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Foreword to the First Edition

Authors’ Note

When the first edition of Rethinking Engineering Education: The CDIO Approach
was published in 2007, Charles M. Vest had stepped down from a fourteen-year
tenure as president of the Massachusetts Institute of Technology. Subsequently, he
served as president of the U. S. National Academy of Engineering. President Vest
died on December 12, 2013. The worlds of engineering and engineering education
have lost a true visionary and champion. We have chosen to publish his foreword
unchanged because his thoughts remain as relevant and important today as when
they were first written.

Educating Engineers for 2020 and Beyond

Most of my career was played out in the twentieth century—the century of physics,
electronics, and high-speed communications and transportation. And now, we all—
and especially our students—have the privilege of living through the transition to
the twenty-first century—presumably the century of biology and information.

As this transition occurs, it is an appropriate time to rethink engineering educa-
tion. When I look back over my 35-plus years as an engineering educator, I realize
that many things have changed remarkably, but others seem not to have changed
at all. Challenges that have been with us for the past 35 years include making the
first university year more exciting, communicating what engineers actually do, and
bringing the richness of human diversity into the engineering workforce. Students
must learn how to merge the physical, life, and information sciences at nano-,
micro-, and macro-scales, embrace professional ethics and social responsibility, be
creative and innovative, and write and communicate well. Our students should be
prepared to live and work as global citizens, understanding how engineers con-
tribute to society. They must develop a basic understanding of business processes,
be adept at product development and high-quality manufacturing, and know how
to conceive, design, implement, and operate complex engineering systems of
appropriate complexity. They must increasingly do this within a framework of
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sustainable development, and be prepared to live and work as global citizens. That
is a tall order . . . perhaps even an impossible order.

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

As we think about the challenges ahead, it is important to remember that some
things are constant. Students, for example, are driven by passion, curiosity, engage-
ment, and dreams. Although we cannot know exactly what they should be taught,
we focus on the environment and context in which they learn, and the forces, ideas,
inspirations, and empowering authentic situations to which they are exposed.

Another constant is the need for students to acquire a sound basis in science,
engineering principles, and analytical capabilities. In my view, a deep understand-
ing of the fundamentals is still the most important thing we provide. Much of our
current view of the engineering fundamentals was shaped by what is commonly
termed the “engineering science revolution.” This revolution was spawned largely
by faculty at MIT who, building on their experiences gained by developing radar
systems during World War II, created a radically different way to practice and
teach engineering. A towering legacy of this era, with contributions from many
major universities, was a new world of engineering education that was built on
a solid foundation of science more than on traditional macroscopic phenomenol-
ogy, charts, handbooks, and laboratories. However, the creators of this new vision
of engineering education did not mean to displace the excitement of engineering,
the opportunity for students to design and build, or the need for teamwork and eth-
ics, meant to enrich the student experience. Along the way, something got lost. We
need to rethink engineering education, and find a new balance.

Perhaps I am so old fashioned I still believe that masterfully conceived, well-
delivered lectures are still wonderful teaching and learning experiences. They still
have their place. But even I admit there is a good deal of truth in what my extraor-
dinary friend, Murray Gell-Mann, Winner of Nobel Prize in Physics in 1929, likes
to say, “We need to move from the sage on the stage to the guide on the side.”
Studio teaching, team projects, open-ended problem solving, experiential learning,
engagement in research, should be integral elements of engineering education.

The philosophy of the CDIO approach to engineering education captures these
essential features of a modern engineering education—excitement about what
engineers do, deep learning of the fundamental skills, and the knowledge of how
engineers contribute to society. It is taught in a way that captures our students’
passion.

I encourage you to read about this integrated approach and consider how it
might influence the practice of engineering education at your university.

Charles M. Vest
President, U. S. National
Academy of Engineering



Foreword to the Second Edition

Since the publication of Rethinking Engineering Education: The CDIO Approach,
the number of universities that have adopted a CDIO approach in at least one of
their engineering programs and joined the collaboration of the CDIO Initiative
has increased fourfold. While the approach retains the same basic principles, its
application is now found in a much broader range of engineering disciplines, for
example, chemical engineering, biological engineering, and mining engineering.
Moreover, the general framework of the approach is now being applied in pro-
grams in business management and other professional programs.

The key documents of the CDIO approach have been updated. The CDIO
Syllabus v2.0 has added two new sections on leadership and entrepreneurship,
and given more emphasis to certain topics that were previously subsumed under
other headings, for example, ethics, social responsibility, and sustainability. The
CDIO Standards v2.0 now includes distinct rubrics for each standard to facilitate
self-evaluation. The general structure of the chapters remains the same in that
they parallel the CDIO Standards. The chapters on implementation, history of
engineering, and outlook have also been updated since the first edition.

Chapter 1 introduces the CDIO approach as a way of comprehensively reform-
ing engineering education worldwide. It highlights some of the key features of
the approach: the importance of learning in the context of engineering practice,
the specification of intended learning outcomes for students, the need for curric-
ulum and teaching methods that integrate disciplinary content with personal and
professional skills and attitudes, and a framework of research-based practices that
significantly improve the quality and nature of undergraduate engineering edu-
cation. As such, this chapter serves as an executive summary of the book. There
are two key changes in this edition. The section on “Motivation and Change” has
been moved from Chap. 2 to Chap. 1 to support the rationale for a new approach
to engineering education—the CDIO approach—and the need for this book.
Secondly, the term The CDIO Initiative has been clarified. It is now used exclu-
sively to mean the organization of more than 100 universities worldwide that col-
laborate in the implementation of the CDIO approach in their respective programs.
The CDIO Initiative (the organization) is first described in Chap. 8 in the section
on resources that support implementation of the CDIO approach.

vii
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As in the first edition, Chap. 2 explains the key features of the CDIO approach,
beginning with a detailed discussion of the underlying need, and the goals, vision,
and pedagogical foundation of the approach. The chapter introduces the basics
of the CDIO Syllabus, the CDIO Standards, and approaches to adaptation and
implementation, all of which are addressed in later chapters. The title has been
changed from “Overview’ to “The CDIO Approach” to reflect that the approach
is described in more detail that the word overview would suggest. Secondly, the
section on the “Requirements for the Reform of Engineering Education” has
been streamlined. A new section explains the foundational principle of the CDIO
approach, that is, that CDIO is the context of engineering education. Finally,
the chapter introduces five new themes that have influenced the CDIO approach
in explicit ways since the first edition: sustainability, globalization, innovation,
leadership, and entrepreneurship.

Chapter 3 describes the development and content of the CDIO Syllabus, that
is, the codification of contemporary engineering knowledge, skills, and attitudes
that constitute the foundation for the reform of university engineering education
programs. It explains the rationale for specifying learning outcomes in personal
and interpersonal skills, and product, process and system building skills, as well
as in technical disciplines. There are three key changes to this chapter. The first
is related to the updating and extension of the CDIO Syllabus v2.0. The second
is the extension of the discussion of ways in which the five contemporary themes
addressed in Chap. 2 are included in the CDIO Syllabus v2.0. Finally, the last
section of the chapter has been updated and reorganized to describe a process
for establishing proficiency levels and learning outcomes based on the CDIO
Syllabus. The examples of the stakeholder surveys found in the first edition are
retained, but significantly abbreviated. Our colleague, Perry J. Armstrong of
Queen’s University Belfast, who contributed to this chapter in the first edition, has
subsequently died. We have retained his name as a contributor because of his sig-
nificant influence on the topics in this chapter. We are grateful to Peter J. Goodhew
of the University of Liverpool for updating Box 3.1 Comparison of the CDIO
Syllabus with UK-SPEC.

Chapter 4 describes the rationale for a curriculum that integrates the learning of
engineering skills with disciplinary fundamentals. Furthermore, it lays the founda-
tion for curriculum design by benchmarking an existing curriculum, recognizing
pre-existing conditions, and describing the process for design and implementation
of an integrated curriculum. A new figure in Box 4.1 illustrates the components of
an integrated program description, emphasizing the importance of integration and
progression in learning. A new box written by colleagues at Singapore Polytechnic
(Box 4.4) gives an example of an integrated curriculum that includes all programs
for an entire university. Many of the figures have been revised for increased clarity.

The objectives of Chap. 5 are rephrased with greater precision. A section
describing the design-implement experiences with respect to related pedagogi-
cal models has been added. Overall, the chapter has been revised in light of the
knowledge and experience gained since 2007. An effort has also been made to
generalize the message and avoid implicit references and links to mechanical and
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aerospace engineering, unless such examples are specifically intended. A new
section provides a clearer connection of design-implement experiences with
current pedagogical models of problem-based and project-based learning.
Greater emphasis is placed on the progression of complexity and the formation of
engineering skills and attitudes in the sequence of design-implement experiences,
with less focus on distinguishing between basic and advanced experiences, as
such. For the sake of clarity, some examples are explained in less detail or omitted
altogether. In particular, Box 5.1 The Linkoping Project Management Model is
omitted because it overlaps with its description in Chap. 4. The section on work-
spaces now emphasizes function and learning, with less discussion of the physical
space and equipment requirements.

The overall aim of Chap. 6 is to discuss the implementation of integrated learn-
ing at the course level. It sets the context by identifying students’ perspectives of
their educational experiences. It introduces a constructive alignment model and
gives examples of active and experiential learning approaches. Finally, the chapter
describes the ways in which more stimulating learning experiences can contribute
to the attractiveness of engineering education to more widely diverse audiences.
The term personal, interpersonal, product, process and system building skills has
been replaced by the term professional skills, except when the term is referenced
in CDIO Standards 7 and 8 or when a specific meaning is intended. Discussions of
concept tests and electronic response systems are now merged into a section on the
peer instruction method, consistent with current research and practice. The section
on faculty support for integrated learning has been moved to a later chapter and
merged with an overall approach to the enhancement of faculty skills.

Chapter 7 emphasizes the meaning of learning assessment and the alignment
of assessment methods with learning outcomes and teaching methods. Learning
assessment methods are illustrated with a number of examples. A few changes
have been made to this chapter to improve clarity and to make more explicit con-
nections to the previous chapter on teaching and learning. The constructive align-
ment of curriculum, teaching, and assessment, introduced in Chap. 6, is repeated
here with an emphasis on assessment. A sample rubric to assess a reflective jour-
nal now replaces the box that described the use of a reflective portfolio at a spe-
cific institution, hopefully with broader application. The chapter concludes by
addressing the connection between assessment results and continuous improve-
ment, as well as the key benefits and challenges to sound learning assessment.

Chapter 8 describes the key success factors that influence change in an organi-
zation and the development of a CDIO program as an example of cultural change.
Activities are suggested to help change leaders to enhance faculty competence in
personal and interpersonal skills, and product, process, and system building skills,
and enhance faculty competence in teaching, learning, and assessment methods.
The chapter also describes resources that facilitate the adoption and implementa-
tion of a CDIO approach in engineering programs. There are two additional case
studies illustrating the ways that the change factors discussed in the chapter were
addressed in institutions where the CDIO approach was adopted at college and
university system levels.
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Chapter 9 discusses the purpose and value of a standards-based approach to
program evaluation as a way to determine if programs are successfully imple-
menting a CDIO approach. It focuses on the characteristics of a standards-based
approach to program evaluation, key questions that guide program evaluation,
descriptions of a variety of evaluation methods, the connections between results,
continuous program improvement and quality assurance, and the overall impact of
programs that have implemented a CDIO approach. A brief description of student
self-efficacy studies has been added to the section of program evaluation methods.
The key change is related to the updating of the CDIO Standards document with
rubrics customized for each standard.

As in the first edition, Chap. 10 provides a historic framework for the reform
ideas included in the CDIO approach. It outlines some of the foundational and
continuing discussions of the objectives, content, and structure of engineering
education. Engineering institutions and educational approaches are outlined with
emphasis on national differences as well as controversies on the balance between
practice and theory. The chapter ends with an outline of contemporary challenges
to engineering education, and the problems related to a science orientation to edu-
cation and the need for communication and teamwork skills that support inter-
disciplinary cooperation and design activities. The chapter includes a discussion
of new competencies that are demanded of engineers in the areas of climate and
environment, built environments, user involvement, globalization, and entrepre-
neurship. The ways in which engineering schools respond in their disciplinary and
pedagogical approaches differ by country or culture, emphasizing the flexibility
embedded in the CDIO approach that allows it to be adapted to various situations.

The final chapter summarizes the changes in the CDIO approach since 2007
and highlights the growth and expansion in the number of collaborating universi-
ties that have adopted a CDIO approach. As in the previous edition, it identifies
factors that continue to drive change in engineering education. The section on the
future development of the CDIO approach and the anticipated growth of the CDIO
Initiative (the organization of universities that have adopted a CDIO approach in
at least one engineering discipline) examines achievements in areas identified in
2007 and projects potential emphases and directions for the future.

We are grateful for the contributions of our colleagues to each of the chapters
and for their case studies and examples that form the “boxes” in each chapter.
As always, we welcome your comments and encourage you in your endeavors to
reform engineering education.

Edward F. Crawley
Johan Malmgqvist
Soéren Ostlund
Doris R. Brodeur
Kristina Edstrom
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Chapter 1
Introduction and Motivation

Rationale

The purpose of engineering education is to provide the learning required by students
to become successful engineers—technical expertise, social awareness, and a bias
toward innovation. This combined set of knowledge, skills, and attitudes is essential
to strengthening productivity, entrepreneurship, and excellence in an environment
that is increasingly based on technologically complex and sustainable products,
processes, and systems. It is imperative that we improve the quality and nature of
undergraduate engineering education.

In the last two decades, leaders in academia, industry, and government began
to address the necessity for reform by developing views of the desired attributes
of engineers. Through this endeavor, we identified an underlying critical need—to
educate students who are able to Conceive-Design-Implement-Operate complex,
value-added engineering products, processes and systems in a modern, team-based
environment.

Within these pages, we identify twelve effective practices that can help engi-
neering education programs to meet this critical need. The first of these effective
practices is to make the authentic practice of engineering—conceiving, design-
ing, implementing, and operating products, processes, and systems—the context
for engineering education. The second is to solicit stakeholder input to identify
the learning needs of the students in a program. In order to fulfill these learning
needs, we have identified ten additional effective practices that collectively pro-
vide a comprehensive and broadly applicable approach to improving curriculum,
teaching and learning, and engineering learning workspaces that is supported
by robust assessment and change processes. By these means, we seek to signifi-
cantly improve the quality and nature of undergraduate engineering education
worldwide.

E. F. Crawley et al., Rethinking Engineering Education, 1
DOI: 10.1007/978-3-319-05561-9_1,
© Springer International Publishing Switzerland 2014



2 1 Introduction and Motivation

Motivation for Change

What Modern Engineers Do

Engineers build things that serve society. To quote Theodore von Kéarman [1],
“Scientists discover the world that exists; engineers create the world that never
was.” The 1828 charter of the British Institution of Civil Engineers [2] states that
engineering is “the art of directing great sources of power in nature for the use
and convenience of man.” While we might change this today to include man’s
responsibility to be a steward of nature, it is clearly true that the creation of new
products, and intelligent and sustainable utilization of natural resources remain the
tasks of engineers today.

Modern engineers are engaged in all phases of the lifecycle of products, pro-
cesses and systems that range from the simple to the incredibly complex, but all
have one feature in common. They meet a need of a member or members of soci-
ety. Good engineers observe and listen carefully to determine the needs of the
member of society for whom the benefit is intended. They define the scope of the
device or system, and help to create the concept. We say they are involved in con-
ceiving the device or system. Modern engineers design products, processes, and
systems that incorporate technology. Sometimes this is state-of-the-art technol-
ogy, pushing new frontiers, and creating new capabilities, or applying and adapting
existing technology to meet society’s changing needs. Engineers lead, and in some
cases, execute the implementation of the design to actual realization of the product,
process, or system. All engineers should design so that their systems are imple-
mented easily and in a sustainable way. In order to deliver a benefit to a member
of society, engineering devices and systems must be operated. Consumer products,
such as stoves, cars, or laptop computers, are operated by private users. More com-
plex systems, such as, industrial furnaces, aircraft, or communication networks, are
operated by professionals. All engineers should consider and plan for the operation
of the product, process, or system as an integral part of design.

In order to conceive, design, implement and operate products, processes and
systems, good engineers work in teams and communicate effectively. They think
creatively and critically and act responsibly, and use an array of other personal and
professional skills.

The Need for Reform of Engineering Education

The task of higher education is to educate students to become effective modern
engineers—able to participate and eventually to lead in aspects of conceiving,
designing, implementing, and operating systems, products, processes, and pro-
jects. To do this, students must be technically expert, socially responsible, and
inclined to innovate. Such an education is essential for achieving productivity,
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entrepreneurship, and excellence in an environment that is increasingly based on
technologically complex systems that must be sustainable. It is widely acknowl-
edged that we must do a better job at preparing engineering students for this future,
and that we must do this by systematically reforming engineering education.

There is a seemingly irreconcilable tension between two positions in engineering
education. On one hand, there is the need to convey the ever-increasing body of tech-
nical knowledge that graduating students must master. On the other hand, there is
growing acknowledgment that engineers must possess a wide array of personal and
interpersonal skills, as well as the product, process, and system building knowledge
and skills required to function on real engineering teams to produce real products
and systems.

This tension is manifest in the apparent difference of opinion between engi-
neering educators and the broader engineering community that ultimately employs
engineering graduates. University-based engineers traditionally strike a balance
that emphasizes the importance of a body of technical knowledge. However,
beginning in the late 1970s and early 1980s, and increasingly in the 1990s, indus-
trial representatives began expressing concern about this balance, articulating the
need for a broader view that gives greater emphasis to personal and interpersonal
skills, and product, process, and system building skills.

In this era, engineers in industry and government, along with university program
leaders, began to discuss improvements in the state of engineering education. In
this process, they considered the proficiencies of engineering graduates of recent
years and developed lists of the desired attributes of engineers. Common among
these lists was an implicit criticism of current engineering education for prioritizing
the teaching of theory, including mathematics, science, and technical disciplines,
while not placing enough emphasis on laying the foundation for practice, which
emphasizes skills such as design, teamwork, and communications.

This criticism reveals the tension between two key objectives within contempo-
rary engineering education: the need to educate students as specialists in a range of
technologies—each with increasing levels of knowledge required for professional
mastery—while at the same time teaching students to develop as generalists in a
range of personal, interpersonal, and product, process, and system building skills.

Engineering programs in many parts of the world that exemplify this tension
are the products of the evolution of engineering education in the last half century.
Through those years, programs moved from a practice-based curriculum to an
engineering science-based model. The intended consequence of this change was
to offer students a rigorous, scientific foundation that would equip them to address
unknown future technical challenges. The unintended consequence of this change
was a shift in the culture of engineering education that diminished the perceived
value of key skills and attitudes that had been the hallmark of engineering educa-
tion until that time. Thus evolved the tension between theory and practice.

An early reaction to this shift was the Finiston Report of 1978 in the United
Kingdom [3]. A few years later in 1984, Bernard M. Gordon, the inventor of the
analog-to-digital converter, winner of the U.S. National Medal of Technology, and
benefactor of the Gordon Prize for Engineering Education of the U.S. National
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Academy of Engineering, stated bluntly that “society...around the world...is not
entirely pleased with the current state of general [engineering] education” [4]. Box
1.1 is an excerpt of his address to the annual conference of the European Society
for Engineering Education (SEFI). It remains relevant more than 25 years later.

Box 1.1 WHAT Is AN ENGINEER?

It is apparent that society around the world, particularly, the western world,
is not entirely pleased with the current state of general education. Its dis-
pleasure is reflected in the barrage of criticism leveled at the graduate who
cannot read effectively, cannot write effectively, and cannot master moder-
ately complex arithmetic. The well-publicized question, “Why can’t Johnny
read?” sums up the societal concerns.

A parallel question, “Why can’t Mr./Dr. Engineer engineer effectively?”
is now increasingly being asked, and sums up the frustration of engineer-
ing supervisors and of the public who suffer from the failures of inadequate
designs. Critics of engineering education often cite the following inadequa-
cies among the complaints about the educational system’s “product’:

e Disproportionately low and increasingly poor economic return for the
amount of employed engineering resources.

e Limited formal training in, and exposure to, a breadth of basic technical

knowledge.

Inadequate training and orientation to a meaningful depth of engineering skills.

Inadequate understanding of the importance of precise test and measurement.

Insufficient competitive drive and perseverance.

Inadequate communication skills.

Lack of discipline and control in work habits.

Fear of taking personal risks.

Therefore, it is appropriate that we re-examine our perceptions of real
engineering to focus our attention on the content in terms of what we want
engineers to do in their careers, while we are exploring the application of
new technology to the methods of education.

Definition

I propose to define a REAL, that is, professional, ENGINEER as one who has
attained and continuously enhances technical, communications, and human
relations knowledge, skills, and attitudes, and who contributes effectively to
society by theorizing, conceiving, developing, and producing reliable struc-
tures and machines of practical and economic value.

The greater the breadth of knowledge, the more varied and accomplished
the skills, and the more dedicated the attitude of any individual engineer, the
more significant will be the accomplishment, resulting in proper recognition
as a role model, teacher, and leader.
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Knowledge

Knowledge for a real engineer is more than acquired data, and certainly much
more than acquired engineering data. The cognitive process is different from
the acquisitive process. While today’s engineer may use information technol-
ogy to make any of the world’s data instantly available, the real engineer has
developed a relational understanding of the data and will have learned how to
recall and correlatively process relevant data in order to synthesize new infor-
mation to solve problems.

The areas of required knowledge are not limited to those of science or
technology, as consideration of the role of the engineer as leader will reveal.
An understanding of societal evolution through study of history, econom-
ics, sociology, psychology, literature, and arts will enhance the value of the
engineering contribution. And, in the shrinking world that the new commu-
nications technology is producing, we should not forget the study of foreign
languages—an item often ignored on the western side of the Atlantic.

Skills

A real engineer’s skills are essentially scheduled problem solving techniques
of design, in which the concentrated disciplines of science and technology
are exercised with the personal creativity and judgment developed from
training and experience. In addition, because engineering accomplishments
are achieved in a group environment, communication skills are critical to the
roles of follower and leader.

These skills can be acquired only by doing: the practice may be on simu-
lated problems, or, as for the entry-level medical doctor, on real cases under
expert supervision. However, no amount of case study can replace the prac-
tice in learning how to debug a design, for example. The case study tech-
nique may be useful, but it is not sufficient to qualify the real engineer.

Attitudes
A real engineer’s attitudes will directly affect the quality of his design solu-
tions, whatever the problem. The real engineer is a leader of a team of
resources: financial, personal, and material, at all levels of engineering activ-
ity. Successful team leadership implies a degree of self-criticism, where ego-
tism and humility have counterbalancing influences. It requires a spirit of
curiosity and courage that leads to creativity and innovation. Successful lead-
ership is characterized by a forcefulness that gives orders, as well as receives
orders, and accepts the challenges of competition in the marketplace with a
perseverance to succeed. Leadership exhibits a loyalty downward as well as
loyalty upward, and requires the earning of respect of project team members
for personal competence, tolerance, and supervisory guidance.

—B. M. GOrRDON, ANALOGIC CORPORATION
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By the 1990s, this trend of criticizing university engineering education spread
widely. For example, The Boeing Company in the United States organized an effort
to influence university engineering education by setting forth its list of desired attrib-
utes of an engineer, as listed in Box 1.2. More broadly, the reaction of industry in the
developed world included industry-led workshops and programs on engineering edu-
cation and industry influence on accrediting and professional bodies. It also included
direct industry and foundation funding of educational initiatives and industry influ-
ence on government to create resources and incentives for change. This was not a
random or ill-coordinated effort, but a coherent reaction to what industry considered
a major threat to its human resource flow from universities. What these and other
commentaries by industrialists have in common is that they always underscore the
importance of engineering science fundamentals and engineering knowledge, but
then go on to list a wider array of skills that typically include elements of design,
communications, teamwork, ethics, and other personal skills and attributes.

Box 1.2 DESIRED ATTRIBUTES OF AN ENGINEER

e A good understanding of engineering science fundamentals
— Mathematics (including statistics)
— Physical and life sciences
— Information technology (far more than computer literacy)
e A good understanding of design and manufacturing processes
e A multi-disciplinary systems perspective
e A basic understanding of the context in which engineering is practiced
Economics (including business practices)
— History
The environment
— Customer and societal needs
e Good communication skills
— Written, oral, graphic, and listening
e High ethical standards
e An ability to think both critically and creatively—independently and
cooperatively
e Flexibility, i.e., the ability and self-confidence to adapt to rapid or major
change
e Curiosity and a desire to learn for life
e A profound understanding of the importance of teamwork.
—THE BoEING COMPANY|

Many individuals, programs and universities have heard, processed, and responded
to these needs expressed so clearly by industry. However, the challenge from
industry, and increasingly from government, still remains: to increase the quality
of engineering education. Added to this input is increasing pressure to increase the
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quantity of graduating engineers. We seek to enhance the preparation of engineer-
ing students through the development of a systematic reform of engineering edu-
cation, based on adaptations of the CDIO approach in university programs.

Overview of the CDIO Approach

The CDIO approach meets this challenge by educating students as well-rounded
engineers who understand how to Conceive-Design-Implement-Operate complex,
value-added engineering products, processes, and systems in a modern, team-
based environment. The approach addresses three overall goals.

To educate students who are able to:

e Master a deeper working knowledge of technical fundamentals.

e [ead in the creation and operation of new products, processes, and systems.

e Understand the importance and strategic impact of research and technological
development on society.

This education stresses the fundamentals, and is set in the confext of conceiving,
designing, implementing, and operating products, processes, and systems. We seek
to develop programs that are educationally effective and more exciting to students,
attracting them to engineering, retaining them in the program and in the profession.

A learning context is the set of cultural surroundings and environments that
contribute to understanding, and in which knowledge and skills are learned.
Conceiving, designing, implementing and operating should be the context, but not
the content, of engineering education. Choosing the learning context as conceiv-
ing, designing, implementing, and operating is appropriate both because it is the
professional role of engineers and because it provides the natural setting in which
to teach key pre-professional engineering skills and attitudes. Within that context,
we develop an integrated approach to identifying students’ learning needs and we
construct a sequence of learning experiences to meet them.

The essential feature of the CDIO approach is that it creates dual-impact learning
experiences that promote deep learning of technical fundamentals and of practical skill
sets. It applies modern pedagogical approaches, innovative teaching methods, and new
learning environments to provide concrete learning experiences. These concrete learn-
ing experiences create a cognitive framework for learning the abstractions associated
with the technical fundamentals, and provide opportunities for active application that
facilitates understanding and retention. Thus, they provide the pathway to deeper work-
ing knowledge of the fundamentals. These concrete experiences also impart learning in
personal and interpersonal skills, and product, process, and system building skills.

A rigorous engineering process has been applied to the design of the CDIO
approach to ensure that it achieves its goals. We build an integrated approach to iden-
tifying the learning needs of the students in a program, and construct a sequence of
learning experiences to meet those needs. These two elements are captured in a frame-
work of effective practice, consisting of the CDIO Syllabus and the CDIO Standards.
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Specific learning outcomes are codified in the CDIO Syllabus. This taxonomy
of learning outcomes is a rational, consistent and detailed statement of the possi-
ble set of skills for an engineer. The Syllabus was derived from needs assessments
and source documents, and tested by peer review. The proficiency expectations for
graduating students are set with stakeholder input. These learning outcomes then
form the basis for communicating goals and outcomes to both students and instruc-
tors, for program benchmarking and design, and for student learning assessment.

The CDIO Standards are an attempt to capture in one framework the effective
practices of successful engineering education. We have identified these through
benchmarking of programs worldwide, and correlated them with scholarship on
engineering learning. The first Standard states the underlying principle that con-
ceiving, designing, implementing and operating should be the context of engi-
neering education. The second emphasizes that a broad set of learning outcomes
should be set and validated by stakeholders. Curriculum should be organized
around mutually supporting technical disciplines with personal and interper-
sonal skills, and product, process, and system building skills highly interwoven.
An introduction to engineering should greet and inspire students early in their
education, and lay the foundation for disciplinary learning. Programs should
be rich with student design-implement experiences conducted in modern work-
spaces. They should feature active and experiential learning, and the learning
of skills should be integrated into the technical learning. Instructors should be
adequately prepared, both in teaching and learning, and in engineering skills.
Our programs should be continuously improved through assessment of student
learning across the spectrum of learning outcomes, and through a quality evalu-
ation process. These characteristics are formalized in twelve CDIO Standards
that serve as guidelines for educational program reform, create benchmarks
and goals with worldwide application, and provide a framework for continuous
improvement.

Development and implementation of the CDIO approach was initiated at
three universities in Sweden—Chalmers University of Technology (Chalmers)
in Goteborg, the Royal Institute of Technology (KTH) in Stockholm, Linkoping
University (LiU) in Linkoping —and the Massachusetts Institute of Technology
(MIT) in Cambridge, Massachusetts, USA. The number of programs known to be
using the approach has expanded to more than 100 universities worldwide.

Little in our approach has been invented out of whole cloth. We have built upon
research and best practices found within our collaborating universities and many
other universities around the world who are seeking to improve engineering educa-
tion. Many have made important contributions. For example, the development of
learning outcomes and the use of problem-based learning and project-based learn-
ing are central to the CDIO approach. The CDIO approach incorporates these into a
broader framework that is applicable to the entire design and operation of an engi-
neering education program. The CDIO approach seeks to build on and systema-
tize this international body of work, to develop a set of broadly applicable shared
approaches and open-source resources that guide and accelerate engineering educa-
tion reform. We recognize that, for most programs, extensive financial and personal
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resources are not available. We encourage the use of shared open-source resources
and parallel coordinated efforts to facilitate continuous improvement.

Nothing in our approach is prescriptive. The CDIO approach must be adapted
to each program—its goals, university, national, and disciplinary contexts. It is
aligned with many other movements for educational change, but unlike national
accreditation and assessment standards that state objectives, we provide a pallet of
potential solutions to the comprehensive reform of engineering education. Many
programs around the world are working on aspects of this issue and making impor-
tant contributions. Many have already developed along the lines of the twelve
CDIO Standards independently. But we can all do better, improve where we are
weaker, contribute to others where we have strength, and constantly keep ahead of
the changing needs of our students and society.

The Book

We have written this book to serve as an introduction to the CDIO approach. It
is a practical guide with enough information to acquaint you with the high-level
rationale, philosophy, and key ideas, and how they have evolved in a historical and
societal context. The book points to more detailed resources that are contained in
other publications, in workshops, and on the web.

Chapter 2 continues with an overview of the CDIO approach. It gives the reader
an understanding of the need for change, the goals, vision, and pedagogical foun-
dation of the approach, and the essential elements of implementation. Chapter 3
explains the process for identifying the desired skills of an engineer and the learn-
ing outcomes for students in a program. Chapters 4 through 6 then describe in
some detail the curricular, workspace, and teaching and learning aspects of the
approach. Chapters 7 through 9 discuss student assessment, implementation and
change processes, and program evaluation. The book concludes with a historical
perspective of engineering education, in order to provide the reader with the back-
ground to understand the context of change and an informed outlook to the future.
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Chapter 2
The CDIO Approach

Introduction

The objective of engineering education is to educate students who are “ready to
engineer,” that is, broadly prepared with both pre-professional engineering skills
and deep knowledge of the technical fundamentals. It is the task of engineering
educators to continuously improve the quality of undergraduate engineering educa-
tion in order to meet this objective. Over the past 30 years, many in industry and
government have tried to describe these desired outcomes in terms of attributes
of engineering graduates. By examining these views, we identified an underlying
need: to educate students to understand how to Conceive-Design-Implement-
Operate complex value-added engineering products, processes and systems in a
modern, team-based environment.

The CDIO approach suggests a pathway for engineering education to meet this
underlying need. The approach is built on three premises, which reflect its goals,
vision, and pedagogical foundation:

e That the underlying need is best met by setting goals that stress the fundamentals,
while at the same time making the process of conceiving-designing-implementing-
operating products, processes, and systems the context of engineering education.

e That the learning outcomes for students should be set through stakeholder involve-
ment, and met by constructing a sequence of integrated learning experiences,
some of which are experiential, that is, they expose students to the situations that
engineers encounter in their profession.

e That proper construction of these integrated learning activities will cause the
activities to have dual impact, facilitating student learning of critical personal
and interpersonal skills, and product, process, and system building skills, while
simultaneously enhancing the learning of the fundamentals.

This chapter outlines the key features of the CDIO approach, beginning with
a detailed discussion of the need, goals, vision, and pedagogical foundation, first
addressed in Chap. 1. The structure of this first section serves as the framework for
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many of the remaining chapters of the book. The foundational principle that CDIO
is the preferable context of engineering education is discussed in the second sec-
tion of the chapter. The third part of the chapter describes approaches to adaptation
and implementation, and underscores the need to recognize educational reform as
a process for organizational change at the university.

Chapter Objectives

This chapter is designed so that you can

Explain the need, goals, vision, and pedagogical foundation of a CDIO approach
Describe the authentic context of engineering education

Describe the basics of the CDIO Syllabus and the CDIO Standards

Explain how to implement a CDIO approach

The CDIO Approach

CDIO is an approach to the contemporary reform of engineering education. It is
founded on a few key ideas, the first two being a restatement of the underlying
need for reform of engineering education and a set of goals for engineering edu-
cation. Central to the CDIO approach is a vision for engineering education that
includes the use of the engineering lifecycle process as the context of engineer-
ing education. A specific pedagogical foundation supports the realization of this
vision. These key ideas are presented in this section.

The Underlying Need

We began by examining the sources of advice from industry that reflected on the
needs for the education of engineering students. The input typically was in the form of
“lists” that industrial spokesmen and regulatory bodies had developed to summarize
the desired attributes of engineers—that they should know the fundamentals, act ethi-
cally, communicate effectively, etc. In this format, the lists conveyed the needs, but not
the rationale for the needs. As such, they did not have their desired influence. When
we tried to synthesize these “lists”’, we observed that they were driven by a more basic
and rational need, that is, the reason society needs engineers in the first place.
Therefore, the starting point of our effort was a restatement of the underlying need
for engineering education. We believe that every graduating engineer should be able to:
Conceive-Design-Implement-Operate

complex value-added engineering products, processes, and systems
in a modern, team-based environment.
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More simply, we must educate engineers who can engineer. Graduating engineers
are expected to appreciate engineering tasks, to be able to contribute to the devel-
opment of engineering solutions, and to do so while working in engineering
organizations. Implicit is a fourth expectation that university graduates should be
developing as mature and thoughtful individuals. Conceive-Design-Implement-
Operate is a model of a product, process or system lifecycle, and gives the
approach its name. The emphasis is not on this particular lifecycle model—there
are many alternatives to this one—but rather that engineers should be able to par-
ticipate and lead various phases of the lifecycle. Products, processes and systems
are proxies for the vast array of solutions and outputs of engineering. We define
value-added as the additional worth created at a particular stage of development or
production. A modern team-based environment describes the potentially interdisci-
plinary and international organization in which engineers work, assisted by mod-
ern technology. If we accept this conceive-design-implement-operate restatement
of the need, we can then derive more detailed goals for the education.

The Goals

The CDIO approach has three overall goals: To educate students who are able to

1. Master a deeper working knowledge of technical fundamentals

2. Lead in the creation and operation of new products, processes, and systems

3. Understand the importance and strategic impact of research and technological
development on society

Let’s begin by discussing the goals in some detail.

Goal #1. Engineering education should always emphasize the technical funda-
mentals. The university is the place where the foundations of subsequent learning
are laid. Nothing in our approach is meant to diminish the importance of the funda-
mentals or of the students’ need to learn them. In fact, deep working knowledge and
conceptual understanding are emphasized. Conceptual understanding is the ability
to apply knowledge across a variety of unencountered instances or circumstances
[1]. It is not memorization of facts and definitions, nor is it the simple application
of a principle that contains the concept, for example, the application of the First
Law of Thermodynamics. Rather, conceptual understanding represents ideas that
have lasting value and offers the potential to engage students. Traditional teaching
often uses a transmittal approach in which students are assumed to gain knowledge
while passively listening to lectures. In a CDIO approach, the goal is to engage
students in constructing their own knowledge and in confronting their own miscon-
ceptions. The transition to conceptual-change instruction from the long-standing
transmittal approach is difficult. Marton and Silj6 [2] call this transmittal approach
a surface approach to learning, and contrast it with a deep approach to learn-
ing. Table 2.1 is an adaptation of Marton and Siljo’s seminal work, based on the
writings of Gibbs [3], Rhem [4], and Biggs [5]. The statement of the goal of educating
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Table 2.1 A surface approach to learning versus a deep approach to learning

A surface approach is encouraged by A deep approach is encouraged by

An excessive amount of material in Student perceptions that deep learning
the curriculum is required

Relatively high class contact hours A motivational context

A lack of opportunity to pursue subjects A well-structured knowledge base
in depth

A lack of choice of subjects and methods Learner activity and choices
of study

Threatening and anxiety-provoking Assessment based on application to
assessment new situations

A competitive environment Interaction with others and collaboration

students who are able to master a deeper working knowledge of the technical
fundamentals is meant to contrast this approach with that of the transmittal
approach in current practice. This idea is addressed again in Chap. 6.

Goal #2. The second goal is to educate students who are able to lead in the
creation and operation of new products, processes, and systems. This goal rec-
ognizes the need to prepare students for a career in engineering. The need to
create and operate new products, processes, and systems drives the educational
goals related to personal and interpersonal skills, and product, process, and sys-
tem building skills. Personal skills and attitudes include modes of thought, for
example, analytical reasoning and problem solving, experimentation, system
thinking, and critical and creative thinking. Personal attitudes and attributes
include integrity, responsibility, curiosity, and a willingness to make decisions
in the face of uncertainty. Interpersonal skills encompass communication and
teamwork. Product, process, and system building skills and knowledge include
conceiving, designing, implementing, and operating products, processes and sys-
tems within an enterprise, societal, and environmental context. The more specific
learning outcomes that flow from this goal are discussed in a later section and are
the main focus of Chap. 3.

Goal #3. The third goal is to educate students who are able to understand the
importance and strategic impact of research and technological development on
society. Our societies rely heavily on the contributions of scientists and engi-
neers to solve problems. However, research and technological development must
be paired with social responsibility and a move toward sustainable technologies.
Graduating engineers must have insight into the role of science and technology in
society to assume these responsibilities. This goal further recognizes that some stu-
dents will not become practicing engineers, but will pursue careers as researchers
in industry, government, and higher education. Despite different career interests,
all students benefit from an education set in the context of product, process, and
system development. First, they benefit from fulfillment of the first goal of deep
learning of technical fundamentals. Second, engineering researchers need to under-
stand the connection between their efforts and the eventual impact on a product
or system. Successful researchers are increasingly recognized for their impact on
society in addition to their scholarship. Therefore, it is important for students who
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embark on careers in research to understand how technology infuses products and
processes, and to be able to judge and improve the strategic value of their work.
Goals #1 and #2 represent the tension in engineering education — between stress-
ing knowledge of technical fundamentals versus skills. Most engineering educa-
tors agree that these two goals are important, but they disagree about how much
time to spend on each. If the model of education is a transmittal process with fixed
maximum effective transmittal rate and fixed duration, the tension between techni-
cal fundamentals and skills intensifies. The CDIO approach is based on an alternate
view of education that helps to relieve that tension. We believe that it is possible to
strengthen the learning of the fundamentals and at the same time improve the learn-
ing of personal, interpersonal skills, and product, process and system building skills.

The vision

In order to resolve this tension, we have developed a systematic vision for engi-
neering education that encompasses the entire educational program. The CDIO
approach envisions an education that stresses the fundamentals, set in the context
of conceiving-designing-implementing-operating products, processes, and sys-
tems. The salient features of the vision are that:

e Education is based on clearly articulated program goals and student learning
outcomes, set through stakeholder involvement.

e A curriculum organized around mutually supporting disciplinary courses with
activities interwoven that develop personal and interpersonal skills, and product,
process and system building skills.

e Design-implement experiences set in both the classroom and in modern learning
workspaces as the basis for engineering-based experiential learning.

e Active and experiential learning, beyond design-implement experiences, that
can be incorporated into lecture-based courses.

e A comprehensive assessment and evaluation process

If we succeed in realizing such an education, then the dual outcomes of learn-
ing technical fundamentals and broader engineering skills will be met. Students
will encounter a sequence of integrated learning experiences, some of which are
experiential in that they expose students to the experiences that engineers will
encounter in their profession. Proper crafting of these integrated learning experi-
ences will cause them to have dual impact, simultaneously teaching skills and sup-
porting the deeper learning of fundamentals. The sections that follow will expand
on these seven features: context, fundamentals, learning outcomes, curriculum,
design-implement experiences, active learning and assessment.

Conceiving-Designing-Implementing-Operating as the context. We assert that
conceiving-designing-implementing-operating should be the context of engineering
education. A context for education is the cultural framework or environment that sup-
ports learning. The culture of the education, the skills we teach, and the attitudes we
convey should all indicate that conceiving-designing-implementing-operating is the
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role of engineers in their service to society. There are several important reasons that
conceiving-designing-implementing-operating should be the context of education: (1)
it is authentic, that is, it is the set of activities that real engineers perform; (2) it is much
easier to teach skills in this authentic CDIO context; and (3) context helps to support
learning, not only of skills, but also of technical fundamentals. The adoption of con-
ceiving-designing-implementing-operating, or some other engineering lifecycle model,
as the context of engineering is so central and foundational to the CDIO approach, that
we have identified it as the first of the twelve effective practices, or CDIO Standard 1.
This foundational principle is discussed in more detail in the second part of this chapter.

It is important to note that the product or system lifecycle is the context, not
the content, of the engineering education. Not every engineer needs to special-
ize in product development. Rather, engineers should be educated in disciplines:
mechanical, electrical, chemical, or even engineering science. However, they
should be educated in those disciplines in a context that will give them the skills
and attitudes to be able to design and implement things.

The observation that engineers conceive-design-implement-operate and that this
should be the authentic context of engineering education seems so self-evident that
it forces one to ask why this is not currently the common context of engineering
education. Quite simply, it is that engineering schools are not populated by engineer
practitioners but by engineering researchers. These researchers develop engineering
science knowledge by conducting research with a reductionist approach that largely
rewards the efforts of individuals. In contrast, in the engineering context, the focus
is on producing engineering products and systems by conducting development with
an integrative approach that largely rewards team efforts. At the same time, this
desired context must still emphasize a rigorous treatment of the engineering fun-
damentals. Consequently, what we must recognize is that the transformation of the
education from the current to the desired context is one of cultural change.

Some would argue that such a transformation is unimaginable in a university set-
ting. In fact, the current tension in engineering education in many countries is the
result of just such a transformation. As recently as the 1950s, and more recently in
some countries, university engineering faculty were distinguished practitioners of
engineering. Education was based largely on practice. The 1950s saw the beginning
of the engineering science revolution, and the hiring of a cadre of young engineer-
ing scientists. The 1960s might be called the golden era, in which students were
educated by a mix of the older practice-based faculty and the younger engineering
scientists. However, by the 1970s, as older practitioners retired, they were replaced
by engineering scientists. On average, the culture and context of engineering educa-
tion took a pronounced swing toward engineering science.

