Chapter 1

Teamwork and Project
Management in Engineering
and Related Disciplines

eamwork and Project Management is designed to help you prepare for professional prac-

tice in the global economy. Teamwork is receiving increased emphasis from employers,

leaders in engineering education and researchers. The world has gotten smaller and

our sense of interdependence has greatly increased, the importance of professional
responsibility and ethics has magnified (although engineering ethics has always been central to
engineering); and projects (and project-type organizations) are becoming much more common.
All these changes, as well as further changes that are likely to occur, highlight the importance
of learning, practicing, and continually refining the skills, concepts, principles, and heuristics
in this book.

More and more the broader community is calling for engineering graduates who have not
only the traditionally expected technical skills and widely sought-after problem-solving orien-
tation, but also the set of six “professional” skills from the ABET list (Shuman, Besterfield-Sa-
cre, and McGourty, 2005). These skills include communication, teamwork, and understanding
ethics and professionalism, which Shuman, et al. label process skills, and engineering within a
global and societal context, lifelong learning, and a knowledge of contemporary issues, which
they designate as awareness skills.

Thomas Friedman wrote in 2000 that “the world is ten years old.” Friedman’s central notion
was globalization, that is, “the inexorable integration of markets, nation-states, and technolo-
gies to a degree never witnessed before--in a way that is enabling individuals, corporations, and
nation-states to reach around the world farther, faster, deeper, and cheaper than ever before,
and in a way that is enabling the world to reach into individuals, corporations, and nation-states
farther, faster, deeper, and cheaper than ever before” (p. 9). Four years later Friedman claimed
that “the world is flat.” He addressed the graduating class at Washington University in St. Louis
on May 21, 2004, with the following assertion: “The job world you are entering is an increasingly
flat world. That’s right. I know that this great scientific university taught you that the world was
round. I am here to tell you that the world is flat, or at least in the process of being flattened.
That is actually the title of my next book, The World is Flat: A Brief History of the 21st Century. By
that I mean the competitive playing field is being leveled. You are entering a world where more
people have PCs. More people have Internet connections and the bandwidth to communicate.
More people have good educations, and more people have the enabling softwares, like Google,
Microsoft Net Meeting, or Instant Messaging, to gain knowledge, to innovate, and to spread new




ideas.”

Freedman argued that in this increasingly flat world, collaboration and connectivity as well
as adaptability and a creative imagination are essential attributes. We're increasing the empha-
sis on collaboration and connectivity (networking) and creativity and innovation in this edition
of Teamwork and Project Management.

Friedman (2005) described ten flatteners, the first three of which provide a platform for col-
laboration:

1. November 9, 1989: The Berlin wall came down and six months later Microsoft Windows
came up

2. August 9, 1995: Netscape went public

3. Work Flow Software, such as that supporting around the clock design work (sometimes
referred to as work that follows the sun)

Interestingly, these first three “flatteners occurred within life span of even the youngest engi-
neering college student and they created the need for expanded skill and knowledge sets. Fried-
man argues that we need to “horizontalize” ourselves, that is, we need to learn how to connect
and collaborate with others. Tim Brown (2009), CEO at IDEO, the product design firm, states
that IDEO recruits T-shaped people--people with both disciplinary thinking (vertical) strengths
and design thinking (horizontal) strengths.

Friedman’s latest book (Friedman and Mandelbaum, 2011), That used to be us: How America
fell behind the world it invented and how we can come back, notes that “Today’s major challenges
are different.” They argue that globalization, the IT revolution, deficits and debt, and energy
demand and climate change are occuring incrementally, that is, they are creeping up on us.
Their formula for addressing the challenges involves focusing on five pillars that together con-
stitute the country’s strengths:

4. Providing public education for more and more Americans
Building and continual moderizing of our infrastructure

Keeping America’s doors open to immigration

Government support for research and development
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Implementation of necessary regulations on private economic activity.

All of these pillars involve projects and teamwork and several of them, two and five especial-
ly, require the involvement and commitment of engineers.

As I was reading Friedman and Mandelbaum (2011) I was reminded of Jane Jacobs’ classic
work, The Death and Life of Great American Cities, and especially how she helped re-shape our
thinking about urban planning. Jacob’s latest book, Dark Age Ahead (Jacobs, 2004) argues that
North American civilization is showing signs decline due to the collapse of “five pillars of our
culture that we depend on to stand firm,” which can be summarized as family and communi-
ty, education, science, representational government and taxes, and corporate and professional
accountability. Note the similarity between the “pillars” and concerns about their demise.
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In A Whole New Mind: Moving from the Information Age to the Conceptual Age, Dan Pink (2005)
makes a compelling case for moving from the knowledge age to the conceptual age. In the con-
ceptual age it is creators and empathizers who will have the most influence! According to Pink
the drivers of this change are affluence, technology, and globalization. Note the similarities and
differences to Friedman’s flatteners.

This is the world in which you’ll be working. It is very different from the world I started
working in as an engineer in 1969, but it is the world I try to cope with every semester especially
with graduate students in two professional masters programs in which I teach, Management of
Technology and Infrastructure Systems Mangement and Engineering. The engineering gradu-
ates in these one-day-per-week, two-year programs are working full-time and most of the par-
ticipants work globally. Their extensive international interaction and collaboration as well as
the international travel (both physical and virtual) is indicative of the lives of many if not most
engineers in the future.

The essence of the globalization economy (according to Surowiecki, 1997) is this notion:
“Innovation replaces tradition. The present—or perhaps the future—replaces the past.” Sur-
owiecki’s view is shared by the authors of the 2005 National Academy of Engineering report
Assessing the capacity of the U.S. Engineering Research Enterprise, who wrote in their introduction,
“American success has been based on the creativity, ingenuity, and courage of innovators, and
innovation will continue to be critical to American success in the twenty-first century” (p. 7).

Surowiecki argues in subsequent work, The Wisdom of Crowds (2004) that “under the right cir-
cumstances, groups are remarkably intelligent, and are often smarter than the smartest people
in them.” David Perkins (2002) makes similar claims in King Arthur’s Round Table: How Collabo-
rative Conversations Create Smart Organizations. Perkins’ (2002) central question is “What is orga-
nizational intelligence, why is it so hard to come by, and how can we get more of it” (p. 14). His
general reply is: “How smart an organization or community is reflects the kind of conversations
that people have with one another, taking conversation in a broad sense to include all sorts of
interactions” (p. 14). Surowiecki and Perkins’s ideas and recommendations are elaborated upon
in this chapter. Our principal goal for you, the reader, is to provide guidance on how to engage
in intelligent teamwork in engineering contexts that emphasize design and innovation.

As we start this journey together, I offer you some suggestions that I think will help you get
the most from this book. The essence of the suggestions are activity, reflection, and collaboration.
First, I encourage you to engage in the activities, especially the exercises in the book, as they
will help connect you with the material and its real-world applications. Second, periodically
throughout the book I'll ask you to stop and reflect. I encourage you to take advantage of the
opportunity. My goal is to give you a chance to describe what you already know and to get you to
think. Then when you read what I have to say about the topic, you’ll have a basis for comparing
and contrasting. Finally, I encourage you to collaborate with others. Working together is the
norm in projects. Working together to learn the material in this book will make it easier, and
very likely you’ll remember it longer.

Ruth Streveler’s reflection on a sports metaphor for learning (in the nearby box) will, I hope,
help many readers maximize their benefit from the book.
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A Sports Metaphor

Karl and I have worked together for many years
on a variety of projects. During the past few
years we co-designed and have been co-teaching
a course, Content, Assessment and Pedagogy:
An Integrated Engineering Design Approach.
The course is project based and the participants
re-design a course that they are teaching or
plan to teach in the future. We use a variety of
resources, and for the past few years have been
using the book, Making Learning Whole: How
Seven Principles of Teaching Can Transform Educa-
tion, in which Harvard psychologist David Per-
kins uses baseball as a metaphor for explaining
exemplary instructional methods. Perkins’ sev-
en principles summarized below, are relevant
and applicable well beyond designing a course.
I offer them to you as heuristics for preparing
for teamwork and project management.

