a future
any the less bright—despite too many recent
predictions to the contrary. Airplanes are not a
‘done deal’, with nothing of substance to look

The Creative Rocket Scientist's Solution: 4 lines
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Fig. 29. The conventional ‘out of the box” solution.
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An B-year Old Student’s Solution: Transform the nine dot problem
into a one dot problem and jam
a pencil through it {i.e. one ling)
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Fig. 30. An even better solution to the problem.

forward to in future developments beyond mere
refinements of well-established recipes. At least
three broad categories of future airplane develop-
ment opportunity can be readily identified:

e Continued development of a national and global
air transportation system as an intrinsic and
fundamental part of maintaining our national
security and enabling the full development of a
global economy. Much of what airplanes enable
simply cannot be provided by virtual means (e.g.
via the internet or any of its potential future
developments).

® Prospects for flight in hostile environments—
from O’Hare or Detroit to Afghanistan to Mars
and beyond. This covers a myriad of opportu-
nities and issues both civil (e.g. operations in any
weather or extremes in hot and cold, etc.) and
military (UAVs again, etc.). In this latter con-
nection, it may be observed that flight at
extreme conditions (altitude or temperature) in
the earth’s atmosphere using ‘robot airplanes’ is
little different than the problem to be solved in
flight in other planetary environments.

® The convergence of acronautics and astronau-
tics in developing ‘flight vehicles’ that provide
affordable access to space. The ‘aerospace plane’
problem has been the subject of decades of study
and needs to be ‘solved.’

Finally, as shown in Fig. 24, aerospace engin-
eering remains the single institutionalized multi-
disciplinary, large-scale systems-oriented program
in our engineering education system. As our need

increases for ‘systems of systems thinkers’, we can
expect to need more, not less, ‘aerospace engineer-
ing’ graduates in our national future. Departments
that offer such programs (in the more generic sense
intended) should learn to market their graduates as
such, as an aid to assuring a continued supply for
both our own industry needs and in many others as
well.

We all (industry, government and academe) as
an aerospace community have much to do to assure
our future security and prosperity. Individually, we
face often seemingly insurmountable challenges,
but collectively we can succeed if we have the will
and imagination to do so.

‘I don’t know why people are frightened by new ideas.
It’s the old ones that frighten me.’
John Cage, American Composer
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