Stressing the fundamentals. The intended consequence of this change was to
place the education of engineering students on a more scientific foundation, equip-
ping them to address unknown future technical challenges. Nothing proposed here
is intended to minimize the importance of this change, or the vast contributions
that engineering science research has produced in the last half-century. However,
the unintended consequence of this change was a shift in the culture of engineering
education. This shift diminished the perceived value of many of the key skills and
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attitudes that had been the hallmark of engineering education up to that time. It is
not a coincidence, therefore, that in much of the developed world, the 1980s became
the period in which industry started to recognize the change in the knowledge, skills,
and attitudes of graduating students. Industry reacted in the 1980s with observations
and expressions of concern. When these expressions did not bring results, industry
responded with a more cohesive response in the 1990s, as previously discussed.

This evolution of engineering faculty composition can also be traced to a
notional representation of the way in which a balance was struck between the teach-
ing of personal, interpersonal, and process skills, and product and system building
skills versus the technical fundamentals. Figure 2.1 illustrates this evolution. Prior
to 1950, the context of practice prevailed. By the 1960s, more balance was preva-
lent. By the 1980s, engineering science dominated with a strong emphasis on tech-
nical fundamentals. The trend is shown as a trade-off curve because, assuming that
education is an information transferring activity, limitations on bandwidth and time
allow only a certain amount of content to be covered. If one accepts this model of
education, it forces questions such as “What must be removed to make room for
more teaching of skills?””” We believe that there are alternative educational models to
that of information transfer that allow relief from this apparent conflict. In fact, the
remaining elements of the CDIO approach, described below, are an attempt to cre-
ate a vision for an education that allows simultaneous improvement in learning of
the disciplines and of the broader skills needed by successful engineers.

Learning outcomes. The first concrete task needed to adapt this vision into
a model program was to develop and codify a comprehensive understanding of
abilities needed by contemporary engineers. This task was accomplished through
the use of stakeholder focus groups comprised of engineering faculty, students
and industry representatives. The focus groups were asked “What is the full set of
knowledge, skills, and attitudes that engineering students should possess as they
leave university?” An example of thoughtful input from industry received through
this process is that of Ray Leopold, former Vice President and Chief Technology
Officer of Motorola’s Global Telecom Solutions Sector. (see Box 2.1). Results of
the focus groups, plus the views of industry, government, and academia on the
expectations of university graduates were organized into a list of learning out-
comes, called the CDIO Syllabus. The description, development, and validation of
the CDIO Syllabus are the subjects of Chap. 3.
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Box 2.1 THE NEED FOR CDIO ENGINEERS IN INDUSTRY

In my estimation, the greatest potential contribution of graduates of CDIO
programs is their ability to perform their engineering skills with a more mature
appreciation of how a product satisfies real societal needs. This requires project
success, broadly defined, which is based on both engineering and non-engi-
neering contributions. The engineer must be able to find not only engineering
solutions to a problem, but also economic solutions that have a high potential
of being successful. The engineer must define value propositions and find solu-
tions to them. A graduating student must develop the skills not only to create
brilliant new ideas, but also to transform those ideas into new realities.

As part of this process, engineering graduates must have a better under-
standing of the value they add to the organization. They must have better-
developed personal skills, and be able to work with other engineers and with
colleagues from other disciplines. The maturity of an engineer flows not only
from knowledge of the breadth and depth of disciplinary knowledge, but also
from the individual’s experience in developing personal and professional skills.

Within industry, we generally try to determine what an individual knows,
how an individual can contribute, the perspective an individual brings to
us, and how well the individual fits into the culture of our organization. We
often do not hire high-powered technologists who don’t exhibit the peo-
ple skills to fit into our team environment, or whose perspective seems to
be limited to a narrow technical field. We want deep technical expertise, but
that expertise must have a context, and the individual needs to be able to
work with others. In an interview, I often ask behaviorally oriented ques-
tions, such as, “From your educational experiences, tell me specifically
about a time when you had to:

o deal with a person who didn’t seem to be focused on the team goals
o redefine a value proposition
o adjust your work plans to meet a schedule.”

The graduate of a CDIO program should be able to respond more richly
to these questions, and their responses should connote an appreciation for
the bigger picture while satisfying the problem at hand.

—R. LEoroLp, THE MOTOROLA CORPORATION

As shown in Table 2.2, the CDIO Syllabus classifies learning outcomes into four
high-level categories:

. Disciplinary knowledge and reasoning

. Personal and professional skills and attributes

. Interpersonal skills: teamwork and communication

. Conceiving, designing, implementing, and operating systems in the enterprise,
societal and environmental context—the innovation process

O R
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Table 2.2 The CDIO Syllabus (v2.0) at the second level of detail

1 DISCIPLINARY KNOWLEDGE
AND REASONING

1.1 KNOWLEDGE OF UNDERLYING
MATHEMATICS AND SCIENCE

1.1 CORE ENGINEERING
FUNDAMENTAL KNOWLEDGE

1.2 ADVANCED ENGINEERING
FUNDAMENTAL KNOWLEDGE,
METHODS AND TOOLS

2 PERSONAL AND PROFESSIONAL
SKILLS AND ATTRIBUTES

2.1 ANALYTICAL REASONING AND
PROBLEM SOLVING

2.2 EXPERIMENTATION,
INVESTIGATION AND
KNOWLEDGE DISCOVERY

2.3 SYSTEM THINKING

2.4 ATTITUDES, THOUGHT
AND LEARNING

2.5 ETHICS, EQUITY AND
OTHER RESPONSIBILITIES

3 INTERPERSONAL SKILLS: TEAM-
WORK AND COMMUNICATION
3.1 TEAMWORK
3.2 COMMUNICATIONS
3.3 COMMUNICATIONS IN
FOREIGN LANGUAGES

4 CONCEIVING, DESIGNING, IMPLE-
MENTING AND OPERATING SYSTEMS
IN THE ENTERPRISE, SOCIETAL AND
ENVIRONMENTAL CONTEXT—THE
INNOVATION PROCESS

4.1 EXTERNAL, SOCIETAL AND
ENVIRONMENTAL CONTEXT

4.2 ENTERPRISE AND BUSINESS
CONTEXT

4.3 CONCEIVING, SYSTEMS
ENGINEERING AND MANAGEMENT

4.4 DESIGNING

4.5 IMPLEMENTING

4.6 OPERATING

4.7 LEADING ENGINEERING ENDEAVORS

4.8 ENTREPRENEURSHIP

These four headings map directly to the underlying need identified in an earlier
section of this chapter, that is, to educate students who can:

understand how to conceive, design, implement, and operate (section 4)

complex value-added engineering products, processes, and systems (section 1)
in a modern team based engineering environment (section 3), and
are mature and thoughtful individuals (section 2).

The knowledge, skills and attitudes outlined in sections 2, 3 and 4 of the
Syllabus are referred to as personal skills; interpersonal skills; and product, pro-
cess, and system building skills. The first section, disciplinary knowledge and
reasoning, is program specific, that is, it outlines the content of the specific engi-
neering discipline. Sections 2, 3, and 4 are applicable to any engineering program.

The content of each section was expanded to second, third and fourth levels.
Syllabus topics at the second level of detail were validated with subject experts.
(Most of these validation studies used CDIO Syllabus v1.0 that did not include 4.7
and 4.8.) To ensure comprehensiveness, the Syllabus was explicitly correlated with
documents listing engineering education requirements and desired attributes. We
made an attempt to make the CDIO Syllabus a rational and consistent set of skills,
derived from an understanding of needs that stakeholders would expect from grad-
uating students. The complete CDIO Syllabus v2.0 is found in the appendix.

The CDIO Syllabus is nothing more than a reference or a template for learning out-
come development. Each program must develop its own learning outcomes, perhaps
by modifying the content of the Syllabus, and certainly by setting specific learning
outcomes for students, validated by program stakeholders. Engineering education has
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four key stakeholder groups: students, industry, university faculty, and society. The
learning outcomes of students in a program should be set in a way that reflects the
viewpoints of these four key stakeholder groups. Industry is the ultimate customer
for the students who graduate from our programs, and is informed about investments
required for long-term benefit. Our graduates and others in industry are therefore a
proxy for the long-term interests of the students. Students are the direct beneficiaries
of education and the arbiters of consumer needs. University faculty are the developers
and deliverers of the knowledge, skills, and attitudes, and they bring their own insights
into the needs of students. Broader society, through national standards and accredita-
tion, sets requirements on engineering education, including degree requirements and
emphasis on societal goals. Thus, all four stakeholder groups have important views
on educational goals. In order to translate the CDIO Syllabus topics and skills into
assessable learning outcomes, we proposed methods to engage program stakeholders
in order to determine the level of proficiency expected of graduating engineers in each
of the Syllabus topics. The approaches are explained in Chap. 3.

The remaining features of the CDIO vision address the question, “How can
we do better at ensuring that students learn these skills?”” Broadly speaking, this
requires reform in four major areas: (1) the structure of the curriculum and the
content of courses; (2) the learning environment; (3) the way we teach; and, (4)
the way in which we assess and evaluate the outcomes.

Curriculum Reform

To achieve the dual goals of deeper working knowledge of technical fundamen-
tals and ability to lead in the creation and operation of new products, processes,
and systems, we must improve the engineering curriculum. We cannot expect
more resources, longer terms, more years, or other extensions to the curriculum.
Consequently, we must re-task existing resources. The challenge is to develop
an integrated curriculum. We must find innovative ways to make double duty of
teaching time so that students develop a deeper working knowledge of technical
fundamentals while simultaneously learning personal, and interpersonal skills, and
product, process, and system building skills.

We should not leave this learning to chance, but instead should have an explicit
plan for ensuring that students learn these skills. Accomplishing this integration may
require changes to curriculum structure that exploit extra- and co-curricular and
extra-campus learning opportunities, and the development of new teaching materials.
To facilitate curriculum reform, we suggest retaining the disciplinary courses as the
organizing structure of the curriculum, while making two substantive improvements.
First, the disciplinary courses must work together to be mutually supporting, as they
are in practice. Second, education in personal and interpersonal, and product, process
and system building skills must be interwoven into the disciplinary education.

Designing a new curriculum requires benchmarking of the current curriculum to
identify existing connections among disciplines and places where skills are already
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taught, and to identify omissions and overlaps. Three specific curricular structures
are key elements of an integrated curriculum: (1) an introductory engineering expe-
rience that creates the framework for subsequent learning and motivates students
to be engineers; (2) conventional disciplinary courses coordinated and linked to
demonstrate that engineering requires interdisciplinary efforts; and, (3) a final pro-
ject course—or capstone—that includes a substantial experience in which students
conceive, design, implement, and operate a product, process, or system. With these
new structures in place, an explicit plan to overlay skills can be developed. The new
curriculum structure also facilitates co-curricular student projects, internships, and
placements in industry that can significantly expand the time available for learn-
ing skills and enrich the overall learning experience. The result of such curricular
reform is an integrated curriculum, which contains a sequence of well-planned
learning experiences that help students meet the educational goals. Chapter 4
describes the design and development of an integrated curriculum.

Design-implement experiences and engineering workspaces. Engineers design
and implement products, processes, and systems. Providing students with repeated
design-implement experiences helps them develop deep working knowledge
of the fundamentals and learn the skills to design and implement new systems.
Since personal and interpersonal, and product, process and system building skills
are derived from engineers’ need to work in design teams, design-implement pro-
jects provide a natural setting in which to teach students these skills. In a CDIO
program, experiences in conceiving, designing, implementing, and operating are
woven into the curriculum, particularly in the introductory and concluding project
courses. The concluding project course can be re-tasked into one that is closely
linked to one or more disciplines and engages students in designing, implement-
ing, and operating a product, process, or system. Aligning theory development
with practical implementation gives students opportunities to learn both the appli-
cability and limitations of theory.

If students are to understand that conceiving—designing—implementing—
operating is the context of the education, then it is desirable to re-task existing
laboratory space by building modern engineering workspaces that are supportive
of, and organized around, conceiving—designing—implementing—operating.
Conceive spaces are designed to encourage people to interact and to understand
the needs of others and to provide a venue that encourages reflection and concep-
tual development. They are largely technology-free zones. Design and Implement
facilities introduce students to digitally enhanced collaborative design and mod-
ern fabrication and integration of hardware and software. Operate workspaces
are more difficult to manage in academic settings. However, students can learn
how to operate their own and faculty-assigned experiments. Simulations of real
operations, as well as electronic links to real operations environments can sup-
plement the direct student experience. In addition, workspaces must also support
other modes of active and hands-on learning, including experimentation, discipli-
nary laboratories, and social interaction. The space must facilitate and encourage
team building and team activities. Design-implement experiences and engineering
workspaces are explored in Chap. 5.
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Active and experiential learning. Having addressed curriculum issues of what
to teach, we now consider the pedagogical issues of how students learn. To meet
the dual goals of improved disciplinary learning and skills learning, it is neces-
sary to re-task students’ learning time and to employ best practices in teaching and
learning throughout the program. To address these learning needs, we recommend
improvement in two basic areas: (1) an increase in active and experiential learning,
and (2) the creation of integrated learning experiences that lead to the acquisition
of both disciplinary knowledge, personal and interpersonal skills, and product, pro-
cess, and system building skills.

Educational research confirms that active learning techniques significantly increase
student learning. Active learning occurs when students are involved in manipulating,
applying, and evaluating ideas. Active learning in lecture-based courses can include
pauses for reflection, small group discussion, and real-time feedback from students
about what they are learning. Active learning becomes experiential when students
take on roles that simulate professional engineering practice, for example, design-
implement projects, simulations, and case studies. The emphasis on widespread use
of active and experiential learning is a major aspect of the commitment to develop
deeper working knowledge of the technical fundamentals. The desired outcome is an
understanding of the underlying technical concepts, as well as their application. This
is understood to be a precursor to innovation.

To make more effective and efficient use of student learning time, integrated
learning experiences are required. Integrated learning refers to learning experi-
ences that lead to the acquisition of disciplinary knowledge concurrently with per-
sonal and interpersonal skills, and product, process, and system building skills.
This gives the learning experiences dual impact. This learning certainly occurs in
design-implement experiences, but is not limited to these experiences. For example,
solving problems is an essential skill of engineering. Disciplinary knowledge allows
a student to solve the problem right, but an integration of broader skills is necessary
to teach students to solve the right problem. The CDIO approach aims to develop
skills in problem formulation, estimation, modeling and solution. A modified prob-
lem-based learning format, with strong emphasis on the fundamentals, supports this
type of integrated learning. However, there are many other opportunities to integrate
learning, for example, coupling communication or teamwork with an assignment,
encouraging students to dig deeply into a topic and use specific research and inquiry
methods, or discussing the ethical aspects of a technical problem concurrently with
its technical aspects. An important subtle aspect of this integrated learning is that
students see their role models, namely, the engineering faculty, discussing this wider
range of skills, signaling their importance to the profession. Integrated learning and
active and experiential learning are the focus of Chap. 6.

Assessment and evaluation. Rigorous assessment and evaluation are required
to guide the educational reform process. The learning assessment component
measures student learning and monitors achievement of disciplinary, personal,
interpersonal, product, process, and system building learning outcomes. The pro-
gram evaluation component gathers and analyzes data related to the overall quality
and impact of the entire educational program.
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Effective learning assessment focuses on the intended outcomes for students,
that is, the knowledge, skills, and attitudes that students are expected to master
as a result of their educational experiences. Student learning assessment measures
the extent to which each student achieves specified learning outcomes. Learning
assessment methods include written and oral exams, observation and rating of
oral presentations and other processes, peer assessment, self-assessment, and port-
folios. In a CDIO approach, assessment is learner-centered, that is, it is aligned
with teaching and learning outcomes, uses multiple methods to gather evidence
of achievement, and promotes learning in a supportive, collaborative environment.
Assessment focuses on gathering evidence that students have developed profi-
ciency in disciplinary knowledge, personal and interpersonal skills, and product,
process, and system building skills. Learning assessment is the focus of Chap. 7.

Program evaluation is a judgment of the overall quality of a program based
on evidence of a program’s progress toward attaining its goals. Data collection
techniques include best-practice methods of program evaluation, such as entry
interviews, student satisfaction surveys, and instructor reflective memos. When
evidence and results are regularly reported back to faculty, students, program
administrators, alumni, and other key stakeholders, the feedback become the basis
for making decisions about the program and its continuous improvement. Program
evaluation and continuous improvement are discussed in Chap. 9.

Pedagogical Foundation

Having discussed in some detail the underlying need and the seven features of the
vision, we continue with the third key element that supports a CDIO approach —
the pedagogical foundation. We believe that reforming engineering education
based on the CDIO vision will bring us closer to resolving the tension between
the two primary goals of developing deeper learning of the technical fundamentals
and the ability to lead in the creation and operation of products, processes, and
systems. This belief is based not only on experience, but also on application of
theories and models of learning.

To understand pedagogical improvements, we consider what we know about
how students learn. As is the case with most children and adults, many engineer-
ing students tend to learn from the concrete to the abstract. Yet, they no longer
arrive at universities armed with hands-on experiences from tinkering with cars
or building radios. Likewise, the engineering science educational reforms of the
latter half of the 20" century largely removed many of the hands-on experiences
that engineering students once encountered at university. As a result, contem-
porary engineering students have little concrete experience upon which to base
engineering theories. This lack of practical experience affects students’ ability to
learn the abstract theory that forms much of the engineering fundamentals, and
also hampers their ability to realize the applicability and practical usefulness of a
good theory.
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The CDIO approach is based on experiential learning theory that has roots in
constructivism and cognitive development theory. Cognitive development theo-
rists, among whom Jean Piagét is perhaps the most influential [6], explain that
learning takes place in developmental stages. The ideas of Piagét and cognitive
development theorists who followed him, led to three important principles about
learning that bear on engineering education programs:

e The essence of learning is that it involves teaching learners to apply cognitive
structures they have already developed to new content.

e Because learners cannot learn to apply cognitive structures they do not yet pos-
sess, the basic cognitive architecture must first evolve on its own.

e [earning experiences that are designed to teach concepts that are clearly beyond
the current stage of cognitive development are a waste of time for both teacher
and learner [7].

Cognitive development theories, in conjunction with social psychology and
social learning theory, provide historical precedents for constructivism, a theory
that postulates that what is learned is a function of the content, context, activity,
and goals of the learner. Constructivists believe that learners build their internal
frameworks of knowledge upon which they attach new ideas. Individuals learn by
actively constructing their own knowledge, testing concepts on prior experience,
applying these concepts to new situations, and integrating the new concepts into
prior knowledge. Facilitating the processing of new information and helping stu-
dents to construct meaningful connections is regarded as the basic requirement for
teaching and learning.

The theories of constructivism and social learning have been applied to a number
of curriculum and instruction models and practices. The CDIO approach focuses
on one of these practices, called experiential learning. Experiential learning can
be defined as the process of creating and transforming experience into knowledge,
skills, attitudes, values, emotions, beliefs and senses. In his work on experiential
learning, Kolb [8] emphasizes six characteristics of experiential learning:

e Learning is best conceived as a process, that is, concepts are derived from and
continuously modified by experience.

e [earning is a continuous process grounded in experience, that is, learners enter
the learning situation with more or less articulate ideas about the topic at hand,
some of which may be misconceptions.

e The process of learning requires the resolution of conflicts between opposing
modes of adaptation to the world, that is, the learner needs different abilities
from concrete experience to abstract conceptualization, and from reflective
observation to active experimentation.

e Learning is a holistic process of adaptation to the world, that is, learning is
broader than what occurs in classrooms.

e [ earning involves transactions between the person and the real-world environment.

e [ earning is a process of creating knowledge, that is, in the tradition of constructivist
theories.
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In this light, one of the essential features of the CDIO approach—that it cre-
ates dual-impact learning experiences—can be better understood. If the experi-
ential learning activities are crafted to support explicit pre-professional behavior,
they will facilitate the learning of personal and interpersonal skills, and of product,
process and system building skills. More subtly, these learning experiences allow
the student to develop a knowledge structure for understanding and learning the
abstractions associated with the technical fundamentals. The concrete experiences
also provide opportunities for active application that supports understanding and
retention. Thus, they provide the pathway to the desired goal—deeper working
knowledge of the fundamentals.

The Foundational Principle: CDIO as the Context

The objective of this section is to elaborate the meaning, background and evidence
of effectiveness of our belief that conceiving-designing-implementing-operating
should be the context of engineering education. This belief is so foundational to
the CDIO approach that it is captured as the first principle of effective practice,
called CDIO Standard 1.

STANDARD 1—THE CONTEXT

Adoption of the principle that product, process, and system lifecycle
development and deployment—Conceiving-Designing-Implementing-
Operating—are the context for engineering education.

The standard does not explicitly require “conceiving-designing-implementing-
operating” to be the context, but rather the more general framework of product,
process, and system lifecycle development and deployment, of which conceiv-
ing-designing-implementing-operating is an example. The first part of the discus-
sion below outlines the context of professional engineering practice. Then the
specific context of engineering education is discussed. Placing the education of
engineering students in context facilitates contextual learning, a well-developed
educational model upon which we are building. A brief background in contextual
learning is presented, with explanations of its important features and benefits.

The Context of Professional Engineering Practice

Before addressing the context of engineering, we should consider the meaning of
the word context. One definition of context is “the circumstances or events that
form the environment within which something exists or takes place, and that help
in understanding.” The definition has two parts: that there are surroundings, and
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Table 2.3 The four activities of the engineering lifecycle

Conceive Defining customer needs, considering technology, enterprise strategy and
regulations, and developing conceptual, technical and business plans
Design Creating the detailed information description of the design; the plans, drawings

and algorithms that describe the system to be implemented

Implement  Transforming the design into the product, process or system, including hardware
manufacturing, software coding, testing and validation

Operate Using the implemented product, process or system to deliver the intended value,
including maintaining, evolving, recycling and retiring the system

that the surroundings help with understanding or the interpretation of meaning. An
architect might say that to understand a building, one must examine the context
of the neighborhood. An observer of an organization might say that to understand
a decision made by a team, one must examine the issues and forces that form the
organizational context. It is this meaning of context—circumstances and surround-
ings that aid in understanding—that we use.

CDIO as a model of the engineering lifecycle. In order to understand the
context of engineering, we must examine what constitutes engineering. The
central task of engineering is to conceive-design-implement-operate products,
processes and systems that have not previously existed, and that directly or indi-
rectly serve society or segments of society. We use the terms products, processes,
and systems to designate the solutions engineers create. Products are any tangi-
ble goods or objects that can be transferred; processes are actions or transfor-
mations directed toward an aim; and, systems are combinations of objects and
processes with some desired outcome. This phrase products, processes and sys-
tems is a shortened list of more detailed descriptions of what various engineers
identify as the solutions they create. Manufacturing, civil, and chemical engi-
neers talk of plants, products, and projects. Bioengineers and chemical engineers
create new molecules and larger structures, while materials engineers create new
materials. Software, systems, devices, and networks are terms used to describe
the outcomes of computer scientists and electrical engineers. In order to sim-
plify and standardize the terminology in this book, the terms product, process,
and system are consistently used for the solutions that engineers design and
implement.

Regardless of the sector, central to the role of engineering is the design and
building of these solutions, as shown in Table 2.3. Design focuses on creating
the plans, drawings, and algorithms that describe what product, process, or sys-
tem will be implemented. The Implement stage refers to the transformation of the
design into the delivered solution, including hardware manufacturing, software
coding, testing, and validation. Desirably, engineers are also involved in defining
the solution, which involves understanding the needs of the customer or society,
identifying new technologies that might be infused, and creating the high-level
requirements and strategy for the solution. We designate this as conceiving, which
is the identification of the problem or opportunity to be undertaken. Conceiving
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Fig. 2.2 Conceive-design-implement-operate as a lifecycle model of a product, process, project,
or system

is central to engineering, and is distinct from design; conceiving is deciding what
will be designed.

At the other end of the spectrum, almost all solutions must be operated in order to
deliver value. Consumer goods, such as cars and home appliances, are operated by
the customer. More complex systems are usually operated by professionals, includ-
ing engineers who also have a role in maintaining, repairing, upgrading, evolving,
recycling and retiring the systems. Even for solutions that do not involve engineers in
operations, the design and implementation engineers must be sensitive to the issues
of operations. In the CDIO approach, we call this entire post implementation phase
operating. The span from conceiving to designing, implementing and operating is the
product, process or system lifecycle.

These four terms have been chosen because they are applicable to a wide range
of engineering disciplines. Details of the tasks that fall into these four main activi-
ties—conceiving, designing, implementing, and operating—are found in Fig. 2.2.
Note that sequence is not strictly implied by the figure. For example, in spiral
development models of product development, there is a great deal of iteration
among these tasks.

The most obvious mapping of these four tasks is onto the development of dis-
crete electro/mechanical/information products and systems, such as cars, aircraft,
ships, software, computers, and communications devices. Manufacturing engi-
neers actually plan, design, realize, and operate the manufacturing processes for
these discrete products and systems. Other engineers envision, design, develop,
and deploy networks and systems of these devices, including transportation net-
works and communication systems. In software, engineers envision, design,
write, and operate code. In chemical engineering and similar process industries,
engineers conceive, design, build, and operate a plant or facility. But chemical
and bio-chemical engineers also produce the vast majority of products by type
(as opposed to volume) in batch processes, which create chemical and pharmaceu-
tical products. In civil engineering, similar steps are taken for the planning, design,
construction, and operation of a single project.
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There is also an analogy for conceiving-designing-implementing-operating
for the engineering research process. When a researcher identifies a gap in the
established knowledge, and frames a problem or hypothesis, this is “conceiving.”
Designing the research protocol or experiment naturally follows. Implementing and
operating are combined in the execution of the research, the analysis of data, and
the reporting of the result. Appropriately interpreted, this common paradigm of con-
ceiving, designing, implementing, and operating covers the essential professional
activities of the vast majority of engineers. We use conceive, design, implement, and
operate for the four major tasks in realizing these products, processes, and systems.

The evolution of a professional engineering context. In addition to the tasks
that engineers perform, there is a broader set of aims and activities that form a pro-
fessional context of engineering that is constantly evolving. It is interesting to note
the features that are relatively stable in this environment, and those that are more
rapidly evolving. The contextual elements that have not materially changed in the
last 50 years include:

A focus on the problems of the customer and society.

The delivery of new products, processes and systems.

The role of invention and new technology in shaping the future.

The use of many disciplines to develop the “solution”.

The need for engineers to work together, to communicate effectively, and to
provide leadership in technical endeavors.

e The need to work efficiently, within resources and/or profitably.

In the last 50 years, we have seen changes in the context of engineering. Some
of the evolving factors include:

e Sustainability—a change from mastery of the environment to stewardship of the
environment.

e Globalization—international competition and cooperation and distribution of
engineering activities

e Innovation—an emphasis on the delivery of new goods and services.

e [eadership—a new emphasis on engineers as leaders in organizations.

e Entrepreneurship—the creation of new enterprises and the regional economic
impact that this brings about.

We will discuss each of these evolving contextual elements.

Sustainability. Sustainability refers to the long-term maintenance of wellbeing,
which has environmental, economic, and social dimensions. It encompasses the
concept of stewardship, that is, the responsible management of resources. Moving
towards sustainability is a social challenge that entails, among other factors, inter-
national and national law, urban planning and transport, local and individual life-
styles, and ethical consumerism. Ways of living more sustainably can take many
forms from reorganizing living conditions, to reappraising work practices, to
developing new technologies that reduce the consumption of resources. Today’s
engineering graduates need to be prepared to address issues of sustainability in the
products, processes, and systems that they design and implement. They will need
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to solve technological problems and use business practices that lead to improved
global economic, social, and environmental situations.

Globalization. Globalization refers to the lowering of barriers to form an inte-
grated economy leading to globally complex and fluid systems of communication,
production, services and trade. Increasingly, businesses compete and interact on a
global scale. They operate across national and international borders with organiza-
tional environments that are increasingly complex, dynamic, and have greater inter-
dependencies. As a result, engineers will need not only technical competencies but
also an understanding of global conditions and an awareness of, and sensitivity to,
differences in cultural environments and work ethics [9]. Employers have expressed
the need for undergraduates to have global competence to enable them to function in
the corporate environment [10, 11]. Today’s engineering graduates not only have to be
work-ready, they have to be world-ready, that is, ready to work and ready to address
global engineering issues of diverse peoples and environments. The challenge for
education programs is to assist students to prepare for this interdependent global envi-
ronment. A recent study in Australia found that there is a worldwide requirement to
increase the internationalization of engineering programs—both content and context—
and to support the mobility of engineering students and scholars [12].

Innovation. Innovation is the successful exploitation of new ideas. When used
by engineers, innovation implies incorporating new ideas and technologies into
new products and services. This requires a team to understand evolving market
forces, successfully develop and incorporate new technologies, and design and
implement new products, processes and systems, which then must be successfully
marketed, sold and supported in the field. The topic of innovation is of great inter-
est because of two parallel trends. From the business perspective, innovation is a
route to new markets, large volumes, higher profitability and a more robust future.
From the perspective of governments, innovation is a source of economic health
and competitiveness.

The engineering and technical aspects of innovation are already highly aligned
with the context of engineering practice. The emphasis in innovation on creat-
ing new things challenges engineers to be more creative and effective at conceiv-
ing-designing-implementing-operating, but it does not fundamentally redefine
what engineers do. To reflect this alignment, section 4 of the CDIO Syllabus
v2.0 (Table 2.2) is called Conceiving, Designing, Implementing, and Operating
Systems in the Enterprise, Societal and Environmental Context—the Innovation
Process. This last phrase emphasizes the inherent nature of engineering practice.

Leadership. Northouse [13] defines leadership as “a process whereby an indi-
vidual influences a group of individuals to achieve a common goal.” Leadership
is not fundamentally an issue of position or authority, but of influence, often over
those over whom one does not have authority. Leadership is a generic capability
and process that manifests itself in business, politics, science and engineering.

Throughout much of history, engineers were the leaders of technical endeavors,
because knowledge of engineering was essential to make key decisions. In the later
20th century, a pattern emerged where non-technically-prepared “managers” began
making key decisions and taking senior roles in engineering endeavors. Some think
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this has led to a decrease in the effectiveness of innovation. In many parts of the
world, there is a widespread concern for this pattern, and a sense that engineers must
re-assume a stronger leadership role in technically based organizations. This does
not imply they will become the business leaders or chief executive, but they must
have a seat at the table with the business and policy leaders, and they must direct the
technical work. As will be seen in Chap. 3, section 4 of the CDIO Syllabus v2.0 has
been extended to include issues of engineering leadership.

Entrepreneurship. The word entrepreneurship originally meant the process
of undertaking a new task, but has become synonymous with the creation of new
business enterprises. Entrepreneurs have the simultaneous tasks of innovation, that
is, bringing the first product to market, and of building and financing a new organi-
zation. In many regions, entrepreneurship is a significant source of new jobs and
economic growth, and is being strongly incentivized by governments and univer-
sities. From the perspective of the entrepreneur, entrepreneurship is a high-risk,
high-potential reward activity. The role model of many successful high-tech entre-
preneurs has particularly excited young engineers in many nations.

Other than the scarcity of resources, lack of established process, and the
extreme need to succeed quickly on the first product, the fundamental engineering
nature of work in an entrepreneurial firm is not very different than work in other
engineering contexts. There are many things that are different about entrepreneur-
ial ventures, including creating an organization and raising capital. These distinct
activities associated with an entrepreneurial setting are also discussed in Chap. 3
as an extension of the CDIO Syllabus.

The Context of Engineering Education

Having established the context of professional engineering practice, it is now
desirable to define an appropriate context for engineering education. In education,
context refers to the surroundings and environment that help establish meaning and
understanding. Educational context includes the experience base of the students,
the factors that motivate learning, and the projections to the ultimate applications
of the learned material.

CDIO as the context of engineering education. If we are to base the context
of education on the context of professional engineering practice, the implications
for engineering education are relatively clear. We should set the education firmly
in the timeless aspects of the professional context:

A focus on the needs of customers.

Delivery of products, processes and systems.
Incorporation of new inventions and technologies.
A focus on the solution, not disciplines.

Working with others.

Effective communication.

Working within resources.
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We should make students aware of the new and evolving elements of con-
text, and incorporate them appropriately—sustainability, globalization, innova-
tion, leadership and entrepreneurship. This is the idea that is captured in CDIO
Standard 1.

As mentioned earlier, we do not believe that conceiving-designing-implementing-
operating should be the content of the education. Almost all agree that at the
university, students should learn the fundamental technical knowledge and
approaches of an engineering discipline: mechanical engineering, civil engineering,
biological engineering, etc. What we assert is that students understand this content
better in the appropriate context, and that their learning of personal, interpersonal and
system building skills is significantly enhanced by placing them in the CDIO context.

Alternative lifecycle contexts. Conceiving-Designing-Implementing-Operating
is intended to capture a model, not necessarily the only model, of the product, pro-
cess or system lifecycle. There are alternatives to choosing this particular model
as the context of engineering education. Some would argue that design, by itself,
is the central activity of engineering. While design activities are certainly impor-
tant, a focus on them as the exclusive context tends to exclude the important role
that engineers have in identifying new products and systems, developing new tech-
nologies, implementing, and operations. We would argue that the entire product,
process or system lifecycle, encompassing all of the activities of engineering, is a
more appropriate context for engineering education.

However, CDIO is not the only possible lifecycle model. It tends to be interpreted
as a “top—down” model, in which conceiving new products and systems is driven by
customer or societal needs. Often, conceiving is enabled by invention and new tech-
nology, which is then matched to societal or customer needs. For example, in the
emerging field of biological engineering, educators at MIT have constructed a lifecy-
cle model called MMMM for Measure-Model-Manipulate-Make. These are thought
of as the essential activities on the pathway to a new biomolecule. First, you meas-
ure what nature already gives us as building materials, then you model them. With a
model, you can devise and then execute manipulations of the building blocks to create
new “solutions”. This is an encompassing description that establishes a professional
context for students and distinguishes the role of biological engineers from biologists.

It is possible to construct context statements that are more encompassing than
conceiving-designing-implementing-operating. Group T in Leuven, Belgium, for
example, describes five “E” terms around which their program is built. The first
three E’s represent the roles engineers play in society: engineering, enterprising,
and educating. The remaining two E’s are even broader in scope: environmenting
(embracing all elements of the surroundings) and ensembling (transcending and
seeing the coherence of things) [14]. Whether it is explicitly conceiving-designing-
implementing-operating, a variant such as MMMM, or an extension such as EEEEE,
it is important that we place the education of students in the context of product,
process, and system lifecycle development and deployment.

Rationale for adopting a lifecycle model as the context. The rationale for
adopting the principle that the system lifecycle—conceiving, designing, imple-
menting and operating—is the appropriate context for engineering education is



32 2 The CDIO Approach

supported by four arguments: (1) it is what engineers do; (2) it is the basis for the
desirable skills that industry proposes to university educators; (3) it is the natural
context in which to teach these skills; and, (4) it better supports the learning of the
technical fundamentals. The first three of these points are discussed quickly in this
section, and the fourth, a far more encompassing point, is discussed in the next.

The first of the four points—modern engineers engage in some or all phases
of conceiving, designing, implementing, and operating—has been argued above.
Students come to us wanting to be engineers, and understand that these are the
essential activities of engineering. We actually disappoint them, and reduce their
motivation and dedication by not immersing them in the lifecycle context. If we
set the engineering education in the context of practice, we reflect to our students
what engineers actually do to serve humanity.

The second point is evidenced by the widespread and organized input from
industry concerning the skills that students should possess, as discussed in Chap. 1.
Industry has articulated the need for a broader emphasis on the skills actually used
by engineers in the professional context. What these commentaries by industrial-
ists have in common is that they enumerate the knowledge, skills and attitudes that
reflect the professional practice of engineering, always underscoring the impor-
tance of engineering fundamentals. The context of professional practice defines
the need for knowledge and skills.

The third argument is subtle. In principle, it is possible to teach students the
skills and attitudes of engineering while they work by themselves on engineering
theory, but this approach may not be very effective. What could be a more natural
way to educate students in these skills than to set the education in the context of
product, process and system development and deployment, that is, the very context
in which students will use the skills?

Pedagogical rationale for the lifecycle context. The fourth point in the rationale
for adopting the product, process, and system lifecycle as the context for engineering
education is related to more effective learning of technical fundamentals. Learning
is more effective when teaching and learning experiences are set within an environ-
ment or surroundings that help with understanding and interpretation. In education
practice, this is called contextual learning. Contextual learning is a proven concept
that incorporates much of the most recent research in cognitive science. According
to contextual learning theory, learning occurs when students process new knowledge
in such a way that it makes sense to them in their own frames of reference. This
approach to learning and teaching assumes that the mind naturally seeks meaning in
context, that is, in relation to the person’s current environment, and that it does so by
searching for relationships that make sense and appear useful [15].

Characteristics of contextual learning. Drawing on its roots in constructivist
learning theory, as well as theories of cognition and learning, contextual learning
has the following characteristics:

e New concepts are presented in real-life situations and experiences that are
familiar to students.
e Concepts in problems and exercises are presented in the context of their use.
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e Concepts are presented in the context of what students already know.

e Examples include believable situations that students recognize as being important
to their current or possible future lives.

e Learning experiences encourage students to apply concepts and skills in useful
contexts, projecting students into imagined futures, e.g., possible careers in unfa-
miliar workplaces [16].

The rationale for adopting a contextual learning approach is persuasive. This
approach encourages students to choose specific careers and remain in their
respective career preparation programs. Learning environments and experiences
set in professional contexts open students’ minds, enabling them to become more
thoughtful, participative members of society and the workforce. Moreover, a con-
textual learning approach assists students in learning how to monitor their own
learning so that they can become self-regulated learners.

Benefits and examples of contextual learning. Contextual learning approaches
offer several benefits to engineering education. In addition to those already mentioned,
this approach increases retention of new knowledge and skills, and it interconnects
concepts and knowledge that build on each other. Contextual learning communi-
cates the rationale for the meaning of and the relevance of what students are learning.
A few examples of contextual learning may help to illustrate the benefits of contextual
learning. In thermodynamics, the study of thermal conductivity might be applied in
experiences that measure how the quality and amount of building insulation materials
affect the amount of energy required to keep the building heated or cooled. Fieldwork
in a hospital research laboratory can provide a stimulating context and rationale for
the design of medical devices. Soliciting requests for innovative products and services
from community nonprofit organizations can give meaning and relevance to design-
implement experiences in engineering programs.

Contextual learning is the basis for adopting the product, process, and system
lifecycle as the context for engineering education. This approach underlies our
belief that when engineering students acquire knowledge and skills that are rel-
evant to the engineering profession, they are more motivated to learn, learn more
effectively, know how to apply what they have learned in meaningful ways, and
are encouraged to remain in engineering careers. For these reasons, the adoption
of the product, process, and system lifecycle is the foundational principle of the
CDIO approach, and the first of the principle of effective practice.

Realizing the Vision

As described earlier in this chapter, the CDIO approach addresses the widely recog-
nized need to educate students who understand how to conceive-design-implement-
operate complex value-added engineering products, processes, and systems in a
modern team-based environment. The key program goals are to educate students
who can master a deeper working knowledge of technical fundamentals, lead in the
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creation and operation of new products, processes, and systems, and understand the
importance and strategic impact of research and technological development on society.
We believe these goals are reached when conceiving-designing-implementing-oper-
ating products, processes, and systems is the context of the education. The vision
includes learning outcomes set through stakeholder engagement, and an education
centered on a sequence of integrated experiential learning experiences, set in a cur-
riculum organized around mutually supporting technical disciplinary courses with
personal and interpersonal skills, and product, process, and system building skills
highly interwoven. The pedagogical foundation supports the premise that with well-
planned concrete experiences in engineering and active and experiential learning, the
goals can be reached with existing resources.

The challenge in realizing the vision is to transform engineering programs and,
in fact, the culture of engineering education. To aid in this transformation, we have
adopted a number of techniques to engage engineering faculty, facilitate progress,
and ensure quality:

A rigorous statement of goals for student learning, that is, the CDIO Syllabus.

A clear set of principles of effective practice, that is, the CDIO Standards.

Support for organizational and cultural change.

Enhancement of faculty competence in both engineering skills and in teaching,

learning, and assessment methods.

e Shared open-source resources so that, in the steady state, a reformed program is
not substantially more resource intensive than a standard program.

e Collaboration of programs for parallel development and approaches to common
issues.

e Foundation on engineering educational research and effective practices.

e Alignment with national standards and other major reform initiatives.

e Strategies to attract and motivate students.

The desired outcomes of the CDIO approach are to attract and interest students
and to educate engineers who are “ready to engineer.” Each of these techniques is
described briefly here and explained in more detail in subsequent chapters. The
first two—the CDIO Syllabus and the CDIO Standards—constitute the what and
how of educational reform, as suggested by Fig. 2.3.

The CDIO Syllabus

The starting point for educational design and development is the statement of learn-
ing outcomes, that is, the capabilities or competencies that students should possess
upon completion of a course or program. This statement of learning outcomes is the
answer to question, What is the full set of knowledge, skills, and attitudes that engi-
neering students should possess as they leave the university, and at what level of
proficiency? Clear statements of learning outcomes play a key role in educational
design by
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Fig. 2.3 Implementing the IMPLEMENTING THE CDIO APPROACH
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e Formalizing the knowledge, skills, and attitudes that alumni, faculty, industry
leaders and society expect from engineering graduates.

e Supporting the design of an integrated curriculum (see Chap. 4), integrated learn-
ing experiences (see Chap. 6), and systematic assessment of student learning
(see Chap. 7).

e Providing information for current and future students about the program.

The CDIO Syllabus, discussed briefly in this chapter, is explained in detail in
Chap. 3.

The CDIO Standards

We have developed 12 principles of effective practice that we call the CDIO

Standards. They codify the guiding principles in designing and developing a

program. They are the outline of the answer to a second central question, “How can we

do better at ensuring that students learn these skills?” The Standards serve as guide-

lines for educational program reform and evaluation, create benchmarks and goals

with worldwide application, and provide a framework for continuous improvement.
The 12 CDIO Standards address

The foundational principle of a lifecycle context of education (Standard 1).
Curriculum development (Standards 2, 3 and 4).

Design-implement experiences and workspaces (Standards 5 and 6).
Methods of teaching and learning (Standards 7 and 8).

Faculty development (Standards 9 and 10).

Assessment and evaluation (Standards 11 and 12).