1. Play the whole game. When learning the
kind of complex task often involved in
project management, it is important to find
a way to see the “big picture”, the larger
context of what you are learning. Because
the complexity of the real situation may be
overwhelming, Perkins suggests creating a
“junior game” which simplifies the situation
while maintaining all the elements of the real
task. Junior games should be constructed to
approximate practice, without getting bogged
down with all the details. An example of a
junior game in a business context would be
creating and running a small business for a
short period of time. Even if the business is
selling lemonade at a school’s sports events,
you will still have the experience of learning
about market research, customer service,
bookkeeping, etc.

2. Make the game worth playing. Motivation
plays an important role in learning. Find
ways to link what you are learning to things
that motivate you. Allow your curiosity to
flourish. Switch your perspective. Instead of
viewing of assignment as being “given” to you
- think about how you can use them to learn
something that interests you.

3. Work on the hard parts. Find ways to
deliberately practice aspects of a learning

task that are difficult for you. Don’t avoid the
hard parts - embrace them! Bumps in the
road of learning are opportunities to excel!
Remember that composers created études
that provided creative and beautiful ways for
musicians to practice difficult scales. How
can you construct your own etudes? Find
inventive ways to practice difficult elements
in your learning.

4. Play out of town. Applying knowledge in a
new setting, called transfer, is notoriously
difficult to accomplish. You can help yourself
transfer what you have learned by thinking
of examples of how the target knowledge is
used in different domains. Perkins calls this
“low road transfer.” “High road transfer” -
which is more robust, is promoted when you
strengthen your conceptual understanding
of what you are learning and then reflect on
how this fundamental knowledge might be
used in different ways.

5. Uncover the hidden game. When learning
in a new area, find ways to discover the
“unwritten rules” of that domain. Tap
into the tacit knowledge of experts in the
field by asking them to talk you through
their approach to a problem. Seeing their
approach will give you insights into how you
can tackle similar problems.

6. Learning from the team. Think about how
you can learn from your teammates. When
approaching a project with your team,
employ strategies that encourage you to
socially construct knowledge through true
collaboration, rather than simply dividing to
conquer.

7. Learn the game of learning. Become aware
of the strategies you use to understand,
retain, and apply new material. Learning
about how you learn (called metacognition)
will help you learn more efficiently and
effectively.

I hope you will find these seven principles use-
ful. May they help you attain your learning goals!

Ruth Streveler
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My goal for this chapter is to create a context for teamwork and project management in engi-
neering. Let’s start by exploring the nature of engineering. Before you read ahead for various
answers to the question “What is engineering?” please complete the following reflection.

What Is Engineering?

[@ REFLECTION What is engineering? What does it mean to learn to engineer
in school? What is your experience with engineering? Did you learn about
engineering in high school? Do you have a brother or sister, mother or father,
or other family relative or friend who is an engineer? Take a minute to reflect on
where you learned about engineering and what your impressions of engineering
are.

What did you come up with?

Because there are few high school courses in engineering, most first-year students have not
had much exposure to engineering. Yet we are surrounded by engineering accomplishments;
they are so ubiquitous that we don’t notice most of them. One of the foremost thinkers and
writers on engineering, mechanical engineering professor Billy Koen, is noted for asking four
probing questions of his audiences (Koen, 1984, 2002). The first is this:

1. Can you name one thing in the room in which you are sitting (excluding yourself, of
course) that was not developed, produced, or delivered by an engineer?

Koen finds that the question is usually greeted with bewildered silence. I have posed Koen’s
questions to hundreds of first-year students, and they come up with some great suggestions:
the air (but how does it get into the room?), dirt (trapped in people’s shoes), electromagnetic
radiation (but the lights generate much more than the background). Almost everything that we
encounter was developed, produced, or delivered by engineers.

Here is Koen’s second question:
2. Canyou name a profession that is affecting your life more incisively than engineering?

Again, students name several professions but on reflection note that if it were not for engi-
neering, politicians would have a difficult time spreading their ideas; doctors, without their
tools, would be severely limited in what they could do; lawyers wouldn’t have much to read; and
so forth. Things such as telephones, computers, airplanes, and skyscrapers—which have enor-
mous effects on our lives—are all products of engineering.

Koen’s third question is this:

3. Since engineering is evidently very important, can you now define the engineering
method for solving a problem?
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Many students respond with a puzzled look, as if I am asking an unfair question. They note
that they have a ready response to the question “What is the scientific method?” Students list
things like “applied science,” “problem solving,” and “trial and error,” but very few (over the 20
or so years that I've been asking this question) say “design.” Fortunately, the portion answering

“design” is increasing.

If you were to ask practicing engineers what the engineering method is, they would likely
respond “Engineering is design!” A group of national engineering leaders has said:

Design in a major sense is the essence of engineering; it begins with the identification
of a need and ends with a product or system in the hands of a user. It is primarily con-
cerned with synthesis rather than the analysis which is central to engineering science.
Design, above all else, distinguishes engineering from science. (Hancock, 1986)

Distinguished engineers such as von Kdrman and Wulf support this claim:
A scientist discovers that which exists. An engineer creates that which never was
- Theodore von Karman (1881-1963)
The engineering method is design under constraints
- Wm. Wulf, Past President, U.S. National Academy of Engineering

Koen (1971, 2003) argued that “The engineering method is the use of heuristics to cause
the best change in a poorly understood situation within the available resources.” He updated
his definition at a presentation in 2011 (Koen, 2011). He argued that “The engineering method
(design) is the “Use of state-of-the-art heuristics to create the best change in an uncertain situ-
ation within the available resources.”

We'll explore the concept of engineering design next-and save Koen’s fourth and final ques-
tion for the end of the chapter. But first, let’s explore the history of the term engineer and elabo-
rate on engineering as a profession.

The term engineer is derived from the French term ingénieur. Vitruvius, author of De Architec-
ture, written in about 20 B.C.E. wrote in the introduction that master builders were ingenious,
or possessed ingenium. From the eleventh century, master builders were called ingeniator (in
Latin), which through the French, ingénieur, became the English engineer (Auyang, 2004). Recap-
turing some of the ingeniousness of engineering is one of our goals in this edition.

Referring to engineers as “master builders” reminds me of another French connection, bri-
coleur. A bricoleur is a handyman or handywoman who uses the tools available to complete a
task (Kincheloe and Berry, 2004). Using the tools available to complete a task is a central idea in
this book, and engineer as bricoleur captures it very well.

A distinguishing feature of engineering is that it is a profession (Davis, 1998). Graduates of
accredited engineering programs are expected to abide by the Codes of Ethics of Engineers for
their respective professional organization. The Codes of Ethics consist of two parts, Fundamen-
tal Principles and Fundamental Canons. Here are these elements from the American Society of
Civil Engineers (ASCE) (www.asce.org):
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Fundamental Principles: Engineers uphold and advance the integrity, honor, and dignity of the
engineering profession by:

1.

3.
4.

using their knowledge and skill for the enhancement of human welfare and the
environment;

being honest and impartial and serving with fidelity the public, their employers, and
clients;

striving to increase the competence and prestige of the engineering profession; and

supporting the professional and technical societies of their disciplines.

Fundamental Canons:

1.

Engineers shall hold paramount the safety, health, and welfare of the public and shall
strive to comply with the principles of sustainable development in the performance of
their professional duties.

2. Engineers shall perform services only in areas of their competence.

3. Engineers shall issue public statements only in an objective and truthful manner.

4. Engineers shall act in professional matters for each employer or client as faithful agents

or trustees, and shall avoid conflicts of interest.

Engineers shall build their professional reputation on the merit of their services and
shall not compete unfairly with others.

Engineers shall act in such a manner as to uphold and enhance the honor, integrity, and
dignity of the engineering profession.

Engineers shall continue their professional development throughout their careers, and
shall provide opportunities for the professional development of those engineers under
their supervision.

In 1996 the ASCE added “sustainable development” to its Fundamental Canons, and in 2004 the
Civil Engineering Body of Knowledge for the 21°* Century added four outcomes to the eleven ABET
outcomes:

1. an ability to apply knowledge in a specialized area related to civil engineering.

3.
4.

an understanding of the elements of project management, construction, and asset
management.

an understanding of business and public policy and administration fundamentals.

an understanding of the role of the leader and leadership principles and attitudes.

Please notice that three of the four additional outcomes involve “soft skills” or what are increas-
ingly being referred to as professional skills (Shuman, Besterfied-Sacre, McGourty, 2005).