The Standards are also the organizing principle of this book. Each chapter
focuses on one or two standards, explaining their meaning and giving examples of
their application in existing CDIO programs. Table 2.4 lists the 12 Standards with
references to the chapters in which they are discussed. Complete statements of
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Table 2.4 The CDIO standards
CDIO standard Chapter

1 The context 2
Adoption of the principle that product, process, and system lifecycle development
and deployment—Conceiving-Designing-Implementing-Operating—are the
context for engineering education
2 Learning outcomes 3
Specific, detailed learning outcomes for personal and interpersonal skills; and
product, process, and system building skills, as well as disciplinary knowl-
edge, consistent with program goals and validated by program stakeholders
3 Integrated curriculum 4
A curriculum designed with mutually supporting disciplinary courses, with an
explicit plan to integrate personal and interpersonal skills, and product,
process, and system building skills
4 Introduction to engineering 4
An introductory course that provides the framework for engineering practice in
product, process, and system building, and introduces essential personal and
interpersonal skills
5 Design-implement experiences 5
A curriculum that includes two or more design-implement experiences, including
one at a basic level and one at an advanced level

6  Engineering workspaces 5
Engineering workspaces and laboratories that support and encourage hands-on
learning of product, process, and system building, disciplinary knowledge,
and social learning
7 Integrated learning experiences 6
Integrated learning experiences that lead to the acquisition of disciplinary
knowledge, as well as personal and interpersonal skills, and product, process,
and system building skills

8  Active learning 6
Teaching and learning based on active and experiential learning methods
9 Enhancement of faculty competence 8

Actions that enhance faculty competence in personal and interpersonal skills,
and product, process, and system building skills
10 Enhancement of faculty teaching competence 8
Actions that enhance faculty competence in providing integrated learning
experiences, in using active experiential learning methods, and in assessing
student learning
11 Learning assessment 7
Assessment of student learning in personal and interpersonal skills,
and product, process, and system building skills, as well as in
disciplinary knowledge
12 Program evaluation 9
A system that evaluates programs against these standards, and provides
feedback to students, faculty, and other stakeholders for the purposes of
continuous improvement

the CDIO Standards are found in the appendix. For each standard, a description
explains the meaning of the standard, highlighting reasons for setting the stand-
ard. Rubrics for self-evaluation using the standards have also been developed. As
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explained in Chap. 9, the standards are also used as the basis of program evalua-
tion and continuous improvement.

Organizational and Cultural Change

Implementing the CDIO approach implies a shift in the nature of engineering
education to a more integrated curriculum, in the context of product, process, and
system building. This will be a challenge. The current engineering faculty are
largely engineering researchers. They tend to think of disciplines in isolation,
explain them based on theoretical underpinnings, and focus on the evolution of
the discipline, rather than its application or synthesis. A CDIO approach highlights
the need for integration of disciplines and the focus on solutions that are part of the
context of engineering.

One of the important features of the CDIO approach is a program-level scale of
change. This, too, will be a challenge. Many dedicated engineering educators have
responded to the needs for reform of engineering education, and many in industry,
government, and accrediting bodies have tried to help. However, many of these
changes are introduced at the level of a course or module. Universities and funding
sources often invest resources in these faculty members to develop new pedagogi-
cal approaches based on practice and new content. These faculty members often
receive departmental and university awards for teaching, and they are revered by
their students. They are important sources of new ideas and form a pool of early
adopters in systemic reform efforts. However, experience shows that if the good
practices they develop are not incorporated into a program and institutionalized,
their impact will fade as instructors tire or rotate to other courses.

The reform of engineering education is best addressed on a department or pro-
gram level. In this way, common expectations for faculty performance and student
responsibility for learning can be set and maintained. The educational program
must be viewed as a system in which each element carries both individual and col-
lective learning objects for the program. We observe that any successful attempt
at engineering education reform should include most or all of the learning experi-
ences from which a student benefits, and, therefore, must be set and maintained at
a program or department level.

The CDIO approach actually calls for a mixture of these two approaches—
which might be thought of as “top down” and “bottom up.” The bottom up com-
ponent is the interest and dedication of the individual professors. They must be
interested in change and willing to develop or adapt good practice. However, there
also must be collective action on the part of those who work in a department or
program. Evidence of change in universities indicates this as the more effective
approach [17]. Bringing about such a transformation will require more than simply
redrafting curricula; it may require cultural change. To be effective in this transfor-
mation, we should acknowledge this and be prepared to learn from best practice in
organizational and cultural change. This is a central topic of Chap. 8.
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Enhancement of Faculty Competence

Part of the change process requires strengthening the competence of faculty in
engineering skills and in active and experiential learning and student assess-
ment. There is little reason to expect a faculty that has been recruited as a cadre
of researchers to be proficient in many of the skills of engineering practice. And
there is no reason to expect that these faculty researchers would be able to teach
these skills. Therefore, if we are to successfully support student learning, we must
develop approaches to enhancing the skills of engineering faculty. Likewise, fac-
ulty have, by and large, been educated using pedagogical styles based on infor-
mation transmission, such as lectures. If we are to develop a learning-focused
education, which relies on active and embedded learning, current faculty must
be supported in their personal development and use of these techniques. In both
cases-engineering skills and teaching-the transformation will be broader and more
effective if there is a well-planned effort to build faculty competence, by bringing
individuals with this background to the team and enhancing the competence of the
existing team. Enhancement of faculty competence is addressed in Chap. 8.

Open-Source Ideas and Resources

No elements in the CDIO approach are prescriptive. We have developed resources
to help engineering programs resolve the essential conflict in engineering educa-
tion, that is, time and resources for learning both the disciplinary fundamentals
and personal and interpersonal skills, and product, process, and system building
skills. These resources are intended to facilitate the rapid adaptation and imple-
mentation of the CDIO approach into university programs.

To date, the CDIO approach has been implemented in programs that represent
differences in goals, students, financial resources, existing infrastructure, univer-
sity constraints, governmental legislation, industry needs, and professional soci-
eties’ certification. To accommodate these differences and to acknowledge that
our approach is under ongoing development and adaptation, it is codified and
documented as an open source. An open accessible architecture for the program
materials promotes the dissemination and exchange of ideas and resources. These
resources are specifically designed so that university engineering programs can
adapt the CDIO approach to their specific needs. Engineering programs can imple-
ment the entire approach or choose specific components.

The resources available to engineering programs that wish to adapt and imple-
ment the CDIO approach include materials that introduce the model, the CDIO
Syllabus, survey tools for investigating stakeholder needs, guidelines for design-
implement experiences, support for implementation, start-up advice, and suggested
steps for the transition. The transition process and its related tools are addressed in
more detail in Chap. 8.

All academic programs exist within an environment of limited resources. We have
designed the approach so that a CDIO program can be implemented with a re-tasking
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of existing resources. However, when entering into a program of education reform,
we must differentiate between resources needed in the transition and resources
in steady state. It is inevitable that in the reform transition, extra resources will be
needed. Change is not without cost. However, in steady state, we cannot expect
more resources, and, therefore, must find new approaches that largely re-task exist-
ing resources, for example, faculty time, student time, space. Chapter 8 describes
resources that help minimize this transitional effort and maximize the benefits of
implementing a CDIO program.

Value of Collaboration for Parallel Development

The collaboration of engineering programs in countries worldwide is a fundamen-
tal part of our approach to development. Engineering educators around the world
struggle with similar issues, for example, the tension between science-oriented
goals and practice-oriented skills. Addressing this tension is a challenge for any
engineering education designer. The key to effective educational development is
not to make minor trade-offs between these two goals, but rather to create a new
model for engineering education that encompasses both. This undertaking is dif-
ficult for a single program or department.

There are many advantages to working with university consortia when they are
properly structured, the principal being acceleration of effort. Consider, for exam-
ple, a reasonable timeline for systemic education reform: in Year 1, an opportunity
for improvement is identified, and an approach developed; in Year 2, the approach
is tested; in Year 3 or 4, it is refined and implemented. Now consider the tasks asso-
ciated with this reform: (a) the curriculum—what will be taught and where; (b) the
pedagogical component—how the curriculum will be taught; (c) the evaluation com-
ponent—how the intended outcomes will be measured and improved; and (d) work-
space and logistics—the learning environment. The advantages of a consortium are
parallel development and shared tasks. As a team, collaborating universities identify
common opportunities for improvement, implement several different approaches
simultaneously, and compare results based on common evaluation tools. This collabo-
ration greatly accelerates reform efforts. It also allows the sharing of resources and
experience, which reduces the cost of transition and increases the likelihood of suc-
cess. Engineering education reform that is undertaken by a consortium of programs or
departments allows parallel development and the sharing of resources. The consortium
of universities that have adopted a CDIO approach is described at http://www.cdio.org.

Foundation on Educational Research
and on Effective Practices

There are a growing number of engineering education research programs around the
world that seek to identify best practice and to develop new approaches based on
learning theory. For example, the National Academy of Engineering in the United
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States coordinates a number of research centers and projects through its Center for the
Advancement of Scholarship on Engineering Education (CASEE) [18]. Engineering
faculty are often unaware of educational theories and practices that could help them
accelerate reform efforts. Many of these research-based initiatives have been suc-
cessful at bringing together interested parties from both engineering and education to
build stronger teams. In the CDIO approach, we attempt to build engineering educa-
tion reform on a well-informed adoption of best practice and understanding of models
of learning that are broadly applicable to engineering disciplines.

Alignment with National Standards and Other
Change Initiatives

This is an era of increased attention to educational processes in higher education
generally, and specifically for engineering. In some cases, national accreditation
standards have been revised to reflect an outcomes-based approach to programs.
Examples include ABET in the United States [19] and UK-SPEC in the United
Kingdom [20]. In other cases, reform of higher education is the result of large-
scale regional reform, for example, the Bologna Declaration [21], or the project
for the Accreditation of Engineering Programs and Graduates (EUR-ACE) [22].
Recently, the Canadian Engineering Accreditation Board (CAEB) has created a set
of guidelines for the evaluation of programs there [23].

We have made every attempt to ensure that the CDIO approach is aligned with
these efforts. Chapter 3 discusses the comparison of the CDIO Standards with sev-
eral national accreditation standards. These comparisons show a similar trend, that
is, the CDIO Syllabus is more comprehensive and has a more explicit organization
based on the tasks of engineering. Consequently, an engineering education program
designed to meet the student learning outcomes set forth in the Syllabus can easily
meet its respective national standards. Alignment with the objectives of the Bologna
Declaration is discussed in Chap. 11. The CDIO Syllabus outcomes and the 12 CDIO
Standards are stretch goals that even the best programs around the world must work
diligently to meet. National standards present the rules of what to do. By contrast, the
Standards and Syllabus form a best-practice framework that serves as a playbook—
the approaches, resources, and community that allow a program to achieve its goals.

Strategies to Attract and Motivate Students

One of the important goals of the CDIO approach is to make engineering more
interesting, and, therefore, increase student motivation and retention. In much of the
world, there is great concern that more scientists and technologists will be needed
in the future, and that current supply is insufficient. We believe that we have incor-
porated several features that will attract and motivate students. Many students are
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attracted to engineering by the belief that engineers build things and are disap-
pointed by the first years of traditional engineering education when they are taught
theory. By placing early and repeated design-implement experiences in the curricu-
lum, we have appealed to this desire to build and create. Many students complain
that engineering education “beats them down” through a demanding schedule of
theory-alone education with little reward. By using active and experiential learning
techniques and projects, we offer students a chance to develop a sense of empower-
ment and self-efficacy critical to their perception of self-worth. Projects also provide
opportunities to express creativity and demonstrate leadership, with visible signs of
accomplishment. These factors are captured in the reaction of several students who
have graduated from our programs. Their experiences are framed in Box 2.2.

Box 2.2 STupeNT VIEWS OF THE BENEFIT OF A CDIO PROGRAM

The single reason I picked KTH over another school was the promise of
building an aircraft at the end of the program—something the other schools
didn’t offer. A course where you get to design and build and fly is a great
opportunity to try your own wings, to see how much you’ve actually learned,
and to own the whole process. It is much more rewarding to solve your own
problem, instead of the professor’s problem sets. To practice skills and tech-
nical knowledge in a project makes you feel more ready for the real job of
engineering.
—H. GRANKVIST, FORMER STUDENT,
RovAL INsTITUTE OF TECHNOLOGY (KTH)

One of the major benefits of participating in a CDIO program is that it allows
you to develop skills such as engineering reasoning and problem solving.
Our profession demands that you have the ability to identify and formulate
problems, as well as formulate solutions and recommendations. These are
essential skills that a CDIO approach emphasizes. I find that the engineer-
ing skills are very important, both for me personally and also for my future
employers. The skills of engineering reasoning and problem solving also help
bridge the gap between university study and work life, making the transi-
tion easier and quicker. A CDIO program creates a supportive environment
for today’s engineering students as we prepare to be a part of a profession
where teamwork and communication skills are essential. In a way, a CDIO
program assures a certain level of development in these skills. Consequently,
all students, not only the students who are most active in extra-curricular
activities, are able to develop these skills during their university years.
I believe that we are personally responsible for our own development. By tak-
ing part in a CDIO program, we learn the importance of this at an early stage.
—A. WIBRING, FORMER STUDENT,

CHALMERS UNIVERSITY OF TECHNOLOGY

(Continued)
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Box 2.2 STupENT VIEWS OF THE BENEFIT OF A CDIO PROGRAM—CONT’D

In my view, the ideal engineering program is well described by the CDIO
Syllabus. The emphasis is on technical knowledge and practical methods,
which are taught in the context of the real-world requirements of the engi-
neering profession. Teamwork, written communication, and professional
ethics, as well as an understanding of the external (e.g., financial, political,
environmental) factors that affect today’s engineers are important features
of the curriculum. During my education, I was able to develop many of the
skills a CDIO program is intended to address. Early in my program, course-
work emphasized knowledge of the engineering sciences and its application
in problem solving. Later courses included more of the “new” elements of
the curriculum, such as working in project teams and delivering presenta-
tions. In general, these assignments were a valuable part of my engineering
studies and have paid dividends since graduation.
—P. SPRINGMANN, FORMER STUDENT,
MASSACHUSETTS INSTITUTE OF TECHNOLOGY (MIT)

Another factor in attracting and motivating students is to show that the education
leads to higher quality employment. In fact, in response to industry stakeholders
who hire engineering graduates, we should be preparing students who are
“ready to engineer.” These graduates are more readily hired, have more success-
ful careers, and have more impact in their profession. Preliminary indications are
that firms familiar with the CDIO approach are eager to hire graduates of these
programs as evidenced by the comments of Billy Fredriksson, former Chief
Technology Officer of SAAB, presented in Box 2.3. If we make engineering edu-
cation more interesting, empowering, and rewarding, and simultaneously increase
the learning of both fundamentals and skills, the demand for this education will
increase and the needs of society for a technological workforce will be met.

Box 2.3 CDIO ENGINEERS IN INDUSTRY

Industry would prefer to hire engineers from CDIO programs because they
have received excellent training in how to apply their basic theoretical
knowledge to the development of practical product- or process-related pro-
jects. During their studies, CDIO engineering students get a good introduc-
tion to the real practice of engineering. They have learned both the technical
skills and also personal and interpersonal skills, and the importance of holis-
tic approaches and systems integration in designing and building products.
This means that the CDIO engineers will probably be able to apply their
knowledge more quickly when starting work in industry. They can more eas-
ily and quickly work productively in engineering teams.

There are several reasons why engineering students graduating from a CDIO
program will likely have more options and be more successful in pursuing their
careers. I would expect these graduates to start their industrial careers more
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rapidly, either as a disciplinary specialist or as a project engineer. As disciplinary
specialists, they know the importance of taking into account requirements from
related areas when integrating results into the product or system. As project engi-
neers or project leaders, they are more prepared for, and understand the impor-
tance of, teamwork and other personal and interpersonal skills. They are able to
look after and secure the integrated result and performance of the final product,
and they recognize the importance of timing to the project. Thus, graduates from
CDIO programs will be more attractive to industry and more likely to succeed
both personally and in their responsibility to build systems of value to society.
—B. FREDRIKSSON, SAAB

Summary

This chapter presented an overview of the CDIO approach, including its need, goals,
vision and pedagogical foundation. It explained the meaning and importance of con-
text, both in the professional practice of engineering and in engineering education. It
introduced the CDIO Syllabus and the 12 principles of effective practice, called the
CDIO Standards. Finally, this chapter explained ways in which to adapt and imple-
ment the CDIO approach, based on principles of organizational and cultural change.

The CDIO approach envisions an education that stresses the fundamentals, set in
the context of conceiving-designing-implementing-operating products, processes, and
systems. The salient features of the vision are clearly articulated learning outcomes,
an integrated curriculum, basic and advanced design-implement experiences, active
and experiential learning, and robust learning assessment and program evaluation.

The foundational principle, expressed as CDIO Standard 1, is that prod-
uct, process, or system lifecycle development and deployment is the context for
engineering education. The current context of engineering practice includes such
evolving factors as sustainability, globalization, innovation, leadership, and entre-
preneurship. The rationale for adopting C-D-I-O as the context is that it describes
what engineers do and is the basis for achieving the knowledge, skills, and atti-
tudes desired by stakeholders of engineering education.

In the next chapter, we address the question of what engineering students should
learn, that is, the full set of knowledge, skills, and attitudes that engineering stu-
dents should possess as they leave the university, and at what level of proficiency.
The main resource for setting such learning outcomes is the CDIO Syllabus.

Discussion Questions

1. In what ways are you improving engineering education in your own programs?
2. How can the CDIO approach to engineering education be applied to your
reform initiatives?
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. Which barriers to educational reform are common to programs around the

world? Which may be unique to your program?

. How do your educational initiatives compare with the CDIO approach and

other reform efforts?
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Chapter 3
The CDIO Syllabus: Learning Outcomes for
Engineering Education

Introduction

We will now develop a comprehensive approach to answering the first question
central to the reform of engineering education, posed in Chap. 2:

What is the full set of knowledge, skills, and attitudes that engineering students should
possess as they leave the university, and at what level of proficiency?

Said another way, what are the desired learning outcomes for engineering education?
This question highlights the tension between two apparently conflicting needs. It is
our responsibility as university educators to give students a solid foundation in a broad
body of disciplinary knowledge. On the other hand, engineers must possess a wide
array of personal and interpersonal skills, and product, process and system building
skills that will allow them to function on real engineering teams in order to produce
tangible benefits to society. The CDIO approach attempts to resolve this tension and to
address the complete needs of students. We do this by first developing a comprehen-
sive understanding of the knowledge, skills, and attitudes needed by the contemporary
engineer, that is, the desired learning outcomes. The development of this understand-
ing is the subject of this chapter. The curricular, pedagogical, and assessment strategies
to facilitate meeting these learning outcomes are addressed in Chaps. 4, 5, 6, 7, 8, 9.
This chapter describes the development and content of the CDIO Syllabus, a
codification of contemporary engineering knowledge, skills, and attitudes that con-
stitute the foundation for the reform of university engineering education programs.
Engineers might view the Syllabus as a requirements document for engineering
education. For education specialists, it can be viewed as a comprehensive state-
ment of learning outcomes. Both are equally valid interpretations. It is our aim that
we move toward a resolution of the tension in contemporary engineering educa-
tion by providing a complete enumeration of the knowledge and skills that gradu-
ating students should possess. This enumeration should be sufficiently general to
allow it to be applied to all branches of engineering. On the other hand, it should be
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sufficiently detailed to be useful in curriculum planning and learning assessment.
The first half of the chapter describes the development of the Syllabus, addressing
the first part of the central question, “What is the full set of knowledge, skills, and
attitudes that engineering students should possess as they leave the university?”
Traditionally, the second part of the central question—ar what level of
proficiency?—is decided internally by university faculty, by consensus, or by the
choice of individual instructors. We advocate an approach that includes stakeholders
from among students, faculty, university staff, alumni, and industry representatives
working together to set the expected level of proficiency for each learning outcome.

Chapter Objectives

This chapter is designed so that you can

e Explain how the content of the CDIO Syllabus is derived from engineering practice.

e Describe the content and structure of the Syllabus.

e Explain the rationale for specifying learning outcomes in personal and inter-
personal skills, and product, process and system building skills, as well as in
technical disciplines.

e Describe how to engage stakeholders within and outside the university in the
development of detailed learning outcomes.

e Outline a process for developing learning outcomes for engineering education
that can be generalized to all disciplines.

The Knowledge and Skills of Engineering

The required knowledge and skills of engineering are best defined through the exami-
nation of the practice of engineering. In fact, from its conception as a profession early
in the 19th century until the middle of the 20th century, engineering education was
based on engineering practice. As explained in Chap. 1, the last half-century of engi-
neering education saw its development move from a practice base to an engineering-
science base. We now are observing a renewed interest in developing a third approach
that merges the best of the engineering-science and practice viewpoints. This third
approach requires a re-examination of the needs of modern engineering practice.

Required Engineering Knowledge and Skills

As early as the 1940s, attempts were made to codify the nontraditional skills an
engineer must possess. One such attempt, the Unwritten Laws of Engineering [1], called
for the development of such skills as oral and written communication, planning, and
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Table 3.1 Evident shortcomings of graduating engineers with respect to skills and abilities [4]

Most important abilities with respect Greatest deficits in abilities with respect
to EMPLOYMENT to EDUCATION

Work effectively as a team Business approach

Analyze information Management skills

Communicate effectively Project management methods

Gather information Methods for quality assurance

Learn independently Ability to communicate effectively

Knowledge of marketing principles
Sense of ethical and professional responsibilities

the ability to work successfully in organizations. In addition, the Unwritten Laws
emphasized the importance of personal attributes, such as propensity toward action,
integrity, and self-reliance. In many ways, this list of skills remains as valid for today’s
engineers as it was over a half century ago.

With the advent of the modern engineering-science approach in the 1950s, the
education of engineers became more disassociated from the practice of engineering.
Engineering science became the dominant culture of engineering schools, where
fewer faculty members worked as engineers prior to teaching. By the 1980s,
engineering educators and industrialists began to react to this widening gulf
between engineering education and practice. For example, in the essay entitled
What is an Engineer?, Bernard M. Gordon clearly enumerates the knowledge
and skills required for contemporary engineering practice [2] (see Box 1.1 in
Chap. 1).

The past decade has seen a concerted effort to close the gap between engi-
neering education and practice. Major engineering companies, for example, The
Boeing Company, published lists of desired attributes, and leaders of industry
urged a new look at the issues related to the qualifications of engineers [3]. One
might ask if these lists are particular to the United States, a specific field of
engineering, or the needs of a decade? It is interesting that 10 years after these
lists appeared, the World Chemical Engineering Council produced the 2004 list
of the evident shortcomings of engineering graduates with respect to impor-
tant skills of engineering graduates [4], as shown in Table 3.1. Comparison
of this list with those produced by Boeing (see Box 1.2 in Chap. 1), and the
Accreditation Board for Engineering and Technology (ABET) [S]—as well as
other sources spanning 50 years, yields a remarkably consistent image of the
desired attributes of young engineers. The required knowledge, skills, and atti-
tudes that companies desire in their engineers consistently include an under-
standing of engineering fundamentals, design and manufacturing, the context of
engineering practice, and abilities to think critically and creatively, to communi-
cate, and to work on teams.

Based on this consistency, industrial leaders in the United States successfully
lobbied government agencies to fund science and engineering education reform,
persuaded professional societies to revise accreditation standards, and created
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joint working groups to facilitate the exchange of viewpoints. Other industrialized
countries around the world initiated similar educational reforms. Despite good
intentions, most of these initiatives did not have the fundamental impact on educa-
tion originally desired.

Importance of Rationale and Levels of Detail

Two key reasons account for the lack of convergence between engineering educa-
tion and engineering practice: (1) an absence of rationale, and (2) an absence of
detail. Previous lists of skills were derived requirements that failed to make con-
vincing statements of the rationale for why these were the desired attributes of an
engineer. As explained in Chap. 2, the CDIO approach reformulates the underlying
need to make the rationale more explicit. Therefore, the starting point of our effort
was a restatement of the underlying need for engineering education. We believe
that every graduating engineer should be able to:
Conceive-Design-Implement-Operate

complex value-added engineering products, processes, and systems
in a modern, team-based environment.

The rationale is essentially a restatement of the fact that it is the job of engi-
neers to be able to engineer. If the conceive-design-implement-operate premise
is accepted as the context of engineering education, it is possible to derive more
detailed goals and learning outcomes for engineering education that are under-
standable within this rationale. We use this restatement of the underlying need to
organize the content of the Syllabus.

The second limitation is the fact that other existing lists of skills lack sufficient
detail to be widely understood or implemented. The CDIO Syllabus was devel-
oped to address this limitation by creating a clear, complete, and consistent set of
goals for engineering education, in sufficient detail that they can be understood
and implemented by engineering faculty. This set of detailed goals forms the basis
for rational design of the curriculum and a comprehensive system of assessment.

The formulation of the functions of an engineer, from which the Syllabus is
derived, does not in any way diminish the role of engineering science or engi-
neering research. On the contrary, engineering science is the appropriate basis
for engineering education, and engineering research is the process of adding new
knowledge to that base. Although most university professors who adopt a CDIO
approach are engineering scientists and researchers, their programs educate stu-
dents, the vast majority of whom will go on to become professional engineers.
This is true even at research-intensive universities, such as MIT in the United
States, KTH in Sweden, and Tsinghua University in China. Whether students
become practicing engineers or engineering researchers, setting their educational
experiences in the context of the conception, design, implementation, and opera-
tion of systems and products strengthens their backgrounds.
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The CDIO Syllabus

The CDIO Syllabus is a list of knowledge, skills, and attitudes desired of
graduating engineers. It is rationalized against the norms of contemporary engi-
neering practice, comprehensive of all known skills lists, and reviewed by experts
in many fields. The principal value of the Syllabus is that it can be applied across
a variety of programs and can serve as a model for all programs to derive specific
learning outcomes.

The second principle of effective practice, called CDIO Standard Two, empha-
sizes the importance of the Syllabus in engineering education reform.

STANDARD 2—LEARNING OUTCOMES

Specific, detailed learning outcomes for personal and interpersonal
skills, and product, process and system building skills, as well as disci-
plinary knowledge, consistent with program goals and validated by pro-
gram stakeholders.

Note that the standard does not require the use of the Syllabus at all. It calls
more generally for the setting of learning outcomes for the wide range of personal,
interpersonal, and product, process, and system building skills consistently cited
as necessary for engineering practice. It calls for these outcomes to be set in a way
that they are consistent with the goals of the local program and validated by the
program’s stakeholders. In principle, this could be done without any reference to
the Syllabus at all, but with reference to some other comprehensive set of learning
outcomes as perhaps supplied by a national accreditation or evaluation process.

The CDIO Syllabus is a resource and reference document for programs trying to
implement this principle of effective practice. The knowledge, skills, and attitudes
desired as a result of engineering education, that is, the learning outcomes, are codi-
fied in the CDIO Syllabus. These learning outcomes detail what students should
know and be able to do at the conclusion of their engineering programs. In addition
to learning outcomes for disciplinary knowledge (Section 1), the Syllabus specifies
learning outcomes as personal, interpersonal, and product, process and system build-
ing skills. Personal learning outcomes (Section 2) focus on students’ cognitive and
affective development that includes analytical reasoning and problem solving, experi-
mentation, investigation and knowledge discovery, system thinking, creative thinking,
critical thinking, professional ethics and other responsibilities. Interpersonal learn-
ing outcomes (Section 3) focus on individual and group interactions such as team-
work, leadership, and communication. Product, process, and system building skills
(Section 4) focus on conceiving, designing, implementing, and operating products,
processes, and systems in enterprise, societal and environmental contexts.
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Fig. 3.1 Development and integration of the CDIO Syllabus

Learning outcomes are reviewed and validated by key stakeholders, that is,
groups who share an interest in the graduates of engineering programs, for con-
sistency with program goals and relevance to engineering practice. In addition,
stakeholders help to determine the expected levels of proficiency, or standards of
achievement, for each learning outcome. The process of validating the Syllabus
with stakeholders is discussed later in this chapter.

Development and Integration of the CDIO Syllabus

The content and structure of the Syllabus is the focus of this chapter. Content and
structure are motivated, in part, by an understanding of how the Syllabus is used.
Customized with results of stakeholder surveys, the Syllabus lays the founda-
tion for curriculum planning and integration, teaching and learning practice, and
outcomes-based assessment. Figure 3.1 illustrates the development of the CDIO
Syllabus from needs to goals, its customization to program goals, and the integra-
tion of program goals into the curriculum. More details on this process are given
in later chapters. The process of integrating the Syllabus into a program’s curricu-
lum is the subject of Chap. 4. Approaches to teaching and learning the content of
the Syllabus are described in Chap. 6. Student assessment of learning outcomes is
the focus of Chap. 7.

The CDIO Syllabus was developed through focus groups comprised of vari-
ous stakeholders, by reference to other documentation of the time, and through
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peer review. As a result of this development process, what we now call the CDIO
Syllabus version 1.0 emerged in 2001 [6]. Originally intended to help programs
fulfill Standard Two, the CDIO Syllabus v1.0 has proven to be a useful framework
document in over 100 programs worldwide for setting program goals, planning
curricula, and evaluating student learning. It has been translated into Swedish,
French, Spanish, Vietnamese and Chinese.

Since the CDIO Syllabus v1.0 was drafted, it has been a remarkably stable doc-
ument. However, there have been pressures to change the Syllabus. These pres-
sures have two primary sources. The first pressure arises from the development of
new taxonomies of knowledge that surface new issues that should be considered.
These new taxonomies have arisen both from other universities, for example, the
5E Model of Group T in Belgium [7] and from national accreditation or evaluation
bodies, for example, the Canadian Engineering Accreditation Board [8]. Another
source of pressure comes from questions asked by users of the Syllabus looking
for clarification or for knowledge and skill areas that seem to be missing.

A thorough review of these issues was conducted in 2010 and 2011, yielding
the CDIO Syllabus version 2.0 that is described below. The original Syllabus v1.0
is extensively documented in reports and the first edition of this book, and remains
a useful taxonomy. Version 2.0 largely extends and clarifies the taxonomy, build-
ing on the original document. Of course, the Syllabus is just a reference document;
it is not prescriptive. If programs feel that the Syllabus is not appropriate for their
programs, or needs to be expanded, they can modify it in any way desirable to
them. As these documents are only resources, an academic program can choose to
work with either version of the Syllabus or with their own modifications.

Content and Structure of the CDIO Syllabus

Three goals motivated the choice of content and structure of the Syllabus. These
goals were to

e Create a structure whose rationale is clearly visible.

e Derive a comprehensive high-level set of goals that correlated with other
respected sources.

e Develop a clear, complete, and consistent set of topics to facilitate implementa-
tion and assessment.

The point of departure for the derivation of the content of the Syllabus is the
simple statement that engineers engineer, that is, they build products, processes,
and systems for the betterment of humanity. In order to enter the contemporary
profession of engineering, students must be able to perform the essential functions
of an engineer. As described previously, graduating engineers should be able to
conceive-design-implement-operate complex value-added engineering products,
processes, and systems in a modern, team-based environment. Stated another
way, graduating engineers should appreciate the engineering process; be able to
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Fig. 3.2 The CDIO Syllabus 4 Conceiving, Designing,
at the first level of detail Implementing and Operating
Systems in the Enterprise,
Societal, and Environmental
Context-the Innovation

Process
1 Disciplinary 2 Personal and 3 Interpersonal
Knowledge and Professional Skills: Teamwork and
Reasoning Skills and Attributes Communication

contribute to the development of engineering products, processes, and systems;
and do so while working in engineering organizations. Implicit is the additional
expectation that, as university graduates and young adults, engineering graduates
should be mature and thoughtful individuals.

These high-level expectations map directly to the first-level, or X-level, organiza-
tion of the Syllabus, as illustrated in Fig. 3.2. The mapping of the first-level Syllabus
items to the four expectations illustrates that a mature individual interested in tech-
nical endeavors possesses a set of Personal and Professional Skills and Attributes,
central to the practice. In order to develop complex, value-added engineering sys-
tems, students must have mastered the fundamentals of the appropriate Disciplinary
Knowledge and Reasoning. In order to work in modern, team-based environments,
students must have developed the Interpersonal Skills of teamwork and communica-
tion. Finally, in order to create and operate products, processes, and systems, students
must understand something of Conceiving, Designing, Implementing, and Operating
Systems in the Enterprise, Societal and Environmental Context, which is the innova-
tion process.

An independent validation of this mapping is the universal educational taxon-
omy developed by UNESCO [9]. They have proposed that all education should be
organized around four fundamental types of learning:

e Learning to Know, that is, acquiring the instruments of understanding.

e Learning to Do, so as to be able to act creatively on one’s environment.

e Learning to Live Together, so as to cooperate with other people.

e Learning to Be, an essential progression that proceeds from the previous three.
The organization of the CDIO Syllabus can be described as an adaptation of
the UNESCO framework. Technical Knowledge and Reasoning (Section 1) is
akin to UNESCO’s Learning to Know. Conceiving, Designing, Implementing
and Operating Systems in the Enterprise, Societal and Environmental Context
(Section 4) is the application of UNESCO’s Learning to Do to engineering.
Interpersonal Skills: Teamwork and Communication (Section 3) is very close
to UNESCO’s Learning to Live Together. Finally, Personal and Professional
Skills and Attributes (Section 4), placing emphasis on individual development,
is equivalent to UNESCO’s Learning to Be. Although the UNESCO framework
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Fig. 3.3 The CDIO
Syllabus: technical 1.3 Advanced Engineering Fundamental
knowledge and reasoning Knowledge, Methods and Tools

1.2 Core Engineering Fundamental Knowledge

1.1 Knowledge of Underlying Mathematics and Sciences

precedes the first draft of the CDIO Syllabus by several years, the original
drafters of the Syllabus did not know of its existence. Thus, UNESCO and
CDIO independently arrived at the same fundamental structure of these main
types of learning.

The second level of detailed content, or X.X, was shown in Table 2.3, and
will now be presented in some detail. The second level content of Section 1
Disciplinary Knowledge and Reasoning is shown in Fig. 3.3. Modern engi-
neering relies on Knowledge of Underlying Mathematics and Sciences (1.1).
A body of Core Engineering Fundamental Knowledge (1.2) builds on that
science core, and a set of Advanced Engineering Fundamental Knowledge,
Methods and Tools (1.3) moves students towards the skills necessary to begin
a professional career. This is the disciplinary curriculum that engineering
faculties usually debate and define. This section of the Syllabus is, in fact, a
placeholder for the more detailed description of the disciplinary fundamen-
tals necessary for engineering education. The details of Section 1 vary widely
in content from field to field. The placement of Disciplinary Knowledge and
Reasoning at the beginning of the Syllabus is a reminder that the development
of a deep working knowledge of disciplinary fundamentals is, and should, be
the primary objective of engineering education. The remainder of the Syllabus
addresses the more generic knowledge, skills, and attitudes that all engineering
graduates should possess.

Engineers of all types use approximately the same personal and interpersonal
skills, and follow approximately the same generalized processes. In the remaining
three parts of the Syllabus, we tried to be inclusive of all the knowledge, skills,
and attitudes that engineering graduates might require. In addition, we attempted
to use terminology recognizable to all professions. Local usage in different engi-
neering fields will require some translation and interpretation.

The second-level content of Section 2 Personal and Professional Skills and
Attributes is shown with Section 3 Interpersonal Skills in Fig. 3.4. The inner-
most circle highlights the three modes of thought most practiced by engineers:
Analytical Reasoning and Problem Solving (2.1), Experimentation, Investigation
and Knowledge Discovery (2.2), and System Thinking (2.3). These might also be
called engineering thinking, scientific thinking, and system thinking. Each mode of
thinking is further detailed into formulation of issues, the process of thinking, and
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2.4 Attitudes, Thought and Learning

2.1 Analytical Reasoning
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Fig. 3.4 The CDIO Syllabus: personal, professional, and interpersonal skills

resolution of issues. The detailed topical content of these sections at the third level
is shown in Table 3.2, and a fourth or implementable level is given in the appendix.

Those personal values and attitudes that are used primarily in a profes-
sional context and that reflect responsibility are called Ethics, Equity and Other
Responsibilities (2.5). These include ethics, integrity and social responsibility, pro-
fessional behavior, the skills and attitudes necessary to plan for careers, and life-
long learning in the world of engineering. Other responsibilities such as equity and
loyalty are also discussed. Attitudes, Thought and Learning (2.4) includes general
character traits of initiative and perseverance, the more generic modes of thought
of creative and critical thinking, and the skills of self-awareness, lifelong learning
and educating, and time management.

Interpersonal Skills are a distinct subset of personal skills that divide into three
overlapping subsets: Teamwork (3.1), Communications (3.2) and Communications
in Foreign Languages (3.3). Teamwork is comprised of forming, operating, grow-
ing, and leading technical and multidisciplinary teams. Communications includes
the skills necessary to devise a communications strategy and structure, and to use
four common modes of communication: written, oral, graphic, and electronic. It
also includes more informal communication: listening, negotiation, advocacy and
networking. Communications in Foreign Languages includes traditional skills
associated with foreign language learning and applications made specifically for
technical communications.
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Table 3.2 Condensed CDIO Syllabus v2.0 at the third level of detail

1 DISCIPLINARY KNOWLEDGE AND REASONING
1.1 KNOWLEDGE OF UNDERLYING MATHEMATICS AND SCIENCE
1.2 CORE ENGINEERING FUNDAMENTAL KNOWLEDGE
1.3 ADVANCED ENGINEERING FUNDAMENTAL KNOWLEDGE, METHODS
AND TOOLS
2 PERSONAL AND PROFESSIONAL SKILLS AND ATTRIBUTES
2.1 ANALYTICAL REASONING AND PROBLEM SOLVING
2.1.1 Problem Identification and Formulation
2.1.2 Modeling
2.1.3 Estimation and Qualitative Analysis
2.1.4 Analysis with Uncertainty
2.1.5 Solution and Recommendation
2.2 EXPERIMENTATION, INVESTIGATION AND KNOWLEDGE DISCOVERY
2.2.1 Hypothesis Formulation
2.2.2 Survey of Print and Electronic Literature
2.2.3 Experimental Inquiry
2.2.4 Hypothesis Test and Defense
2.3 SYSTEM THINKING
2.3.1 Thinking Holistically
2.3.2 Emergence and Interactions in Systems
2.3.3 Prioritization and Focus
2.3.4 Trade-offs, Judgment and Balance in Resolution
2.4 ATTITUDES, THOUGHT AND LEARNING
2.4.1 Initiative and the Willingness to Make Decisions in the Face of Uncertainty

2.4.2 Perseverance, Urgency and Will to Deliver, Resourcefulness and Flexibility
2.4.3 Creative Thinking
2.4.4 Critical Thinking
2.4.5 Self-awareness, Metacognition and Knowledge Integration
2.4.6 Lifelong Learning and Educating
2.4.7 Time and Resource Management
2.5 ETHICS, EQUITY AND OTHER RESPONSIBILITIES
2.5.1 Ethics, Integrity and Social Responsibility
2.5.2 Professional Behavior
2.5.3 Proactive Vision and Intention in Life
2.5.4 Staying Current on World of Engineering
2.5.5 Equity and Diversity
2.5.6 Trust and Loyalty

3 INTERPERSONAL SKILLS: TEAMWORK AND COMMUNICATION
3.1 TEAMWORK

3.1.1 Forming Effective Teams

3.1.2 Team Operation

3.1.3 Team Growth and Evolution

3.1.4 Team Leadership

3.1.5 Technical and Multidisciplinary Teaming
3.2 COMMUNICATIONS

3.2.1 Communications Strategy

3.2.2 Communications Structure

(Continued)
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Table 3.2 (Continued)

3.2.3 Written Communication

3.2.4 Electronic/Multimedia Communication

3.2.5 Graphical Communication

3.2.6 Oral Presentation

3.2.7 Inquiry, Listening, and Dialog

3.2.8 Negotiation, Compromise, and Conflict Resolution

3.2.9 Advocacy

3.2.10 Establishing Diverse Connections and Networking
3.3 COMMUNICATIONS IN FOREIGN LANGUAGES

3.3.1 English

3.3.2 Languages of Regional Commerce and Industry

3.3.3 Other Languages

4 CONCEILVING, DESIGNING, IMPLEMENTING, AND OPERATING SYSTEMS
IN THE ENTERPRISE, SOCIETAL AND ENVIRONEMENTAL CONTEXT—
THE INNOVATION PROCESS

4.1 EXTERNAL, SOCIETAL, AND ENVIRONMENTAL CONTEXT
4.1.1 Roles and Responsibilities of Engineers
4.1.2 The Impact of Engineering on Society and the Environment
4.1.3 Society’s Regulation of Engineering
4.1.4 The Historical and Cultural Context
4.1.5 Contemporary Issues and Values
4.1.6 Developing a Global Perspective
4.1.7 Sustainability and the Need for Sustainable Development

4.2 ENTERPRISE AND BUSINESS CONTEXT
4.2.1 Appreciating Different Enterprise Cultures
4.2.2 Enterprise Stakeholders, Strategy, and Goals
4.2.3 Technical Entrepreneurship
4.2.4 Working in Organizations
4.2.5 Working in International Organizations
4.2.6 New Technology Development and Assessment
4.2.7 Engineering Project Finance and Economics

4.3 CONCEIVING, SYSTEM ENGINEERING, AND MANAGEMENT
4.3.1 Understanding Needs and Setting Goals
4.3.2 Defining Function, Concept, and Architecture
4.3.3 System Engineering, Modeling, and Interfaces
4.3.4 Development Project Management

4.4 DESIGNING
4.4.1 The Design Process
4.4.2 The Design Process Phasing and Approaches
4.4.3 Utilization of Knowledge in Design
4.4.4 Disciplinary Design
4.4.5 Multidisciplinary Design
4.4.6 Design for Sustainability, Safety, Aesthetics, Operability, and other Objectives

4.5 IMPLEMENTING
4.5.1 Designing a Sustainable Implementation Process
4.5.2 Hardware Manufacturing Process
4.5.3 Software Implementing Process
4.5.4 Hardware Software Integration

(continued)
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Table 3.2 (Continued)

4.5.5 Test, Verification, Validation, and Certification
4.5.6 Implementation Management
4.6 OPERATING
4.6.1 Designing and Optimizing Sustainable and Safe Operations
4.6.2 Training and Operations
4.6.3 Supporting the System Lifecycle
4.6.4 System Improvement and Evolution
4.6.5 Disposal and Life-End Issues
4.6.6 Operations Management

Figure 3.5 shows an overview of Section 4 Conceiving, Designing, Implementing,
and Operating Systems in the Enterprise, Societal and Environmental Context—
the Innovation Process. It illustrates the way the development of a product, pro-
cess, or system moves through four phases: Conceiving, System Engineering, and
Management (4.3), Designing (4.4), Implementing (4.5), and Operating (4.6). The
terms are chosen to be descriptive of hardware, software, systems, and process
industries. Conceiving, Systems Engineering, and Management takes the process
from market or opportunity identification through high-level conceptual design and
includes the system engineering of the product or process and project management.
Designing includes aspects of the design process, as well as disciplinary, multidisci-
plinary, and design for sustainability, safety, aesthetics, operability and other objec-
tives. Implementing includes hardware and software processes, test and verification,
as well as design and management of the implementation process. Operating covers a
wide range of issues from designing and managing operations, through supporting the
product, process, and system lifecycle and improvement, to end-of-lifecycle planning.

Products, processes, and systems are created and operated within an Enterprise
and Business Context (4.2) that engineers must understand to operate effectively.
The skills necessary to do this include recognizing the culture and strategy of an
enterprise and understanding how to act in an effective and entrepreneurial way
within a small, large or international organization. Also covered in this section are
skills of new technology development and project finance. Enterprises exist within
a larger External, Societal and Environmental Context (4.1). Knowledge and skills
in this area include acknowledgment of the relationship between society and engi-
neering, and an understanding of the broader historical, cultural, and global con-
text, and a deep appreciation for the need for sustainable development.

In summary, the Syllabus is organized at the first two levels in rational manner.
The first level, or X level, reflects the functions of an engineer, who is a well-
developed individual, involved in a process that is embedded in an organization,
with the intent of building products, processes, and systems. The second level of
detailed content, or X.X level, reflects contemporary practice and scholarship of
the engineering profession.

The Syllabus is defined to third level (X.X.X) and fourth level of detail, respec-
tively. These fine-grain details are necessary to transition from high-level goals to
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Fig. 3.5 The CDIO
Syllabus: conceiving,
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and operating
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teachable and assessable learning outcomes. Although it could seem overwhelm-
ing at first, the detailed Syllabus has many benefits for engineering faculty who
may not be experts in some of the Syllabus topics. The details provide insight into
content and learning outcomes, the integration of these skills into a curriculum,
and the planning of teaching and assessment. Table 3.2 is a condensed version at
the third level of detail. The complete CDIO Syllabus v2.0 at the fourth level of
detail is found in the appendix.

Validation of the CDIO Syllabus

The process used to arrive at the detailed content of the CDIO Syllabus v1.0 in
2001 blended elements of user-need studies in product development with tech-
niques used in scholarly educational research. It included focus-group discus-
sions, document research, surveys, and peer review. A first draft included the
results of the focus groups and topics extracted from four principal, comprehen-
sive source documents: ABET’s Criteria for Accrediting Engineering Programs,
Boeing’s Desired Attributes of an Engineer, and two internal documents from
the Massachusetts Institute of Technology, reporting on the goals of engineer-
ing undergraduate education. Qualitative comments from stakeholder surveys
were incorporated, improving the Syllabus’ organization, clarity and coverage.
Subsequently, several domain experts reviewed each second-level, or X.X level,
Syllabus topic. Combining the results of the expert reviews and additional refer-
ences, a final version of the Syllabus v1.0 was produced.

In 2010, a similar process was used to update the Syllabus to produce ver-
sion 2.0. Comparison with a number of accreditation and evaluation docu-
ments was conducted, including the updated ABET criteria, the criteria of the
Canadian Engineering Accreditation Board, the UK Standards for Professional
Engineering Competence [10], the Dublin Descriptors [11], the Swedish
national engineering degree requirements [12], and the European EUR-ACE
framework standards for accreditation of engineering programs [13]. In addi-
tion, extensive input from users of the Syllabus was incorporated. The changes
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Table 3.3 The CDIO Syllabus correlated with ABET’s evaluative criterion 3

ABET’s Evaluative Criterion 3
CDIO Syllabus a |b |c|de |flgfh]i [j k
1.1 Knowledge of Underlying Mathematics, Science
1.2 Core Engineering Fundamental Knowledge

1.3 Adv. Engr. Fund. Knowledge, Methods, Tools -
2.1 Analytical Reasoning and Problem Solving -

2.2 Exper. Investigation and Knowledge Discovery

2.3 System Thinking
2.4 Attitudes, Thought, and Learning -
2.5 Ethics, Equity, and Other Responsibilities

3.1 Teamwork

3.2 Communications

3.3 Communication in Foreign Languages

4.1 External, Societal, and Environmental Context
4.2 Enterprise and Business Context

4.3 Conceiving, Systems Engr., and Management

4.4 Designing

4.5 Implementing
4.6 Operating

Good
Strong Correlation Correlation

to the Syllabus were made in part to add missing skills and in part to clarify
nomenclature and make the Syllabus more explicit and more consistent with
national standards.

To ensure comprehensiveness and to facilitate comparisons, the Syllabus ver-
sion 2.0 was correlated with many of the comprehensive source documents
referred to earlier. For example, the Syllabus topics at the second level were cor-
related with ABET’s Evaluative Criteria 3a to 3 k (see Table 3.3). ABET states
that accredited engineering programs must ensure that its graduates can dem-
onstrate 11 specific skills. All 11 skills explicitly appear in the Syllabus. In fact,
the Syllabus is more comprehensive. For example, the Evaluative Criteria do not
explicitly address System Thinking (2.3), and list only an ability to engage in life-
long learning (3i) from among the many desired attributes in Attitudes, Thought
and Learning (2.4) of the Syllabus, missing for example, initiative, perseverance,
and critical thinking. Likewise, the Evaluative Criteria list only an understanding
of professional and ethical responsibility (3f) from among several important attrib-
utes in Ethics, Equity and Other Responsibilities (2.5).

The ABET document comes closer than other source documents to capturing the
full involvement in a product lifecycle by specifying item (3c) the ability to design
a system, component, or process to meet desired needs, within realistic constraints,
such as economic, environmental, social, political, ethical, health and safety, manu-
Jacturability and sustainability. Designing a system to meet desired needs hints at
the spirit of Conceiving, System Engineering, and Management (4.3) in the Syllabus.
Designing a component or process maps to Designing (4.4), and designing for ...
manufacturability and sustainability at least references the need to consider
Implementing (4.5) and Operating (4.6).
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Comparing the CDIO Syllabus with ABET’s Evaluative Criterion 3, the Syllabus
has two advantages, one minor and one major. The minor advantage is that the
Syllabus is more rationally organized. It is explicitly derived from the functions
of modern engineering. Although this organization might not provide a better
understanding of how to implement change, it creates a better understanding of the
reasons to change. The major advantage is that the Syllabus contains more levels of
detail than the ABET document. It penetrates into enough detail that general phrases
such as good communication skills take on substantive meaning. Furthermore, it
defines measurable goals that are critical to curriculum design and assessment.

Similar comparisons have been made of the CDIO Syllabus with accreditation
standards in other countries. Box 3.1 compares it with standards for engineering
programs in the United Kingdom.

Box 3.1 Comparisons oF THE CDIO SyrLraBus witH UK-SPEC

The CDIO Syllabus has been compared with accreditation criteria published
in 2004, and updated most recently in 2011, for engineering programs in the
United Kingdom. The Engineering Council [www.engc.org.uk] in collabora-
tion with the UK Quality Assurance Agency [QAA, www.qaa.ac.uk] publish
the criteria. They make the Master of Engineering (MEng) degree the mini-
mum academic qualification for becoming a Chartered Engineer (CEng).
Students graduating with the less academically demanding Bachelor of
Engineering (BEng) degree become Incorporated Engineers (IEng), unless
they undertake one year of postgraduate study to match the educational
attainment of MEng graduates.

The set of requirements are called UK-SPEC, and are detailed in two
principal documents which focus on the threshold standards of compe-
tence required for registration as a Chartered or Incorporated Engineer
(UK Standard for Professional Engineering Competence) and the accredi-
tation of engineering degree programs (The Accreditation of Higher
Education Programs). Both can be downloaded from the Engineering
Council web site at http://www.engc.org.uk. The accreditation criteria are
expressed in the form of a list of required learning outcomes, which are
presented under the headings General Learning Outcomes and Specific
Learning Outcomes.

A. General Learning Outcomes
1. Knowledge and Understanding
2. Intellectual Abilities
3. Practical Skills
4. General Transferable Skills
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B. Specific Learning Outcomes
1. Underpinning Science and Mathematics, and Associated Engineering
Disciplines
2. Engineering Analysis
3. Design
4. Economic, Social, and Environmental Context
5. Engineering Practice

In UK-SPEC, an initial set of learning outcomes is provided for BEng
programs; then, supplementary outcomes are stipulated under most head-
ings for MEng programs. The learning outcomes are more detailed than
the 11 found in the ABET Evaluative Criteria. As an illustration, 26 sep-
arate learning outcomes are listed under Specific Learning Outcomes for
a BEng program, with a further 14 for an MEng program. However, in
a number of cases, outcomes lack precision and clarity. In part, this is a
consequence of the system in the United Kingdom where degree programs
are not accredited by a central body but by individual engineering institu-
tions, for example, the Institution of Mechanical Engineers, the Institution
of Engineering and Technology (IET) or the Institution of Civil Engineers
(ICE). There are more than 30 licensed institutions, many of which have
produced interpretive documents in order to customize the accreditation
criteria for their particular disciplines.

The outcomes listed as General Learning Outcomes in UK-SPEC
are, in most cases, reproduced and expanded in the Specific Learning
Outcomes. The exception is General Transferable Skills where reference
is made to the higher-level key skills, defined by the Qualifications and
Curriculum Development Agency (formerly the QCA). This body provides
extensive guidance on the development of key skills in six areas: appli-
cation of number, communication, information, and communication tech-
nology, improving one’s own learning and performance, problem solving,
and working with others. Levels of attainment are set for all areas of the
education system in the UK, including university education. However,
the university-level key skills are generic, and do not specifically relate to
engineering education.

There is a relatively weak correlation between the UK-SPEC accredi-
tation criteria and the UK-SPEC standards for professional registration.
In particular, the required learning outcomes do not mirror registration
standards relating to leadership, interpersonal skills, and communication
in a professional setting. In part, this is a result of the decision to delegate
responsibility for defining transferable skills to the Qualifications and
Curriculum Development Agency [QCDA, www.qcda.gov.uk], although this

(Continued)
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Box 3.1 Comparisons orF THE CDIO SyrLLasus witH UK-SPEC —CONT’D

body is to close under 2011 government reforms. It may also reflect a view
that professional skills and attitudes can be acquired only when graduates
enter employment as practicing engineers.

As indicated in the list, UK-SPEC devotes a specific group of learning
outcomes to design. Within the group, there are some references to the con-
ceptual phase that precedes design. However, the contention that engineering
education should cover the complete product or system lifecycle is not fully
reflected in UK-SPEC. One learning outcome states that graduates should have
the ability to ensure fitness for purpose for all aspects of the problem including
production, operation, maintenance and disposal. While this statement echoes
our thinking, it is included in the design section and effectively refers to multi-
objective design (Design for X). It can therefore be argued that UK-SPEC does
not fully recognize that all engineers need to know how to implement their
designs in the form of physical products or systems. In addition, UK-SPEC
makes no specific mention of the operational phase of the product or system
lifecycle, apart from the need to promote sustainable development.

UK-SPEC recognizes that some aspects of UK higher education are dif-
ferent in Scotland, and offers guidance about how to approach these. The
Engineering Council can also authorize the award of the EUR-ACE label to
approved engineering programs. The EUR-ACE framework aligns with the
HE qualification framework agreed as part of the Bologna process, thus wid-
ening the international standing of UK degree awards.

From the foregoing discussion, it is apparent that the CDIO Syllabus
has several advantages over UK-SPEC, the most obvious of which are the
following:

e Although UK-SPEC contains more learning outcomes than the ABET
criteria, it still lacks the fine detail of the CDIO Syllabus.

e UK-SPEC is not self-contained, that is, it delegates responsibility for
important personal and interpersonal skills to the Qualifications and
Curriculum Development Agency, which provides guidance on a lim-
ited set of skills that are not specifically those required by engineering
graduates.

e There is limited coverage of professional skills in UK-SPEC compared
with the CDIO Syllabus. Although formal training in employment,
which used to be widespread in the United Kingdom, is now rare,
employers expect graduates to have at least some of the professional
skills needed to move directly into positions of responsibility.

e UK-SPEC does not reflect the need for competence in all aspects
of the product or system lifecycle. The implementation and opera-
tional phases, in particular, are not addressed by appropriate learning
outcomes.
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It may be argued that UK-SPEC is less helpful than it could be because
it limits itself to listing a series of learning outcomes. Although topic-based,
the CDIO Syllabus is supported by a rationale, a set of standards and a pro-
cess for developing program-specific learning outcomes. The comprehensive
nature of the Syllabus also means that it will invariably cover any learning
outcomes required for accreditation purposes. However, when combined
with its other elements, a CDIO approach achieves a more fundamental
objective, which is to indicate clearly how an engineering program can be
improved, and not simply accredited.

—P. J. ARMSTRONG, QUEEN’S UNIVERSITY BELFAST
—P. GoopHEW, UNIVERSITY OF LIVERPOOL
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Fig. 3.6 Professional engineering career tracks implicitly identified in the CDIO Syllabus

As an independent check on the comprehensiveness of the CDIO Syllabus,
it was compared with generic skills needed by engineers in five different career
tracks. The generic skills applicable to all tracks include: 2.1 Analytical Reasoning
and Problem Solving, 2.3 System Thinking, 2.4 Attitudes, Thought, and Learning,
2.5 Ethics, Equity, and other Responsibilities, 3.1 Teamwork, 3.2 Communications,
3.3 Communications in Foreign Languages, and 4.1 External, Societal, and
Environmental Context. There are at least five professional tracks that engineers
can and do follow, according to their individual talents and interests. The tracks,
and sections of the Syllabus that support them, are shown in Fig. 3.6.
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Of course, no graduating engineer will be expert in all of these potential tracks,
and in fact, may not be expert in any. However, the paradigm of modern engineer-
ing practice is that an individual’s role will change and evolve. The graduating
engineer must be able to interact in an informed way with individuals in each of
these tracks, and must be educated as a generalist, prepared to follow a career that
leads to any one or any combination of these tracks.

Contemporary Themes in Engineering: Sustainability,
Innovation, and Globalization

The CDIO Syllabus was written with the intent of creating a long-lived, stable enu-
meration of the knowledge and skills required of an engineer. At the same time,
contemporary themes emerge that are important for both engineering and engineer-
ing education. As discussed in Chap. 2, the themes of sustainability, innovation
and globalization fall in this category and are discussed in this section. In the next
section, we discuss the increasing role that engineers play as leaders and entrepre-
neurs. These themes did not appear explicitly in the higher-level organization of the
Syllabus v1.0, but many of the constituent knowledge and skills that support these
themes were present. However, in the drafting of the Syllabus v2.0, these themes
were strengthened and made more explicit, allowing the Syllabus to be a complete
reference document of the skills and knowledge of contemporary engineers.

During the last decade, the importance of sustainable development has become
widely recognized. Future engineers need to be able to mitigate the negative envi-
ronmental consequences of current energy and production systems, and create new
ones that are essentially carbon neutral. Syllabus v2.0 makes this more explicit
by referencing the environmental context in the headings of Sections 4 and 4.1,
by adding a Section 4.1.7 entitled Sustainability and the Need for Sustainable
Development, and by making sustainability a more prominent issue in design
(4.4), implementation (4.5) and operations (4.6).

However, it could also be argued that CDIO is already fundamentally aligned
with the ideas of sustainability; engineers are said to conceive, design, implement
and operate complex technical systems with the entire product/process/system
lifecycle in mind. Moreover, sustainability is a complex concept. It includes three
main dimensions: economic, environmental, and social sustainability, including
both subject matter and judgmental aspects, such as, ethics and decision-making
[14]. There are many places in the CDIO Syllabus that emphasize the lifecycle
perspective, for example, requirements should cover all phases of the lifecycle;
analyses should be made of lifecycle values and costs; and product retirement
should be planned ahead. With this broader perspective in mind, links between
sustainability principles and CDIO Syllabus topics can be identified [15].

An excellent guide for the teaching of engineering for sustainable develop-
ment was produced by the Royal Academy of Engineering in the United Kingdom,
which describes sustainability as the constructive intersection of technocentric,
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Table 3.4 Principles of sustainability compared with the CDIO Syllabus topics

Sustainability principle The CDIO Syllabus
1 Look beyond your own locality 4.1.1 Roles and responsibilities of engineers
and the immediate future 4.12 The impact of engineering on society

and the environment
4.1.6 Developing a global perspective

2 Innovate and be creative 243 Creative thinking
3 Seek a balanced solution 234 Trade-offs, judgment and balance
in resolution
4 Seek engagement from all 422 Enterprise stakeholders, strategy
stakeholders and goals
5  Make sure you know the needs 4.3.1 Understanding needs and setting
and wants goals
6  Plan and manage effectively 434 Development project management
7 Give sustainability the benefit of any 4.1.7 Sustainability and the need for
doubt sustainable development
8 If polluters must pollute, then they 4.4.6 Design for sustainability, safety,
must pay as well aesthetics, operability, and other
objectives
9  Adopt a holistic ‘cradle-to-grave’ 23.1 Thinking holistically
approach 433 System engineering, modeling,

and interfaces
10 Do things right, having decided on the  2.5.1 Ethics, integrity, and social

right thing to do responsibility
11 Beware cost cutting that masquerades ~ 2.4.4 Critical thinking

as value engineering 434 Development project management
12 Practice what you preach 2.5.1 Ethics, integrity, and social

responsibility

sociocentric, and ecocentric concerns [16]. A scan of the Syllabus for these three
categories of concerns reveals a great deal of discussion of issues of appropri-
ate development and use of technology, environmental issues, and an engineer’s
responsibility to consider societal and environmental issues in design. In this
report, the Royal Academy defines twelve guiding principles of engineering for
sustainable development. Table 3.4 compares these twelve principles with the cor-
responding topics of the Syllabus. In almost all cases, the Syllabus contains the
skills or knowledge associated with the principle. Thus, both in terms of high-level
visibility and alignment, and in terms of detailed content, the Syllabus v2.0 is the
foundation for an education in sustainable engineering.

A second contemporary theme in engineering is the role that engineers play in
innovation. In its Innovation Survey, the Confederation of British Industry (CBI)
defines innovation broadly as “the successful exploitation of new ideas [17].” The
specific role that engineers play in innovation is in the development and introduc-
tion into the market of new goods and services. In this sense, innovation is just the
market-oriented view of what the CDIO Syllabus defines in Sections 4.2 through
4.6—Conceiving, System Engineering, and Management (4.3), Designing (4.4),
Implementing (4.5), and Operating (4.6), within an enterprise (4.2). To emphasize



68 3 The CDIO Syllabus: Learning Outcomes

this point, the phrase the innovation process has been added to the title of
Section 4. In version 2.0, the Syllabus has also been strengthened in topics specifi-
cally associated with innovation, by adding or expanding discussion of stakehold-
ers, new technology development and engineering project finance in Section 4.2,
and of understanding needs and setting goals in Section 4.3.

There is another view of innovation, which focuses more on the capabilities
of an innovator: a deep conceptual understanding of fundamentals, the skills to
exploit ideas, and a sense of self-empowerment. Said another way, these are the
knowledge to innovate, the skills to innovate, and a positive attitude towards tak-
ing the risks necessary for innovation. When comparing this model with the CDIO
Syllabus, we find the knowledge of a technical discipline listed in Section 1. The
skills required to exploit ideas include most of Section 4, as well as communica-
tions (3.2 and 3.3), and teamwork (3.1). The character traits that underlie an incli-
nation to innovate include a willingness to take risk (2.4.1), perseverance (2.4.2),
creative thinking (2.4.3) and critical thinking (2.4.4). From both a process and
capabilities perspective, the Syllabus v2.0 includes a thorough discussion of the
skills required of engineers in innovation.

With increasing international accords and trade, we are in a period of inter-
nationalization and mobility of workforce. Engineers increasingly work with
international partners at a site, in multinational companies, and with companies,
suppliers or markets in different lands. The engineering workforce itself is more
mobile, and it is not uncommon for engineers to work in nations other than the one
in which they received their training. In order to prepare students for this future,
the Syllabus v2.0 includes Developing a Global Perspective (4.1.6), and Working
in International Organizations (4.2.5), which in concert with Communications in
Foreign Languages (3.3) and reference in 2.5.2 to international norms, prepare a
student for mobility and international efforts.

Contemporary Themes in Engineering: Leadership
and Entrepreneurship

In modern society, engineers are increasingly expected to move to positions of lead-
ership and to take on additional roles as entrepreneurs. Leadership refers to the
role of helping to organize effort, create vision, and facilitate the work of others.
Entrepreneurship in this context refers to the specific activity of creating and lead-
ing a new enterprise. Engineering leadership and entrepreneurship are not orthogonal
to the skills already contained in the CDIO Syllabus. After all, the goal of the CDIO
approach is “To educate students who are able to: ... Lead in the creation and opera-
tion of new products, processes, and systems...” The knowledge, skills, and attitudes
needed in the creation and operation of new products, processes, and systems should,
therefore, already be contained in the CDIO Syllabus. In fact, there is a broad overlap,
both between leadership and entrepreneurship, and between the two of them and the
skills already in the Syllabus (see Fig. 3.7). In this section, we discuss engineering
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Fig. 3.7 The relationship
between the knowledge,
skills and attitudes in

the CDIO Syllabus,
engineering leadership,
and entrepreneurship

Table 3.5 Extension of the CDIO Syllabus v2.0

Entrepfreneurship

Syllabus
Skills
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4.7 LEADING ENGINEERING ENDEAVORS

Creating a Purposeful Vision

4.7.1 Identifying the Issue, Problem or Paradox

4.7.2 Thinking Creatively and Communicating
Possibilities

4.7.3 Defining the Solution

4.7.4 Creating New Solution Concepts

Delivering on the Vision

4.7.5 Building and Leading an Organization and
Extended Organization

4.7.6 Planning and Managing a Project to
Completion

4.7.7 Exercising Project/Solution Judgment and
Critical Reasoning

4.7.8 Innovation—the Conception, Design and
Introduction of New Good and Services

4.7.9 Invention—the Development of New

Devices, Materials or Processes that Enable

New Goods and Services
4.7.10 Implementation and Operation—the
Creation and Operation of the Goods and
Services that will Deliver Value

4.8 ENTREPRENEURSHIP

4.8.1 Company Founding, Formulation,
Leadership, and Organization

4.8.2 Business Plan Development

4.8.3 Company Capitalization and
Finances

4.8.4 Innovative Product Marketing

4.8.5 Conceiving Products and Services
around New Technologies

4.8.6 The Innovation System, Networks,
Infrastructure, and Services

4.8.7 Building the Team and Initiating
Engineering Processes

4.8.8 Managing Intellectual Property

leadership as the skills beyond those already reflected in the CDIO Syllabus, and engi-
neering entrepreneurship as those additional skills beyond the Syllabus and leadership.

We recognize that many programs that use the CDIO Syllabus do not address
leadership and entrepreneurship in their programs. For this reason, we created an
extension of the CDIO Syllabus for Leadership and Entrepreneurship, with the
additional content discussed below (see Table 3.5). At some point in their careers,
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many engineers will move to positions of engineering leadership, ranging from
being a leader of a small team, to being the technical leader of an entire enterprise.
Leadership is explicitly discussed in Section 3.1.4 of the CDIO Syllabus, but this
topic discusses the skills needed in leading small groups, and is only a placeholder
for the wider set of skills that an engineering leader is required to have.

Much has been written over the years about the qualities of a leader. In
contemporary scholarship, leadership is closely studied by those in organiza-
tional behavior groups, often at schools of business or management, for example,
the Four Capabilities Leadership Framework was developed at the Sloan School
of Management at MIT [18]. It begins with four assumptions: (1) that leadership
is distributed; (2) that it is personal; (3) that it continues to develop throughout
one’s career and thus changes over time; and, (4) that each individual invents his/
her own framework for how he/she will lead. It then identifies four essential capa-
bilities: sensemaking, relating, visioning and delivering on the vision (inventing).
The Gordon—MIT Engineering Leadership Program customized this model to engi-
neering, and extended it to include the attitudes of leadership and a foundation of
technical fundamentals [19]. The customized engineering leadership model has six
central skills, some of which overlap with topics already in the Syllabus v2.0:

1. The Attitudes of Leadership, Core Personal Values, and Character: initiative,
the will to deliver, resourcefulness, integrity, and loyalty. These are largely
covered in the Syllabus v2.0 in Attitudes, Thought and Learning (2.4), and in
Ethics, Equity and Other Responsibilities (2.5)

2. Relating to Others: developing trusted relationships with diverse individuals, using
inquiry to know how to communicate effectively, and leadership through advo-
cacy, even if one is not a formal leader. These are contained in Teamwork (3.1),
Communications (3.2) and potentially Communications in Foreign Languages (3.3)

3. Making Sense of the Context: making sense of the context of the changing world
around us. This employs topics already in External, Societal and Environmental
Context (4.1), Enterprise and Business Context (4.2) Conceiving, Systems
Engineering and Management (4.3) and System Thinking (2.3)

4. Creating a Purposeful Vision: both to create a vision for oneself and to convey
that vision to others

5. Realizing the Vision: engineering leaders need to invent ways to think through
situations, and create ways of organizing their work with others

6. Technical Knowledge: the foundation of technical knowledge and skills that
separate an engineer from other professions. This is the knowledge and skill set
contained in Disciplinary Knowledge and Reasoning (1.0).

In order to develop the topics that are not within the main body of the
Syllabus, a new Section 4.7 Leading Engineering Endeavors was added to the
CDIO Syllabus v2.0. This new section defines the remaining topics in Creating a
Purposeful Vision (4.7.1 to 4.7.4) and Realizing the Vision (4.7.5 to 4.7.10) (see
Table 3.2 and the CDIO Syllabus v2.0 in the appendix). These sections enumer-
ate specific engineering leadership skills, such as identifying the issue or problem,
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thinking creatively and defining a solution concept, building and leading a techni-
cal organization, and exercising technical judgment. Many of these skills, like the
entrepreneurial skills in the discussion below, require significant professional expe-
rience to develop and will be a challenge to address in a university education. They
are included in the extended Syllabus v2.0 as a guide, taxonomy and set of chal-
lenging goals for programs seeking these educational outcomes.

We call entrepreneurship the specific skills associated with business formu-
lation, beyond those of engineering and engineering leadership (see Fig. 3.7).
These were touched on in Section 4.2.3 of the Syllabus, but are expanded in the
new Section 4.8. In the view of classical economics, entrepreneurship involves
the redirection and mobilization of capital and human resources to form a new
economic activity. Today, the term entrepreneurship generally refers exclusively
to starting a new company, while launching a radically new line of business
within an existing firm is sometimes called intrapreneurship or, more simply,
innovation [20].

Preparation for entrepreneurship, that is, the starting of a new company,
involves unique competencies that can be learned [21]. There are parallels with
skills needed within an existing company, such as the similarity between recogniz-
ing new opportunities enabled by advancing technology, or writing business plans
for a new product. However, there is an array of skills that engineers in an estab-
lished company might never face, such as finding and hiring an entire company of
talented professionals willing to accept risk, using equity to motivate innovation,
or creating a new company culture where none existed.

In order to capture these additional skills of entrepreneurship, Section 4.8 was
added to the Syllabus v2.0. This new section includes the following topics: company
founding, formulation, leadership and organization; business plan development;
company capitalization and finances; innovative product marketing; conceiving
products and services around new technologies; the innovation system, networks,
infrastructure, and services; building the team and initiating engineering processes
(conceiving, designing, implementing, and operating); and managing intellectual
property (see Table 3.5 and the CDIO Syllabus v2.0 in the appendix).

Learning Outcomes and Student Proficiency Levels

The CDIO Syllabus is a detailed list of knowledge and skills in which a graduat-
ing engineer should have developed some level of proficiency. It comprehensively
addresses the first part of the central question posed at the start of this chapter:

What is the full set of knowledge, skills, and attitudes that engineering students should
possess as they leave the university, and at what level of proficiency?

However, Standard Two on learning outcomes calls for more than a mere list-
ing of topics. It requires that a program set specific, detailed learning outcomes for
personal and interpersonal skills, and product, process, and system building skills
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Fig. 3.8 Process for defining program learning outcomes based on the CDIO Syllabus

consistent with program goals and validated by program stakeholders. In order
to translate this list of knowledge, skills, and attitudes into learning outcomes,
detailed levels of expected proficiencies need to be established for all of the top-
ics in the Syllabus. It is highly desirable to capture the opinions of representative
stakeholders of the educational program, and to encourage consensus of both indi-
vidual viewpoints and collective wisdom. This is the intent of the phrase validated
by program stakeholders in Standard Two.

Figure 3.8 illustrates a process for establishing proficiency levels and learning
outcomes based on the CDIO Syllabus:

1. Review the CDIO Syllabus v2.0 and make modifications or additions to cus-
tomize it for a specific program within its university and national context.

2. Identify the important stakeholders of the program, both internal and external to
the university, including faculty, graduates, representatives of industry, and others.

3. Determine a means of engaging stakeholders and summarizing their opinions.
This could include surveys, focus groups, interviews or workshops.

4. Conduct faculty discussions to interpret the results of stakeholder input. These
discussions can lead to consensus on expected levels of proficiency.

5. Translate the expected levels of proficiency into more formally stated educa-
tional objectives and learning outcomes that are the basis for instructional
design and student learning assessment.

We now address each of these five steps in detail and give several examples of
the process.

To give an example of the process of establishing proficiency levels and learn-
ing outcomes, we describe the experience of four universities. Early in the devel-
opment of the CDIO approach, the mechanical engineering program of Chalmers
University of Technology (Chalmers), the systems (electronics) engineering pro-
gram at Link6ping University (LiU), the vehicle engineering program at the Royal
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Institute of Technology (KTH), and the aeronautics and astronautics program at
the Massachusetts Institute of Technology (MIT) conducted parallel studies to set
the expected levels of proficiency in the topics of the CDIO Syllabus with their
respective program stakeholders [22]. To allow more direct comparison of the
results, the four universities agreed to focus on Sections 2, 3, and 4, and use the
generic form of CDIO Syllabus v1.0 without alteration (although the Swedish uni-
versities translated the document into Swedish).

Customizing the Syllabus for a Specific Program

As a university or program begins the curriculum design process, it can choose
to use the generic CDIO Syllabus 2.0 or customize it for its own program. The
Syllabus provides a valuable resource for enumerating the knowledge, skills
and attitudes that should be considered. While every effort was made to make
Sections 2, 3, and 4 of the CDIO Syllabus applicable to all engineering programs,
it was inevitable that some customization would be required.

There are several major decisions to be made when customizing the Syllabus.
The first is whether to customize Sections 2, 3, and 4 at all or use them as is. The
advantage of customization is that it makes the knowledge, skills, and attitudes
more relevant to the views of faculty and other stakeholders, and the local and
national context within which the program and university operates. The custom-
ized Syllabus should be aligned with the mission and goals of the university and
program. National regulation, evaluation or accreditation issues must also be con-
sidered. The process of customizing the Syllabus also promotes ownership of the
document by the faculty and other stakeholders.

As a note of caution, a program should be careful about customizing Sections 2,
3, and 4, since the words there have been carefully chosen by experts to explain and
contrast specific ideas. When engineering faculty with less expertise in personal,
interpersonal, and process, product, and system building skills edit the document,
these distinctions may become blurred. For example, an ethicist would see a strong
distinction between Section 2.5.1 Ethics, Integrity, and Social Responsibility, which
is about ethical issues and dilemmas, and Sections 4.1.1 to 4.1.3, which address the
specific responsibility of engineers to society. However, many engineering faculty
would miss this distinction.

Faculties must also decide if they want to gather data on the topics in Section 1
Disciplinary Knowledge and Reasoning. Not doing so focuses the effort more on the
personal, interpersonal and system building skills, and produces a simpler stakeholder
engagement. Doing so gathers a great deal of information that is useful in curriculum
design, and often surprises faculty as to how much stakeholders value the skills in
Sections 2, 3, and 4 versus Section 1. Of course, this would require deriving a list of
the knowledge implied in Section 1, but most programs already have such lists.

There may be significant additions or subtractions of topics in Sections 2, 3,
and 4 as well. Experience has shown that particularly in areas that deal with social
responsibility and values, the local role of the university and society influence the
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choice of Syllabus topics. There is a great deal of material in the Syllabus and a
faculty or program may want to omit some parts. The program must also decide
what, if any, of the leadership and entrepreneurship skills to include.

The customized version will reflect the needs and terminology of the specific
engineering discipline involved. Departments and programs should alter the terms
used, particularly in Section 4, to reflect the professional terms of a discipline. For
example, in architecture, Conceiving might be Programming, while in software
engineering, Implementation might be Programming. Different disciplines will use
different words to describe the same generic activity; the most appropriate words
should be used in the customized document.

Identifying the Program Stakeholders

As a preparatory step in establishing learning outcomes, it is important to estab-
lish the level of proficiency graduates should be able to demonstrate in the knowl-
edge, skills, and attitudes listed in the customized version of the CDIO Syllabus.
Opinions on this question should clearly be sought from all stakeholders.
Stakeholders are those who have a stake or interest in the outcomes, results and
graduates of the program. Most importantly, stakeholders include graduates who
are aware of both the levels of proficiency they achieved at university and the lev-
els of proficiency they subsequently needed as graduates. Other key stakeholders
include faculty, direct employers, and leaders of industry. Peers at other universi-
ties, advisory boards, administrators, and faculty in other departments might also
be included. Depending on local culture, students can be surveyed as well.

In the studies conducted by Chalmers, LiU, KTH, and MIT, we focused on the
same groups of stakeholders:

e University faculty.

e Mid- to upper-level industry leaders.

e Alumni about 5 years past graduation.

e Alumni about 15 years past graduation.

We chose alumni groups who were young enough to recall their education in
some detail, yet old enough to be able to reflect on it with meaningful perspective.
We selected the two groups to determine whether the opinions of alumni changed
over time.

Engaging Stakeholders and Capturing Their Opinions

There are several alternatives for gathering stakeholder input, including inter-
views, focus groups and workshops. Surveys also are common and produce
quantitative data on reactions. Whatever method is used, two design features of
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Table 3.6 Expected levels of
proficiency in CDIO Syllabus

1 To have experienced or been exposed to
2
knowledge and skills 3
4
5

To be able to participate in and contribute to

To be able to understand and explain

To be skilled in the practice or implementation of
To be able to lead or innovate in

the engagement should be considered: (1) the level of detail; and (2) the method
of prioritization. Experience has shown that stakeholders will respond best when
asked about the Syllabus content at the second or X.X level, where there are usu-
ally between 13 and 16 topics, depending on how a program has customized the
Syllabus. Asking about the first or X level is too generic, and asking at the third
or X.X.X level is too fine and creates too many topics—nearly 100. In seeking
responses about topics at the second level, information from the Syllabus at the
third level should be given in order to explain the meaning and content of the top-
ics. The survey instrument contains roughly the information in Table 3.2.

Whatever alternative is used, stakeholders must be posed a question that does not
allow them to respond that all items are equally important. Several questions can be
asked, including “What level of proficiency should the students achieve as they grad-
uate?”” An alternative question is “What is the relative importance of these topics?”,
assuming that students should be more proficient at more important tasks. A third
way to ask is “Relatively how much time should be spent on this topic?”” Experience
shows that all of these will give about the same result. The first is more directly
transferable to learning outcomes, and is, therefore, the recommended question.

Programs should specifically ask about the outcomes for their program and uni-
versity. Not all universities fulfill the same role in society, and there are different
expectations for their students. The responses will be much more coherent when ask-
ing about the outcomes for the Y program at Z university, than asking more generic
questions. This is why the responses from program graduates are most important,
as they will reflect directly on their experiences in the program. In contrast, general
statements from national bodies about what is relatively more important must be
used cautiously, as they do not reflect the role played by any given program.

In the example of the four universities, the survey process used a question-
naire to collect data from stakeholders about the expected proficiency levels
of CDIO Syllabus v1.0 topics. The survey instrument asked questions in such a
way that information was collected for each item in the Syllabus at the second,
or X.X, level of detail. Both quantitative and qualitative responses were solic-
ited. Respondents were given a set of definitions based on the third level of detail
(Table 3.2) to ensure reasonable consistency of interpretation and increase the reli-
ability of the responses. Respondents were also given the CDIO Syllabus at the
fourth level of detail and background reading on the program.

For each second-level (X.X-level) Syllabus topic, respondents were asked to indi-
cate an expected proficiency level using a 5-point scale. Table 3.6 shows the rating
scale. Scale points designate absolute levels of proficiency expected in the activities
or experiences of engineers. They are not relative measures of skills compared with
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other graduating engineers. For example, 5 To be able to lead or innovate in requires
a level of proficiency attained by experts in a particular discipline or area. In addition,
respondents were encouraged to include brief statements elaborating on their ratings.

Qualitative and quantitative data were gathered on the 14 second-level Syllabus
topics (Sections 2.1 to 4.6) from respondents in each of the stakeholder groups.
For each of the four programs, mean responses for each of the stakeholder groups
were calculated. The qualitative comments of the respondents were examined to
determine if they led to any generalizations of the understanding of the trends and
differences among different stakeholder groups.

Interpreting Results and Arriving at Consensus

With the results from the stakeholder input, the faculty must interpret the results in
order to arrive at consensus. This is probably best done in a setting that allows careful
deliberation and reflection, adequate time, and includes as many of the members of
the program faculty as possible, in order to have buy-in and long-term ownership. The
group should be careful not to over-interpret the results. Fine distinctions are probably
not important. Faculty should be looking for major trends, for example, most profi-
cient or important, somewhat, less, etc. Three to five levels of distinction are sufficient
for setting learning outcomes, designing curriculum, and assessment student learning.

Two trends in stakeholder engagement may help the consensus process. One
trend deals with the observed agreement among the stakeholders in a program,
and the second with the overall trends among programs. Often, the various profes-
sional stakeholder groups are in relatively good agreement about the proficiency
desired in graduates of that program. This remarkable result requires the follow-
ing factors: (1) stakeholders, including program graduates, leaders of industry, and
faculty, have a deep knowledge of the program; (2) questions are specific to the
customized Syllabus; (3) a rubric, such as the one in Table 3.6, is used. With these
factors, there will likely be broad agreement among the stakeholder segments.
When this is the case, the consensus process is greatly simplified [22].

In our continuing example, Fig. 3.9 shows the results of the proficiency-level
surveys at MIT. Four stakeholder groups are included: faculty, industry leaders,
and two groups of alumni (5 and 15 years after graduation). The most striking out-
come of the MIT survey is the statistical agreement on all but one topic among the
four professional stakeholder groups (Design, Section 4.4). This result was totally
unexpected (Skills related to 3.3 Communications in Foreign Languages were not
included in the MIT customized Syllabus at the time of this survey).

There is a weaker pattern that shows some correlation in the results between
programs at different universities and nations, at least among those that are more
research-intensive and prepare students for careers centered on research and design.
Usually, the most highly ranked skills are Analytical Reasoning and Problem Solving
(2.1), Communications (3.2), and Attitudes, Thought and Learning (2.4), which
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Fig. 3.9 Expected proficiency levels reported by stakeholder groups at MIT

includes critical and creative thinking. Designing (4.4), System Thinking (2.3),
Teamwork (3.1), and Communications in Foreign Languages (3.3) are often rated
at an upper-middle level. Experimentation, Investigation and Knowledge Discovery
(2.2), Ethics, Equity and Other Responsibilities (2.5), and Conceiving, System
Engineering, and Management (4.3) are perceived to be at a lower-middle level of
desired proficiency. This leaves External, Societal and Environmental Context (4.1),
Enterprise and Business Context (4.2), Implementing (4.5) and Operating (4.6),
which tend to be rated lower than others. This general trend was seen in the mean
responses given by the professionals in the three surveys conducted at Chalmers, LiU,
and KTH. Box 3.2 describes the stakeholder survey conducted at Queen’s University
Belfast that showed similar trends. This pattern is sufficiently common that it appears
in Passow’s meta-analysis of learning outcomes for engineering education [23].

It is interesting that the most generic and lifelong engineering skills, for example,
problem solving, communicating, and thinking critically and creatively rise to the
top of the list consistently. Of course, there will be variations in this pattern from
university to university, and nation to nation. In programs where the native lan-
guage is English, the importance of communications in foreign languages seems to
drop. In nations where engineering is found in the service sector, the importance of
implementing and operating increase. Beyond these understandable variations, the
consistency between universities, and particularly among the stakeholders within a
university program, are apparent and useful in curriculum design.
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Box 3.2 STAKEHOLDER SURVEY AT QUEEN’S UNIVERSITY BELFAST

The School of Mechanical and Manufacturing Engineering at Queen’s
University Belfast (QUB) conducted a survey of expected proficiency levels.
Using the process steps suggested in this chapter, the design of the study was:

e The generic CDIO Syllabus v1.0 was used for Sections 2, 3, and 4. In
addition, the survey asked alumni about topics in engineering science,
mathematics, management, economics, law, electronics, and computer
programming. Information on the careers pursued by graduates was
also gathered (As in the MIT survey, 3.3 Communications in Foreign
Languages was not included.).

e The most important category of stakeholders for the QUB survey was
QUB alumni. As graduates, they are familiar with QUB’s programs,
and, as experienced professionals, they know how well the knowledge
and skills acquired during their studies prepared them for their careers.
About 800 alumni, who had graduated between 5 and 30 years ago,
were invited to participate in the survey. About 200 hundred alumni
responded—a strong response rate for a postal survey.

e Queen’s University used a survey instrument, but did not use the
5-point scale found in Table 3.6. Instead, a 5-point level-of-impor-
tance scale was used. The scale ranged from / Of no importance to 5
Essential. The scale was changed mainly because the importance scale
was more suitable to a greater number of items in their questionnaire.

e Means were calculated for the items related to Sections 2, 3, and 4 of the
Syllabus, for comparison with results from alumni at MIT. Figure 3.10
shows the comparison of mean responses from QUB alumni with MIT
alumni. The general agreement found between the MIT, Chalmers, LiU,
and KTH is repeated in the comparison of QUB and MIT (This assumes
correspondence between the proficiency and importance scales.).

A close examination of the results in Fig. 3.10 for Sections 3 and 4 reveals
some interesting differences, however. For example, Enterprise and Business
Context (4.2) is rated significantly higher by the QUB alumni, compared with
their MIT counterparts. This is undoubtedly a reflection of the fact that a rel-
atively high percentage of QUB graduates are employed in small companies
that dominate the local economy. In such companies, professional engineers
tend to be involved in the general running of the company, and have to take on
management and financial responsibilities. Likewise MIT alumni felt that the
proficiency level in implementation should be much lower than design, while
QUB alumni thought that implementation was just as important as design, again
probably reflecting the relative importance of preparing students in implemen-
tation for aerospace graduates from MIT versus mechanical and manufacturing
engineers in Northern Ireland. These differences in the details of the survey
results provide a justification for each university to conduct its own survey.
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In the section of the questionnaire on additional subjects, twenty sub-
jects were listed. The results indicated that alumni regarded manufactur-
ing, management, and business courses as particularly important. Control
received a lower rating, which may be a reflection on the theoretical nature
of control courses in universities. However, the lowest rating was given to
computer programming, a result that was of particular interest to the School
of Engineering since some faculty questioned the need to teach computer
programming. Their argument was that in view of the range of software
applications now available, mechanical and manufacturing engineers are
unlikely to need programming skills. The views of the alumni were taken
into account and after further debate, computer programming was removed
from the curriculum.

Overall, the QUB surveys were highly valuable in the course of curric-
ulum design. The results obtained for Sections 2, 3, and 4 of the Syllabus
provided useful input on the emphasis to be placed on each area. In addi-
tion, results highlighted areas where faculty and students have opinions
that do not correspond to alumni’s more authoritative views. The extended
questionnaire also assisted decision-making on topics to be covered in
mathematics and the additional subjects to be included in the curricu-
lum. However, a striking result of the survey is the support it provides
for a CDIO approach to engineering education. QUB graduates regard an
understanding of fundamental principles as very important, and fully sup-
port the allocation of additional time to design-build experiences and the
development of skills and attitudes. This result is a timely endorsement of
the university’s use of the CDIO approach.