The Fundamental Canons have a long history, and can be traced in part to the Code of Ham-
murabi (ca 1700 B.C.E.):

If a builder builds a house for a man and does not make its construction sturdy and the
house collapses and causes the death of the owner of the house, then that builder shall
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be put to death. If it destroys property, he shall restore whatever is destroyed, and
because he did not make the house sturdy he shall rebuild the house that collapsed at
his own expense. If a builder builds a house for a man and does not make its construc-
tion meet the requirements and a wall falls, then that builder shall strengthen the wall
at his own expense.

The following reflection on the death of engineer Roger Boisjoly by David Radcliffe articu-
lates how difficult it can be to uphold these principles.

The Courage to Engineer

Roger Boisjoly, a mechanical engineer
who worked at Morton Thiokol, passed away
in January 2012, although news of his death
did not reach the mainstream media until a
few days ago. Why is this significant? Roger
Boisjoly exemplifies the moral courage that
it takes to be an engineer. Based on his tech-
nical expertise and supporting evidence,
he became concerned that the seals on sol-
id booster rockets, made by Morton Thio-
kol, and which power the space shuttle on
take-off, might fail in very cold weather. He
strenuously warned his management and
that of NASA of the possible consequences
if the Challenger was launched in the very
cold conditions that prevailed on the morn-
ing of January 28, 1986. His warning was not
heeded, and we all know what happened.

But rather than being seen as a hero who
tried to sound the alarm, Boisjoly was ostra-
cized and suffered significantly as a result of
being a true professional. An article in the
New York Times outlines some of the pres-
sure he endured (for this, see Martin, 2012).

Engineering is not just applied mathe-
matics and science; it a deeply value-laden
enterprise that involves choices that have
real consequences for people and the plan-
et. Decisions we make as engineers about
what we choose to work on and how we
choose to do things have an unavoidable
moral and ethical dimension. I recommend
you explore this case of an engineer who had

the moral courage to stick by his profession-
al opinion and hang the personal or social
consequences; see the Online Ethics Center
for Engineering and Research: http://www.
onlineethics.org/cms/7123.aspx

In a famous minority opinion to the
official report on the Challenger disas-
ter, Appendix F, Nobel Prize-winning phys-
icist Richard Feynman concluded with
the following statement: “For a successful
technology, reality must take precedence
over public relations, for nature cannot be
fooled.” Even if we have a perfect set of cal-
culations, if these do not model the actuali-
ty of nature, then there could be dire conse-
quences. To engineer is to have the courage
to make critical judgment calls.

Even if we are not called upon to display
the moral courage shown by Roger Boisjoly
in raising the alarm about the Challenger, we
all have a role to play. In his New York Times
article, Douglas Martin recalls that Boisjoly
“was sustained by a single gesture of sup-
port. Sally Ride, the first American woman
in space, hugged him after his appearance
before the commission.” “She was the only
one,” he said in a whisper to a Newsday
reporter in 1988. “The only one.”

Food for thought and cause for deep
reflection on what it takes to engineer.

David Radcliffe
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An article by Sheppard, Colby, Macatangay, and Sullivan (2005) exploring the question, “What is
engineering practice?” opens with the following statement: “Professions, such as engineering,
medicine, teaching, nursing, law, and the clergy share a common set of tenets; namely to:

provide worthwhile service in the pursuit of important human and social ends;

g

possess fundamental knowledge and skill (especially an academic knowledge base and
research);

develop the capacity to engage in complex forms of professional practice;
make judgments under conditions of uncertainty;

learn from experience; and

AN LI

create and participate in a responsible and effective professional community.”

David Billington (1986), author of The Tower and the Bridge: The New Art of Structural Engi-
neering, Princeton University Press, 1985, summarizes one of the challenges of professional
practice as follows: “Engineers are always confronted with two ideals, efficiency and economy,
and the world’s best computer could not tell them how to reconcile the two. There is never “one
best way.” Like doctors or politicians or poets, engineers face a vast array of choices every time they
begin work, and every design is subject to criticism and compromise.”

James Adams (1991) argues that engineering school does not necessarily prepare people for
professional practice (and may even deter some):

Engineering: In School and Out - Engineering schools recognize the overlap in indus-
try between engineering and science, and they design their curricula accordingly.
Engineering education is strongly theoretical and geared toward math and science.
This is partly because of the natural interests of people who are attracted to a profes-
sorial life and who set the curriculum. It is also because engineers can learn the more
applied portions of their field on the job, while they are unlikely to learn math and sci-
ence on the job. But because the activities of the engineering student have little rela-
tion to the activities of many practicing engineers, it is likely that engineering educa-
tion discourages some students who would make excellent engineers and encourages
other who will not. The mentality to do well in engineering schools emphasizes the ability
to work problem sets and get right answers. In engineering, there are never right answers
and [there are] few problem sets.

Engineering Design

If design is the essence of engineering, the next question is, What is design? What comes to
mind when you consider the term design? Do you think of product design (such as automobiles),
architectural design, set and costume design (as in theater), or interface design (as in comput-
er)? Take a moment to collect your thoughts on design.

ABET, the group that accredits engineering programs, defined engineering design as “the
process of devising a system, component or process to meet a desired need” (ABET, 2000).

Researchers who carefully observe the engineering design process are increasingly noting
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that it is quite different from the formal process typically described in textbooks. For example,
Eugene Ferguson (1992, p. 32) writes:

Those who observe the process of engineering design find that it is not a totally for-
mal affair, and that drawings and specifications come into existence as a result of a
social process. The various members of a design group can be expected to have diver-
gent views of the most desirable ways to accomplish the design they are working on.
As Louis Bucciarelli (1994), an engineering professor who has observed engineering
designers at work, points out, informal negotiations, discussions, laughter, gossip, and
banter among members of a design group often have a leavening effect on its outcome.

Recent work on engineering design indicates that design is a more social process than we
once thought. Larry Leifer (1997) of the Stanford Center for Design Research claims that engi-
neering design is “a social process that identifies a need, defines a problem, and specifies a plan
that enables others to manufacture the solutions.” Leifer’s research shows that design is fun-

&«

damentally a social activity. He describes practices such as “negotiating understanding,” “con-
&«

serving ambiguity,” “tailoring engineering communications for recipients,” and “manipulating
mundane representations.”

The state of the art definition of engineering design is from a 2005 article, “Engineering
Design Thinking, Teaching, and Learning” (Dym, Agogino, Eris, Frey, and Leifer, 2005): “Engi-
neering design is a systematic, intelligent process in which designers generate, evaluate, and
specify concepts for devices, systems, or processes whose form and function achieve clients’
objectives or users’ needs while satisfying a specified set of constraints.” The authors say good
designers have the ability to:

* tolerate ambiguity that shows up in viewing design as inquiry or as an iterative loop of
divergent-convergent thinking;

+ maintain sight of the big picture by including systems thinking and systems design;
 handle uncertainty;

« make decisions;

+ think as part of a team in a social process; and

+ think and communicate in the several languages of design.

The role of failure in engineering design must be considered, despite the popular saying
from Gene Kranz, flight director in Mission Control for the Apollo 13 moon launch, “Failure is
not an option.” Rumor has it that many engineering students embrace Kranz’s statement and
are afraid to fail, raising the concern that they are therefore uneasy about pushing themselves
or their designs to the limit. Failure is an important part of engineering; in fact, engineers such
as Henry Petroski argue that “Failure is always an option.” Petroski (2003) writes in a New York
Times op-ed piece, “The design of any device, machine or system is fraught with failure. Indeed,
the way engineers achieve success in their designs is by imagining how they might fail.” Petros-
ki also devoted a book (2003) to this topic, Small Things Considered: Why There Is No Perfect Design.

Engineers are not alone in accepting (and learning from) failure. Consider these quotes from
three innovators and entrepreneurs:
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The fastest way to succeed is to double your failure rate. (Thomas Watson, IBM)
Fail often to succeed sooner. (Tom Kelley, IDEO)

You must learn to fail intelligently. Failing is one of the greatest arts in the world. One
fails toward success. (Thomas Edison)

Another way to conceptualize the role of failure is to consider the heuristic: use feedback to
stabilize design (Koen, 2003). Sometimes the feedback comes from failure, but more commonly
it comes from modeling, testing, prototyping, and other less catastrophic forms of failure.