— P. ARMSTRONG, QUEEN’S UNIVERSITY BELFAST
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Translating Expected Levels of Proficiency
into Learning Outcomes

Having determined the expected level of proficiency for each CDIO Syllabus topic
at the second and third levels of detail, the remaining task is to formulate corre-
sponding learning outcomes. This formulation requires three steps:

Choosing a taxonomy of learning outcomes.

Developing a correspondence between the taxonomy and the rating scale used

to determine expected levels of proficiency.

Specifying a learning outcome for each of the most detailed topics in the
Syllabus, corresponding to the taxonomy, and the appropriate proficiency rating.

The first step in formulating learning outcomes is to choose an appropriate
taxonomy. From among several possibilities, the one most widely used by our
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Fig. 3.10 Comparison of results for QUB and MIT Alumni

programs is the cognitive domain of Bloom et al. [24]. Briefly, Bloom’s taxonomy
divides learning into three domains: (1) the cognitive domain addresses knowledge
and reasoning; (2) the affective domain includes attitudes and values; and, (3) the
psychomotor domain describes skills requiring mobility and manipulation. Each of
the three domains is classified into five or six hierarchical levels.

In order to specify learning outcomes derived from the Syllabus, a correspond-
ence must be developed between Bloom’s taxonomy and the rating scale used to
determine expected levels of proficiency. Table 3.7 illustrates such a correspond-
ence. For example, in Bloom’s cognitive domain, there is no skill that corresponds
with a rating of 1 To have experienced or been exposed to. Looking further, how-
ever, a rating of 2 To be able to participate in and contribute to corresponds to
Knowledge; a rating of 3 To be able to understand and explain is associated with
Comprehension; a rating of 4 To be skilled in the practice or implementation of
maps to two levels, Application and Analysis; and finally, a rating of 5 To be able
to lead or innovate corresponds to Bloom’s highest cognitive levels of Synthesis
and Evaluation. Similarly, approximate correspondences can be drawn to the
affective and psychomotor domains.

The final step in converting Syllabus topics into specific learning outcomes is
to associate each topic phrase with a verb that best describes the level of profi-
ciency determined by program stakeholders. Each level of Bloom’s taxonomy can
be expressed with specific verbs. For example, Synthesis in the cognitive domain
includes such skills as formulate, create, construct, and reorganize. Table 3.7 gives
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Table 3.7 Correspondence of proficiency rating scale and Bloom’s taxonomy

Proficiency rating scale Bloom’s taxonomy- Examples of learning
cognitive domain outcomes based on the
CDIO Syllabus
1. To have experience or been
exposed to
2. To be able to participate in and Knowledge List assumptions and sources
contribute to of bias
3. To be able to understand and Comprehension Explain discrepancies in
explain results
4. To be skilled in the practice or Application Practice engineering cost-
implementation of benefit and risk analysis
Analysis Discriminate hypotheses to
be tested
5. To be able to lead or innovate Synthesis Construct the abstractions
necessary to model the
system
Evaluation Make reasonable judgments

about supporting evidence

examples of specific learning outcomes derived from the Syllabus presented at the
appropriate levels of expected proficiency. While it is possible to specify program
learning outcomes without stakeholder input, the rigorous survey process used
to set expected levels of proficiency enabled us to set more realistic learning out-
comes for engineering students.

Summary

This chapter focused on defining the CDIO Syllabus v2.0, describing its struc-
ture and development, and showing how the Syllabus can be used as the basis for
determining stakeholder consensus on expected levels of proficiency of the knowl-
edge, skills, and attitudes desired of engineering graduates. The Syllabus is a gen-
eralized statement of goals for engineering education that flows directly from the
actual roles of engineers. It is comprehensive in that it includes all of the knowl-
edge, skills, and attitudes expected of a graduating engineer.

Although the Syllabus is a generalized statement, it can be customized to meet
local program needs. The process of customization includes the definition of disci-
plinary content for Section 1 Disciplinary Knowledge Reasoning and adjustments
to the rest of the Syllabus. Surveys and other forms of engagement gather input
from program stakeholders about the expected levels of proficiency, or impor-
tance, of each Syllabus topic. Results provide guidance for curriculum design and
learning assessment.

Surveys conducted by representative programs yielded some interesting results.
The agreement among the faculty, industry leaders, and alumni on the expected
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levels of proficiency of graduating engineers was significant and unexpected. Surveys
indicated that the skills for which the proficiency expectations are the highest include
engineering reasoning, personal attributes, communications, and design. These four
skills are consistently among those cited as most important in a graduating engineer.
The CDIO Syllabus, customized with results of stakeholder surveys, lays the
foundation for specific learning outcomes, curriculum planning and integration,
teaching and learning practice, and outcomes-based assessment. The process of
integrating the Syllabus into a program’s curriculum is the subject of Chap. 4.
Approaches to teaching and learning the content of the Syllabus are described in
Chap. 6. Student assessment of these learning outcomes is the focus of Chap. 7.

Discussion Questions

1. How would you rate the proficiency levels in the knowledge, skills, and atti-
tudes expected of graduates of your program?

2. How do your ratings compare with those of the programs described in this chapter?

3. In what ways can you implement the suggested processes to define your
program learning outcomes and validate them with your program stakeholders?
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Chapter 4
Integrated Curriculum Design

Introduction

We have now reached a transition point in our discussion. In Chap. 2, we posed
the two central questions that any approach to improving engineering education
must address:

o What is the full set of knowledge, skills, and attitudes that engineering students
should possess as they leave the university, and at what level of proficiency?
e How can we do better at ensuring that students learn these skills?

As discussed in the previous chapters, there are compelling reasons for university
engineering programs to educate students in a broad set of personal and interper-
sonal skills, and product, process, and system building skills, as well as to instruct
them in the technical disciplines. To accomplish this, the CDIO approach proposes
that: (1) we stress the fundamentals and set the education in the context of con-
ceiving-designing-implementing-operating products, processes, and systems (the
essence of CDIO Standard 1); (2) students be expected to achieve a set of learning
outcomes as defined by the CDIO Syllabus; and, (3) learning outcomes be com-
prehensive, be consistent with program goals, and be validated by program stake-
holders (the essence of Standard 2). The first three chapters laid out a process to
answer the first of the two central questions.

The next three chapters discuss the resolution of the second central question—
How can we do better at ensuring that students learn these skills? Engineering
programs need to provide an education that is better at supporting students in
learning, not only disciplinary fundamentals, but also personal and interpersonal
skills, and product, process, and system building skills. In most cases, we need
to do better with allotted resources. In order to reach these goals, a program re-
tasks the available resources to get more out of them, that is, it re-tasks the cur-
riculum and workspaces and restructures the learning experiences. This chapter

This chapter is written with the support of authors Svante Gunnarsson und Goran Gustafsson.

E. F. Crawley et al., Rethinking Engineering Education, 85
DOI: 10.1007/978-3-319-05561-9_4,
© Springer International Publishing Switzerland 2014


http://dx.doi.org/10.1007/978-3-319-05561-9_2

86 4 Integrated Curriculum Design

discusses the way a program is built around an integrated curriculum that incorpo-
rates an introduction to engineering. Chapter 5 explains how a program also incor-
porates two or more experiential design-implement exercises, often in a modern
engineering workshop. Chapter 6 describes how the CDIO approach incorporates
integrated learning activities that simultaneously teach disciplinary knowledge,
personal and interpersonal skills, and product, process, and system building skills,
and uses active and experiential methods to support student learning. Therefore, as
we begin this chapter, we transition from the what implied by first central question
to the how implied by the second.

An integrated curriculum is characterized by a systematic approach to teaching
personal and interpersonal skills, and product, process, and system building skills,
as defined in the CDIO Syllabus. To emphasize the fact that these learning out-
comes are necessary for preparing graduates for engineering practice, and for sim-
plicity, we refer to these skills as professional engineering skills or professional
skills. In general, an integrated curriculum has the following attributes:

e [t is organized mainly around the engineering disciplines. However, the curricu-
lum is re-tasked so that these disciplines are shown to be connected and mutu-
ally supporting, in contrast to being separate and isolated.

e The professional engineering skills are highly interwoven into mutually sup-
porting courses, exploiting the synergistic relationship between technical disci-
plines and professional skills.

e Every course or learning experience sets specific learning outcomes in discipli-
nary knowledge, and in professional skills, to ensure that students acquire the
appropriate foundation for their futures as engineers.

Said another way, the integrated curriculum forms an education that has an impact
greater than the sum of its parts. The curriculum is coordinated, with mutually
supporting elements, each taking on a well-defined function. The elements work
together to enable students to reach program learning outcomes. An important part
of an integrated curriculum is an introductory course in engineering, which cre-
ates excitement about engineering, teaches some early key skills, defines a set of
concrete engineering experiences on which students can base subsequent learning,
and suggests the framework of the education to follow. As with any well-defined
system, the curriculum must be designed with an appropriate balance of flexibility
and efficiency.

This chapter describes the CDIO approach for developing and implementing
an integrated curriculum. The process respects pre-existing conditions and avail-
able resources that characterize each individual program, but suggests approaches
and alternatives to curriculum design to support the intended student learning. The
first part of this chapter underscores the importance of an integrated curriculum,
as defined in Standard 3. It is followed by discussions and examples of systemic
approaches to curriculum design. The second part of this chapter discusses the task of
introducing students to engineering, and gives examples of how to do this in an intro-
ductory course, as defined in Standard 4. Design-implement experiences and peda-
gogical aspects of integrated learning are discussed in Chaps. 5 and 6, respectively.
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Chapter Objectives

This chapter is designed so that you can

e Explain the rationale for a curriculum that integrates learning and establishes
learning outcomes that require integration of professional engineering skills and
disciplinary fundamentals.

e [ay the foundation for curriculum redesign by benchmarking an existing curriculum
and recognizing pre-existing conditions that influence curriculum design in your
current setting.

e Describe the process for designing and implementing an integrated curriculum.

e Describe the purpose and benefits of an introductory course in an engineering
curriculum.

The Rationale for an Integrated Curriculum

Two major learning processes characterize engineering education: (1) the acqui-
sition of disciplinary knowledge and understanding, and (2) the development of
professional skills. The rationale behind the integrated curriculum is that these two
processes are interrelated. The value of disciplinary knowledge and understanding
is created by expressing and applying knowledge in practice. The development of
professional engineering skills is based on the integration and application of disci-
plinary knowledge and understanding in engineering working modes. In addition
to applications of theory, professional engineering skills also promote the capacity
for informed judgment and idea generation. Therefore, an integrated curriculum
is characterized by a systematic approach to teaching professional skills, that is,
personal and interpersonal skills, and product, process, and system building skills,
integrated with engineering disciplinary fundamentals. Another aspect of the
integrated curriculum is that disciplinary courses should also make explicit con-
nections among related content and learning outcomes. Furthermore, an explicit
plan identifies ways in which the integration of engineering skills with multidis-
ciplinary connections is to be made. This integrated approach to curriculum is the
focus of Standard 3.

STANDARD 3—INTEGRATED CURRICULUM

A curriculum designed with mutually supporting disciplinary courses,
with an explicit plan to integrate personal and interpersonal skills, and
product, process, and system building skills.

Disciplinary courses are mutually supporting when they make explicit connections
among related content and learning outcomes. An explicit plan identifies ways in
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which the integration of personal and interpersonal skills, and product, process, and
system building skills with multidisciplinary connections are to be made. It is impor-
tant to recognize that an integrated curriculum requires a dynamic and meaningful
integration throughout the curriculum. Students are not empty vessels that first must
be filled with content before they get to practice engineering skills. This assump-
tion can create problems with motivation and retention in programs because it can
take years before students encounter a course that reminds them of the reasons they
wanted to study engineering in the first place. It also creates problems with retention
of knowledge because when students finally get to the point in their education when
they need to apply the knowledge, they have forgotten or cannot retrieve the informa-
tion. Learning based solely on theoretical knowledge is not necessarily connected to
reality and engineering practice. Instead, we need to see students as beginning engi-
neers who develop into professional engineers through the acquisition of disciplinary
knowledge integrated with engineering skills.

Practical Reasons

There are both practical and pedagogical reasons for constructing an integrated
curriculum. In an already existing engineering curriculum, it is often difficult to
add more content or time, and, thus, there are few options available other than to
re-task the available time and resources. The strategy is to make dual use of time
and resources within disciplinary courses, capitalizing on the synergy of the simul-
taneous learning of professional skills and disciplinary knowledge.

Pedagogical Reasons

In addition, there are sound pedagogical reasons for integrating students’ develop-
ment of professional skills with disciplinary knowledge:

e Personal and interpersonal skills, and product, process, and system building
skills depend on the context in which they are taught and used.
In engineering education, personal and interpersonal skills, such as teamwork
and communication, are often called generic skills. They are generic in the
sense that lawyers, doctors, and other professionals need to communicate and
work in teams. However, the personal and interpersonal skills, and product,
process, and system building skills used by engineers are practiced in specific
technical contexts. For example, communication proficiency in a technical field
depends on being able to apply disciplinary concepts, examine problems at dif-
ferent levels of abstraction, make connections, and explain technical issues for
different audiences.
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e Learning experiences for engineering skills are opportunities for students to
develop deeper working knowledge of engineering fundamentals.
The process of learning professional skills in a disciplinary context has the
potential to reinforce students’ understanding of disciplinary content. The
integrated learning experiences provide a way to apply and express techni-
cal knowledge, and in doing so, disciplinary knowledge is transformed from
abstract ideas into working knowledge. As a result, disciplinary knowledge and
professional skills are mutually supporting.

Characteristics of an Integrated Curriculum

An integrated curriculum is characterized by:

e Program learning outcomes that systematically flow down to learning outcomes
in each of the educational components, for example, courses, modules, or other
units of instruction.

e Educational system components that mutually support the learning of discipli-
nary fundamentals, and the achievement of desired levels of professional skills.

e An explicit curriculum plan that is adopted and owned by the entire faculty. An
example of such a plan is described in Fig. 4.1.

This last characteristic is vital for the success of the integrated curriculum. Since
an engineering curriculum is generally owned by the teaching faculty as a whole,
and executed largely in individual components, faculty and leaders of all compo-
nents must be aware of the role and the function of their components in the cur-
riculum as a whole.

An integrated program description (IPD) that describes the goals, content, and
structure of an educational program, as well as how these are connected, is an efficient
tool in curriculum design [1]. The intent is to provide key stakeholders of the program
design process with a documented set of tools that can facilitate the design process.
Figure 4.1 also shows the relationships between the components of an IPD.

A program design process that is aligned with the contents of an integrated pro-
gram description typically starts with the statement of the program purpose, fol-
lowed by the development and validation of the program goals. The next step is
to formulate the program idea, i.e., the fundamental principles and considerations
that underlie the program design. The program plan then implements the program
idea by defining the included courses, their credits, and their placement in the cur-
riculum. The role of the program design matrix is then to interconnect the program
goals with the courses, assuring that no program goal is neglected and that there
is a deliberate learning progression in the program. Finally, the course plans are
developed by refining the program goals assigned to the course and selecting ped-
agogical and assessment approaches.
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Fig. 4.1 Components of an integrated program description

The assignment of goals for the learning of professional skills needs to be done
in a combined top-down and bottom-up dialogue between the program chair and
the faculty in order to achieve commitment and to transfer ownership for such
goals. An IPD is an effective tool for visualization of the curriculum design, and
the development of the IPD itself is an important component in the design process.
It also enables faculty to appreciate the contributions to the program learning out-
comes from every course in the program.

Faculty Perceptions of Professional Skills

When planning an integrated curriculum, it is important to recognize that faculty
members may have different perceptions of the value and place of personal and
interpersonal skills, and product, process, and system building skills as part of the
curriculum. Faculty who think that these skills are of secondary importance or
that they should be taught separately from disciplinary content may be unwilling
to integrate them into their courses. According to Barrie [2], for example, faculty
perceptions of generic attributes fall into four hierarchical categories: enabling,
translating, complementary, and precursory (see Table 4.1). The categories are not
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Table 4.1 Faculty perceptions of generic skills

Enabling Generic attributes are integral to disciplinary Integrated
knowledge, infusing and enabling scholarly
learning and knowledge

Translating Generic attributes let students use and apply Integrated
disciplinary knowledge. They interact with
disciplinary knowledge through application,
potentially changing and translating knowledge,
and are in turn shaped by this disciplinary
knowledge. They are closely related to
disciplinary learning outcomes

Complementary They are useful additional skills that complement Associated
disciplinary knowledge. They are part of the
syllabus, but separate and secondary to
disciplinary knowledge

Precursory They are necessary basic precursor skills and Not part of the
abilities, and may need remedial teaching curriculum
of such skills at university

mutually exclusive, but hierarchical, that is, a category includes all the categories
below it.

The perceived relationship between the skills and the disciplinary content will
affect the way that faculty think the curriculum should be designed. Using this
classification, Standard 3 emphasizes upgrading our view on the learning of skills
from the Not-part-of-the-Curriculum and Associated categories to the Integrated
categories, focusing on the interaction of skills and disciplinary knowledge. For
example, the teaching of communications as part of a disciplinary topic might be
seen as Translating, while the teaching of design could well be considered at the
Enabling level, since it enables and reinforces knowledge. In both cases, they must
be genuinely integrated into the curriculum.

Faculty may also need the opportunity to discuss the arguments for an inte-
grated curriculum and reflect on these issues over time. Such discussions may
serve to identify relevant combinations of professional skills and disciplinary con-
tent in preparation for the curriculum design process. At this point, stakeholder
input on the importance of these skills can be critical to developing consensus.

Integrated Curriculum Design Process

We use an engineering problem-solving process to structure the design of the
engineering education. The starting point for the curriculum design process
may differ considerably among programs. Redesigning an existing program into
a CDIO program implies that a number of initial conditions need to be consid-
ered. The design of an entirely new program does not necessarily involve so many
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Fig. 4.2 Integrated curriculum design process model

pre-existing conditions. Irrespective of the starting point, the word design is used
here to describe the creation of new programs and the transformation of existing
programs.

The Curriculum Design Process Model

Figure 4.2 illustrates a model for the design of an integrated curriculum. The
model calls for a translation of the CDIO vision into a formal set of goals that will
provide a foundation for curriculum design. This translation is informed by the
desired learning outcomes, pre-existing conditions, and curriculum benchmarking.
Curriculum design itself is then defined as the projection of these goals onto the
courses and associated learning experiences that formally constitute a curriculum.
The starting points are the process of setting the expected learning outcomes
and the examination of pre-existing conditions, including factors such as pro-
gram purpose and length, high-level program design, and underlying structure
of the curriculum. These in turn are informed by national standards, university
rules, and program tradition. As a departure point for curriculum design, a bench-
marking exercise examines the existing curriculum to see how it compares with
the expectations, that is, the intended learning outcomes. The scope of the bench-
marking activity includes all parts that contribute to the educational experience.
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To some extent, the benchmarking activity can be carried out in parallel with the
stakeholder survey of expected proficiencies that was described in the previous
chapter. Once the program goals are clearly established, the pre-existing condi-
tions understood, and the existing curriculum has been benchmarked, curriculum
design can truly begin.

Curriculum design proper begins with two parallel interactive steps: (1) the
design of the curriculum structure, and (2) the determination of the appropriate
instructional sequence for each topic. With the structure and sequence estab-
lished, the last step in design is the mapping of the sequence onto the elements of
the structure so that each element carries well-defined responsibilities for student
learning in an integrated, mutually supporting, and coordinated design. Design
is an iterative process with several feedback loops, indicated by the dashed lines
in Fig. 4.2. Continuous improvement and refinement of the curriculum design
is driven by results of student learning assessment, changes in required learn-
ing outcomes over time, and institutional changes, such as development funding,
altered resources, and faculty re-assignments. In the sections that follow, each of
the steps in the integrated curriculum design process model is discussed in more
detail.

Curriculum Content and Learning Qutcomes

The foundation of curriculum design is the delineation of the desired curriculum
content and the specification of learning outcomes. Disciplinary curriculum con-
tent includes fundamentals of mathematics and the sciences, engineering science,
and other technical knowledge, as well as university requirements, such as human-
ities and social sciences. In a CDIO program, learning outcomes are specified
for disciplinary content as well as for the engineering skills. The CDIO Syllabus
outlines in detail the personal and interpersonal skills, and product, process, and
system building skills. Stakeholder surveys identify the expected proficiency of
graduating engineers in each of the topics, and potentially for the disciplinary con-
tent as well. The process of translating topics into intended learning outcomes is
explained in Chap. 3. Learning outcomes and expected proficiency levels, both for
disciplinary topics and skills, form the foundation of curriculum design.

Pre-existing Conditions

The curriculum design process begins with the need to reflect on pre-existing con-
ditions and the existing connectivity of the curriculum. Pre-existing conditions
are the set factors regarding the current curriculum, including accreditation stand-
ards, university rules, program tradition, and requirements of local, regional, and
national groups. Three pre-existing conditions strongly influence the amount of
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flexibility available to the design process: program purpose and length, high-level
program design, and the underlying structure of the curriculum.

Program purpose and length. Programs usually fall into two groups based on
their purpose: those leading to a terminal pre-professional degree for engineering,
and those intended to be followed by a subsequent terminal pre-professional degree.
This distinction is often reflected in the length and structure of the programs.
Curriculum design must acknowledge and accommodate these constraints.

High-level program design. Institutions often set high-level designs for
programs. Some programs are divided into upper-level and lower-level courses. In
engineering programs, it is common to find four phases: (1) mathematics and sci-
ence fundamentals, (2) engineering fundamentals, and (3) specialized courses and
electives, and (4) summative experiences. This high-level design can affect fac-
ulty teaching responsibilities and the degree to which program leaders can influ-
ence each of the phases. For example, in many universities, science faculties are
responsible for science fundamentals and are not directly influenced by the work
of engineering curriculum designers. On the other hand, engineering fundamen-
tals are often taught in required core courses that can be directly influenced.
Specializations or electives that may or may not be explicitly recognized as formal
curriculum options are in general taught by faculty with engineering backgrounds.
A specific elective course is often easy to influence but will not affect the learning
experience of all students to the same extent as required courses. Summative expe-
riences, such as final year projects, design-implement experiences, and theses, can
provide opportunities to incorporate common requirements so that specializations
and electives contribute to the integrated curriculum.

Underlying structure of the curriculum. Virtually all universities have an
underlying structure that dictates the length of the university school year, the
length and intensity of the terms or semesters, and the atomic unit of instruction,
which is referred to as a course in this book. Established academic units and total
number of allowable units can limit the flexibility of a curriculum plan.

Program’s disciplinary content. Another form of pre-existing condition is
the program’s disciplinary content and the degree to which it is fixed. It is impor-
tant to understand the connections among the topics, that is, existing interac-
tions or isolation of the disciplinary topics within the courses. Written program
plans for student pathways through the program can provide a curriculum with
mutually supporting disciplinary subjects, as called for in Standard 3. However,
the most reliable means of understanding disciplinary structure is to interview
program faculty. As an example, Box 4.1 describes the results of a survey of pre-
existing conditions in the Applied Physics and Electrical Engineering program at
Linkoping University. Typically, results show a high degree of connection among
the topics. Not surprisingly in the Linkoping example, mathematics courses are
used by many subsequent courses. The matrix also reveals other key courses,
such as Scientific Computing, which are used by many courses. This information
is important for the design team as they begin to consider how the curriculum
might be restructured.
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Box 4.1 CoNNECTIONS BETWEEN MANDATORY COURSES IN APPLIED
PHysICS AND ELECTRICAL ENGINEERING, LINKOPING UNIVERSITY
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A survey of faculty members was conducted at Linkoping University
to document the pre-existing disciplinary connections within the
Applied Physics and Electrical Engineering program. The purpose
of the survey was to investigate and clarify the connections between
the mandatory courses, that is, those in the first three years of the pro-
gram. Hence, the survey covers mathematics, science, and engineer-
ing courses. The survey asked faculty members responsible for each
course to provide a measure of the connections between their courses
and the courses that preceded them in the program. Note that in such
surveys, faculty are much more aware of the connection with previous
courses than with subsequent courses. Each connection was rated on a
four-level scale, ranging from No immediate connection (white box) to

(Continued)
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Box 4.1 CoNNECTIONS BETWEEN MANDATORY COURSES IN APPLIED PHYSICS
AND ELECTRICAL ENGINEERING, LINKOPING UNIVERSITY—CONT’D

Strong connection (dark gray box). A row in the matrix illustrates how
the content of a particular course is used in subsequent courses. A col-
umn in the matrix shows the extent to which a particular course uses
knowledge from previous courses.

—T. KARLSSON, LINKOPING UNIVERSITY

Benchmarking of the Existing Curriculum

The purpose of benchmarking is to document how an existing curriculum
addresses the expectations and proficiency levels of the professional engineer-
ing skills and to serve as an important starting point for subsequent design.
Engineering programs, in general, already include many activities that relate to
professional skills, but they are not necessarily well designed, well coordinated,
and comprehensive. Benchmarking identifies the existing committed resources and
highlights ways that a curriculum can make better use of time. Bankel et al. [3]
propose a benchmarking tool for this purpose of identifying the existing activities.

In benchmarking studies, instructors are asked about the extent to which spe-
cific learning outcomes are addressed in their respective courses. For each of
the topics at the second level of the CDIO Syllabus, for example, 2.1 Analytical
reasoning and problem solving, faculty are asked about how these topics are
addressed in their courses. The aim is to identify learning outcomes and the way
they are implemented in the course design.

Teaching activities are categorized as Introduce (I), Teach (T) or Utilize (U),
based on intent, time spent, and explicit linkages to learning outcomes, assign-
ments, and assessment criteria. The operational definitions for Introduce, Teach,
and Utilize are shown in Table 4.2. The decision to make distinctions among
Introduce, Teach, and Utilize was made after observing that the word zeach is used
to describe a great variety of activities occurring within courses.

Bankel et al. [3] suggest face-to-face interviews with instructors respon-
sible for each course in the program. Responses are analyzed to illuminate pat-
terns of teaching. It is not possible to equate expected proficiency levels of CDIO
learning outcomes directly with teaching activity levels. However, it is possible
to make some comparisons, to identify weaknesses and strengths in the exist-
ing curriculum, and to identify learning outcomes that require more (or perhaps
less) emphasis across the curriculum. It is also possible to identify skills that are
introduced multiple times without any instructor taking responsibility for actu-
ally teaching and assessing them. Results of benchmarking studies provide impor-
tant information for curriculum design. Describing teaching activities using the
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Table 4.2 Definitions of introduce, teach, and utilize

Learning outcomes Learning activities Assessment
Introduce  Probably not an explicit Topic is included in an activity =~ Not assessed
outcome
Teach Must be an explicit Included in a compulsory activity. Students’ performance
learning outcome Students practice and receive is assessed. May be
feedback graded or ungraded.
Utilize Can be a related learn- Used to reach other intended Used to assess other
ing outcome outcomes outcomes

Table 4.3 Excerpt of a program design matrix for an engineering curriculum

Course 1  Course 2 Course 3 Course4 Course 5

2.1.1 Problem identification and T 1 T T T
formulation

2.1.2 Modeling T T T T T

2.2.2 Survey of print and electronic
literature

2.2.3 Experimental inquiry

2.4  Attitudes, thought and learning T

3.1 Teamwork

3.2.3 Written communication U

3.2.4 Electronic/multimedia
communication

3.2.5 Graphical communication

3.2.6 Oral presentation U T

i e I
a

—
c

Introduce-Teach-Utilize (ITU) categories for the different sections and subsec-
tion of the CDIO Syllabus leads to the use of program design matrices of the
form illustrated in Table 4.3 as a tool for curriculum benchmarking. Different
approaches to the design and development of such matrices have been proposed
since the first results were presented in 2005.

Gunnarsson et al. [4] compare the use of such program design matrices at
Linkdping University (LiU) and the Technical University of Denmark (DTU). One
notable difference between the two different approaches is that the matrices used
at LiU use the ITU categories as a way to characterize the teaching activities in
the program but not the expected levels of proficiency, while those used at DTU
describe progression in terms of the proficiency levels defined by Bloom’s taxon-
omy, but do not characterize the teaching activities.

Curriculum Structure

Curriculum structure is the arrangement of content and associated learning outcomes
into instructional units, e.g., courses, to facilitate intellectual connections among
the courses. The requirements for curricular structure in a CDIO program follow
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Fig. 4.3 Four approaches to curriculum organization

from Standard 3. The curriculum structure must allow the disciplinary courses to be
mutually supporting, and it must allow the professional skills to be interwoven in the
curriculum. The CDIO approach aims to reform the curriculum to make dual use of
time so that students develop both a deeper working knowledge of the fundamentals
and the necessary professional skills. Several levels of decisions must be made about
curriculum structure to support implementation of a CDIO approach. These include
choosing the organizing principle, the master plan for integration, the use of block
course structures, and a curriculum concept.

Organizing Principle

The highest-level choice in integrated curriculum design is that of the organiz-
ing principle of the curriculum. Figure 4.3 shows four approaches to curriculum
organization. In the figure, disciplines run vertically, and projects and skills run
horizontally. A strict disciplinary organization is depicted at the far left, with the
disciplinary topics in isolated “stovepipes.” Students learn a sequence of topics,
with few linkages or interactions and little integration of skills. In contrast, at the
far right of Fig. 4.3 is a traditional apprenticeship model in which a student works
as an apprentice on a first project, then a second, moving on with little or no for-
mal organization around disciplinary learning.

The middle two options for organization allow integration. The problem-based
curriculum uses problems or projects as the organizing principle, integrating dis-
ciplinary content on a need-to-know basis, through both formal and informal
instruction. Several universities, notably Aalborg University in Denmark [5], are
successful with this curriculum model, and it merits examination. While it is pos-
sible to design a curriculum on this model, many universities have a pre-existing
disciplinary organization, making it difficult to transform an existing program to
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one with a comprehensive problem-based organization. There is also a concern
that this organizing principle may de-emphasize the technical disciplines.

In the CDIO approach, the organizing principle for an integrated curriculum is
the model indicated in Fig. 4.3, with mutually supporting disciplines interwoven
with projects and skills. This curriculum structure promotes the learning of disci-
plinary content and allows several flexible structures for integrating project work
and design-implement experiences.

Master Plan

All good designs require a master plan of how disciplinary content and learning
outcomes will be integrated into the curriculum. Again, several alternatives are
possible. Figure 4.4 illustrates an academic year from left to right in two terms.
The black shading represents disciplinary concepts and the diagonal shading rep-
resents professional engineering skills. The greatest degree of integration occurs
in the integral model where the learning of personal and interpersonal skills, and
product, process and system building skills is totally embedded in the disciplinary
courses. All teaching is dual use, strengthening disciplinary knowledge and profes-
sional engineering skills.

A second master plan is called parallel integration model. Here a segment of
the learning experience in one or more terms is organized around projects or skills
where disciplinary content is taught in parallel with professional skills. Design-
implement courses that span one or several terms would be an example. A third
master plan is temporal integration model in which a block of time is set aside for
intensive work in projects and skills. In general, some combination of the different
master plans is appropriate, and the choice depends largely on local pre-existing
conditions. The fact that in the temporal and parallel integration plans the project



100 4 Integrated Curriculum Design

(a) Conventional - -_- (d) Sequential

(b) Block (e) Bus

(€) Linked/merged = = = (f) Simultaneous

Fig. 4.5 Alternative block course structures

and skills activities are separate does not imply they do not have dual impact.
Well-designed projects and other experiential learning activities can motivate and
reinforce disciplinary learning even if they are in separate modules of the curric-
ulum. A challenge to the curriculum design team is to determine ways in which
extra-curricular activities can enrich the learning of both disciplinary knowledge
and skills without making participation a requirement.

Block Course Structure

Virtually all universities segment the curriculum into some form of modules or
block course structures. Faculty and program managers tend to take this structure
for granted because they have limited influence over it. The curriculum is built of
instructional units of a specified length of time with a specified number of hours.
This conventional structure is shown schematically in Fig. 4.5a. Often, the only
recognizable connection among courses is determined by prerequisites, that is,
courses that must be taken chronologically before others. Sometimes universities
allow co-requisites, that is, courses that must be taken before or in the same term
as other courses. These are weak temporal structural linkages that do not necessar-
ily reflect real integration between the courses.

Working within the pre-existing conditions of common university policies and
regulations, curriculum designers have identified several approaches to building
more flexibility into curriculum structure. Figure 4.5(b through f) illustrates these
alternatives to the conventional structure (a).

Block structure (b). Perhaps the strongest of these alternatives is the block
structure in which the time and content allotted to two courses is combined into
one course (Fig. 4.5b). Either one instructor teaches an integrated course, or more
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commonly, two or more instructors teach together in a closely coordinated fashion.
This structure allows a great deal of intra-disciplinary linkages, that is, connec-
tions within the course, and tends to make learning experiences across topics more
flexible and more common.

Linked or merged structures (c). The linked or merged structure allows a dis-
ciplinary connection that is almost as strong as the block structure (Fig. 4.5¢). In
this structure, two instructors start the term teaching independently, but at some
point, the two courses flow together and work in common. This is most effective
when the common work is associated with a design project or end-of-term prob-
lem that requires the integration of content from both courses.

Sequential structure (d). A variant of the merged structure is the sequential
structure in which the time and content allotted to two courses are tightly combined
into two consecutive terms (Fig. 4.5d). Here, two instructors teach as a team or
alternate over the entire length of the two terms in such a way as to present a more
integrated view of the whole. This structure has the benefit of fostering the kind of
mature understanding of linkages that is facilitated by exposure over a longer time.

Bus structure (e). Another structure shown in Fig. 4.5¢e is the bus structure.
The idea is that two or more courses connect to an element that acts as a “bus”
for the courses. The bus may be a project, such as a design-implement project, or
a set of integrating lectures or seminars. Homework assignments and lectures in
the connecting courses can be directly related to the bus. One advantage with this
design is that students can take the conventional courses without necessarily par-
ticipating in the “bus” experiences.

Simultaneous structure (f). The weakest linkage is found in the simultane-
ous structure (Fig. 4.5f). In this structure, two instructors teach two separate, parallel
courses. Through good communication and cooperation, they point out, in real time,
how learning in one of the courses can influence that in the other. In addition, they
individually create exercises that require knowledge and application from both courses.

Using a variety of structures offers curriculum designers flexibility to make dis-
ciplinary linkages within the curriculum, and provide opportunities for integrated
learning experiences. In implementing any curriculum connections it is important
not to impose too many constraints on the flexibility in the path a student takes
through the program. Consequently, linkages are easier to implement in those
parts of the curriculum that are more or less required or standardized. Linkages
within a curriculum also place increasing demands on faculty because they require
substantial cooperation and adjustments of course content in order to achieve the
desired connections.

CDIO Curriculum Concept

Depending on pre-existing conditions and choices of organizing principle,
integration plan and block structures, a concept for the structure of the integrated
curriculum will have evolved. Below, four types of elements are discussed in relation
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Fig. 4.6 Example of a curriculum concept for a CDIO program

to their role in the integrated curriculum: the introductory course, disciplinary
courses, design-implement experiences, and summative experiences.

An example of a developed concept for curricular structure is illustrated in
Fig. 4.6.

Introduction to engineering. The introductory course is an early engineering
course that aims to establish the framework in which engineers work and con-
tribute to society. It serves to stimulate students’ interest in, and strengthen their
motivation for, the field of engineering. There is often a big difference in the expe-
riences of engineering among the new students; thus, it is important to provide a
general overview of the field and strengthen the motivation for the studies. In addi-
tion, introductory courses provide an early start to the development of the personal
and interpersonal skills, and product, process, and system building skills described
in the CDIO Syllabus. More details about the motivation for including an intro-
ductory course in the curriculum, the challenges related to the implementation of
such a course, and some examples are found in a later section of this chapter.

Disciplinary courses. The disciplinary courses are often organized in a com-
mon or required core with a specialization toward the end of the program. These
learning experiences should be mutually supporting, that is, organized and
sequenced to support students in making connections within the disciplinary
learning outcomes. Because the disciplinary courses constitute a major part of
the curriculum, it is vital that these courses make substantial contributions to the
development of personal and interpersonal skills, and product, process and system
skills together with disciplinary learning outcomes. This can be achieved in ways
that strengthen the working knowledge of disciplinary fundamentals. The design
of integrated learning experiences on a course level (Standard 7) is discussed in
more detail in Chap. 6.

Design-implement experiences. One of the best practices identified in the
CDIO approach is the weaving of a sequence of project-based courses into the


http://dx.doi.org/10.1007/978-3-319-05561-9_6

Integrated Curriculum Design Process 103

Year CDIO Y-Program
Master’s
Thesis
Project
VLSI Design .
Project 9 Aol dP;:]elc:(
i i i i ied Mathematics
Biomedical Engineering PP Project course in
i Project o Project Project Computational Physic:
esign and Fabnf:anon Project System Design Embedded Systems
of Sensor Chip mages and Graphics Simulation
Year 4 and Verification
Project .
Mixed-Signal Processing Prz_)]ect
s Automatic Control 2
ystems 2
2
[3]
Qo
w
Year 3 El_ectronics
Project Course

3
Year 2 4
>
<}
o
>
-
o
0
2
Year 1 ) ) ) Plnt_rodl.(ug:tory ) £
Natural Science | Engineering roject Course Mathematics 3

Fig. 4.7 Concept for a curriculum structure at Link6ping University

curriculum. The aim is to provide appropriate learning experiences by allowing
students to tackle realistic problems in working modes that are aligned with pro-
fessional engineering practice. The intended learning outcomes for such courses
will emphasize the development of engineering skills, such as communication,
teamwork, and skills in developing products, processes and systems, as well as the
integration and application of technical knowledge. Design-implement experiences
are discussed in more detail in Chap. 5.

Summative Experiences. Many engineering programs include one or more
summative experiences in the form of thesis work or capstone projects. In a
two-level program, such as in several European countries that have adopted the
Bologna model [6], there could be one thesis at the end of the first level (bachelor
thesis) and another thesis at the end of the second level (master thesis). The disci-
plinary content of such thesis work is individually chosen and ranges in engineer-
ing programs from product development to research-oriented activities. Therefore,
it is difficult to assign disciplinary learning outcomes to a thesis, but these sum-
mative experiences offer excellent opportunities for training and assessment of
professional engineering skills. For example, thesis work requires planning and
application of personal and professional skills, including communication skills.

Figure 4.7 illustrates an example from Linkoping University of a curriculum
structure using different curricular elements.
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Sequence of Content and Learning Qutcomes

The next curriculum design issue to consider is the sequence of content and learn-
ing outcomes. Sequence is the order in which student learning progresses. If
sequence is properly developed, learning follows a pattern in which one experi-
ence builds upon and reinforces the previous ones. In well-established academic
disciplines, content sequence is fairly well understood. For the most part, these
sequences have been derived from the experiences of faculty who teach and write
engineering textbooks. Distinctions center on the spectrum between specialization
and generalization. In newer fields, there is more variation. For example, in com-
puter science, significant debate takes place about whether it is best to start with
the teaching of a programming language, the theory of computation, or the opera-
tions of computing machines.

For professional engineering skills, the appropriate learning sequence may be
less established. The CDIO Syllabus uses a topical organization to suggest what
should be taught, but does not give guidance on the sequence of topics and skills
or the number of repetitions required for proficiency. For example, no sequence is
given to teach teamwork. Should the first teamwork exercise be leaderless, with
an appointed leader, an elected leader, or a self-selected leader? Should it have a
specific deliverable? When should students be taught how to diagnose and nego-
tiate conflict resolution in a team—early or late in their experience? By answer-
ing questions such as these, learning sequences for each professional skill can be
developed during the curriculum design process, to be used for the next step, that
of mapping the skills onto the curriculum.

A high level of proficiency is often expected of certain complex skills, includ-
ing design, communication and teamwork. These skills have to be developed in
several courses across the program. For example, in the Vehicle Engineering
Program at The Royal Institute of Technology (KTH), several courses in the pro-
gram integrate teamwork. The sequence of teamwork learning activities is coor-
dinated so that experiences in one course build upon previous experiences and
prepare students for the next experiences in the sequence. At KTH, the sequence
of learning experiences for a specific learning outcome is called a development
route. Two of these development routes, for written communication and communi-
cation in English, are shown in Fig. 4.8.

Coordination of learning outcomes and experiences is necessary both to
achieve an appropriate progression of learning and to use resources and time effec-
tively. For example, while students are learning report writing, they benefit from
the repeated use of the same standards for writing technical reports across multiple
courses. After they have mastered these standards, they can benefit from increased
variation in styles of technical report writing. Joint development between courses
gives instructors opportunities to share teaching approaches, feedback forms, and
assessment instruments. In addition, with development routes, instructors are more
aware of the entire program and the contributions of their respective courses to the
whole. Appointing development route “champions” could be useful for supporting
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Fig. 4.8 Integrating communication skills into the curriculum

Table 4.4 Excerpt of program design matrix for curriculum mapping
Course 1 2 3 4 5

1.1 Knowledge of underlying mathematics and sciences

1.2 Core engineering fundamental knowledge

1.3 Advanced engineering fundamental knowledge, methods, and tools
2.1 Analytic reasoning and problem solving

2.2 Experimentation, investigation, and knowledge discovery

2.3 System thinking

2.4 Attitudes, thought, and learning

2.5 Ethics, equity, and other responsibilities

3.1 Teamwork

3.2 Communications

the faculty in course development and for monitoring student progress. Champions
can be either subject experts or faculty members with special interest in the spe-
cific skills.

Mapping Learning Outcomes

Once the curriculum structure and learning sequences have been developed,
learning outcomes are mapped to the learning activities. Standard 3 calls for an
explicit plan to integrate personal and interpersonal skills, and product, pro-
cess, and system building skills. This plan illustrates the ways in which respon-
sibilities for developing professional skills are explicitly assigned to the courses.
Curriculum mapping results in a matrix where one axis lists the program learning
outcomes and the other axis lists the individual courses in the program. Table 4.4



106 4 Integrated Curriculum Design

is an excerpt from a generalized program design matrix for a curriculum mapping
where the CDIO Syllabus second-level topics are mapped to the courses. The
matrix is filled in with appropriate entries of where each topic will be integrated
into the curriculum. Learning sequences and levels of proficiency, which were
suggested by stakeholder surveys, determine the appropriate entries.

At this point in the curriculum development, it is important that the faculty
involved in teaching the courses be engaged in the planning process. They provide
insight into the feasibility of integrating specific skills with the disciplinary con-
tent for which they are responsible. They also validate the intended sequence of
those outcomes. By being part of the curriculum design throughout its many itera-
tions, faculty develop ownership of the new integrated curriculum.

Guidelines help in deciding which skills to integrate into each course:

e Identify natural and obvious combinations of disciplinary content and engineering
skills.

e Build on the strengths of the existing curriculum. If a professional skill is
already addressed in a course, this learning experience can be reinforced
through improved assessment tools.

e Take advantage of where the course is taught in the sequence of the program.

e Start with instructors who are willing and able to develop their courses in this
direction. They can set examples and create early successes that can serve as
proof-of-concept to other instructors.

Box 4.2 describes an exercise to facilitate coordination between courses. This
exercise can be helpful in identifying and improving linkages between courses for
both disciplinary and skills learning outcomes.

Box 4.2 THE BLACK Box EXERCISE: FACILITATING
CoORDINATION BETWEEN COURSES

In an integrated curriculum, it is vital that the responsibility of each
course toward the program learning outcomes is made explicit, that
the interfaces between courses be well defined, and that the under-
standing of the curriculum and its elements be understood by all the
faculty. In the Black Box exercise, the whole faculty team reviews the
curriculum and its required courses. To keep focus, courses are dis-
cussed only in terms of its input and output of knowledge and skills.
Before the meeting, instructors are asked to prepare a presentation on
their respective courses, stating the specific knowledge and skills that
students should have as they enter the course and the specific knowl-
edge and skills students should be able to bring to the respective future
courses. These expectations are expressed as intended learning out-
comes. With this preparation, it is possible to identify the sum of the
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course learning outcomes as well as the connections between courses,
or lack thereof. The discussions that follow aim to adjust any incon-
sistencies, redundancies, and gaps; improve timing; remove obsolete
content; and, reveal places where a course may have drifted from its
intent.

This exercise enhances the dialogue among the faculty, increas-
ing shared awareness of the aims of the whole curriculum as well as
the roles and responsibilities of each course. Development routes for
disciplinary and professional skills learning outcomes are made vis-
ible to everyone. The exercise makes it easier to contact a colleague
to discuss actions when they address problems where there is com-
mon agreement. Benefits of this exercise increase when the findings
are well documented. Experience shows that this exercise can spark
productive discussions, and it is well worth it to allocate an extended
block of time to benefit fully from this exercise.

OUTPUT:

”Final” learning

—

INPU_T: Course outcomes, competence
Previous for the engineer
knowledge (here: black box)

and skills

~— " Input to following
courses

The result of the integrated curriculum design process should be a curriculum
that meets the learning objectives and goals for the program. Integrated curricu-
lum design requires the three desired features discussed in the introduction to this
chapter: mutually supporting disciplinary courses, highly interwoven learning of
professional skills, and well-defined learning outcomes for each course in both
professional engineering skills and disciplinary knowledge. Box 4.3 describes
an example of the implementation of an integrated curriculum at Singapore
Polytechnic. The curriculum design also establishes the environment in which
integrated learning experiences that make dual use of time can be executed.
Integrated learning experiences are discussed further in Chap. 6.

Box 4.3 INTEGRATED CURRICULUM EXAMPLES AT SINGAPORE
PoLYTECHNIC
At Singapore Polytechnic (SP), curriculum designers recognized
that successful curriculum integration, including the development of
integrated learning activities, would require clear articulation of the

(Continued)
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Box 4.3 INTEGRATED CURRICULUM EXAMPLES AT SINGAPORE
PoLyTECHNIC—CONT’D

CDIO skills at specific learning outcome and proficiency levels for
the polytechnic. From the basis of a CDIO curriculum customized for
SP, selected CDIO skills could be more easily and appropriately inte-
grated into the technical knowledge and skills framework of programs.
Within this context, Personal and Professional Skills and Attributes
and the Interpersonal Skills of Teamwork and Communication were
selected for initial implementation because faculty were more famil-
iar with them and perceived their relevance in the engineering work-
place. For example, through the clear articulation of critical and
creative thinking skills in the learning outcomes, faculty were able
to craft integrated learning activities that infused content knowledge
and skills with these desirable but often elusive process skills. Critical
thinking skills such as analysis, comparison, inference, interpretation,
and evaluation, as well as creative thinking involving the generation of
novel possibilities, were systematically infused in real-world learning
activities that required conceiving, designing, implementing and oper-
ating. Similarly, teamwork skills were made explicit and facilitated by
getting students to enact them in real teamwork contexts, e.g., setting
ground rules, identifying the strengths and weaknesses of team mem-
bers, formulating team goals, handling conflicts, etc., while working
on real-world projects.

Knowledge and skills of related courses were also clustered and
integrated through real-world learning activities. In the School
of Mechanical and Aeronautical Engineering’s Introduction to
Engineering in Year One, knowledge and skills learned in two separate
courses were integrated to conceive, design, and build a model rac-
ing car. Students machined the chassis from a given set of blueprints
and applied creative thinking to conceive, design, and model the car’s
body. They then assembled and raced their cars. Teamwork and com-
munication skills, as well as basic Conceive, Design, and Implement
skills were introduced and woven into the activity.

In Year Two, to reinforce the integration of CDIO skills with technical
disciplinary content, two existing courses, Engineering Design (ED)
and Computer-Aided Design (CAD), were merged to become the
Design-Implement course, illustrated in the figure below. The Design-
Implement course exposed students to the various stages of machine
design, such as conceptualization of design specifications, drawing,
designing, fabrication, assembly, and commissioning of the machine.
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To further reinforce the Conceive, Design, and Implement skills
in Year Two, a social innovation project course required that students
identify and prototype solutions for social endeavors. Students applied
a design thinking process and tools to identify user needs, brainstorm
solutions, and co-create their solutions with a selected community.
In the process, they used competencies like questioning, critical and
creative thinking, visual communication, and teamwork. Finally,
teamwork and communication skills, as well as the skills of conceive,
design, and implement introduced in the Year One Introduction to
Engineering course and reinforced in the Year Two Design-Implement
course, were practiced in the Year Three capstone project, as illus-
trated in the figure below.

(Continued)
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Box 4.3 INTEGRATED CURRICULUM EXAMPLES AT SINGAPORE
PoryTECHNIC—CONT’D

Horizontal and Vertical
Articulation and Integration of
Knowledge and Skills

Final Year
Capstone Project

Social Design
Innovation Implement
Project Course

B b A

Year 1 D D Introduction to @
CDIO skills are Engineering

Introduced Represents a cluster of

and skills

Integration of CDIO Skills across Three Years
in the School of Mechanical and Aeronautical Engineering

o

—H. LEONG AND D. SALE, SINGAPORE POLYTECHNIC

Introductory Engineering Course

As described earlier in this chapter, an integrated curriculum consists of four parts:
the introductory course, disciplinary courses, design-implement experiences, and
summative experiences. The introductory course is an early engineering course
that aims to establish the framework in which engineers work and contribute to
society. It serves to stimulate students’ interest in, and strengthen their motivation
for, the field of engineering. In addition, introductory courses provide an early
start to the development of the personal and interpersonal skills, and product, pro-
cess, and system building skills described in the CDIO Syllabus. Standard 4 high-
lights the importance of an introductory course.
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Fig. 4.9 Metaphor of Capstone course
an integrated curriculum
structure

Disciplinary courses

Introductory

course

STANDARD 4—INTRODUCTION TO ENGINEERING

An introductory course that provides the framework for engineering
practice in product, process, and system building, and introduces essential
personal and interpersonal skills.

The introductory course, usually one of the first required courses in a program,
provides a framework for the practice of engineering. This framework is a broad out-
line of the tasks and responsibilities of an engineer and the use of disciplinary knowl-
edge in executing those tasks. Students engage in the practice of engineering through
problem solving and simple design exercises, individually and in teams. The course
also includes personal and interpersonal knowledge, skills, and attitudes that are essen-
tial at the start of a program to prepare students for more advanced product, process,
and system building experiences. For example, students might participate in small
team exercises to prepare them for larger product development teams.

The metaphor of building a vault is used to illustrate the role of the introductory
course in an integrated curriculum (see Fig. 4.9). The introductory course is the
arch-shaped wooden form, or centering, used to support a stone arch made from
the disciplinary courses as they are laid in place. When the arch is nearing comple-
tion, the capstone, or summative design-implement and/or thesis experiences, lock
the structure into place. Once the capstone has been added, that is, all disciplinary
courses completed, the centering can be removed. Building a real arch without
centering is impossible. The introductory course is similar to centering in that it
gives students a quick insight into engineering practice and the roles of engineers.
Like the centering, it gives an early idea of the finished shape. The introductory
course teaches some essential skills, provides a set of early authentic personal
experiences that motivate the need for the disciplinary concepts, and allows early
fundamentals to be learned more deeply. This aspect will be discussed further as
part of experiential learning in Chap. 6.
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Although found in various forms in CDIO engineering programs, introductory
courses have a number of common denominators. They are among the first build-
ing blocks of their respective curricula. All employ some sort of authentic expe-
rience. Some use case studies to discuss historical or contemporary engineering
issues. Others use “dissection,” that is, taking apart an engineering device, such as
a car, to understand how it works. However, most introductory courses include a
design-implement experience of some kind that is carried out by student teams of
two to six members. In these cases, design-implement experiences tend to account
for at least 50 % of the total time devoted to the course. The courses and projects
can focus on different stages of product or process development. Some concentrate
on one or two stages, for example designing, or conceiving and designing. Others
address all phases of development, from conceiving through operating. According
to West [7], it is important for students in these courses to see that their projects
actually operate. Therefore, several programs provide student workshops that per-
mit students to build prototypes as part of their introductory courses.

Experience from our introductory courses supports the idea that design-implement
projects improve students’ comfort level working on technical problems that have no
clear solutions. Moreover, students are able to demonstrate an understanding of how
to design and build a device from an unidentified assortment of parts [8]. Students
welcome opportunities to develop their own ideas in a project, and they appreciate
the possibility of seeing something that they themselves have conceived become a
reality. Box 4.4 describes an introductory course at Linkoping University.

Box 4.4 AN INTRODUCTORY COURSE AT LINKOPING UNIVERSITY

The Applied Physics and Electrical Engineering Program at Link6ping
University created an introductory course called Engineering Project Y.
It has now been conducted successfully for more than ten years, and the
format of the course has been adopted by other engineering programs at
Linkoping University. The course has approximately 150 participants each
year, runs over the entire first semester, and corresponds to about 25 % of
a student’s workload. This introductory course consists of three main parts:
a series of lectures and seminars, project work, and a project conference.
Lectures and seminar

The series of lectures and seminars address topics related to the role of
an engineer, group dynamics, oral and written communication, infor-
mation retrieval, and introduction to the project management model
used in the course. In addition, representatives of industry give a num-
ber of guest lectures.

Project work

Project instructors assign students to groups of five or six students
to carry out the project work. Each group is assigned a project task
defined by a requirement specification. Each year there are approxi-
mately ten different project tasks, covering a wide range of subjects,
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assigned by five different disciplinary departments. Representative pro-
jects include the web-based supervision of indoor climate, the detection
of moving objects in an image sequence, and a control system for opti-
mal performance of a model car. Project work is managed by a project
management approach, called LIPS, that was developed at Linkdping
University [9]. The LIPS project model is shown in this box.

Starting from the requirement specification, the first step in the pro-
ject work is to create a project and time plan. The project customer must
approve these plans before the project work can start. In many cases,
group members agree on a group contract that specifies the rules for
the work in the group and ways to handle conflicts. During the project
work, groups have regular meetings, and they deliver project results
to the customer according the requirement specification. At the final
delivery, experts in oral and written communication assess group pres-
entations and give feedback and advice to the groups concerning their
communication skills. When the customer approves delivery, each
group writes a reflection document in which they evaluate their work,
both in terms of the technical results and the group work.

Project conference

The course ends with a final conference in which the groups present
their work. The conference is organized in parallel sessions with fac-
ulty members acting as session chairs. The conference gives students
practice in speaking in front of large audiences.

Before During After
& & &
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Summary

An integrated curriculum is characterized by a systematic approach to teaching
professional engineering skills, also referred to as personal and interpersonal
skills, and product, process, and system building skills. The curriculum is organ-
ized around, and integrated with, mutually supporting disciplinary courses. This
integrated approach promotes deeper working knowledge through application of
engineering concepts and emphasizes the importance of skills in engineering prac-
tice. Designing an integrated curriculum begins with setting learning outcomes
based on stakeholder input, and an examination of pre-existing conditions such as
program purpose and length and university policies and culture.

The curriculum design process itself focuses on three key components: struc-
ture, sequence, and mapping. Examples from CDIO programs illustrate the appli-
cation of these components. The result of the design process is an integrated
curriculum comprised of an introductory course, disciplinary courses, speciali-
zations, and design-implement experiences rich with professional skills learning
outcomes. Introductory courses serve to convey the framework of engineering
practice, engage and motivate students, teach early skills, and create a set of per-
sonal experiences that strengthen disciplinary learning. Introductory courses often
include design-implement experiences, which are discussed in more detail in
Chap. 5. The issues of designing an integrated curriculum reappear in Chap. 6
where the challenges of integrated teaching and learning are addressed.

Discussion Questions

1. What pre-existing conditions, such as program structure, facilitate or hinder the
design of an integrated curriculum in your program?

2. In what ways can you integrate skills learning outcomes into your existing
curriculum?

3. Of the many alternative curriculum structures presented in this chapter, which
are feasible for your program?

4. How can an existing introductory course be modified to address the purposes of
introductory courses in CDIO programs?
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Chapter 5
Design-Implement Experiences and
Engineering Workspaces

Introduction

In this chapter, we continue our discussion of the resolution of the second question
central to the improvement of engineering education—How can we do better at
ensuring that students learn these skills? In Chap. 4, we examined how the curric-
ulum can be restructured and re-tasked in order to strengthen the links between the
disciplines and weave the necessary skills into the curriculum plan. In this chapter,
we examine perhaps the most important device to meet the demands placed on an
integrated engineering curriculum, namely, design-implement experiences.

Design-implement experiences involve practical hands-on activities in which
students design, implement (build, create, produce), test, and operate an actual
product, process or system, or some reasonable surrogate thereof. In disciplines
where students develop artifacts, such experiences are sometimes called design-
build or design-build-test activities. In software development, students design and
then write code. There are also examples of courses related to competitions involv-
ing aspects of design-create-compete. In contrast to traditional “paper” design
courses, the essential feature of design-implement experiences is that students
actually realize their design and verify its performance.

Design-implement experiences are key features of a CDIO program in that they

e Complement theory to support efficient and deep learning.

e Have dual impact since they teach students engineering skills, i.e., personal and
interpersonal skills, and product, process, and system building skills, and at the
same time reinforce disciplinary knowledge.

e Strengthen the learning of fundamentals through repetition within a curriculum,
first, by introducing concepts and motivating learning, and later, by providing
opportunities for application and specialization.
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e Involve both active learning in which students manipulate, apply, and evaluate
ideas, and experiential learning in which students take on roles that simulate
professional engineering practice.

e Can be motivating, attracting students to engineering and helping to retain them
within the program once they have enrolled.

e Foster self-confidence and encourage leadership in engineering design and
development.

Because of this important role in engineering education, design-implement expe-
riences should not be optional, but carefully integrated into the curriculum. Students
need to be engaged in a sequence of design-implement experiences during their edu-
cation in order to support progressive learning of professional engineering skills.

An important complementary aspect of a CDIO program is that it also provides
workspaces to facilitate hands-on project-based learning. This need not be new
space created for this purpose, but can be a re-tasked space previously used for
classroom or traditional engineering laboratory exercises.

This chapter discusses educational means for planning and conducting
design-implement experiences. We include experiences from programs that have
adopted the CDIO approach. The learning environments, denoted engineering
workspaces, that enable these design-implement experiences are also discussed.
Descriptions include key attributes of effective workspaces and suggestions for
modifying existing facilities to accommodate design-implement experiences.

Chapter Objectives

This chapter is designed so that you can

1. Recognize the importance of design-implement experiences and supporting
engineering workspaces in the educational infrastructure.

2. Share examples of design-implement experiences and their appropriate learning

spaces.

. Find examples of design-implement experiences in different educational contexts.

. Appreciate the benefits and challenges with design-implement experiences.

5. Adapt existing facilities and resources to improve design-implement experi-
ences and engineering workspaces.

F OS]

Rationale for Design-Implement Experiences

A design-implement experience is an activity in which learning takes place
through the development of a product, process, or system. Students are thus
engaged in applying and developing their knowledge and skills while work-
ing on an authentic engineering task, in working modes resembling professional
engineering practice. Because it is intended to provide engineering practice in a
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relevant field, the detailed nature of a design-implement experience depends
largely on the engineering discipline and can take many different forms. The key
criterion for such an experience is that the solution is designed and implemented
to a state at which it is operationally testable by the students. In this testable state,
students should be able to verify that the product, process, or system meets its
requirement in order to evaluate their work and identify possible improvements,
both regarding the result and the process that brought them to the result.

Design-implement experiences can be designed to include several elements and
activities that are recognized as strong drivers for deep learning. The act of first
designing and then practically realizing the result provides immediate feedback
of progress and success (or the opposite). Students are likely to reflect on what
works and what does not work, how, when and why. Driven by curiosity, they may
explore how different elements are related and how certain changes or manipu-
lations affect the properties or performance of a system, or for that matter, the
performance of a group. By carrying projects all the way through to implementing
and testing solutions, students become more comfortable in translating between
models and physical reality, in understanding the implications of assumptions and
estimations, and in becoming accustomed to keeping one foot in analysis and the
other in the physical world. Since this relationship is the essence of engineering, it
should also be the emphasis of engineering education.

Characteristics of Design-Implement Experiences

We use the term design-implement experience to signify a range of engineer-
ing activities central to the process of developing new products, processes, and
systems. These experiences enable students to work through most or all of the
activities in the product, process, or system lifecycle model. As mentioned in
Chap. 2, Conceiving includes defining customer needs; considering technology,
enterprise strategy, and regulations; and, developing conceptual, technical,
and business plans. Designing focuses on creating the plans, drawings, and
algorithms that describe the product, process, or system to be implemented.
Implementing refers to transforming the design into a real product, including
for example hardware manufacturing, software coding, testing, verification and
validation. The final lifecycle stage, Operating, uses the implemented product,
process, or system to deliver the intended value, including maintaining, evolving,
and retiring the system. Ideally, students would be exposed to aspects of actual
operation as well, but experience has shown that it is difficult to orchestrate in an
academic setting for all but the simplest devices. Therefore, for both pedagogical
and practical reasons, we focus primarily on conceiving, designing and imple-
menting as the key activities about which students should learn, including verifi-
cation in the implementing phase.

The intended outcome from the design can consist of hardware, software,
substances, or combinations thereof. Media or materials used to realize the
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results need to be carefully chosen, but this does not mean that the product has
to be implemented in its final form. Depending on the level of the course, the
object of design can be anything from a simple functional model and a complex
near-production prototype. If the outcome is a more complex system or process,
it may be impossible to actually implement the entire system or process, but alter-
natives include implementing elements of it, an analog, a scaled model, or a digi-
tal model. Regardless of the details, the result must meet the basic criterion of
being designed, implemented, and verified. Only then does it serve as a source of
direct feedback to students on the success of their work and provide opportunities
for valuable reflection.

Distinguishing Design-Implement Exercises

Although the CDIO approach is not exclusive, there may be reasons to distinguish
CDIO design-implement activities from other activities and particular pedagogical
models. For instance, the term project-based learning is often used for activities
where a number of students are grouped together to perform a certain task collec-
tively, during a limited period of time and with given resources and constraints.
Such activities may or may not involve design-implement experiences as outlined
in this chapter, and may or may not be contextual or authentic. Neither does pro-
ject-based learning necessarily generate real-world verifiable results. On the other
hand, lab experiments and projects, while being authentic, do not inherently belong
to the category design-implement experiences, but could very well do so if their
scope includes the design of the experiment as well as its conduct and evaluation.

Problem-based learning is an established pedagogical model where the program
or course content is primarily delivered through inductive or exploratory work where
instructors pose problems, the solutions of which will facilitate student learning. At
some institutions, entire programs are delivered this way, although now even some
of the most ardent supporters of problem-based learning have backed away some-
what from this philosophy. As an example, the newest problem-based learning model
at Aachen University embraces a balance between problem-based learning courses
and more traditional disciplinary courses [1]. Problem-based learning rests on a
foundation of motivating students to acquire knowledge out of curiosity and a desire
to solve a particular problem. Design-implement experiences focus on developing
professional engineering skills and competencies while applying and reinforcing
knowledge.

Role and Benefit of Design-Implement Experiences

Design-implement experiences play a key role in an integrated curriculum
since they can enable dual-impact learning, that is, when a single learning event
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simultaneously teaches skills and reinforces the understanding of fundamentals.
From the skills perspective, it is in these design-implement experiences that stu-
dents learn how to develop and build products, processes, and systems, and in
addition, they develop personal and interpersonal skills, such as teamwork and
communication skills. From the perspective of fundamentals, design-implement
experiences strengthen the foundation upon which deeper conceptual understand-
ing of disciplinary and multidisciplinary knowledge can be built. Earlier design-
implement experiences lay this base by engaging students in problem solving and
emphasizing the need for analysis. Ideally, they prepare students to learn theory
and help them to understand the implications. In addition, students find themselves
in situations where they need to test the validity of theories, methods, and assump-
tions, and examine reasons for discrepancies. Design-implement experiences allow
students to apply their theoretical learning, and therefore, such experiences pro-
mote both deep understanding and long-term retention of knowledge.

Because of their importance, design-implement experiences are the focus of
CDIO Standard 5.

STANDARD 5—DESIGN-IMPLEMENT EXPERIENCES
A curriculum that includes two or more design-implement experiences,
including one at a basic level and one at an advanced level.

The standard proposes a sequence of design-implement experiences from basic
to advanced levels in terms of scope and complexity. An iterative approach rein-
forces students’ understanding of product, process, and system development.
More importantly, design-implement experiences should be deliberately struc-
tured and sequenced to reinforce the learning of fundamentals. The first design-
implement experience in the curriculum could be a concrete experience that
introduces students to particular phenomena or challenges in the field, getting
them acquainted with the subject, generating curiosity, and stimulating reflection.
Students may then become better motivated to learn theory and abstractions in
more formal coursework. The next design-implement experience may involve an
application of the previously learned technical knowledge. This increasing spiral
of knowledge is the reason that Standard 5 requires a sequence of design-imple-
ment experiences. In a simple idealized example, a lst-year design-implement
experience would expose students to a problem that requires limited disciplinary
theory to solve; a 2nd-year course would involve certain theoretical knowledge;
and a 3rd- or 4th-year design-implement experience would require true applica-
tion of such theory.

In Chap. 4, the concept of introductory courses was presented and explained.
Introductory courses may include elements of design-implement experiences
provided that they do not rely on specific technical disciplinary knowledge. In
fact, we recommend that students encounter their first design-implement experi-
ence in an introductory course since it is a good way of introducing disciplinary


http://dx.doi.org/10.1007/978-3-319-05561-9_4

122 5 Design-Implement Experiences and Engineering Workspaces

content and professional engineering skills and attitudes. At the same time, the
design-implement experiences can be motivating to students and build good
social relations among 1st-year students.

In addition to teaching students skills and strengthening the understanding of
fundamentals, design-implement experiences

e Add realism and diversity to the curriculum.

o [llustrate connections between engineering disciplines.

e Highlight complexity that calls for informed choices rather than “finding the
right answer”.

e Foster students’ creative abilities.

e Provide authentic engineering experiences that may strengthen students’
self-efficacy.

e Can be fun and motivating both for students and instructors.

To summarize, authentic engineering experiences, in working modes similar
to real-world engineering contexts, give students opportunities to reinforce funda-
mental knowledge and simultaneously develop professional engineering skills and
attitudes. Thus, design-implement experiences both contribute to insights about the
technical content, and explore and develop skills that benefit students’ professional
lives and careers.

Early Design-Implement Experiences

As explained in Chap. 4, an integrated curriculum includes early design-
implement experiences. As also mentioned above, introductory courses are
most helpful if they include basic design-implement experiences. These early
experiences have significant positive effects on beginning students. Students
are introduced to structured engineering problem solving with opportunities
to apply fundamental engineering principles. In addition, they learn to work in
teams and communicate their progress and results. These early experiences also
provide excellent means to introduce disciplinary content that will be taught in
succeeding semesters. Early introduction to disciplinary knowledge is effective
in building students’ enthusiasm for engineering since students can be creative
and can share the experience with others. Such activities can make students
more aware of, and curious about, different engineering disciplines and some of
their main challenges, prior to choosing an area of specialization.

Basic design-implement experiences have benefits for instructors, as well.
From these experiences, instructors become familiar with the personalities,
maturity, dependability, and unique skills of students at an early stage in their
education. Because they get to know students better, instructors are able to rec-
ognize individuals and their learning styles, in ways that are not always possible
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in more traditional classrooms. This enhanced personal contact with individual
students can facilitate more effective advising, teaching activities, mentoring,
and assessment.

Advanced Design-Implement Experiences

In contrast, advanced design-implement experiences are usually planned for
upper-level students. They provide opportunities to analyze, design, build, test,
and potentially operate real-world engineering systems that function at higher
levels of sophistication than earlier design-implement experiences. Where basic
experiences may have multiple small teams applying a fairly limited breadth of
engineering knowledge, advanced project teams are usually larger and require a
wider scope of engineering abilities. An advanced project can involve teams of
more than ten students working on a single project over one or several academic
semesters. Tasks for such projects could, for example, deal with research ques-
tions, cooperative work with industry, or global societal challenges.

Advanced design-implement experiences are technically challenging at several
levels. The work includes design and implementation of student-developed com-
ponents, as well as integration, testing, verification, and validation in conjunction
with commercially available components or those developed by other students.
The technical tasks involved are typically at a level that students might encoun-
ter in their professional careers. The need for both the technical knowledge and
the skills outlined in the CDIO Syllabus increases as the complexity of the task
becomes evident to students.

Development of Design-Implement Experiences

The development and realization of design-implement experiences can be more
complex than traditional course development and teaching. The planning and
organization of these experiences require consideration of a number of factors,
particularly in selecting relevant projects and managing resources. Moreover,
the quality of the learning experience depends on the synergistic combination of
appropriate activities, workspaces, and adequate faculty support. The detailed
nature of a design-implement experience depends on the engineering discipline
from which it is derived. However, what is vital and common for all disciplines is
that the design-implement experiences should be designed to meet specific desired
learning outcomes. Some common essential and desirable attributes of effective
design-implement experiences were identified by Andersson, Malmqvist, Knutson
Wedel, and Brodeur, and are listed in Table 5.1 [2].
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Table 5.1 Essential and desirable attributes of design-implement experiences

Essential attributes It is essential that design-implement experiences
* Resemble engineering practice in the field of the discipline
* Are realistic enough to challenge students when relating theory to
practice
* Develop working modes relevant for students’ professional development
* Are aligned with a set of explicitly formulated learning outcomes
primarily related to
— Integrating, applying, and reinforcing disciplinary knowledge
— Developing engineering skills, such as product, process and system
design and implementation skills
— Developing personal and interpersonal professional skills, such as
teamwork and written, oral and graphical communication
* Emphasize and assess these learning outcomes rather than the project
goals per se
* Include aspects of design, implementation, and verification
* Are open-ended and allow alternative paths to alternative solutions
* Are fully integrated into the curriculum
Desirable attributes It is desirable that design-implement experiences
¢ Provide students with practical hands-on experience in
— Building and operating small, medium, and large systems
— General prototype fabrication, testing, and redesign
— Handling and use of authentic tools and equipment
¢ Are problem-led rather than discipline-led
* Build community and increase students’ motivation for engineering

Design-Implement Experiences Throughout the Curriculum

We have observed that a single design-implement experience, no matter how well
planned, is insufficient to provide students with a proper understanding of the
design-implement process. Mastering these skills, like any other skills, requires
practice. Just as in any other training activity, the level of complexity and challenge
should be increased gradually and iteratively. An effective strategy is to include a
sequence of design-implement experiences in the curriculum, and plan for system-
atic variation across each instance. Early projects introduce basic concepts, design
strategies and tools. In later experiences, more complex projects help students
integrate knowledge and skills acquired across the entire curriculum. One pro-
ject might emphasize creativity while another might address manufacturability or
issues concerning multidisciplinary integration. Figure 5.1 illustrates a plan where
design-implement experiences are integrated throughout a five-year curriculum.

First-Year Activities

In the first year, the design-implement experience can be part of an introductory
course that emphasizes the fundamental principles of the design process, for example,
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Software
engineering
project course

Disciplinary
subject course

Courses Mechatronic

Master thesis

Introduction to Re-design
engineering project

lilnlfed thr9ugh engineering project
joint project project course
subject course
project course
Problem Creative Conceptual Multidisciplinary Multiple objectives Creative design
Characteristics Design considerations Re-design including business
Company is customer development aspects
Cross-departmental team
Company is customer
Project Deliverables Simple prototype More advanced Prototype as needed Prototype as needed
Qualitative analysis prototype Advanced simulation Simulation as needed
Some simulation Business plan
Oral presentation Oral presentation Oral presentation
Written report Oral presentation Written report Written report

Written report

Year 1 Year 2 Year 3 Year 4 Year 5

Fig. 5.1 A plan to integrate design-implement experiences throughout a curriculum

concept generation and selection. Creativity is encouraged through practical exer-
cises. The prototypes are simple, yet enable students to go through the process from
identifying user needs to building and testing their designs. The design might include
analysis based on fundamentals learned previously. The cost of required materials and
equipment is kept to a minimum through proper design of the task. Students typi-
cally work in groups of three to five, practicing communication and teamwork skills.
A simple project management model, such as the Linkoping Project Management
Model (LIPS) [3], can be introduced with specific milestones, nomenclature, and
templates for project documentation.

Second-Year Activities

In the second year, a design-implement experience can be used to integrate the
knowledge acquired in diverse disciplinary courses, as suggested by Fig. 5.1. One
approach is to pair two engineering disciplines. Another option is to pair a discipli-
nary subject with one that focuses on producibility, software engineering, or some
other topic. Students might design and implement a prototype based on an indus-
trial commission, adding a degree of realism to the task. At this point, students are
able to base their design decisions on the technical knowledge they have gained
during their first year of study. They may be able to consider manufacturability of
their prototype in order to obtain cost-effective solutions. Simulations can be used
to a higher degree than in earlier courses, and simple prototypes can be made.

In a 2nd-year design-implement project at Queen’s University in Belfast, classes
are divided into groups of six to undertake the design, construction, and testing of
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a one-meter beam in three-point bending. The aim is to achieve the highest fail-
ure load per unit weight. This experience requires application of theory introduced
in the first year and developed in the second year. Box 5.1 is a description of this
design-implement experience at Queen’s University.

Box 5.1 BEaM DESIGN LAB AT QUEEN’S UNIVERSITY BELFAST (QUB)

The beam design laboratory at Queen’s University Belfast (QUB) is a
team-based competition designed to reinforce the fundamentals of basic
beam theory. The lab is intended for 2nd-year mechanical engineering stu-
dents. Design and manufacture take place over a three-week period with
a competition at the end of term to find the team with the highest load at
failure-to-mass design. Each lab period is 3 h long, so the complete exer-
cise takes no longer than 12 h.

Design and Implementation

During the first week, each team of students produces concepts for a beam
with specific geometric constraints, without recourse to any calculations. After
discussing the concepts with a teaching assistant, the groups choose three
designs to build as their prototypes. The prototypes are manufactured from
cardboard and tape, and are tested to destruction in three-point bending. On
the basis of these results, students choose a final design to be constructed in
medium-density fiberboard (MDF). The second week involves marking out a
sheet of MDF in preparation for the cutting and assembly of the final design.
While engaged in preparation, student teams must consider the likely mode of
failure and calculate the maximum load at which the beam will fail. In the third
week, student teams assemble their beams from the MDF components. The
groups have workbenches, some basic hand tools, and PVA glue to construct
their beams. Sixteen teams participate in the beam design laboratory. The
groups’ activities are staggered over a ten-week period to maximize resource
utilization. All the teams come together at the end of term for the competition,
which now tests the MDF beams in three-point bending until failure.

Student Assessment

Student assessment is a combination of beam performance at the competition
(50 %), a group report (30 %), and a supervisor’s evaluation (20 %). Beam
performance is characterized as the strength/mass ratio of the beams, with
maximum credit assigned to the winners, and credit assigned to the other
teams on a pro-rata scale. The group report is an ongoing exercise over the
term of the laboratory. During the first week, groups sketch their final design
and explain the rationale behind it. In the second week, the groups present the
calculated mass and predicted load at failure, and explain how they arrived
at the figures. The final stage of the report is a reflection, in which groups




Design-Implement Experiences 127

discuss how the predicted performance of the beam compared with actual
performance, and also how the performance of the design could be improved.
The supervisor’s grade is based on construction quality, design originality,
and group dynamics. The final laboratory grade constitutes 10 % of the total
credit for the statics course, of which the beam design lab is a part.

The beam design laboratory is a new type of learning activity for students in
the first three years and has been judged by students to be quite a success. The
lab provides a good mix of teamwork, hands-on experience, and applied theory
in an authentic setting. Not only has it fulfilled its initial goal of reinforcing the
fundamentals of beam theory, but it has also increased student enthusiasm and
improved their perceived relevance of the statics course overall.

—G. CunNINGHAM, QUEEN’S UNIVERSITY BELFAST

Third-Year and Fourth-Year Activities

In the 3rd- and 4th-years of study, students are given tasks of increased complex-
ity and authenticity. For example, in the third year, they might be asked to rede-
sign existing industrial products in order to improve performance or to decrease
environmental load or cost. Analyzing trade-offs among multiple goals is now
explicitly considered. At this point, students are able to make decisions using
more situation-adapted strategies, selecting prototypes and simulation methods as
needed to support the development processes (see Fig. 5.1).

In 4th-year projects, the scope can be widened to include business develop-
ment aspects. Teams consist of larger groups, typically about eight to ten students
from one or several engineering departments and possibly additional students,
for example, from a business program. Customer and market surveys can then be
included in the work. Communication skills and project management models are
further refined and developed. Working in large groups requires organized project
management, continuous documentation, and follow-up of decisions for success-
ful project completion. Conflicts of interest and multiple optional approaches to
given tasks might generate challenges, both technically and from a group dynam-
ics perspective.

The project deliverable in the fourth year is typically an operable prototype or
an advanced model that demonstrates real performance. For example, in a fourth-
year design-implement experience at the Massachusetts Institute of Technology
(MIT), students designed two autonomous 2-kg robots meant to communicate
with each other in space. About 15 students participated in this project intended
to complement an existing research program. Students designed, prototyped, and
then built or acquired subsystems providing propulsion, navigation, autonomy,
and communications. Then they assembled and verified the system. Figure 5.2
illustrates the operational testing of the autonomous robots by students and their
instructor in microgravity conditions aboard NASA’s KC-135A research aircraft.
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3

Fig. 5.2 The SPHERES project at MIT: testing autonomous robots in “0-gravity”

Another example of a 4th-year design-implement experience comes from KTH —
Royal Institute of Technology in Stockholm. In the Department of Aeronautical and
Vehicle Engineering, a design-implement project course is offered jointly for stu-
dents specializing in Lightweight Structures and Naval Architecture, and spans two
full semesters. Project tasks are assigned collectively to student groups of from 10
to 15 students, some from the structures program and some from the naval program.
Within the groups, there is freedom to define and distribute project sub-tasks, based
on the individual interest and expertise of group members. Each student is expected
to contribute with technical work in several sub-tasks, and to the management of the
overall project. The size of the groups creates the need for planning, documentation,
information sharing, communication, and team building. The importance of attend-
ing to such management issues becomes obvious to students during the course of the
work.

The project task is carefully designed with respect to Conceiving-Designing-
Implementing-Operating:

C The project deliverable is unconventional in the sense that students have limited
prior experience with similar products. A pioneering situation enhances the
conceiving phase and encourages students to engage deeply in the main technical
challenges and approaches. Because the course involves students from different
curriculum tracks, the projects are also crossdisciplinary. Different perspectives
and incompatible solutions are likely to occur, creating the need for compromises
and trade-offs between conflicting desirable features of the product. Consequently,
holistic thinking is brought about naturally and in an authentic context.
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D The task is difficult enough to be a true challenge to students, yet possible to
solve if the work is organized and carried out well. One of the main objectives
of the course is to encourage students in applying theory, analysis tools, and
methodologies learned in other courses, thereby solidifying their knowledge
and gaining confidence in their role as engineers.

I The size and complexity of the product will entail teamwork and coordination,
and provide opportunities to obtain practical experience from real manufactur-
ing on a prototype level.

O The task is formulated in such a way that the assessment of the results involves
operation of the product and evaluation of its performance with respect to tech-
nical specifications.

The task is defined by a brief requirement specification of a technical system,
typically some kind of vehicle, where the expected performance is described together
with constraints, in terms of cost, size, weight, power supply, or other factors. The
idea is that the requirements are very clearly specified early in the course but the
approach to the task is by no means obvious. How the final product will come out
is still very open. A shared site is used for documentation and information sharing
within the project. In this way, all information is continuously updated and always
available within the project group. An open website also enables interested people
outside the project group to monitor the progress of the work.

Challenges of Design-Implement Experiences

Providing effective and motivating design-implement experiences for students
poses five key challenges for engineering programs.

1. Learning outcomes for design-implement experiences need to distinguish
between product performance and learning performance.
Learning outcomes—what students will know and be able to do as a result
of the design-implement experience—need to distinguish success in acquiring
personal and interpersonal skills, and product, process, and system building
skills, from successful performance of the product, process, or system that is
designed. It is possible to have substantial learning benefits even if the project
is not a complete success in terms of a functional product.

2. The task of the design-implement experience must be sufficiently complex, yet
limited in scope, to ensure successful outcomes for students.
Instructors and students sometimes see the achievement of a good technical
solution as the real learning outcome. Failure in the task can be perceived as
failure in learning. If the task is too difficult, the result may be an impres-
sive product that is essentially instructor-designed, with students merely
acting as implementers. A task that is too simple might fail to motivate
students or to build the kind of confidence that results from having met a
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challenge. Students’ time spent on the task needs to be carefully monitored
in order to maintain a balance with other activities competing about the stu-
dents’ attention.

Design-implement experiences require teaching and assessment practices that
are different from traditional instruction.

With design-implement experiences, instructor roles change from lecturer and
dispenser of information to mentor and coach. In a less-constrained learning
environment, students are encouraged to discuss, reason, and explore issues
with support from instructors. The successful instructor-coach is a mentor
providing support, a mediator between the students and their “clients”, and
a manager guiding team and design processes [4]. It may be challenging for
some instructors to switch from a teacher-centered style to a student-centered
one. Methods for teaching and assessing design-implement experiences are
addressed in further detail in Chaps. 6 and 7.

Few instructors are prepared to assume responsibility for technically chal-
lenging projects.

In a typical engineering department, only a small fraction of faculty and staff
have personal, practical experience of developing complex systems. Many
programs depend on the talents and skills of one or a few key individuals.
The introduction of design-implement experiences requires adequate faculty
resources to ensure stable and sustainable operation. Some engineering pro-
grams hire graduate teaching assistants involved in research projects that have
goals and objectives supporting the intended design-implement experiences.
This approach supplies valuable technical assistance to students, while also
accomplishing pre-established graduate research goals. Other programs use
technical advisors from industry who are interested in specific student pro-
jects. The challenge for teachers to lead design-implement experiences should
not be overestimated but it helps if a few enthusiastic souls are available.
Faculty development to enhance competence in training engineering skills is
addressed in Chap. 8.

Design-implement experiences need to be cost-effective.

Reluctance to include design-implement experiences in engineering edu-
cation is frequently rooted in suspicions that such experiences are highly
resource intensive. On average, design-implement experiences cost about
1.5 times that of a traditional lecture course, with a range of 1.0-2.5 [5].
With some creativity, it is possible to develop lower-cost design-implement
experiences without compromising educational outcomes. One university’s
internal study of the return-on-investment of an advanced-level design-
implement-test project concluded that the success of an ambitious project
was a key factor in the university’s bidding for, and winning of, follow-on
research proposals. Their figures support a conclusion that there was a 6:1
cost-benefit ratio from this combined linkage of academic and research
goals [5]. Others testify that their student projects have been so successful in
attracting sponsors that they have made a profit rather than spent their allo-
cated budgets for the course. Furthermore, the workload on the instructors
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can be kept reasonable by letting students perform more of the assessment
and feedback work. Such activities could also be turned into powerful learn-
ing activities.

Engineering Workspaces

We shape our buildings; thereafter they shape us. (Winston Churchill)

Providing students with successful design-implement experiences requires a
learning environment with adequate spaces, equipment, and tools. We call these
facilities workspaces to suggest their linkage to creative engineering development,
and distinguish them from laboratories that are traditionally the site of scientific
inquiry. Workspaces may be newly built spaces, or laboratories and rooms re-
tasked from other existing uses. In fact, they may even be set up as part of field
studies, manifested by enabling appropriate devices and equipment on site without
ordinary devoted premises. Their prime distinguishing feature is that they provide
multimodal learning environments that support the conceive-design-implement-
operate process for simple and complex problems, for individual or groups of stu-
dents. They create the infrastructure that visibly signals and supports active and
hands-on learning strategies.

Role and Benefit of CDIO Workspaces

If students are to experience that conceiving—designing—implementing—operat-
ing is the context of their education, they need to be immersed in workspaces that
are organized around C, D, I, and O. We can use the organization of the space to
signal the importance of the context to the students and to strengthen their edu-
cation. Consequently, workspaces comprise a key element of the CDIO program
strategy. Workspaces that support hands-on learning are important resources for
developing skills in designing, building, and testing products, processes, and sys-
tems. Workspaces are the focus of Standard 6.

STANDARD 6—ENGINEERING WORKSPACES

Engineering workspaces and laboratories that support and encourage
hands-on learning of product, process, and system building, disciplinary
knowledge, and social learning

The physical learning environment for a CDIO program includes traditional
teaching and learning spaces, such as classrooms, lecture halls, and seminar
rooms, as well as engineering workspaces. These workspaces aim to support the
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learning of product, process, and system building skills, while at the same time
developing and strengthening both disciplinary and multidisciplinary knowledge.
They are designed to promote hands-on learning in which students are directly
engaged in their own development, and to provide opportunities for social interac-
tion and training. CDIO workspaces are settings in which students can learn from
each other and interact in groups. Students who have access to modern engineer-
ing tools, software, equipment, and laboratories have opportunities to develop the
knowledge, skills, and attitudes that support product, process, and system build-
ing competencies. These competencies are best developed in workspaces that are
student centered, user friendly, accessible, and interactive.

In addition to these direct educational benefits, inviting workspaces that attract
students and allow them to work together in stimulating environments strengthen
the motivation of students. As the students establish a pattern of working in these
spaces, faculty soon start to visit, improving student-faculty interaction. Purely
social functions also occur. Thus, workspaces also play a role that goes beyond their
initial intended purposes—as community-building spaces for students and faculty.

Designing Engineering Workspaces

Engineering workspaces are designed to engage students actively in creative and
experiential learning and are designed to support the entire curriculum. This is in
contrast to conventional student laboratories that, as a rule, are allocated for specific
disciplines. Traditional student workspaces tend to enable the learning of specific
skills, for example, LabView-supported environments [6], project studios [7, 8],
CAD/CAM/CAE labs connected to workshops [9], and multimedia environments
[10], rather than provide an integrated resource for an entire program. Conventional
student laboratories also tend to be heavily oriented towards demonstrations, and
typically do not support conceiving, designing, or community building.