If design is the heart of engineering and design is a social process, then it follows that team-
work and project management are essential to engineering. Many problems with engineering
result from poor team dynamics and inadequate project management.

Design team failure is usually due to failed team dynamics.

LARRY LEIFER
Director, Stanford Center for Design Research

A lot has been written about engineering and engineering design. Adams (1991), Hapgood
(1992), and Ferguson (1992), for example, can give students considerable insight into engineer-
ing. I devoted two Journal of Engineering Education Academic Bookshelf columns to these top-
ics. You can find summaries of several of the books on my website, www.ce.umn.edu/~smith.
Follow the Teamwork and Project Management link. One of the most interesting insights into
engineering design was presented in the ABC News Nightline show documenting the design
process at the product design firm IDEO (“The Deep Dive,” July 13, 1999). David Kelly, head of
IDEO, challenged the viewer: “Look around—the only things not designed by humans are in
nature.” Five steps are key to IDEQO’s expertise in innovative design:

Understand the market/client/technology/constraints.
Observe real people in real situations.

Visualize new-to-the-world concepts and ultimate customers.

Evaluate and refine prototypes.

ok w b

Implement new concepts for commercialization.

I hope you have an opportunity to view the IDEO Deep Dive on DVD or YouTube. Students I've
shown it to exclaim, “I want to work at a place like that!” It is possible, however, if the engi-
neering and business leaders are right, that many of us will be working in places where design
is emphasized. Bruce Nussbaum wrote in Business Week, March 8, 2005, that ““Design thinking’
can create rewarding experiences for consumers-the key to earnings growth and an edge that
outsourcing can’t beat.” Nussbaum cites Roger Martin, dean of the Rotman School of Manage-
ment at the University of Toronto, who is reshaping the entire MBA program around the prin-
ciple that “businesspeople will have to become more ‘masters of heuristics’ than ‘managers of
algorithms,” and that “design skills and business skills are converging.” Martin’s 2009 book,
The design of business: Why design thinking is the next competitive advantage, provides elaboration
on this idea. He writes, “Design thinking focuses on accelerating the pace at which knowledge
advances from mystery (an unexplainable problem) to heuristic (a rule of thumb that guides us
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toward a solution) to algorithm (a replicable success formula).” I'll elaborate further on Martin’s
ideas in Chapter 2.

Until recently the predominant design approach used in engineering was “cradle to grave”
and most things were designed to be thrown away. The concept of “away” was described in an
interesting way as the “toilet assumption” by Bennis and Slater (1968) in their book The Tem-
porary Society. The engineering design paradigm is slowly changing from “cradle to grave” to
“cradle to cradle.” The idea of “cradle to cradle” was developed and championed by the interna-
tional collaboration of Michael Braungart, a German chemist, and William McDonough, a U.S.
architect (McDonough and Braungart, 2002).

Increasingly, design is conducted by globally distributed teams, and Shawn Jordan’s reflection
provides insights into his research and experience.

In today’s fast-paced and innovation-driven
world, the nature of the design problems fac-
ing industry often requires the use of cross-dis-
ciplinary teams in order to maximize innova-
tion. Assembling face-to-face teams to solve
the wide variety of design problems that exist is
costly, time-consuming, and sometimes impos-
sible, leaving companies with no choice but to
call upon virtual cross-disciplinary engineer-
ing design teams to quickly and cost-effectively
solve design problems. These teams are crucial
to competitiveness in the future, but virtual
team members need a stronger set of skills in
order for virtual teams to be successful.

As part of my dissertation work, I spent 6
months embedded in a multi-national engi-
neering design and manufacturing company to
answer the question, what factors contribute to
the success of virtual cross-disciplinary engineer-
ing design teams in industry? Three case studies
were constructed on three distinctly different
pre-existing virtual cross-disciplinary engineer-
ing design teams. One team was designing a
process for working virtually, the second was
redesigning an existing product to reduce cost,
and the third was working as a part of a custom-
er-led virtual team to design a brand new prod-
uct. Team members completed questionnaires,
participated in interviews, and went through

observations of their virtual work experiences.

The results of this study showed that factors that
contribute to the success of virtual cross-disci-
plinary engineering design teams fall into three
major categories: the context in which teams
work, the method by which teams do their work,
and the media by which teams communicate.
The specific factors are shown in Figure 1.

My study also found that virtual teams need (1)
strong processes, (2) high-quality team mem-
bers, and (3) higher performance in general on
team-related success factors. Surprising was
the heavy importance placed on process and
team-related success factors (e.g., having clear
job descriptions, strong management, trust and
cooperation among team members, multiple
perspectives represented on the team), com-
pared with the significantly lesser importance
placed on having the latest communications
technology. A significant issue with the latest
technology was reliability; many middle-aged
workers would rather use conference calls or
e-mail rather than spend 1/3 of a meeting trying
to get a multi-national team connected into the
same computer-based conference. Regardless
of what technology you choose to use for your
virtual team, make sure to support it with strong
team processes to be successful!

Shawn Jordan
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Figure 1.1

Virtual Cross-Disciplinary Engineering Design Team Success Factors*

Context Factors Method Factors Media Factors
Product Process Face-to-Face
Cost Exists Required
Quality Goals Different
Manufacturability
Specificati .. ..
pecification Communication Motivations
Company Timelines G.eography
Common ground Time
Customer Satisfaction Documentation Requirement
Respect Effectiveness Understanding
Profit
New business
Capabilities Team Technology
Relationships Job descriptions Reliability
Management Usability
Trust Standard
Cooperation Specs
Multiple perspectives
Specific Technology
Team Members
Phone/conference call
Capabilities E-mail
Motivation Video conferencing
Confidence File sharing
Respect Web conferencing
Adaptability Scheduling

* Factors (except those in italics) were independently identified in all three team cases in the study. Factors in
italics were independently identified by one or more team cases in the study.

Innovation and creativity are getting a lot of attention in engineering circles. VandeVen, Pol-
ley, Garud & Venkataraman’s (1999) research indicates that “The innovation journey is a nonlin-
ear cycle of divergent and convergent activities that may repeat over time and at different orga-
nizational levels if resources are obtained to renew the cycle” ( p. 16). Their view is similar to
the divergent (brainstorming) and convergent (selecting among alternative prototypes, needs,
constraints, etc.) cycles portrayed in the IDEO Deep Dive video. My current favorite definition
of innovation is the one offered by Denning and Dunham (2010), in which they describe innova-
tion “as the art of getting people to adopt change” and offer the following definition:

“Innovation is the adoption of new practice in a community.”

Andrew Hargadon (2003) argues that “Extraordinary innovations are often the results of
recombinant invention” (p. viii, ix). He cites science fiction writer William Gibson-“The future
is already here, it’s just unevenly distributed”-to help make his point. Brian Arthur’s argues in
his 2009 book The nature of technology: What it is and how it evolves that there are three funda-
mental principles of technology (Arthur, 2009):

1. All technologies are combinations
2. Each component of technology is itself in miniature a technology

3. All technologies harness and exploit some effect or phenomena, usually several
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And he offers three related definitions of technology:

1. A means to fulfill; a human purpose.
2. An assemblage of practicers and components.

3. The entire collection of devices and engineering practices available to a culture.

Hargadon advocates for technology brokering, a strategy for exploiting the networked
nature of innovation processes. Rather than producing fundamentally novel advances in any
one technology or dominating any one industry, technology brokering involves combining
existing objects, ideas, and people in ways that create breakthroughs, and may even spark tech-
nological revolutions. Technology brokering involves the concept of bridging:

Breakthrough innovation depends on exploiting the past.

2. Successful innovators better exploit the networked structure of ideas within unique
organizational frameworks.

3. Breakthrough innovations depend on building communities--innovation is as much
social as it is technical.

Edgar Schein (2003), who served as a consultant to Digital Equipment Corporation (DEC) for
over 20 years, argued that innovation is predominantly a cultural artifact. He wrote “Culture is a
complex force field that influences all of an organization’s processes. We try to manage culture
but, in fact, culture manages us far more than we manage it, and it happens largely outside of
awareness” (p. 31).