A CDIO program generally requires new types of workspaces that allow stu-
dents to work through the entire product, process, or system lifecycle. In this con-
text, the term engineering workspaces denotes facilities that cover a wide span,
ranging from traditional student work areas to team-based project areas, concurrent
engineering computer-driven design rooms, and facilities designed for extracurric-
ular engineering activities. The concept of engineering workspaces includes envi-
ronments that enable students to interact, develop and exchange ideas, experiment,
tinker, manufacture and assemble things, code and load software, and conduct sim-
ilar work as needed. It is generally desirable for all engineering workspaces to be
student-focused and, at least partly, student-controlled and student-managed, since
student involvement helps keep the premises serving their purposes.

Workspaces vary significantly between programs and institutions. Therefore, the
guidelines given for engineering workspaces identify common criteria, independ-
ent of engineering discipline. The guidelines concentrate on the essential attributes
and usage modes of engineering workspaces and are not intended to provide strict
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Table 5.2 Essential and desirable attributes of engineering workspaces

Essential attributes It is essential that engineering workspaces
* Encourage hands-on learning of product, process, and system design
and implementation
* Support reinforcement of disciplinary and interdisciplinary knowledge
* Facilitate student learning of personal and interpersonal skills
» Facilitate group activities, social interaction, and communication lead-
ing to social learning
e Comply with local health and safety regulations
* Be sustainable
Desirable attributes It is desirable that engineering workspaces
* Be at least partly organized and managed by students
* Provide flexible equipment, furniture, and facilities
» Facilitate access by students beyond normal class hours
* Provide access to modern and relevant tools, equipment, and software

Fig. 5.3 Conceptual model
of CDIO workspaces
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blueprints for learning environments. Workspace configuration, size, equipment,
and instrumentation depend on available resources. Furnishing and fittings need not
necessarily be fancy and expensive to serve their purpose. Table 5.2 summarizes the
essential and desirable attributes for engineering workspaces in CDIO programs.

If we are to emphasize that conceiving, designing, implementing, and oper-
ating is the context of engineering, it is desirable to make the spaces in which
students work explicitly reflect these phases. Facilities need to be flexible and mul-
tifunctional, supporting information-based, as well as hardware-based, projects.
Workspaces typically support learning about the four phases of CDIO in four dif-
ferent kinds of spaces, as illustrated in Fig. 5.3 [11].

e Conceive workspaces enable students to envision new systems, reach under-
standing of user needs, and develop concepts. They may include both team and
personal spaces in order to encourage conceptual development and reflection.
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Typical equipment and resources include whiteboards, access to online and
library resources, and data projectors. Conceive workspaces are largely technol-
ogy-free zones. Their primary purpose is to support reflection and human inter-
action by means of talking, illustrating, and listening.

e Design workspaces support the new paradigm of collaborative, digitally sup-
ported design. They enable students to design, simulate designs, share designs,
and explore interactions. Typical equipment includes computers with software
for computer-aided design, computer-aided manufacturing, software develop-
ment and simulation. Additional equipment, for example, videoconferencing
and shared databases, may support collaboration with other remote student
groups. Design workspaces should also be accessible after normal class hours as
students often conduct design work during available off-schedule time.

e [mplementation workspaces enable students to build or develop small, medium,
and large systems including, for example, mechanical or electronic software
components, or new chemical processes. Typical equipment includes hand tools
and instruments, measurement and manufacturing equipment, and computers
for integration of software. The range of student projects calls for a great deal of
flexibility. Safety and accessibility are other critical issues.

e Operate workspaces provide arenas where students can test the performance of
their creations, verify their meeting of requirement specifications, and demonstrate
the results of their efforts. The students receive very clear and direct feedback on
their work and also on their assumptions and how successful their approaches to
solve different problems were. Operation is difficult to teach in an academic set-
ting, but students can learn how to run and evaluate both experiments and the final
result of their work. Simulations of real operations and electronic links to real
operations environments could also supplement direct student experiences [11].

These physical workspaces should preferably be co-located in order to reinforce
their ideological linkages. In addition, they should be connected to other common
student facilities, such as the library, social spaces, storage facilities, and through
networks to the online community. A workspace could also include exhibits that
reflect engineering research and development achievements, or a sequence of projects
within a department or academic program that are relevant for the ongoing activities
in the workspace.

Examples of CDIO Workspaces

CDIO workspaces do not have to be new, but can use existing spaces. Many uni-
versities have student laboratories of the conventional kind that are underutilized.
Re-tasking some of this space as engineering workspaces often results in much
higher utilization. Our experience is that as the students engage in active work
in the new workspaces, both the attractiveness and need for conventional passive
student laboratories diminishes. It may also be possible to re-task classrooms and
meeting rooms for projects that do not require much manufacturing equipment.



Engineering Workspaces 135

Implementation of engineering workspaces at collaborating universities has
ranged from design and construction of new space to adaptation and redesign of
existing physical layouts. At Chalmers University of Technology in Gothenburg,
existing spaces were re-tasked to create a Prototype Laboratory. In this facility,
students from programs in mechanical, automation and mechatronics, and indus-
trial design engineering create computer-assisted design models to manufacture
prototypes and test functional models of various mechanical and mechatronic
products. Prototypes can be made of wood, metal, plastic, cardboard, electronics,
and/or software as best suits individual project needs.

Another example of an engineering workspace is The Pool at the Royal
Institute of Technology (KTH) in Stockholm. Converted from previously underuti-
lized classrooms, this facility measures approximately 60 m? and is highly recon-
figurable serving both as design space, meeting room, manufacturing, assembly
and test room for students enrolled in the vehicle engineering program. With
relatively moderate resources, students have produced a broad range of air, land,
and water vehicles over the years, each being new to both students and faculty to
accentuate the novelty of the work to everyone involved [12].

A third example of more significant re-tasking of space, combined with some
new construction, is the MIT Complex Systems Laboratory. The Department
of Aeronautics and Astronautics established a full suite of workspace facili-
ties to address each specific Conceive, Design, Implement, and Operate ele-
ment of the CDIO lifecycle model. Two floors of the department building were
renovated, creating a new learning laboratory complex. Specific CDIO func-
tions were designated for each work area: conceiving in the Seamans Concept
and Management Forum, designing in the Design Center, implementing in the
Gelb Laboratory (containing machine and electronics shops, and a rapid proto-
typing facility), and operating in the Neumann Laboratory and the hangar and
flight operations center. In the Seamans Laboratory, there is an additional open
area of approximately 1,500 m? designated for study and for community build-
ing. Students study in groups, interact informally with faculty and teaching
assistants, and have access to computers to assist them with their assignments.
Several key architectural themes are incorporated into these workspace facilities.
Movable furniture allows convenient space reconfiguration to meet changing
demands of class size, teaching style, and project needs. Electronic door controls
give students access to the facilities (other than machine shops) at night and on
weekends [11].

Using the lessons learned from these and other world-class student workspaces,
including the Integrated Teaching and Learning Laboratory at the University of
Colorado and the Integrated Learning Center at Queen’s University in Kingston,
Canada, other collaborating institutions have succeeded in developing their own
workspaces that support their educational goals. The breadth and scope of each
university’s workspace facilities vary according to available space, funding, pro-
gram needs, and other factors, but the common theme is the awareness that
Conceive, Design, Implement, and Operate workspaces are effective facilitators of
improved engineering education.
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Teaching and Learning Modes in Engineering Workspaces

Teaching and learning modes in CDIO workspaces fall into three major catego-
ries: product, process, and system design and implementation; reinforcement of
disciplinary knowledge; and, knowledge discovery. In addition, workspaces play a
major role in building community among students. For each category, a number of
more detailed teaching and learning modes can be described. These modes are not
meant to be exhaustive and may be overlapping. They are intended to serve as a
guide in thinking through the requirements for workspace design at a specific uni-
versity. Figure 5.4 illustrates the teaching and learning modes facilitated by these
workspaces.

Product, process, and system design and implementation. This category rep-
resents the most obvious major mode of teaching and learning that takes place in
an engineering workspace. However, it should also be recognized that there are
many variations of this mode with different requirements for the design of the
workspace.

e Basic design-implement projects are course-based design projects carried out
over a period of a semester by student teams from a given course. Design work
includes computer simulation and visualization and the outcome is typically
both a “paper” design and a simple prototype. The work is conducted in smaller
teams of maybe three to five students. Support for this mode includes design
tools, management tools, visualization tools, and basic prototyping facilities.

e Advanced design-implement projects are design intensive and team oriented,
requiring dedicated space for periods of time ranging from a full semester to a
year. Advanced design-implement projects involve several disciplines and result
in a product or prototype consisting of varying amounts of hardware and soft-
ware. These projects typically take place in the later part of the curriculum and
are usually conducted by teams of 10—15 students.

e Collaborative design projects are those conducted in collaboration with other
universities, government, or industry. Projects may be a response to a collabora-
tor’s needs, or a partnership in which team members are all working on vari-
ous segments of the same system. This mode is communication intensive and
requires real-time data, voice, and video communication.

e Extracurricular design projects are typically aimed at building something for
competition, such as human-powered aircraft, robotic helicopters, or solar cars.
Teams come from several engineering disciplines and require office space,
design space, building and testing space, storage space, and after-hour access
to the facilities. These one-year to multi-year projects typically involve teams
of 5-20 people and result in operational prototypes of significant size and
complexity.

e Test and operate modes are intended to teach students about the operational
concepts of engineering systems by giving them hands-on experience in testing
and operation. This mode requires personnel dedicated to the maintenance and
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Fig. 5.4 Teaching and learning modes in engineering workspaces

operation of the systems, long-term dedicated space for equipment, and often
real-time communications with other departments or sites.

e The tinkering mode is for individuals working on projects in their spare time.
These projects typically require the use of shop equipment, tools and work sur-
faces, and happen any time workspaces are open.

e Linked projects are longer-term interdisciplinary projects between several sections
of the department and/or the university. The projects can connect several courses
within a program. For example, an autonomous ground vehicle project may require
mechanical prototyping and fabrication using metalworking machines, computer-
aided design software for mechanical layouts, computer tools for software gen-
eration, and hardware testing. Linked projects can also connect different programs,
involving teams of students in different specializations working together and contrib-
uting their expertise from their respective disciplines. The interdisciplinary nature of
this mode requires spaces for meetings, work, storage, and formal presentations.

The variety of modes strongly suggests the need for careful consideration of the
links between the curriculum and workspace design and the need for both short-
term and long-term flexibility.
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Reinforcement of disciplinary knowledge. Engineering workspaces are
designed to strengthen students’ disciplinary knowledge by providing support for
hands-on active learning strategies that engage students directly in thinking and
problem solving activities. (Active and experiential learning are described in more
detail in Chap. 6.) There are a number of teaching and learning modes in these
workspaces that lead to the reinforcement of disciplinary knowledge.

e The class lab experiment is the traditional lab assigned by faculty in which stu-
dents collect and reduce data. They then write reports on the procedure. These
labs are usually conducted in teams of two to four students and require bench
set-ups or larger fixed installations.

e The teaching-in-labs mode is a demonstration of principles and phenomena with
equipment that is specific to the lab. Instructors usually give the demonstration.
An extension of this mode is the use of electronic classrooms to maximize space
and use equipment dedicated to the room, such as networked projection units.

e In the self-directed learning mode, students learn engineering concepts and
principles on their own. Traditionally, this has meant reading textbooks and
doing research in the library. Self-learning now includes educational videos,
online interactive tutorials, and other computer-based instructions and guidance.

e Lecture or presentation is the standard classroom-teaching mode. Faculty use
electronic presentation hardware and software in the classroom for showing
course material and simulations that demonstrate theories and principles.

e [nteractive electronic class is a fully electronic classroom where students are able
to do computer-based work in real time with faculty supervision and assistance.
Interactive software is used to comment on work, and projection equipment is used
to demonstrate examples. Interactive design classes are an extension of this mode.

e Distance learning includes videoconference classrooms and broadcast studios
in which instruction is delivered to multiple remote sites in real time.

Knowledge discovery. Engineering workspaces can also support student
research projects. They do so by making accessible to students a range of equip-
ment usually found only in research labs.

e Undergraduate research projects focus on 3rd- and 4th-year student research
projects that involve students designing, building, operating, and report-
ing on experiments with the guidance of faculty advisors. This mode is typi-
cally conducted over several semesters, where the first semester is dedicated
to background research, and the second to building the apparatus, running the
experiment, and reporting results in a formal presentation and document.

o Graduate research mode is intended to support a graduate student who needs to
establish an experimental set-up for some period of time. The time scale ranges
from one semester to several years, requiring that the space be dedicated for that
amount of time.

Community building. Engineering workspaces also play a central role in build-
ing community among students. In addition to working on their design-implement
projects, students use the workspaces to study for disciplinary courses and for
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informal social functions. These workspaces also provide facilities for student clubs
devoted to tinkering, model building, and other extracurricular projects. This is
more of an emergent mode that occurs when the previous three modes of use have
drawn the students to the workspace, engaged them, and allowed them to interact.

Auxiliary uses. In addition to the teaching and learning modes directly linked
to program learning outcomes, there are a number of other auxiliary uses for engi-
neering workspaces.

e Research design support mode. Research teams use the design center capabili-
ties of the workspaces for a short time, that is, hours or days, to work through a
segment of the research design. This short-term dedication of space supports the
research team’s design efforts with analytical tools, design tools, communica-
tions, and presentation equipment. This mode may be directly supported by the
distance-learning mode, where communications equipment is used for meetings
with research sponsors.

e The income-generating external mode supports external companies who lease
the use of specialized experimental facilities. This mode typically lasts for sev-
eral weeks and requires the dedicated use of the equipment, support staff to
operate the equipment, and space. Security of information may be an issue with
some companies.

e The outreach mode supports public awareness of the engineering programs and
workspaces. Tours of the university include workspaces and explanations of pro-
grams that use these facilities. Students might host tours of these workspaces for
industry representatives and other guests, explaining ways in which the learning
environment supports the program. This mode allows students to present their
work, reinforces their learning, and facilitates interactions with industry.

Challenges of Engineering Workspaces

Integrated learning spaces can provide significant resources and innovative mech-
anisms to support engineering education. However they can pose challenges
in development and operation. Workspaces can vary significantly with regard to
costs, formats, the number of students, and available financial resources [13].
However, four design and operational challenges stand out regardless of scope.
Those challenges are summarized below.

1. The need for a workspace design driven by curriculum and usage modes

Young et al. [13] discuss the various usage modes of the workspaces, as pre-
sented above. They indicate the multipurpose nature of engineering workspaces
and the central role that they can play in the curriculum. The workspaces can
also enable initiatives to emerge from among the students in the domains of
design, implementation, and experimentation. These students can be involved
in the operation of the workspaces, as tutors and as “lead users” to inspire
workspace development.
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2. Planning for flexibility in usage modes and for enabling workspaces to evolve
over time
Workspaces need to be flexible and adaptable to suit the needs of different student
groups and projects, and to facilitate upgrading of equipment based on operational
experiences. Experience shows that perceived limitations of the workspaces typi-
cally concern available floor or storage space rather than missing equipment.

3. Safety concerns and expanded access for students
It is highly desirable to allow access by students 24/7 with entry controlled by
internal security measures, such as ID card controls and keys. While usage of
clearly hazardous equipment would be kept to normal academic working hours
under staff supervision, engineering workspaces can be deliberately designed to
provide an environment for group study, socialization, and mixing of students
and faculty in both curricular and extra-curricular settings.

4. Operational scheduling and staffing of the workspace
Challenging issues have been identified in the operation of engineering work-
spaces. As the attractiveness of the workspace becomes understood and the
demand grows, scheduling during the academic semesters becomes a challenge,
particularly during highly congested periods of work that emerge at midterm and
end-of-term periods. Acquiring technical staff proficient in a wide number of pro-
fessional areas who are willing to work closely with numerous students through-
out the year is a key enabler for successful acceptance by the students. Close
coordination with academic instructors to plan upcoming workspace projects, as
well as to manage ongoing projects, requires diligent effort from all parties.

Student surveys show that students respond positively to workshop environments
where they have opportunities to conceive, design, implement, and operate engineer-
ing products, processes, and systems as part of the curriculum and in extracurricu-
lar activities. Students’ responses to these workspace initiatives has been uniformly
positive at all participating universities. As an example, surveys at MIT show that
graduating students in the aerospace program feel that the redesigned workspaces
have not only increased their ability to learn disciplinary material, but also increased
their positive feelings towards their classmates and their chosen profession.

Summary

A design-implement experience is a learning event in which learning takes place
through the creation of a product, process, or system. These learning experiences
play a central role in a CDIO approach. In addition to teaching students how to
design, build, and test products, processes, and systems, they add realism to engineer-
ing education. Students find that design-implement experiences are fun and motivat-
ing. They foster students’ creative abilities and strengthen their self-confidence. From
a learning perspective, design-implement experiences stimulate learning of techni-
cal knowledge, link theory to practice, illustrate connections between subjects, and
enhance the understanding of engineering science. Design-implement projects also
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serve as means for teaching personal and interpersonal skills, as outlined in the CDIO
syllabus. These educational experiences are highly rated by students, faculty, and
industry stakeholders. However, design-implement tasks need to be carefully planned
as designated learning events in themselves and also as parts of a planned sequence
of design-implement experiences in an integrated curriculum.

Adequate CDIO workspaces significantly add value to the education of engineering
students. Students respond positively to workshop environments where they experi-
ence the four stages of the product or process lifecycle—conceiving, designing, imple-
menting, and operating. These spaces facilitate activities that encourage the learning
of design and implementation skills, reinforce disciplinary knowledge, and lead to dis-
covery and experimentation. These spaces can vary significantly with regard to costs
and format, depending on goals, number of students and available financial resources.
However, some design issues stand out regardless of scope: the need for a workspace
design driven by curriculum and usage modes, planning for flexibility in usage modes
and evolution over time, safety concerns and extended access, and operational issues.
The benefits include enabling new approaches to engineering education, strengthen-
ing of student motivation, and improved student-faculty interaction. CDIO workspaces
have been shown to play an important role in building social and learning communities
that go far beyond their intended purposes. Design-implement experiences, supported
by engineering workspaces, constitute a key part of the integrated curriculum that was
presented in Chap. 4. They also support both active and experiential learning, the sub-
ject of the next chapter.

Discussion Questions

1. What design-implement experiences do you offer in your current programs?
In what ways would you modify current design-implement experiences or
create new ones in light of the ideas expressed in this chapter?

3. How would you address the key challenges to creating and implementing
effective design-implement experiences?

4. How can your existing learning facilities and workspaces be modified to

support a CDIO approach to design-implement experiences?

What specific functions would new workspaces serve?

6. How would you maximize workspace utilization and accessibility for the
students while managing safety regulations and security issues?

d
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Chapter 6
Teaching and Learning

Introduction

This chapter broadens and concludes the discussion of the second question central
to the reform of engineering education: How can we do better at ensuring that
students learn these skills? In this chapter, we emphasize the alignment of teaching
and learning approaches with the intended learning outcomes. In the curriculum
design process, presented in Chap. 4, the program learning outcomes are defined,
and courses are assigned responsibility for their contributions to the overall objec-
tives. The next step is to implement this program design at the course level. As
mentioned in Chap. 2, the CDIO approach has its roots in experiential learning
linked to constructivism and cognitive development theory. We believe that learn-
ing activities that are designed to support pre-professional behavior facilitate the
integration of necessary professional skills with disciplinary knowledge. Hence,
the goal is to create integrated learning experiences that address the learning out-
comes related both to professional skills and to the understanding of disciplinary
knowledge. Design-implement projects, discussed in Chap. 5, are good exam-
ples of integrated learning, but integrated learning is not limited to project-based
courses. Integrated learning can be achieved in a wide variety of disciplinary set-
tings. We explore selected examples of teaching and learning methods that are
effective in integrating skills development with disciplinary knowledge. Integrated
learning experiences and active and experiential learning are fundamental to
reaching the educational goals of a CDIO program. Studies indicate that students
are more likely to achieve intended outcomes and are more satisfied with their
education when they are engaged in such learning methods. The key attributes of
these approaches are that

e Planning for integrated learning requires clear specification of intended outcomes
related to professional skills (personal and interpersonal skills, and product, process,
and system building skills), as well as disciplinary knowledge and understanding.
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e Integrated learning places the engineering instructor at the center of student
learning of both the technical discipline and the professional skills, and empha-
sizes the value and linkages of both parts of the education.

e Active learning, which engages students in manipulating, applying, and evaluat-
ing ideas, can be applied also in traditional disciplinary courses and larger class
settings.

e Experiential learning engages students in situations that resemble what engi-
neers will encounter in their profession, and includes design-implement pro-
jects, case studies, simulations, role playing, and many other methods.

When implementing the CDIO approach to teaching and learning, it is important
to take the student experiences and student perspectives into account. This chap-
ter begins by reviewing the results of studies conducted in CDIO programs that
describe engineering students’ learning experiences, as seen from their own per-
spectives. It then outlines an approach to course development that builds on the cur-
riculum design process. Then we describe how the integrated learning outcomes can
be realized through teaching and learning activities. Examples of active and expe-
riential learning illustrate how skills can be integrated into lecture-based courses,
as well as project-based courses. Finally, some key challenges to effective teaching
and learning are addressed, including the need for support to enhance faculty com-
petence in teaching and learning. This challenge is addressed again in Chap. 8.

Chapter Objectives

This chapter is designed so that you will be able to

e appreciate the importance of student perspectives on learning and student moti-
vation for learning.

e explain the process of integrating skills with engineering disciplinary knowl-
edge outcomes.

e design courses that are aligned with a CDIO approach.

e give examples of active and experiential learning methods that foster deep
understanding of disciplinary knowledge and acquisition of professional engi-
neering skills.

e recognize the benefits and address the challenges of integrated learning and
active and experiential learning methods.

Student Perspectives and Motivation

Implementing a CDIO approach in a university engineering program often
requires the development of new approaches to teaching, learning, and assessment.
It is helpful to examine the learning process from the perspective of learners.
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Student Perspectives on Teaching and Learning

To inform the development process, it is often helpful to get input from stu-
dents on their experiences with existing learning methods. For example, student
representatives at Chalmers University of Technology, the Royal Institute of
Technology, and Linkoping University conducted interviews with 56 of their fel-
low students. Their aim was to contribute student perspectives on teaching and
learning during the planning phases that preceded implementation of a CDIO
approach. Such interviews have the potential to identify common concerns in the
student learning experience. All interview transcripts were interpreted by the stu-
dent representatives together with experts on teaching and learning, drawing on
research literature on student learning. The study provided valuable insight into
students’ perceptions of teaching and learning [1]. Moreover, it validated the
appropriateness and necessity of reforming the programs. Table 6.1 summarizes
recommendations for more effective teaching and learning that were drawn from
the interviews.

Not surprisingly, many of the students’ recommendations are related to learn-
ing assessment and the expectations placed on them. Learning and assessment
are, in fact, intertwined. The alignment of assessment with active and experiential
learning is addressed more fully in Chap. 7. The survey found that many students
expressed concerns about the usefulness and practical applications of theoretical
knowledge. Students frequently felt that engineering theory needed to be memo-
rized for exams, and they did not associate theory with problem solving and
engineering practice. This view is in stark contrast to the way that instructors see
theory as the basis for solving problems and understanding the world.

In the same survey, students pointed out that in response to the perceived
demands of the course, their studying led to superficial understanding, poor long-
term retention, and low motivation. This indicates that many students adopted a
surface approach to learning [2—4], meaning that they studied merely to be able to
reproduce the material in order to pass the course. In Chap. 2, factors associated
with a surface approach are compared to factors that encourage students to adopt
a deep approach to learning. (See Table 2.1) As the students themselves observed,
any knowledge resulting from a surface approach is poorly structured and quickly
forgotten. The opposite is a deep approach to learning, one in which the student’s
intention is to understand the material. Here, the resulting knowledge is well struc-
tured and tends to be retained in the long term.

The concepts of surface and deep approach to learning are important to bear in
mind when designing learning activities. The study showed that for a majority of
students, the road to understanding theory is through applications and connections
to real-world problems. When students learn theory in relation to practical applica-
tions, they are more motivated and they see their education as useful and relevant.
This increase in motivation leads to an increase in confidence in their knowledge
and skills. As a result, they feel more competent and better prepared for their
future roles as engineers.
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Table 6.1 Students’ recommendations for more effective teaching and learning

1 Set clear intended learning outcomes relevant to engineering practice
Clear intended learning outcomes increase motivation and guide studies. Seeing how the
course contributes to professional competence is motivating
2 Develop teaching activities and assessment tasks that help students reach the intended
learning outcomes
Motivation is increased when students know why they are asked to engage in learning and
assessment activities
3 Focus on deep working knowledge of basic concepts and provide connections to engineering
practice
This focus promotes a deep approach to learning, increases motivation, and fosters long-
term retention
4 Prioritize course content
“Covering” a topic is not the same as understanding. Reorganizing and reducing content
coverage promotes a deep approach to learning and makes for clearer connections
among related concepts
5  Set an assessment task early in the course
This helps students get started and gives them an opportunity for an early success. Timely
and effective feedback promotes learning and knowing what is expected motivates
students
6  Set assessment tasks regularly during the course
Regular feedback is necessary for student learning. Regular monitoring of progress helps
students allocate time and keep up with the pace of the course
7  Establish explicit criteria for assessment
Explicit criteria help students focus on the critical aspects of a learning activity or assess-
ment task
8  Design learning activities with built-in interaction
Interaction is a form of active learning, a factor that encourages a deep approach to learning
9 Make a realistic plan for time requirements in the course and get regular feedback from
students on actual time spent. Coordinate deadlines and workload with parallel courses
Management of time requirements helps reduce stress levels students experience related to
time management issues
10 Show enthusiasm for the course and its associated learning tasks
Faculty enthusiasm enhances the value of the course and encourages students to appreciate
its relevance and worth
Student Motivation

CDIO programs integrate the learning of professional engineering skills with dis-
ciplinary knowledge through active and experiential learning methods. Through

the

implementation of the CDIO approach to learning, engineering programs can

become more attractive to students. Students find meaning, motivation, and per-
sonal development in learning experiences that result in conceptual understand-
ing, in developing engineering skills and attributes, in working with real problems
in context, in aligning education with professional practice, and in a purposeful
approach to engineering in society [5].
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In many western countries, engineering education faces serious problems in
attracting prospective students, in particular, female students. Engineering as a
career is perceived not to accommodate personal development and passion in work.
The ROSE study [6] shows that while secondary school students rate it highly
important to work with “something I find important and meaningful” (females
more than males) and agree that science and technology are “important for soci-
ety”, they give low ratings to “I would like to get a job in technology” (females less
than males). In developing countries, the picture seems to be better because engi-
neering is still associated with growth and progress in the economy and society.

The attractiveness of the educational experience in itself is of particular
importance for students who have not traditionally chosen engineering as a field
of study or as a career, and who may not be perceived by their environment as
“typical” engineering students. Although improving, engineering education has a
long tradition of being a predominantly male environment with underrepresenta-
tion of women and ethnic minorities. In selecting active and experiential learning
methods, we need to be sensitive to the ways in which we can help all students
to thrive and succeed. Making engineering education attractive is not so much a
matter of correcting student perceptions as it is about developing learning expe-
riences in engineering programs and leading change processes in our institutions
[7]. Changes brought about by CDIO programs can be positive steps toward an
engineering education where all students can flourish.

Integrated Learning

As mentioned earlier, integrated learning is a key feature of CDIO programs in
that students learn professional engineering skills together with disciplinary
knowledge. With integrated learning experiences, faculty can be more effective
in helping students apply disciplinary knowledge to engineering practice and can
better prepare students to meet the demands of the engineering profession. While
Standard 3—Integrated Curriculum emphasizes a systematic plan to integrate
skills learning outcomes into a program, Standard 7—Integrated Learning focuses
on the implementation of that plan in each of the program’s courses. Standards 3
and 7 can be seen as two sides of the same coin.

CDIO STANDARD 7—INTEGRATED LEARNING EXPERIENCES

Integrated learning experiences that lead to the acquisition of disci-
plinary knowledge, as well as personal and interpersonal skills, and
product, process, and system building skills.
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Benefits of Integrated Learning

Dual-purpose activities serve as vehicles for developing students’ engineer-
ing skills while at the same time deepening their understanding of technical
knowledge. The rationale for integration is that technical knowledge and profes-
sional engineering skills are interdependent and must therefore be developed and
assessed together. For example, students’ ability to communicate in engineering
contexts is deeply embedded in their technical understanding. Engineers should be
able to describe and present technical ideas, argue for or against conceptual ideas
and solutions, and develop solutions through collaborative engineering reasoning
and sketching. It is obvious that such communication skills are inseparable from
the expression and application of technical knowledge. In fact, they are as much
an indicator of technical understanding as an indicator of communication skills.
Learning activities and assessment should therefore be modified to address learn-
ing outcomes related to skills simultaneously with those related to disciplinary
knowledge.

Development of Skills

To make dual use of learning time, learning activities and assessment methods
must adopt new approaches. The CDIO Syllabus is not a table of contents for a
body of theoretical knowledge from sociology, psychology, philosophy, or eco-
nomics, to be learned through lectures and assessed through exams. Students can-
not develop skills by listening to lectures. Skills are acquired through repeated
practice in cycles of application, feedback, and reflection. Integrated learn-
ing requires learning experiences where students are active and develop skills
through practical exercises. Later in this chapter, we introduce Standard 8—Active
Learning, and provide several examples of learning activities that are conducive
to skills development. Many of those activities can be implemented as activities
in lecture-based courses. Learning and assessing the most complex engineering
skills, such as product, process, and system building skills, is most effective in
authentic contexts, that is, in situations that are aligned with the working modes of
engineering practice. The design of such learning activities is discussed in Chap. 5.

Integrated Learning Across Multiple Experiences

Many skills need to be taught and assessed in several courses throughout the
program because it takes repeated cycles of practice to reach the required level
of proficiency. Learning activities should then be sequenced to build upon stu-
dents’ previous experiences rather than starting over in each course or learning
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experience. In Chap. 4, the curriculum design process addresses the placement of
skills in sequenced courses. (See Fig. 4.7) This same sequence forms a framework
for planning integrated learning activities. For example, methods of teaching can
be coordinated across several courses. Box 6.1 gives an example of the integration
of communication skills into the teaching and learning of the disciplinary content
in a mechanical engineering program at Chalmers University of Technology.

Box 6.1 INTEGRATED LEARNING OF COMMUNICATION SKILLS

In the Mechanical Engineering program at Chalmers University of
Technology, oral and written communication skills are integrated into
three courses in the first three years of the curriculum: the introductory
course in the first year, a design-implement project course in the second
year, and as an integral part of the bachelor thesis project at the end of
the third year. During the first three years, the development of commu-
nication skills is focused mainly on academic writing even though there
are strong elements of reflective writing, that is, writing in order to learn.
On the Master’s level (4th and 5Sth years of the program), communication
skills are further developed with emphasis on improving the learning of
the technical content.

The intended learning outcomes are that students should be able to
write both technical design reports and scientific reports, to give oral
presentations using presentation tools, and to be able to review scien-
tific literature. From the table, we can see that assessment is carried out
through feedback on the different activities, where language and com-
munication teachers work together with engineering faculty to assess
content, form, and language. On the Master’s level (4th and 5th years),
communication skills are integrated mainly into project-based courses.
However, even in some lecture-based courses, we highlight the impor-
tance of effective communication. For example, in a course on Internal
Combustion Engines, students give oral reports of their assignments.
Feedback is given on the presentation, both on the delivery and on the
quality and relevance of slides.

Introductory Course (1st year)
Integrated task A technical report and an oral presentation of the group’s proposal

Lectures Technical reports, oral presentations, multimedia, and electronic
communication

Discussion Communication, critical thinking, writing as a method for reflection,
form and content of written presentations

Practice Graphic communication skills (sketching), oral presentation, report
writing

Feedback Feedback on written final report and oral presentations

(Continued)
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Box 6.1 INTEGRATED LEARNING OF COMMUNICATION SKILLS—CONT’D

Design-Implement Project Course (2nd year)
Integrated task Same as in year one

Lectures Communication strategy, multimedia, written communication, oral
presentation

Discussion ‘Workshop on oral presentation, workshop on report writing

Practice Oral presentation, report writing

Feedback Feedback on report drafts, reports, and oral presentations

Bachelor Thesis Project (3rd year)
Integrated task Combined research and writing process

Lectures Research methodology, critical evaluation of scientific information,
information literacy, writing scientific papers

Practice Planning reports, final reports, oral presentations

Feedback Troubleshooting and feedback sessions, feedback on planning reports

and final reports, feedback on oral presentations, peer feedback on
final reports and oral presentations

—S. ANDERSSON, M. ENELUND, CHALMERS UNIVERSITY OF TECHNOLOGY

Course Design Aligned with a CDIO Approach

Planning for integrated learning begins by deciding on the purpose of the course,
expressed as the intended learning outcomes. These may already be partly specified
in the curriculum design process, as described in Chap. 4, when the contribution
of the course in relation to the program goals was negotiated in a process involv-
ing faculty, students, and other stakeholders. However, refinement and detailing of
the outcomes is the responsibility of each course. The process of explicitly defining
and agreeing on the intended learning outcomes is a way to reach agreement on
the purpose of the course—an important preamble to course development. Making
learning outcomes explicit helps to ensure that they will be taught and assessed.
For example, asking students to work in teams does not automatically mean that
they will learn effective teamwork skills. Productive learning occurs when activities
give students specific opportunities for practice, feedback, and reflection on their
experiences and the applications of theoretical concepts. In contrast, when students
work in groups to reach disciplinary learning outcomes only, the development of
teamwork skills is not part of the intended learning outcomes of that course. The
development of teamwork skills is seen as a secondary side effect that may or may
not happen. However, when teamwork skills are part of the intended outcomes of
the course, these skills must be carefully addressed in the course design.

Constructive Alignment: A Model for Course Design

The purposeful relationship between intended learning outcomes, teaching and
learning activities, and assessment is known as constructive alignment [4], as
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Teaching
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What activities are How can students
appropriate for students demonstrate that they
in order to reach the have reached the
intended learning intended learning
outcomes? outcomes?

Fig. 6.1 Constructive alignment

illustrated in Fig. 6.1. The constructive alignment concept represents a systems
view on courses. The model helps us design the course so it will bring about
appropriate learning activity, meaning that the course as a whole should encourage
students to take on their studies with a deep approach to learning. This approach
is supported by the design of intended learning outcomes, learning activities, and
assessment, and the relationship between these course components.

Integrating professional engineering skills into a course means that they are
explicitly addressed in the learning outcomes of the course, in the teaching and
learning activities, and in the assessment of student learning. In this chapter, we
focus on the alignment of teaching and learning activities with the intended learn-
ing outcomes of a course. Chapter 7 examines the alignment of assessment meth-
ods with intended learning outcomes and with teaching and learning activities.

Specification of Intended Learning Qutcomes

Intended learning outcomes describe what the student will be able to do as a result
of the course. These outcomes should be observable, that is, it must be possible
for students to demonstrate, and faculty to determine, whether and how well the
learning outcomes have been met. Therefore, statements of student performance
use active verbs and phrases, such as describe, give examples of, choose, explain in
your own words, estimate, calculate, solve, apply, design, interpret, plan, evaluate,
modify, decide, sketch, critique. Examples of such assessable learning outcomes
include “Discuss and determine the statistical validity of data” and “Elicit and
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Table 6.2 Feisel-Schmitz taxonomy

Level Description

Judge Evaluate multiple solutions, select an optimum solution, evaluate supporting evidence

Solve Analyze or synthesize to model a system, modify a model of a system, provide
assumptions

Explain  State the concept in one’s own words, explain the procedure used, discuss the
outcome

Compute Follow rules and procedures, substitute quantities in equations, “plug and chug”
Define State the definition of the concept or describe in a qualitative or quantitative manner

interpret customer needs.” Collecting evidence of demonstrated performance of
the intended learning outcomes is the focus of student learning assessment and is
discussed in Chap. 7.

Levels of Intended Learning Outcomes

Intended learning outcomes should also hint at the desired level of understanding
that students must reach. This is the basis for choosing appropriate teaching, learn-
ing, and assessment methods. Classifications of learning outcomes, or taxonomies,
are tools for specifying learning outcomes aimed at different levels of understand-
ing. An implication of constructive alignment is that learning activities must be
aligned to the intended level of understanding, that is, they must support students in
reaching the same desired level of understanding that is reflected in the learning out-
comes. As described in Chap. 3, Bloom’s Taxonomy of Educational Objectives [8]
lists six levels of understanding: Knowledge, Comprehension, Application, Analysis,
Synthesis, and Evaluation. Bloom and his colleagues suggested a hierarchical frame-
work from knowledge to evaluation, with each level subsuming the previous ones.
(See Table 3.7 for examples of learning outcomes aligned with Bloom’s Taxonomy.)

For technical disciplinary courses that focus on problem solving, the Feisel-
Schmitz technical taxonomy [9], may be particularly useful. (See Table 6.2.) Its five
levels of understanding include Define, Compute, Explain, Solve, and Judge. This
taxonomy makes a highly useful distinction between two levels of problem solving,
Compute and Solve. Compute means to follow a known procedure to solve a known
type of problem. Solve refers to a higher level of problem solving in which an ele-
ment of modeling, or synthesis of knowledge, is required, and thus a higher level
of conceptual understanding is implied. The hierarchical nature of the taxonomy
means for instance that students can reach the level of Compute without being able to
Explain, while Solve includes all the underlying levels Explain, Compute, and Define.

Examples of Intended Learning Qutcomes

To summarize, intended learning outcomes should be stated in terms of observable
performances and should indicate the level of understanding students are meant
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Table 6.3 Examples of intended learning outcomes related to specific topics in the CDIO Syllabus

As a result of this learning experience, you should be Relates to CDIO Syllabus:
able to ...

Explain, at a level understandable by a non-technical 1.3 Advanced engineering fundamental
person, how jet propulsion works knowledge, methods, and tools

Compare experimental data to available models 2.2.3 Experimental inquiry

Formulate solutions to problems using creativity and 2.4.3 Creative thinking
effective decision making skills

Analyze the strengths and weaknesses of the team 3.1.2 Team operation

Emphasize main points and clarify the relationship ~ 3.2.6 Oral presentation
between ideas

Appraise the operation system for your team’s prod-  4.6.4 System improvement and evolution
uct and recommend improvements

to demonstrate. Further, the learning outcomes for a course should be realistic
with regard to student time and resources. Table 6.3 gives examples of intended
learning outcomes that are used in CDIO programs, and their relationship to cor-
responding topics in the CDIO Syllabus, that might be assigned to a course.

Active and Experiential Learning Methods

Active learning methods engage students directly in thinking and problem-solving
activities. There is less emphasis on passive transmission of information and more
emphasis on engaging students in manipulating, applying, analyzing, and evalu-
ating ideas. By engaging students in thinking about concepts, particularly new
ideas, and requiring some kind of overt response, students not only learn more, but
they also recognize for themselves what and how they learn. Such metacognitive
awareness supports students’ motivation for the learning task at hand, and can also
contribute to fostering habits of lifelong learning. Active learning is further consid-
ered experiential when students take on roles that simulate professional engineer-
ing practice, such as, design-implement projects, simulations, and case studies.
CDIO Standard 8 addresses the need for active and experiential learning.

CDIO STANDARD 8—ACTIVE LEARNING

Teaching and learning based on active and experiential learning methods.

Active learning is known to support a deep approach to learning [2—-4]. As
explained earlier in this chapter, a deep approach to learning means that students
intend to seek meaning, as opposed to simply reproducing the information on
an exam. Active and experiential learning methods influence the approach that
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students are likely to adopt. When students are given an active role in their own
learning, they learn more, and this is precisely because they are more likely to
take a deep approach to learning. Students who are actively involved in their own
learning make better connections, both with past learning and also between new
concepts [4].

Inherent in any active learning method is the fact that students actually do
something. However, as Gibbs [3] puts it, “doing is not sufficient for learning.” The
whole point of activity is to give students opportunities to explore new concepts,
take on new problems, or try new ways of working, and then to reflect on these
experiences, in order to improve their performance in an iterative cycle. Thus, a
learning activity is appropriate if it supports students in reflective practice, and the
key component for evoking productive reflection is feedback. Feedback can, of
course, be given to each individual student by the instructor, but from a teaching
perspective it may be more cost-effective to use group-, peer- and self-feedback
methods. It may even be more conducive to learning to apply well-implemented
peer feedback methods, since students learn from both giving and also receiving
feedback. Feedback directed at the student as a person, e.g., praise, contains little
useful information, and is therefore unlikely to be effective in supporting learn-
ing [10]. Feedback is most effective in supporting deep mastery of tasks when it is
directed at the process used to complete a task rather than on how well the task is
performed, and when it is directed at the student’s self-regulation.

Active Learning Methods

Active learning methods help students make connections among key concepts and
facilitate the application of this knowledge to new settings. These methods can be
incorporated into all types of courses, including traditional large-group lecture-
based courses. Methods that are suitable for improving learning in lectures include
muddy cards [11] and peer instruction [12]. Student-led recitations [13] also
improve students’ preparations in problem solving outside scheduled hours.
Muddy cards. Muddy cards, also known as Muddiest-Point-of-the-Lecture
cards, help to gather in-class feedback to determine gaps in student comprehension
[11]. Near the end of a lecture or other learning experience, students are asked
to reflect on what they have learned. They write down the concepts or ideas—
the point—they found the muddiest, that is, the most unclear. The instructor col-
lects the cards for later review. Muddy points can be addressed in a number of
ways: posting questions and answers on the course website, answering questions
at the start of next class meeting, distributing printed copies of answers to the
most common muddy points, or sending email responses to the class. Instructors
who use muddy cards have experienced many benefits from using them. Muddy
cards provide time for student reflection, with a consequent increase in learning
retention. Writing their questions and comments helps students to organize their
thoughts and study more effectively. Moreover, the cards provide information to
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the instructor in time to correct misconceptions by the next class meeting and to
assist in improving the course for the next offering. Despite the fact that muddy
cards can require a large commitment of time—particularly the first time they are
used—many instructors have found them very useful both as an active learning
method and as an assessment method.

Peer instruction. Peer instruction is promoted by Harvard Professor Eric
Mazur [12] to improve students’ understanding of the underlying concepts of the
subject. In lectures, students are asked to respond to multiple-choice questions.
Some of the inaccurate answers map to known common misconceptions, which
often exist due to conflicting naive preexisting conceptions. Peer instruction
allows students to actively put their mental models to the test and obliges them to
confront any discrepancies.

The peer instruction cycle is implemented in five steps:

1. A problem with multiple-choice answers is displayed, and students are given
time to think it over.

2. Students record their answers, using for instance show of hands, flash cards, or
an electronic response system.

3. When there is disagreement within the group, students are given a few minutes
to convince their neighbors (peer instruction) of their answer choice. The intent
is that students think for themselves and practice ways to express their under-
standing in words.