Regardless of how you frame innovation and creativity it is likely to be of great importance
to your success in engineering. Also, since innovation has become such an important and time-
ly topic, a new chapter, Innovation in a team environment, written by Senay Purzer is now a
part of this book.

Now that we've taken a glance at engineering and the role of design, let’s turn to the role of
teamwork and project management in engineering.

Teamwork and Engineering

[@ REFLECTION What have been your own personal experiences in working on
a team (or group)? Were these good or bad expereinces? Have you worked as a
member of a project team (in school or otherwise)? Can you recall any particular
reason why you need to work as team (or group)? What were benefits (or the
drawbacks)? Why do you think teamwork is (or is not) important in the practice of
engineering? Take a moment to reflect on your experiences with teamwork and
then think about the importance and role of teamwork in engineering practice.

How important is teamwork in the practice of engineering? National leaders in engineering and
engineering education are advocating increased emphasis on teamwork and leadership skills as
outlined in this book’s Preface.
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I
Table1.1  Proportion Of Employers Who Say Colleges And Universities Should Place
More Emphasis Than They Do Today On Selected Learning Outcomes

Selected Learning Outcomes %

Concepts and new developments in science and technology 82

Teamwork skills and the ability to collaborate with others 76
in diverse group settings

The ability to apply knowledge and skills to real-world settings 73
through internships or other hands-on experiences

The ability to effectively communicate orally and in writing 73

Critical thinking and analytical reasoning skills 73

Global issues and developments and their implications 72

for the future

Similarly, business leaders are stressing the importance of developing a broad range of skills.
The 2003 Business-Higher Education Forum report, Building a Nation of Learners, listed the fol-
lowing skills and attributes of a nation of learners: leadership, teamwork, problem solving,
time management, self-management, adaptability, analytical thinking, global consciousness,
and basic communication (listening, speaking, reading, and writing). The quotes from Rocke-
feller and Welch that open Chapter 3 (p. 00) [proofreader: please fill in] stress the importance of
teamwork from the perspective of a corporate chief executive officer (CEO), but what about its
importance for engineering graduates?

The AAC&U College Learning for the New Global Century study included the results of an
employer survey conducted by Peter D. Hart Research Associates (2006). The top two responses
to the question, “Most important skills employers look for in new hires” were teamwork and
critical thinking and reasoning. Areas where employers noted that more emphasis is needed in
colleges and universities are show in Table 1.

Teamwork and project management are central to engineering. Learning how to organize
and manage projects, and to participate effectively in project teams, not only will serve you well
in engineering school, where there are lots of group projects, but also will be critical to your
success as a professional engineer. The Boeing Company uses the checklist shown below when
considering new applicants for employment.

Employer’s Checklist—Boeing Company

v A good grasp of these engineering fundamentals:

Mathematics (including statistics)

Physical and life sciences

Information technology

A good understanding of the design and manufacturing process (i.e., an understanding of engineering)
A basic understanding of the context in which engineering is practiced, including:

Economics and business practice

History

The environment

Customer and societal needs

AN
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A multidisciplinary systems perspective

Good communication skills

Written

Verbal

Graphic

Listening

High ethical standards

An ability to think critically and creatively as well as independently and cooperatively
Flexibility—an ability and the self-confidence to adapt to rapid/major change
Curiosity and a lifelong desire to learn

A profound understanding of the importance of teamwork

AN N U N

Source: Briefings ASEE Prism, December 1996, p. 11.

The Boeing Company checklist has been undergoing updates and refinements, and the fol-
lowing were added (or revised extensively) in a list titled “Desired Attributes of a Global Engi-
neer”:

« An awareness of the boundaries of one’s knowledge, along with an appreciation for
other areas of knowledge and their interrelatedness with one’s own expertise

+ +An awareness and strong appreciation for other cultures and their diversity, their
distinctiveness, and their inherent value

+ +A strong commitment to teamwork, including extensive experience with and
understanding of team dynamics

* +An ability to impart knowledge to others.
« The emphasis on teamwork is not entirely new, as shown in the following 1988 list of
skills employers want their employees to have.

What Employers Want

Learning to learn
Listening and oral communication
« Competence in reading, writing, and computation
Adaptability: Creative thinking and problem solving
+ Personal management: Self-esteem, goal setting/motivation, and personal/career development
Group effectiveness: Interpersonal skills, negotiation, and teamwork

+ Organizational effectiveness and leadership

Source: Workplace Basics: The Skills Employers Want. 1988. American Society for Training and Development and U.S.
Department of Labor.

The importance of teamwork in business and industry is also embedded in the concepts of
concurrent (or simultaneous) engineering and total quality management. The following quote
elaborates on this point:

In concurrent engineering (CE), the key ingredient is teamwork. People from many
departments collaborate over the life of a product—from idea to obsolescence—to
ensure that it reflects customers’ needs and desires. . . . Since the very start of CE,
product development must involve all parts of an organization. Effective teamwork
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depends upon sharing ideas and goals beyond immediate assignments and depart-
mental loyalties. Such behavior is not typically taught in the engineering schools of
U.S. colleges and universities. For CE to succeed, teamwork and sharing must be val-
ued just as highly as the traditional attributes of technical competence and creativity,
and they must be rewarded by making them an integral part of the engineer’s perfor-
mance evaluation. (Shina, 1991, p. 23)

The increased emphasis on teamwork in engineering classes is partly due to the emphasis
by employers, but it is also due to engineering education research on active and cooperative
learning, and the emphasis of ABET. To maintain ABET accreditation, engineering departments
must demonstrate that all of their graduates have the following 11 general skills and abilities
(ABET, 2000):

NSO E WD

9.
10.
11.

An ability to apply knowledge of mathematics, science, and engineering

An ability to design and conduct experiments, as well as to analyze and interpret data
An ability to design a system, component, or process to meet desired needs

An ability to function on multidisciplinary teams

An ability to identify, formulate, and solve engineering problems

An understanding of professional and ethical responsibility

An ability to communicate effectively

The broad education necessary to understand the impact of engineering solutions in a
global and societal context

A recognition of the need for, and an ability to engage in, lifelong learning
A knowledge of contemporary issues

An ability to use the techniques, skills, and modern engineering tools necessary for
engineering practice

As you no doubt have recognized, a confluence of pressures emphasizes teamwork in engi-
neering education and practice. We need to leave room for the “maverick,” but most, if not all,
engineering graduates need to develop skills for working cooperatively with others—as indicat-
ed by the lists of the top three engineering work activities.

Top Three Main Engineering Work Activities

Engineering Total Civil/Architectural
+ Design—36% 1. Management—45%
« Computer applications—31% 2. Design—39%
+ Management—29% 3. Computer applications—20%

Source: Burton, L., Parker, L., & LeBold, W. 1998. U.S. engineering career trends. ASEE Prism 7(9), 18-21.

The full list of work activity reported by engineers is shown in the Table 1.1. Note that 66
percent mentioned design and 49 percent mentioned management.
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Table 1.2  Rank Order of Work Activities, 1993
Activity % Mentioning

1.  Design66
2. Computer applications 58
3. Management 49
4.  Development 47
5.  Accounting, etc. 42
6.  Applied research 39
7. Quality or productivity 33
8.  Employee relations 23
9.  Sales20
10. Basic research 15
11. Production 14
12. Professional services 10
13. Other work activities 8
14. Teaching 8

Source: Burton, Parker, and LeBold, 1998, p. 19.

Numous surveys of employers highlight the top skill needs. Below is a table of Employer
Evaluation of Employee Attributes 2008-2009 Employer Survey from Minnesota Measures -

2009. Also cited in Sparks and Waits (2011).

Top Attributes (most frequent ratings of “very important” by employers - top five)

« Professionalism (punctuality, time management, attitude)

Self direction, ability to take initiative

Adaptability, willingness to learn
Professional ethics, integrity
Verbal communication skills

Middle Attributes (between top five and bottom five)

Capability for promotion
Creativity

Ability to work in a culturally diverse environment

Ability to work in teams

Written communication skills
Basic mathematical reasoning (arithmetic, basic algebra)
Critical thinking and analysis

Problem solving, application of theory

General computer skills (word processing, spreadsheets)
Knowledge of technology/equipment required for the job

Bottom Attibutes (Most frequent ratings of “not at all” or “not very important” - bottom five)

« Advanced mathematical reasoning (linear algebra, statistics, calculus)
« Technical communication
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« Fluency in a language other than English

« Knowledge of specific computer applications required for the job

* Application of knowledge from a particular field of study

Employer’s wish lists are making it into popular guides for college students. For example,
Bill Coplin’s (2003) 10 Things Employers Want You to Learn in College, are Establishing a Work
Ethic, Developing Physical Skills, Communicating Verbally Communicating in Writing, Work-
ing Directly with People, Influencing People, Gathering Information, Using Quantitative Tools,
Asking and Answering the Right Questions, and Solving Problems

A few guides are available specifically for engineering students and graduates entering
the engineering workforce. Krista Donaldson’s 2005 The Engineering Student Survival Guide has
lots of terrific suggestions for making the most of your undergraduate engineering education,
tips that will help you thrive not just survive. Carl Selinger’s 2004 Stuff You Don’t Learn in Engi-
neering School provides similar guidance to graduates entering the engineering workforce.

Some of this advice is based on research on what it takes to succeed in college. Richard
Light’s research with students, for example, revealed the following keys to making the most of
college (Light, 2001):

Meet the faculty

Take a mix of courses, especially early on
Study in groups

Write, write, write

Speak another language

Consider time-successful students manage their time effectively

NS gk w

Hold the drum-get involved in professional and social activities

Fundamental Tools for the Next Generation
of Engineers and Project Managers

I@ REFLECTION What is your plan for developing a broad range of skills? How about
for making the most of your engineering education? Take a moment and reflect
on your plan and your progress to date.

I've stressed the importance of teamwork for engineering education and practice, but team-
work isn’t all that’s needed. If engineers are going to become “the master integrators,” as empha-
sized by Joe Bordona (1998), three additional tools are fundamental:

+ Systems/systems thinking/systems engineering

« Models, Modeling, and Heuristics

* Quality (I defer this discussion to Chapter 12)
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The Art and Practice of the Learning Organization

1. Building shared vision. The idea of building internal pictures that we continually use to
shared vision stresses that you never quite interpret and make sense out of the world.
finish it—it’s an ongoing process. 4. Team learning. Individual learning, no

2. Personal mastery. Learning organizations matter how Wopderful itis or hOW great it
must be fully committed to the development makes us feel, is fundamentally irrelevant to

organizations, because virtually all important
decisions occur in groups. The learning units

of organizations are “teams,” groups of people
who need one another to act.

of each individual’s personal mastery—each
individual’s capacity to create their life the
way they truly want.

3. Mental models. Our vision of current
reality has everything to do with the third
discipline—mental models—because what
we really have in our lives is constructions, Source: Senge, 1993.

5. Systems thinking. The last discipline, the one
that ties them all together, is systems thinking.

The Systems Approach

Employer checklists like Boeing’s and the new ABET accreditation criteria emphasize sys-
tems and the systems approach.

A system is a whole that cannot be divided up into independent parts (Ackoff, 1994). Systems
are made up of sets of components that work together for a specified overall objective. The sys-
tems approach is simply a way of thinking about total systems and their components.

Five basic considerations must be kept in mind when thinking about the meaning of a sys-
tem: (1) the total system’s objectives and, more specifically, the performance measures of the
whole system; (2) the system’s environment: the fixed constraints; (3) the resources of the sys-
tem; (4) the components of the system, their activities, goals, and measures of performance;
and (5) the management of the system (Churchman, 1968).

Systems thinking is a discipline for seeing wholes—a framework for seeing interrelation-
ships rather than things, for seeing patterns of change rather than static “snapshots.” It is a set
of principles and a set of specific tools and techniques (Senge, 1990). An implication of the sys-
tems approach is that it is important to get everybody involved to improve whole systems (Weis-
bord, 1987). The systems approach is commonly implemented through learning organizations
(see the box “The Art and Practice of the Learning Organization”).

A systems theme is one of the integrating threads in this book. The concepts of systems and
of the learning organization are important not only to your study of teamwork and project man-
agement but to many other things you will be studying in engineering. Here, for example, are
eight principles for learning from Xerox (Jordon, 1996, p. 116):

1. Learning is fundamentally social.
2. Cracking the whip stifles learning.

3. Learning needs an environment that supports it.
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Learning crosses hierarchical bounds.
Self-directed learning fuels the fire.
Learning by doing is more powerful than memorizing.

Failure to learn is often the fault of the system, not the people.

® NS ok

Sometimes the best learning is unlearning.

This list from Xerox indicates that the ideas in this book are important not only for your
project work but also for your day-to-day work in engineering school.

Nelson and Stolterman’s 2003 The Design Way provides many connections to systems and
systems thinking as well as a sound foundation and fundamentals of design competence.
The authors’ adamancy about design is regularly revealed in provocative statements such as
“Humans did not discover fire-they designed it. The wheel was not something our ancestors
merely stumbled over in a stroke of good luck; it, too, was designed. The habit of labeling signif-
icant human achievements as ‘discoveries, rather than ‘designs,’ discloses a critical bias in our
Western tradition.”

Nelson and Stolterman (2003) make many connections between design and systems think-
ing. For example they write “The systems approach is the logic of design. Such an approach
requires that close attention be paid to relationships and the phenomenon of emergence when
evaluating any subset of existence. If the designer’s intention is to create something new, not
to just describe and explain, or predict and control, it is especially important to take a systems
approach” (p. 74). I recommend this book to help deepen your understanding of systems and
design, and I'm confident that deep understanding of both these concepts as well as the interac-
tion between them is essential for success in engineering in the 21st century.

An emerging area of systems that is gaining momemtum is complexity and complex adap-
tive systems (Axelrod & Cohen, 2001; Miller & Page, 2007). Page (2009) claims that a “system can
be considered complex if its agents meet four qualifications: diversity, connection, interdepen-
dence, and adaptation.” (p.4) and “the attributes of interdependence, connectedness, diversity,
and adaptation and learning generate complexity.” (p. 10). Furthermore, Page (2009) notes that
“interdependence refers to whether other entities influence actions, whereas connectedness
refers to how many people a person is connected to.” (p.11). Preparing students with a deeper
understanding of complex systems is essential, since complex systems (1) are often unpredict-
able and can produce large events as well as withstand trauma, (2) produce bottom-up emer-
gent phenomena, and (3) produce amazing novelty (Page, 2009).

Systems, systems thinking, and especially complex adaptive systems will be revisited in
Chapter 15.

Models, Modeling, and Heuristics

Modeling in its broadest sense is the cost-effective use of something in place of something
else for some cognitive purpose (Rothenberg, 1989). A model represents reality for the given
purpose; the model is an abstraction of reality, however, in the sense that it cannot represent all
aspects of reality. According to Rothenberg, models are characterized by three essential attri-
butes:
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1. Reference: A model is of something (its referent).
2. Purpose: A model has an intended cognitive purpose with respect to its referent.

Cost-effectiveness: A model is more cost-effective to use for this purpose than the referent
itself would be.

I often give students this problem that I first learned about from Billy Koen to help them
learn about these attributes of modeling: Determine the maximum number of Ping-Pong balls
that could fit in the room you're sitting in. First I give them about 20 seconds and ask each per-
son to guess. Next I ask them to work in groups for 5 or 10 minutes to develop not only a numer-
ical estimate but also a description of the method they use and the assumptions they specified.
At this stage, students typically model the room as a rectangular box and the ball as a cube. They
then determine the number by dividing the volume of the room by the volume of a ball. T ask
them what they would do if I gave them the rest of the class period to work on the problem. They
report that they need measuring tools and a container of Ping Pong balls, and after receiving
these materials, set off to work. Sooner or later a student says, “Who cares how many Ping-Pong
balls could fit in the room!” I thank that student and report that we can now stop. In any prob-
lem that involves modeling, the purpose must be specified. Without knowing the purpose, we
don’t know how exact an answer must be or how to use the model. In fact, the 20-second answer
might be good enough. This problem is also featured in our book How to model it: Problem solving
for the computer age (Starfield, Smith and Bleloch, 1990).

An essential aspect of modeling is the use of heuristics (Starfield, Smith, and Bleloch, 1994),
which may be generally defined as methods or strategies that aid in discovery or problem solv-
ing. Although difficult to define, heuristics are relatively easy to identify using the characteris-
tics listed by Koen (1984, 1985, 2003):

1. Heuristics do not guarantee a solution.

2. Two heuristics may contradict each other or give different answers to the same question
and still be useful.

3. Heuristics permit the solving of unsolvable problems or reduce the search time to a
satisfactory solution.

4. The heuristic depends on the immediate context instead of absolute truth as a standard
of validity.

Thus, a heuristic is anything that provides plausible aid or direction in the solution of a
problem but is in the final analysis unjustified, incapable of justification, and fallible. It is used
to guide, to discover, and to reveal. Heuristics are also a key part of Koen’s definition of the engi-
neering method:

The engineering method is the use of heuristics to cause the best change in a poorly under-
stood situation within the available resources. (p. 70)

Typical engineering heuristics include (1) rules of thumb and orders of magnitude, (2) fac-
tors of safety, (3) circumstances that determine the engineer’s attitude toward his or her work,
(4) procedures that engineers use to keep risk within acceptable bounds, and (5) rules of thumb
that are important in resource allocation.
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My colleague and coauthor, Tony Starfield, has been thinking, teaching, and writing
about heuristics for many years and his reflection in the box below provides his collected wis-
dom Starfield (1999, 2005).

Modeling Heuristics

10.

11.

12.
13.

. Keep it simple. Use the leanest model for the

purpose at hand.

. Be sure you've defined your objectives clearly.
. Think yourself into the problem. Plan your

output. What will you do with it and how do
you expect it to look? For example, do you need
numbers out to three decimal places?

. Be prepared to explain your model. Graphs,

pictures, and histograms are better than words
or numbers to explain model results.

. Anticipate your results. If you get what you

anticipate--good! If actual results do not
agree with anticipated results, make sure you
understand why.

. Look for upper and lower bounds. What is the

biggest number? Smallest number? If they are
close, there may be no need to look further. If
not, you need to study further.

. Choose appropriate spatial and temporal scales.

What do you see or not see at a particular step in
building the model?

. Choose suitable time/space steps. Look for

magic numbers (time or spatial scales that
simplify and suit the structure of the problem).

. Keep a list of assumptions and review

them frequently. Have the “guts” to make
assumptions. List your assumptions as you
develop the model.

Think about what level of detail you will need
to meet the purpose of the model. If in doubt,
leave it out. Make assumptions. Revisit those
assumptions later.

Cut through “Gordian” knots. Gordian knots are
things that are messy. There are no clear means
to untie them easily (they are also called a can
of worms). Either leave it out or find a simple
way through it. Make simplifying assumptions.
Build your model around your purpose not
around knots.

Don’t be held up (stymied) by lack of data.

Plan for a sensitivity analysis (i.e., vary the
values of parameters). What things do I need

to change to see how sensitive the model is to
changes in the data or assumptions? Get a series

14.

15.

16.

17.

20.

21.

. Use prototypes.
19.

of answers for a feel of how the model works.
Finding the right notation (i.e., numbers

or symbols to represent model formulas or
calculations) helps you think through the model.
This is a way for you to describe your model.

If a formula is used, be sure to understand why
it fits. Be cautious of pulling formulae out of
books and using them without understanding
them. All have baggage and assumptions,
including statistics.

Never write down a formula without first
writing it down in words so that you understand
the process. Then write it as a mathematical
equation. If you need to add to or adjust a
formula, never try to just “fix it.” Go back to the
statement in words and redevelop it.

Write parameters into a model as symbols, not
numbers, so you can change their values easily
(i.e., sensitivity analysis).

Consider using salami tactics. You can’t get

the whole salami at once nor can you solve the
whole problem at one time. Ask for one slice of
the salami then ask for another one. Slice the
problem and solve it as a series of steps. Geta
whole model (or a whole salami) one slice at a
time. (Besides, if you try to eat a whole salami at
one time you will probably get a stomachache.
If you try to solve the whole model at one time
you will probably get a headache.) Keep in mind
that your objective is the whole salami.
Maintain intellectual control. You control your
model, so don'’t let the model control you. (If
you don'’t understand the model, you cannot
expect others to understand it).

Press ahead. Don’t get bogged down. Get
something working as soon as possible. When
you start seeing what your model does, you can
see what your model does right and wrong.

Be prepared that some models may just have

to be abandoned. This concept is called rapid
prototyping.

- Tony Starfield
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As you can no doubt tell, Tony Starfield has been thinking and writing about and teaching
models and modeling for a long time. His university courses and workshops with professionals
focus on helping people learn how to model complex phenomena, mainly ecological modeling.
He stresses heuristics in his courses and workshops and encourages students and workshop
participants to be on the lookout for heuristics in all aspects of their lives.

Here’s a complementary set of modeling heuristics from an operations research textbook
(Ravindran, Phillips, and Solberg, 1987):
Do not build a complicated model when a simple one will suffice.
Beware of molding the problem to fit the technique.
The deduction phase of modeling must be conducted rigorously.
Models should be validated prior to implementation.

A model should never be taken too literally.

Sk w b

A model should neither be pressed to do, nor criticized for failing to do, that for which it
was never intended.

Beware of overselling a model.

Some of the primary benefits of modeling are associated with the process of developing
the model.

9. A model cannot be any better than the information that goes into it.

10. Models cannot replace decision makers.

Some of my favorites from this list are Number 2 because you learn powerful tools and tech-
niques in engineering school but not necessarily the understanding of where and how to use
them; Number 8 because I've seen an enormous amount of learning as I've observed students
building models; and Number 9 because I've seen too many examples of GIGO (garbage in, gar-
bage out).

A more recent definition from researchers who design activities and environments to help
people learn to model is: Modeling, at its core, is a way of thinking used in order to represent,
describe, or explain a system with another system for a purpose (Lesh and Doerr, 2003; Moore,
2008).

Tamara Moore’s reflections on developing modeling thinking provides insights into how to
advance your understanding.

Modeling Thinking

Modeling abilities play an important role in
engineering. So, engineering educators are
interested in facilitating students’ development
of these abilities. Model-Eliciting Activities
(MEASs) are client-driven, team-based tasks that
we've been using in undergraduate engineer-
ing education to help students build competent

modeling abilities. MEAs allow participants to
demonstrate their knowledge in multiple ways.
Solution processes in MEAs often involve shift-
ing back and forth among a variety of relevant
representations or models. Within MEAs, stu-
dents develop, construct, describe, or explain
engineering systems.
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As Karl and I have been working together over
the last several years, we have begun to think
about why is modeling so important to engi-
neers and STEM professionals in general. These
conversations have lead to us thinking deeply
about what are the most important skills for
engineers to know. At the top of our list is model-
ing... why is this? Because, engineering is a field
(along with finance, business, agriculture, etc.)
that relies on modeling to make many import-
ant decisions about how systems are perform-
ing. MEAs were created to focus on the model-
ing abilities (mathematical and otherwise) that
are needed in this environment - especially
as our technology-based age of information is
changing so rapidly. If we spend too much time
teaching specific skills, in just a few short years
after a student graduates, that skill is likely to be
outdated. However, modeling is more robust. It
is a way of thinking that is adaptable to new sit-
uations and new technologies.

MEAs create learning environments that are
safe to explore these skills that are beyond just
pure mathematical or science abilities. Team-
work, communication, and ethical consider-
ations are all examples of skills that you need
to be comfortable working with and in. Work
on MEAs can help you construct, describe, and
explain complex systems in ways that are reus-
able and shareable while at the same time hon-
ing your teamwork, communication, and other
relevant skills.

The NanoRoughness Problem is an example of
an MEA. Generally, MEAs start with some type
of background reading to introduce students
to the problem and its context. In the NanoR-
oughess Problem, there are three types of short
introduction activities for students to complete
as individuals. Before the problem, there is a
one-page information sheet provided as back-
ground on the Atomic Force Microscopy (AFM)
machine and how it works. This is important
because most students are not familiar with this
technology or how it works, and the product of
the AFM machine is integral to the problem.
Second, the students are asked to think about
roughness by answering the following prompts:

How do you define roughness?

What procedure might you use to measure the
roughness of the pavement on a road?

Give an example of something for which degree
of roughness matters. For your example, why
does the degree of roughness matter? How
might you measure the roughness (or lack of
roughness) of this object

Third, the students read a profile on the com-
pany that they are working for which is a com-
pany that develops coatings for orthopedic and
biomedical implants. This sets the context for
the problem. This individual work is important
because all students need to be able to enter into
the problem meaningfully, and we all process
information at different rates. Have you ever
been in a team where one person was off and
running before the others really even under-
stood what was being asked? This is a common
problem in teaming. Getting everyone on even
ground before beginning is important, both
when learning about teaming and when you
are out in the workforce working with your col-
leagues.

Next, student teams of 3 to 4 students work
together on the modeling part of the problem.
In the NanoRoughness Problem, the teams of
students are asked to develop a procedure to
measure roughness given AFM images of three
different samples of gold. In order to motivate
the problem, a realistic context in which a com-
pany specializing in biomedical applications of
nanotechnology wishes to start producing syn-
thetic diamond coatings for joint replacements
is provided. The company intends to extend its
experience with gold coatings for artery stents to
this new application. They want to use the mod-
el for roughness on this new application, thus
the need for the model to measure roughness.
The company only has AFM samples of gold
that students can use to develop the procedure
for measuring roughness, but later the company
intends on using the procedure to measure the
roughness of gold. The image here is an exam-
ple of one of these images.

The teams must communicate their model back
to the company providing explicit details about
their procedure. I have written an article that
details this MEA and another called the Alu-
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minum Bat Problem. If you are interested, you
can find it at http://matdl.org/ime/files/2008/06
moore_jme_model eliciting_activities.pdf.

When thinking about a problem that is as com-
plex as this one, I bet you can imagine that,
in order to get a good solution to this, differ-
ent perspectives are valued. You want to think
about this problem from many different aspects
and consider many different ways of attack-
ing this problem. Considering that a diversity
of thought will strengthen the model, it makes
sense then that when you build a team, varied
backgrounds and different strengths are likely
to make the product better. Consider Karl’s sec-
tion on the importance of diversity in Chapter
2. We have found that teams do better on MEAs
when the teams are more diverse in thought and
background, as long as they are willing to work
together. We also know that all types of students
are more likely to deeply engage in these types
of problems than in the more traditional book
problems.

So, what do you need to know about modeling?
When you interpret a situation, you do not sim-
ply apply logical mathematical and scientific
models to the system. You also engage feelings,
values, dispositions, beliefs, and many other
personal ways of thinking to the problem. These
different ways of thinking can both strengthen
and bias your models. So learn to think about

075 1

what you bring to the table and use it to the best
advantage. Problem solving is difficult, but also
incredibly rewarding. Modeling is a form of
problem solving, and as such, people who are
good at it use tools to help them when they get
stuck. These tools are often referred to as heu-
ristics. Karl refers to heuristics in this section...
something to think about with heuristics is that
problem solving heuristics must be learned
through the process of solving problems. It
won't be effective for you to take this list and just
try to implement them. We know... we've tried
to get students to learn it that way starting over
50 years ago to no avail. However, once you have
had a chance to work on complex modeling
problems, like MEAs, reflecting about what you
did and about the heuristics allows you to make
meaning about your process and therefore be
able to generalize it. Once you have generalized
some of your processes, you have begun build-
ing your own set of heuristic tools. And as you
encounter the next problem, think back to your
tools and look for similar structure in the prob-
lems.

I hope the ideas presented here will help you in
your journey to developing systems thinking,
modeling, and problem solving skills. These are
so important to your career and to life.

- Tamara Moore
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We encourage you to be on the lookout for heuristics in the courses and projects you encoun-
ter, and most importantly, to develop your own heuristics.

Models and heuristics will constitute a major part of this book. The critical path method
(CPM) is a procedure for modeling complex projects with interdependent activities. Visual rep-
resentations include Gantt charts and network diagrams. My goal is for you to develop the skills
and confidence necessary to organize, manage, be a participant in, and lead project teams.
This goal is consistent with current thinking about the purpose of engineering schools. Deming
associate and engineering educator Myron Tribus (1996) summarized the purpose of engineer-
ing schools as follows:

The purpose of a School of Engineering is to teach students to create value through the
design of high quality products and systems of production, and services, and to organize and
lead people in the continuous improvement of these designs. (p. 25)

Notice that Tribus considers management an integral part of engineering. He also elabo-
rates on the importance of group work for learning to engineer:

The main tool for teaching wisdom and character is the group project. Experiences with
group activities, in which the members of the groups are required to exhibit honesty, integrity,
perseverance, creativity and cooperation, provide the basis for critical review by both students
and teachers. Teachers will need to learn to function more as coaches and resources and less as
givers of knowledge. (p. 25)

We've covered a lot of ground in this chapter and have hopefully given you a lot to think
about as you learn more about teamwork and project management in engineering. We encour-
age you to stop and reflect periodically (as we are encouraging you to do in this book). Remem-
ber to assess both your strengths and your weaknesses, celebrate your accomplishments and
problem-solve and plan the things you need to improve.

A Reflection on Teamwork and Project Management|
in Engineering

As I finished writing the first edition of this book in 1999, I was reminded of a book from
1978 that I read more than 20 years earlier—Excellence in Engineering by W. H. Roadstrum. I
was unable to locate my copy (I probably loaned it out) but did find the second edition, Being
Successful as an Engineer (Roadstrum, 1988). In this edition, Roadstrum remarks, “Engineering
is almost completely divorced from this concept of routine and continuous. Engineering work
is project work” (p. 7). Engineering is project work! This is the essence of Roadstrum’s book.
The first two chapters, “What Engineering Is” and “The Engineer,” cover ground similar to the
material presented in this chapter, but from a perspective about 25 years ago. Chapters 3 and
4 are “The Project and the Project Team” and “’Project Control.” Although I had not looked at
Roadstrum’s book for several years, I was struck by the overlap between his book and mine.

Being Successful as an Engineer addresses a broad range of topics, including problem-solving,
laboratory work, design, research and development, manufacturing and quality control, sys-
tems, proposal work, human relations, and creativity. Roadstrum writes, “Design is the heart of
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the engineering process—its most characteristic activity.” Furthermore, he states, “If you and I
are going to understand engineering, we’ll have to understand design” (p. 97).

Roadstrum further elaborates on the role of the project engineer:

Every engineer looks forward to the time when he can have a project of his own. A
project engineer has the best job in the business. He has ultimate responsibility for
the work as a whole. He is the real architect of the project solution. Even more than his
colleagues, he looks at the job as a whole from the beginning. He watches carefully to
make all details come together into a timely, economical, fresh, and effective meeting
of the need. (p. 166)

Roadstrum’s book and ideas no doubt influenced my decision to develop skills and expertise
in teamwork and project management; however, the specific reference lay dormant until now.
I hope my book will influence your experience and practice of teamwork and project manage-
ment in engineering.

A final note: This chapter opened with a discussion of Professor Billy Koen’s probing ques-
tions. Koen’s fourth question is this: “Lacking a ready answer [to the third question, What is the
engineering method?], can you then name a nationally known engineer who is wise, well-read,
and recognized as a scholar in the field of engineering—one to whom I can turn to find out what
engineering really is?” To whom would you turn? Difficult, isn’t it? No other profession lacks
knowledgeable, clearly recognized spokespersons. I sincerely hope you’ll help provide the lead-
ership to make engineering better known.

Questions

1. What is engineering? How does engineering differ from science? What role does design
play in engineering?

2. What is a model? Why are models useful in teamwork and project management and in
engineering?

3. What is a system? Why are many books on teamwork and project management
organized around a systems approach?

Exercises

1. Summarize your course work and experiences with engineering and design. What are
some of the key things you’ve learned about engineers and engineering? Do you have
relatives or friends who are project managers or engineers? If so, talk with them.

2. Why should you, as a first-year engineering student, be interested in teamwork and
project management? Take a minute and reflect. Jot down at least three reasons why
a first-year engineering student should be interested in these practices. What did you
come up with? Did you say, for instance, that teamwork and project management are
integral to professional engineering practice?

3. List your good experiences with projects and teamwork. Have you ever been on a team
that had extraordinary accomplishments? If so, describe the situation, especially the
characteristics of the team and project that led to extraordinary success. What were
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some of the factors? a sense of urgency? a project too complex or timeline too short for
one person to complete? a need for synergistic interaction?
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