4. Students record their revised answers.

5. The instructor leads a discussion on ways of reasoning and arguing in relation
to the problem.

Asking the students to respond to these questions represents a method for actively
probing students’ conceptual understanding in order to generate feedback for him-
self or herself and for the instructor. The active mental provocation inherent in the
method lies in stark contrast to the situation where students are passively listen-
ing to lectures. There, misconceptions are seldom exposed, either to the instructor
or the students themselves. With peer instruction, this monitoring is done in real-
time, instead of waiting until the exam to discover any problems. Peer instruction
is a way to use a social situation that exposes variations in thinking and reasoning.

Results show that peer instruction is a very effective way of improving stu-
dents’ conceptual understanding by confronting misconceptions and by practicing
their ability to reason conceptually. Further, students’ increased conceptual under-
standing leads to improved performance also in conventional problem solving. The
effectiveness of peer instruction lies in its pedagogical approach, which does not
necessarily require an electronic response system.

Quizzes for reflection. Quizzes can be used in the beginning of a lecture to
help students recapitulate a previous lecture. This method was developed at
Chalmers University of Technology in an attempt to enhance active reflection,
using fewer resources than muddy cards [14]. It is related to peer instruction in
that it uses five or six multiple-choice questions that students discuss with their
peers. However, there are several differences. Students spend about seven minutes
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at the beginning of the lecture discussing the questions. They may collaborate with
others and use their study notes. The instructor concludes by explaining why each
choice is either correct or incorrect. This approach has been shown to be success-
ful. Students take different approaches to the quizzes: some engage in discussions,
some prefer to review their notes privately, while others enjoy the competition of
getting the correct answers. “The best part was the moment we understood why
a wrong answer was wrong” was one of quotes from students that indicated that
they were taking a deep approach to learning. One student said that the quizzes
made it possible for her to relax and understand without getting into a state of
extreme anxiety. Exam results have been affected positively by these quizzes.

Student-led recitations. Student-led recitations are appropriate in many basic
engineering courses where the focus is on problem solving. They are used at the
Royal Institute of Technology (KTH) in Stockholm to enhance tutoring sessions
in groups of up to 20 students [13]. For each weekly recitation session, all stu-
dents are asked to work through a set of problems. At the session, the students tick
on a list which problems they are willing and prepared to present. The instructor
starts by randomly selecting a student from the list to present the solution to the
first problem on the board; thereafter, a second student solves the next problem,
and so on. As the purpose of this activity is a purely formative one, the quality of
the presentation does not affect the grade, but students are required to tick 75 %
of the problems in order to pass the course. The rule is that the selected student
must demonstrate that he or she has made an honest effort in preparing the prob-
lem, so even if the solution is wrong, the student must be able to lead a class-
room discussion to a satisfactory solution. Otherwise, this student’s ticks for that
recitation session are erased. At KTH, students react positively to this active learn-
ing method, and they often comment in course evaluations that the method really
helps them to learn.

Student-led recitations promote effective learning for several reasons:

e Preparing the weekly problems makes students spend time on the task. For
every problem presented by one student, up 20 students have worked on solving
the problem. Interviews show that students spend six to seven hours in prepar-
ing for each student-led recitation, often in groups where they can rehearse the
problem-solving presentations. Another positive effect is that the study time is
spread out regularly during the whole course.

e This method generates appropriate learner activity. It is not sufficient to solve
the problems only in order to arrive at the right answer. Since students must
also be prepared to present their solutions in class, they are obliged to reflect
on how to explain their methods and argue for their problem-solving strate-
gies. Using the terminology of the Feisel-Schmitz taxonomy (Table 6.2), this
learning activity raises what the students do from the Compute level to Explain.
They are, therefore, more likely to reach learning outcomes at a deeper level of
understanding.

e This active learning method provides immediate feedback for all students,
and often leads to good discussions on alternative solutions. The role of the
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instructor is to encourage a good discussion, by providing triggers such as “Did
anyone solve the problem in a different way?”, “In what way is this problem dif-
ferent from a similar one we had last week?”, or “I see that not so many have
ticked this one, where did you get stuck?” Because students have worked on the
same problems that others present, they are able to follow the problem-solving
approaches, even when a presentation is less than perfect.

e Student-led recitations take advantage of a social dimension that creates strong
student motivation. Since these social forces are very strong, it is important to cre-
ate a safe and friendly emotional climate.

Experiential Learning Methods

As defined earlier, experiential learning engages students by setting teaching and
learning in contexts that simulate engineering roles and practice. Experiential
learning methods include project-based learning. In a CDIO approach, this entails
the design-implement experiences that are the focus of Chap. 5. These methods
are based on pedagogical theories of how students, especially engineering stu-
dents, learn and develop cognitive skills. The CDIO approach to engineering edu-
cation is based on experiential learning theory. The learning cycle, proposed by
Kolb [15], provides helpful insights for planning teaching and learning activities.
One such planning application is illustrated in Fig. 6.2.

In the CDIO approach, the experiential learning cycle is entered at different
points. Lecture-based courses that incorporate active learning begin with reflective
observation to stimulate learning because students have a common base of experi-
ence. Lectures may also begin with abstract generalization and conclude with active
experimentation, for example, problem sets or exercises. The introductory engineer-
ing course provides the first concrete experience in engineering, creating the cogni-
tive framework for subsequent learning of theory. In design-implement experiences,
concrete experiences are the entry point to the experiential learning cycle. Students
engage in tasks similar to real engineering practice, reflect on what they have learned
from these experiences, generalize their learning to develop abstract ideas and prin-
ciples, and test these new ideas with active experimentation and application to other
problems. Embedded experiential learning throughout the curriculum provides
opportunities for reinforcement. The capstone experience provides opportunities to
apply theory and to build students’ confidence in engineering.

Project-based learning. Project-based learning is built on authentic, or real
world, situations or problems for which a solution is sought or created. For the most
part, a CDIO approach does not follow a fully problem-based project-organized cur-
riculum, as does for example Aalborg University in Denmark [16]. However, it is
common to use several project-based learning activities in an existing, mainly dis-
cipline-based, curriculum framework. Faculty identify problems that encompass the
concepts and principles relevant to the content domain, and they design authentic
tasks in which the thinking required is consistent with the thinking in an engineering
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Fig. 6.2 Experiential learning model (adapted from Kolb [15])

environment. The design-implement experience, described in Chap. 5, is a specific
type of advanced problem-based and project-organized learning activity. The task
and environment reflect the complexity of engineering environments and encourage
students to test their ideas against alternative views and contexts. Projects provide
opportunities for reflection on both the content and the learning process itself.
Insructors have found that project-based learning increases student motivation
and improves students’ ability to apply engineering knowledge and skills to real-
world problems. However, for the inexperienced instructor the transition to project-
based courses is often perceived as demanding. Many departments have a deeply
rooted culture of conventionally taught lecture courses, and may quickly discover
that it takes a great deal of effort to increase the use of, and competence in, new
teaching and assessment methods. The competence required from faculty often tran-
scends a purely disciplinary science background, simply because engineering prob-
lems rarely respect disciplinary boundaries. Most of all, this approach requires a
change in expectations of faculty, from lecturing a body of relatively static knowledge
to facilitating student development of skills and application of knowledge in much
more dynamic contexts. A different teaching and learning format may also make it
necessary to reallocate some the resources required to design and monitor learning
experiences—people, time, equipment, and space. Some early experiences with pro-
ject-based learning, including recommendations for addressing perceived barriers for
implementation, are outlined in a report that is available on the CDIO website [17].
Simulations. Similar to project-based learning, simulations are activities in
which students take on engineer-like roles in the application of engineering laws
or principles. Simulations often have specific rules, guiding principles, and struc-
tured roles and relationships [18]. The instructor’s role in a simulation is (1) to
explain the rules, the situation, and the roles students are to take on; (2) to monitor
the simulation as it is played out; (3) to help students reflect on the experience;
and, (4) to lead a debriefing session. Most simulations are based on computer
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hardware and software. For example, the aeronautics and astronautics program at
the Massachusetts Institute of Technology (MIT) uses a flight simulator to give stu-
dents practice in piloting in preparation for the design-implement-fly contest of a
radio-controlled plane. Instructors who use simulations have found that these learn-
ing activities provide students with opportunities to experience engineering tasks in
a safer environment than the real situation would require. In addition, students have
access to what would otherwise be scarce or inaccessible equipment and facilities.

Case studies. Although case studies have been used primarily in law, busi-
ness, and medical education, they are equally appropriate for engineering educa-
tion. A good case tells the story of a real engineering experience, usually from
the point of view of the participants. In addition to the narrative, a typical case
provides detailed background, such as original calculations and drawings, budget
and schedule limitations, the availability of material resources and technical facil-
ities, and the people and organizations involved in accomplishing the task [19].
Through a case discussion, students vicariously experience the activity in the
case and are involved in the resolution of problems and issues. The goal is to help
students develop independent thinking and decision-making skills through prac-
tice. Instructors who use case studies have found that this teaching and learning
technique helps students to develop analytic and problem-solving skills, and ena-
bles them to explore solutions to complex issues. Moreover, the glimpse at what
engineers do provides background information on the history and traditions of
the engineering profession. One difficulty that instructors face with the case study
approach is finding cases relevant to specific disciplinary content.

Using Multiple Active and Experiential Methods

Many instructors combine two or more active and experiential learning methods
in a single course. For example, an advanced course in aerodynamics at MIT com-
bines: peer instruction, readings and problems assigned prior to lecture, and team-
based project-based learning. In addition, the course includes oral examinations as
a method of student learning assessment. Box 6.2 describes this example.

Box 6.2 AcTIVE AND EXPERIENTIAL LEARNING IN AN AERODYNAMICS COURSE

Active and experiential learning methods have transformed an advanced
course in aerodynamics at the Massachusetts Institute of Technology.
Aerodynamics is a 3rd-year undergraduate course with a typical enroll-
ment of 40 students. Prior to 1999, the course was a traditional engineer-
ing course with lectures, recitations, weekly homework assignments,
a small end-of-semester design project, and written exams. The current
course includes several active and experiential learning activities:

(Continued)
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Box 6.2 AcTIVE AND EXPERIENTIAL LEARNING IN
AN AERODYNAMICS COURSE—CONT’D

e Concept-based lectures with real-time feedback
In this approach, two or three multiple-choice concept questions are part
of each lecture. These questions are designed to include the important
concepts of the subject and their common misconceptions. After a few
minutes of independent reflection, students use an electronic response
system to select an answer. Responses are charted and projected in real-
time. Depending on the responses, students discuss their answers with
each other or the instructor clarifies misconceptions.

o Weekly (graded) homework given prior to class lecture and discussion
In Aerodynamics, students complete homework assignments and related
readings prior to in-class discussion. With this preparation, the classroom
becomes an interactive environment where students bring a common lan-
guage to discuss the conceptual difficulties they have encountered.

o Semester-long, team-based project involving analysis and design of an aircraft
In this project-based approach, theoretical knowledge is immediately
applied to the complex design of modern aircraft. In addition, the use of
a semester-long project provides a context for learning the technical fun-
damentals. In recent years, two design projects have been developed, one
based on a military fighter aircraft, and another on a blended-wing body
commercial transport aircraft.

e Oral examinations
Oral examinations take an active approach to assessment of student
learning. They provide insight into how students understand and relate
concepts. Furthermore, practicing engineers are faced daily with the real-
time need to apply rational arguments based on fundamental concepts. By
using oral exams, it is possible to assess a student’s ability to construct
sound conceptual arguments.

End-of-semester student evaluations of the changes in pedagogy
and assessment reveal these findings:

e The new pedagogy is consistently rated as highly effective.

e Challenging pre-class homework increases the effectiveness of lecture.

e An increase in learning occurs over the length of the semester as students
transition to the new approaches.

e Effective implementation of the team project is difficult.

e Oral examinations are effective in helping the instructor to determine if
students have achieved the course learning outcomes.

e Many students find oral exams to be a more accurate representation
of their understanding than traditional written exams. In fact, several
students have said that the oral exams were the best parts of the course.

— D. DARMOFAL, MASSACHUSETTS INSTITUTE OF TECHNOLOGY
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Benefits and Challenges

We have been studying the results of the changes in teaching and learning meth-
ods. As a result of integrating skills with disciplinary content and using active and
experiential learning, we find that

e Introducing the CDIO approach has deepened, not diminished, students’ under-
standing of engineering disciplines.

e Annual surveys of graduating students indicate that they have developed the
intended engineering knowledge, skills, and attitudes.

e Course evaluation results indicate that instructors are using a wider variety of
teaching and assessment methods than they were before the university applied
the CDIO approach.

e Student self-report data indicate high student satisfaction with the learning
experiences.

e [ongitudinal studies of students in CDIO programs show increases in program
enrollment, decreasing failure rates, particularly among female students, and
increased student satisfaction with learning.

Integration of professional engineering skills with disciplinary content, and active and
experiential learning methods are not, however, without challenges. Despite evidence
to the contrary, instructors sometimes perceive a conflict between disciplinary content
and the learning of professional engineering skills. They are sometimes reluctant to
reduce the amount of material covered in their courses because subsequent courses
depend on a full coverage of topics. Instructors and students alike often resist changes
to the ways they are accustomed to teaching and learning. Finally, instructors may
lack the expertise to implement active and experiential learning methods. The issue of
enhancing faculty teaching, learning, and assessment methods is addressed in Chap. 8.

Summary

Integrated learning makes it possible for students to develop professional engi-
neering skills, while simultaneously deepening their conceptual understanding of
disciplinary knowledge. Students who practice and learn engineering in authentic
contexts are more satisfied with their learning experiences. In Ist- and 2nd-year
courses, they are also introduced to and motivated to learn disciplinary abstrac-
tions. In subsequent years, this disciplinary knowledge is reinforced by application
and students are empowered by their accomplishments.

Active learning methods, for example, muddy cards, peer instruction, and student-
led recitations, engage students in their learning by requiring deliberate mental effort
and evoking overt responses. Instructors can adapt a variety of active learning methods
to lecture-based and project-based courses and seminars. With experiential learning,
such as project-based learning, simulations, and case studies, students have opportuni-
ties to take on a variety of engineering roles in increasingly complex learning situations.
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A CDIO approach integrates the learning of professional skills with discipli-
nary knowledge through active and experiential learning methods. Because of this
approach to learning, engineering is more attractive to students, especially those
students who traditionally have not chosen engineering as a field of study or career.

Together with Chaps. 4 and 5, this chapter provides an answer to the second central
question for engineering education: How can we do better at ensuring that students
learn these skills? We focused on learning outcomes that integrate skills with disci-
plinary knowledge, and the alignment of teaching and learning methods with these
outcomes. Chapter 7 continues this approach with the alignment of student learning
assessment methods with the learning outcomes and teaching and learning methods.

Discussion Questions

1. In what ways can you begin to integrate professional engineering skills into
your courses?

2. What active and experiential learning methods are used effectively in your courses?

. How can you find out more about your students’ perceptions of their learning?

4. How would you begin to address the key challenges to integrated learning and
active and experiential learning posed in this chapter?

O8]

References

1. Edstrom, K., Tornevik, J., Engstrom, M., & Wiklund, A. (2003). Student involvement
in principled change: Understanding the student experience. Proceedings of the 11th
International Symposium Improving Student Learning, OCSLD, Oxford, England.

2. Marton, F., & Siljo, R. (1984). Approaches to learning. In F. Marton, D. Hounsell, & N. J.

Entwistle (Eds.), The experience of learning. Edinburgh: Scottish Academic Press.

. Gibbs, G. (1992). Improving the quality of student learning. Bristol, England: TES.

4. Biggs, J. B., & Tang, C. (2011). Teaching for quality learning at university (4th ed.).

Buckingham, England: Open University Press.

5. Edstrom, K. (2012). Student feedback in engineering: Overview and background. In P.
Mertova., S. Nair., & A. Patil (Eds.), Enhancing learning and teaching through student feed-
back in engineering. Cambridge: Woodhead Publishing.

6. Schreiner, C., & Sjgberg, S. (2007). Science education and youth’s identity construction—
two incompatible projects? In D. Corrigan, J. Dillon, & R. Gunstone (Eds.), The re-emer-
gence of values in the science curriculum. Rotterdam: Sense Publisher.

7. Ottemo, A. (2008). Rekryteringsarbete och genusmonster i rekryteringen till Chalmers
utbildningar pa EDITZ-omradet, Chalmers, Gothenburg, Sweden, Report 2008-12-31.

8. Bloom, B. S., Englehart, M. D., Furst, E. J., Hill, W. H., & Krathwohl, D. R. (1956).
Taxonomy of educational objectives: Handbook I—cognitive domain. New York: McKay.

9. Feisel, L. D. (1986). Teaching students to continue their education. Proceedings of the
Frontiers in Education Conference, University of Texas at Arlington, October 12-15, 1986.

10. Hattie, J., & Timperley, H. (2007). The power of feedback. Review of Educational
Research,77, 81-112.

11. Mosteller, F. (1989). The ‘Muddiest Point in the Lecture’ as a feedback device. On Teaching

and Learning, 3, 10-21. Available at http://bokcenter.harvard.edu/fs/html/icb.topic771890/m
osteller.html. Accessed March 18, 2014.

W


http://dx.doi.org/10.1007/978-3-319-05561-9_4
http://dx.doi.org/10.1007/978-3-319-05561-9_5
http://dx.doi.org/10.1007/978-3-319-05561-9_7
http://bokcenter.harvard.edu/fs/html/icb.topic771890/mosteller.html
http://bokcenter.harvard.edu/fs/html/icb.topic771890/mosteller.html

References 163

12.
13.

14.
15.

16.
17.

Mazur, E. (1997). Peer instruction: A user’s manual. Upper Saddle River: Prentice Hall.
Lindqvist, K., & Edstrom, K. Ticking, The Royal Institute of Technology, Stockholm,
Sweden, personal communication.

Knutson Wedel M. (2011). Activating deep approach to learning in large classes through
quizzes. Proceedings of the 7th International CDIO Conference, Copenhagen, Denmark.
Kolb, D. A. (1984). Experiential learning. Upper Saddle River: Prentice-Hall.

See Aalborg University at http://www.aau.dk

Andersson, S., Edstrom, K., Eles, P., Knutson Wedel, M., Engstrom, M., & Soderholm, D.
(2003). Recommendations to address barriers in CDIO project-based courses. CDIO Report.
Available at http://www.cdio.org

. Bonwell, C., & Eison, J. (1991). Active learning; creating excitement in the classroom,

ASHE-ERIC higher education report 1. Washington: The George Washington University,
School of Education and Human Development.

. Kardos, G. (1979). Engineering cases in the classroom. Proceedings of the National

Conference on Engineering Case Studies. Available at http://www.civeng.carleton.
ca/ECL/cclas.html. Accessed March 18, 2014.


http://www.aau.dk
http://www.cdio.org
http://www.civeng.carleton.ca/ECL/cclas.html
http://www.civeng.carleton.ca/ECL/cclas.html

Chapter 7
Student Learning Assessment

Introduction

The last three chapters have discussed answers to the second of the two questions
central to the reform of engineering education: How can we do better at ensuring
that students learn these skills? Integrated curriculum, design-implement expe-
riences, integrated learning, and active and experiential learning are the main
components of a reformed engineering education that better ensures that students
reach the intended outcomes required of all engineering graduates. Implicit in the
question “How can we do better...” is an additional question: How do we know
that we are doing better?

e How do we know that students are achieving the intended learning outcomes?
e How do we know that our engineering programs are effective?

We answer the first part of the question in this chapter on student learning
assessment, and then return to address the second part of the question later in
Chap. 9 on program evaluation. Student learning assessment measures the extent
to which each student achieves specified learning outcomes. Faculty members plan
and implement student learning assessment with respect to the outcomes within
their courses. In contrast, program evaluation examines the key success factors of
CDIO programs in terms of both the overarching student learning outcomes and
the adoption of the CDIO Standards.

Learning is assessed before, during, and after instructional activities. Formative
assessment collects evidence of student achievement while students are in the
process of learning. Results of formative assessment inform students about their pro-
gress, help monitor the pace of instruction, and indicate areas of instruction that may
need to be changed. Summative assessment gathers evidence at the end of an instruc-
tional event, such as a major project, a course, or an entire program. Results of sum-
mative assessment indicate the extent to which students have achieved the intended
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learning outcomes of the project, course, or program. If the instructional event will
be repeated with other students, summative assessment is used to improve curricu-
lum, teaching and learning methods, and the design and use of learning spaces.

Assessment of student learning in personal and interpersonal skills, in process,
product, and system building skills, and in disciplinary knowledge has four main
phases:

e Specification of learning outcomes.

e Alignment of assessment methods with curriculum, learning outcomes, and
teaching methods.

e Use of a variety of assessment methods to gather evidence of student achievement.

e Use of assessment results to improve teaching and learning.

The importance of specifying learning outcomes and aligning them with
teaching and learning has been highlighted in previous chapters. The focus now
is on assessment methods appropriately matched to curriculum and teaching
methods. Effective learning assessment is aligned with intended learning
outcomes, that is, the knowledge, skills, and attitudes that students are expected to
master as a result of their educational experiences.

We use a variety of methods for collecting evidence that students are achieving
intended learning outcomes, such as, written and oral questions, observations, prod-
uct reviews, journals, portfolios, and other self-report measures. These methods
can collect evidence of student progress and achievement in a variety of teaching
and learning environments. Gathering data and evaluating information from mul-
tiple and diverse sources make it possible to know with confidence what students
have learned. However, the learning assessment process is not complete until
assessment results are used to improve students’ educational experiences.

In this chapter, we emphasize the idea that in a culture that is cooperative,
collaborative, and supportive, learning assessment is used to diagnose and
promote learning. Teaching and learning are intertwined, and students and instruc-
tors learn together. We look, in detail, at the learning assessment process, describe
selected assessment methods, and give examples of student learning assessment in
representative programs. Finally, we identify key challenges to effective learning
assessment and point the way to addressing these challenges.

Chapter Objectives

This chapter is designed so that you can

e explain what is meant by a learning assessment process.
e align assessment methods with intended learning outcomes and teaching and
learning methods.
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Table 7.1 Teaching-centered versus learner-centered assessment

* Teaching and assessing are separate * Teaching and assessing are intertwined

* Assessment is used to monitor learning * Assessment is used to promote and diagnose
learning

* Emphasis is on right answers * Emphasis is on students’ generating better
questions and learning from their errors

¢ Desired learning is assessed indirectly ¢ Desired learning is assessed directly through

through the use of objectively scored tests papers, projects, performances, etc

e Culture is competitive and individualistic * Culture is cooperative, collaborative, and
supportive

¢ Only students are viewed as learners * Professors and students learn together

e describe a variety of assessment methods that provide evidence of student
learning.

e use assessment results for the continuous improvement of learning experiences.

e describe the key benefits and challenges to sound learning assessment.

The Learning Assessment Process

In a traditional view, assessment is regarded as separate from teaching. Many
instructors believe that time devoted to assessment takes away from “teaching”
time; students often regard assessment with dread and intimidation. In contrast, a
CDIO approach views assessment as learner-centered, promoting better learning
in a culture where students and instructors learn together. Table 7.1 is a compari-
son of teaching-centered assessment and learner-centered assessment, based on the
work of Huba and Freed [1].

Assessment is learner-centered in that it is aligned with learning outcomes, uses
multiple methods to gather evidence of achievement, and promotes learning in a
supportive, collaborative environment. Assessment focuses on gathering evidence
that students have developed proficiency in disciplinary knowledge, personal and
interpersonal skills, and product, process, and system building skills. This student
learning assessment is the focus of Standard 11.

STANDARD 11—LEARNING ASSESSMENT

Assessment of student learning in personal and interpersonal skills, and
product, process, and system building skills, as well as in disciplinary
knowledge.
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Fig. 7.1 Student learning assessment process

The process of assessing student learning has four key phases: the specification
of learning outcomes, the alignment of assessment methods with learning
outcomes and teaching methods, the use of a variety of assessment methods to
gather evidence of student learning, and the use of assessment results to improve
teaching and learning. Figure 7.1 illustrates a process of learning assessment
that can be implemented in any educational program. The unique characteristics
of student learning assessment in CDIO programs are related to the nature of the
learning outcomes and their integration into the curriculum.

In most engineering programs, learning assessment focuses on disciplinary
content. While this focus continues to be important in a CDIO approach, an equal
emphasis needs to be placed on assessing the personal and interpersonal skills, and
the product, process, and system building skills that are integrated into the curricu-
lum. A single assessment method will not suffice to gather evidence of the broad
range of learning outcomes.

Assessment of student learning begins with the specification of learning
outcomes that students will achieve as a result of instruction and related learning
experiences. Personal and interpersonal skills, product, process, and system build-
ing skills, and the disciplinary knowledge upon which they are based, comprise
the overarching learning outcomes. In Chap. 3, we described the process of deriv-
ing learning outcomes from the CDIO Syllabus. (See Table 3.8) Once the learning
outcomes are clearly stated, they are integrated into the curriculum, and sequenced
for appropriate learning experiences. Chapters 4, 5, 6 describe this integration
and sequencing in more detail. Just as different categories of learning outcomes
require different teaching methods that produce different learning experiences—
notably active and experiential learning approaches—they also require different
assessment methods to ensure the reliability and validity of the assessment data.
The next sections of this chapter address the second, third, and fourth phases of
the learning assessment process.
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Fig. 7.2 Constructive alignment

Aligning Assessment Methods with Learning Outcomes

In the previous chapter on teaching and learning methods, we described the
concept of constructive alignment [2]. There, we looked at ways in which teaching
and learning methods are aligned with intended learning outcomes. Here, we
highlight the importance of aligning learning assessment methods with the
intended learning outcomes (Fig. 7.2).

In some cases, the teaching methods and the assessment methods may be the
same for a specific learning outcome. For example, students learn how to give
effective oral presentations by practicing them. To assess whether or not they have
achieved the intended learning outcome, we observe them as they give oral presen-
tations. This is an example of performance assessment.

Methods for Assessing Student Learning

The third phase of the student learning assessment process, as illustrated in
Fig. 7.1, is the use of multiple methods to collect and analyze data. Traditionally,
assessment in engineering courses takes the form of written examinations, occur-
ring usually at the end of the term. In contrast, student learning assessment in a
CDIO approach uses a variety of methods to collect evidence of learning before,
during, and after learning experiences to give both formative and summative
views of the changes that have occurred in students’ achievements and attitudes.
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Some assessment methods, when used during learning experiences, are effective
as teaching methods, as well. For example, concept questions are effective both
for learning new concepts and for giving instructors feedback on student learn-
ing. Evidence of student learning is gathered with written and oral questions,
performance ratings, product reviews, journals, portfolios, and other self-report
instruments. Criteria and standards of performance, incorporated into rating scales
and rubrics, are used to assess the quality of student learning and achievement.
We now look at a few of these assessment methods and give examples from our
programs.

Written and Oral Questions

Most engineering instructors are familiar with written examinations that include
multiple-choice and other closed items, calculations, and open-ended questions.
Instructors are encouraged to map their written examination questions to course
learning outcomes and to examine students’ achievement in light of these out-
comes. Written examinations continue to be effective and efficient means to
assess students’ conceptual understanding. A large number of students can be
assessed in the same time period and there is documentation of student achieve-
ment. However, good questions are difficult to construct, and students’ answers
do not always reveal the causes of their errors or the sources of their miscon-
ceptions. Oral questions, on the other hand, enable faculty to uncover students’
misconceptions. Oral examinations require that students think on their feet and
speak coherently. The use of oral exams, in conjunction with in-class concept
questions, was described in Chap. 6 in the example of an aerodynamics course at
MIT (See Box 6.1).

In both written and oral exams, instructors can use concept questions to
determine students’ deeper level of understanding of disciplinary content. The use
of concept questions is an example of a method that can be appropriate both for
teaching and for assessment (See the work of Eric Mazur of Harvard University
for examples of how to use concept questions for learning and assessment.) [3].
Box 7.1 describes the use of concept questions to measure conceptual understand-
ing in mechanics and mathematics at Chalmers University of Technology. The
concept questions formed the second part of a longitudinal study that followed
students over a three-year period.

Box 7.1 EXCERPT OF A LONGITUDINAL STUDY OF STUDENTS IN
MECHANICAL ENGINEERING AT CHALMERS

The mechanical engineering program at Chalmers University of
Technology conducted a study using the Force Concept Inventory, a
well-known survey for testing students’ understanding of basic physics
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concepts. [a] The FCI is more specifically designed to assess students’
understanding of basic concepts in Newtonian physics, although it can
be used for a variety of purposes and in many different contexts. The
study compared the FCI survey completed in January 2002, with a
second one completed in the Fall of 2002, when students were in their
second year of the mechanical engineering program. Students were
also asked conceptual questions about their understanding of physical
concepts.

The following year, another study focused on mathematical mod-
eling, that is, students’ ability to use mathematics in applied situations.
Students were given a well-known and frequently used mathematical
modeling test, constructed by researchers in Australia, England, and
Ireland, to collect evidence of growth in mathematical modeling com-
petencies. [b] The modeling test was given twice, first in September
2003, when students had just started their third year of studies in the
mechanical engineering program. The second survey was completed
in February 2004, with the students in the second half of their third
year.

Results of these longitudinal studies indicated that students in
mechanical engineering showed increases in conceptual understand-
ing of physics, mathematics, and mechanics from pre-test to post-test.
Furthermore, the Force Concept Inventory and the mathematical mod-
eling tool proved useful in assessing students’ achievement of learning
outcomes related to disciplinary knowledge. The study showed dif-
ferences in results by gender, but these differences could not be ade-
quately explained in the context of the study. Further investigations are
planned to determine which contextual factors affected the results.

[a] Hestenes, D., Wells, M., and Swackhammer, G., “Force Concept Inventory,”
The Physics Teacher, vol. 30, 1992, pp. 141-151.

[b] Izard, J., Haines, C., Crouch, R., Houston, K., and Neill, M., “Assessing the
Impact of Teaching Mathematical Modeling: Some Implications,” in Lamon,
S. J., Parker, W. A., Houston, S. K. (Eds.), Mathematical Modeling: A Way of
Life, ICTMA 11, Harwood Publishing, Chichester, pp. 165-177.

—T. LINGEFJARD, CHALMERS UNIVERSITY OF TECHNOLOGY

Observations and Ratings of Student Performance

Many intended learning outcomes can be assessed by observing students in the
performance of specific tasks, for example, oral communication and teamwork.
Instructors, lab supervisors, industry experts, project sponsors, evaluation special-
ists, and the students themselves can all take part in observing and rating student
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Table 7.2 Sample rubric to assess technical briefings and oral presentations

Poor Fair Good Very Good Comments

Presentation quality

Main objective of presentation is clearly stated

Presenter maintains good eye contact
with the audience

Presenter uses voice effectively (volume, clarity,
inflection)

Presenter is poised and professional (appearance,
posture, gestures)

Transitions to the next presenter are smooth
and effective

Technical content

Technical content is accurate and significant

Technical content shows sufficient development

Main points are emphasized and the relationship
between ideas is clear

Ideas are supported with sufficient details and
clear drawings

Graphics and demonstrations are effectively
designed and used

Alternatives are presented with a rationale for
those selected

Key issues are addressed

Questions are answered accurately and concisely

Overall comments:

performance. Increasing the number of observations and the number of observers
leads to assessment that is more reliable and valid. Rating scales and rubrics can
facilitate the observations and the recording and analysis of assessment data.

A rubric is a list of criteria that define the quality of a performance, process, or
product, with a scale that reflects degrees of quality. In addition to their value to
faculty, they convey expected performance to students. Since the same criteria are
applied across the entire class, students often feel that assessment is fair and more
objective [4]. Rubrics are efficient means of recording observations and judg-
ments, but their construction is time consuming and challenging.

Fortunately, examples of existing rubrics can be found in journal articles and
conference proceedings of engineering education organizations. Table 7.2 is an
example of a rubric that is used in some CDIO programs to rate the quality of
students’ technical briefings and oral presentations. Note that observers are asked
to rate students’ understanding of technical information, as well as their abil-
ity to present their ideas clearly and professionally. The sample rubric shown in
Table 7.2 is an example of an analytic rubric. Here, the criteria are specified in
some detail in the left-hand column. The evaluator makes a judgment about the
quality of each criterion separately. In contrast, a holistic rubric starts with the
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gradations of quality, and describes in detail what, for example, a very good
presentation would look like, with additional descriptions for each level of quality.

Product, Process, and Project Reviews

Similar rubrics can be used to assess student products and projects. One of the
key differentiating factors of a CDIO program is its emphasis on design-implement
experiences. Students need to demonstrate their ability to conceive, design,
implement, and operate products, processes, and systems. The assessment can be
conducted by judging the demonstration of the process or reviewing the physi-
cal product, for example, an artifact, report, or computer drawing. Box 7.2 gives
an example of a rubric that was designed and implemented at Queen’s University
Belfast to assess learning in a design project module. The emphasis of this assess-
ment is on process.

BOX 7.2 ProJiEcT DESIGN REVIEW AT QUEEN’S UNIVERSITY BELFAST

The rating form embodies criteria designed to assess students’ learning
related to the project module outcomes. Project supervisors observe students
and complete these forms.

The performance of the student during the course of the project will be assessed on

the skills outlined in the table below. The supervisor is expected to rate the student’s per-
formance using the following scale:

Project Learning Outcomes Unsatisfactory Satisfactory Good Excellent

Communicated effectively in writing,
verbally, and through graphic media

Managed time, resources, and
priorities, and worked to given
deadlines

Used computers and information
technology effectively

Located and assembled information
using various external resources

Demonstrated generic problem-solving
skills acquired during project

Worked and learned independently

Worked safely

Communicated effectively with
technicians and other support staff

—R. KiENNY, QUEEN’S UNIVERSITY BELFAST
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If the emphasis of the assessment is on engineering products, criteria related to
project design, implementation, and operation can be added to the rating scale.
Examples of these criteria include:

e Problem solution (or the product) demonstrates advanced technical understanding.
Problem solution demonstrates technical originality.

Problem solution fulfills the customer requirements.

Digital models are relevant and sufficiently complex.

Digital models are used to improve the product.

Physical models communicate and improve the product.

A brief mention should be made here about peer assessment, that is, students
assessing each other. Peer assessment most often occurs in the context of per-
formance ratings and product reviews. For example, in the rubric in Table 7.2,
students are given the rubric and asked to rate the oral presentations of members of
their team or other class members. Of course, peer assessment does not have to be
recorded with rubrics. In some programs, each student team is assigned the task of
critiquing, both orally and in writing, the performance and products of at least one
other team in the class.

Journals and Portfolios

Journals and portfolios provide records of students’ individual and collaborative
efforts in design-implement projects, and experimental research. They reveal
students’ critical thinking and reasoning skills, and record the steps students
followed in an engineering process. These documents provide evidence of stu-
dent achievement in situations where there may be no final tangible prod-
uct. Moreover, journals help to distinguish individual contributions to group
projects and activities. Although journals and portfolios take time to read
and evaluate, they are most effective when students receive regular feedback.
Table 7.3 is an example of a holistic rubric that can be used to assess journals or
reflective portfolios.

Other Self-Report Measures

Other self-report measures, such as inventories and questionnaires, help students
to develop a sense of themselves as learners and future engineers. Asking students
to reflect on their learning experiences helps them to see more clearly the connec-
tions among the concepts they have learned, as well as the applications of these
concepts to new situations. When reflections are combined with portfolios that
include samples of students’ work, they serve as useful tools for assessing indi-
vidual student achievement and evaluating programs overall.
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Table 7.3 Sample rubric to assess a reflective journal

Very good Required entries are included
Entries are dated and identified
Observations are descriptive and detailed
Interpretations are reasonable and based on evidence
Shows an understanding of the engineering process
Attention to format, grammar, and spelling

Good Most required entries are included
Entries are dated or identified
Observations are descriptive
Some reflection is evident
Interpretations are reasonable
Shows a basic awareness of the engineering process
Attention to format, grammar, and spelling

Minimally satisfactory More than one required entry is missing

Entries are dated or identified

Observations are included

Reflection is insufficient or superficial

Inadequate attention to format, grammar, and spelling
Must be rewritten Little basis for judgment

Table 7.4 Selection guide to align assessment methods with intended learning outcomes

Written Journals
and Oral Performance Project and Self-Report
Questions Ratings Reviews Portfolios Instruments

Conceptual understanding X

Problem solving X X

Knowledge creation and X X X

synthesis
Skills and processes X X X X
Attitudes X X X

Guide to Selecting Appropriate Assessment Methods

The constructive alignment of assessment methods with the intended learning
outcomes can provide a useful guide for selecting appropriate assessment meth-
ods. The intended learning outcomes for a course, module, or other learning
experience can be sorted into categories to facilitate the selection of appropriate
assessment methods. For example, Table 7.4 is a general guide for selecting appro-
priate assessment methods aligned with specific categories of learning outcomes.
It is based on the work of R. J. Stiggins, an educational assessment specialist who
works with classroom teachers [5]. The first column identifies categories related
to knowledge (3 levels), skills, and attitudes. Column headings are categories of
assessment methods that were highlighted in this section. The table emphasizes
the importance of selecting assessment methods that are appropriate for collecting
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evidence that students have achieved the specified learning outcomes. However, it is
simply a guide.

The table suggests that conceptual understanding can be effectively assessed
with written and oral questions. These questions might be included in examina-
tions, interviews, or information interactions with students. Examples of learning
outcomes in this category include:

e Distinguish emissions from combustion characteristics (discipline-specific entry
in CDIO Syllabus 1.3).
e Define a system, its behavior, and its elements (CDIO Syllabus 2.3).

Problem solving and procedural knowledge can be assessed by asking students
to find solutions to simple and complex situations with the use of oral question-
ing, written formats, or in reports and journals (See the work of D. H. Jonassen for
examples of teaching and assessing problem solving.) [6]. Examples of learning
outcomes addressing problem solving include

o Formulate solutions to problems using creativity and good decision making
skills (CDIO Syllabus 2.1).

e Apply probabilistic and statistical models of events and sequences. (CDIO
Syllabus 2.1).

Knowledge creation and synthesis learning outcomes, while more difficult to
measure, can be assessed with some of the same methods as skills and processes.
Examples include

e Conceive and design an engineering product to meet customer requirements
(CDIO Syllabus 4.3 and 4.4).
o Appraise operations systems and recommend improvements (CDIO Syllabus 4.6).

Learning outcomes that can be categorized as skills and processes are appropri-
ately assessed with performance ratings, product reviews, journals, portfolios, and
other self-report instruments. Examples of these outcomes include

o Determine the stress and deformation states of structures using the appropriate
simulation tools (discipline-specific entry in CDIO Syllabus 1.3).

o Use appropriate nonverbal communications, for example, gestures, eye contact,
poise (CDIO Syllabus 3.2).

Finally, attitudes can be assessed with most self-report instruments, including
journals and portfolios. The CDIO Syllabus specifies affective learning outcomes
(attitudes) meant to be integrated into the curriculum. Examples include

® Recognize the ethical issues involved in using people in scientific experiments
(CDIO Syllabus 2.2).

o Commit to a personal program of lifelong learning and professional develop-
ment. (CDIO Syllabus 2.4).

The table is a guide for matching assessment methods to learning outcomes;
it does not prescribe exact matches. The choice of assessment methods often



Methods for Assessing Student Learning 177

depends on a faculty member’s experience with a method and available resources
for data collection and analysis.

Using Results to Improve Teaching and Learning

The fourth perhaps most important step in the student learning assessment
process, shown in Fig. 7.1, is the use of assessment results to improve teaching
and learning and help improve the program as a whole. This final step closes the
assessment loop.

Feedback to Students

When both formative and summative learning assessment results are shared with
students, learning is reinforced and improved. This feedback to students is most
helpful when it is consistent and regular throughout the term. To be effective,
feedback should be as specific as possible so that students know what learning
outcomes they have achieved and how best to improve their knowledge, skills, and
attitudes. Feedback also needs to follow closely the completion of exams, assign-
ments, and projects. If students are to benefit, feedback from instructors, supervisors,
and peers should be positive, correcting errors but avoiding any sarcasm or conde-
scending comments.

A Culture of Quality

The elements of the learning assessment process are intended to help develop and
demonstrate a culture of quality, as described by Massy [7]. He identifies a series
of core quality principles that define the quality process for higher education.

Define education quality in terms of student outcomes.

Focus on the process of teaching, learning, and student assessment.

Strive for coherence in curriculum, educational processes, and assessment.
Work collaboratively to achieve mutual involvement and support.

Base decisions on facts wherever possible.

Identify and learn from best practice.

Make continuous academic improvement a top priority.

Programs that regularly apply these principles in a process of continuous
improvement demonstrate a culture of quality.

In the example of the project module assessment at Queen’s University
Belfast, described in Box 7.2, a number of instruments are used to identify the
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achievement of learning outcomes. The instruments are used to rate students’
performance against the learning outcomes, thereby gathering direct evidence of
student learning. The assessment instruments also provide a ready means of iden-
tifying where and how well the program’s intended learning outcomes are being
achieved. For example, if students are rated “unsatisfactory” by different examin-
ers on any criteria on the rubric shown in the case study, then improvement efforts
are targeted to remedy these deficiencies.

In addition to improving teaching and learning, assessment information may
be gathered to satisfy institutional or external reviewers. For example, the crite-
ria used in accreditation reviews of the Accreditation Board of Engineering and
Technology state that a program should have in place:

e A curriculum that provides students opportunities to learn, practice and demon-
strate student learning outcomes.

e An assessment process that produces documented results that students have
achieved the specified learning outcomes.

e Documented assessment processes with measurable student outcomes and
feedback loops showing continuous program improvement [8].

Regardless of the requirements of external reviewing bodies, the most
important use of assessment information is for the purpose of a program’s own
continuous improvement. The use of student learning assessment data for program
evaluation is addressed in more detail in Chap. 9.

Key Benefits and Challenges

Sound learning assessment methods contribute to student and program success in
several ways: (1) gathering and evaluating information from multiple and diverse
sources makes it possible to know with confidence what students have learned;
(2) teaching and assessment are intertwined, so that improving assessment meth-
ods also improves teaching and learning; and (3) there are appropriate assessment
methods to measure student progress and achievement in a variety of teaching-
learning environments.
In implementing sound learning assessment, several challenges remain:

e Shifting the traditional view of assessment to a more learner-centered approach
is a challenge because engineering faculty tend to rely on the same assessment
methods that were used in their own engineering studies, for example, problem
sets and written exams. Support for enhancing faculty competence in assess-
ment methods is described in Chap. 8.

e Finding or creating reliable, valid, and appropriate learning assessment meth-
ods and tools matched to all learning outcomes can seem daunting, at first. The
CDIO Initiative supports collaborations that encourage the sharing of assess-
ment tools and results.


http://dx.doi.org/10.1007/978-3-319-05561-9_9
http://dx.doi.org/10.1007/978-3-319-05561-9_8

Key Benefits and Challenges 179

e Creating or adapting learning assessment methods that support deeper under-
standing of engineering concepts requires a serious commitment of faculty time.
Formative assessment methods that take place within instructional units can give
faculty and students opportunities to monitor the development of knowledge,
skills, and attitudes and reveal misconceptions. Summative assessment meth-
ods that take place at the end of instructional units can give faculty and students
opportunities to gain a broader and more cumulative perspective on the achieve-
ment of learning outcomes.

e The results of learning assessment, both formative and summative, are not always
fully used. Results, if shared with faculty, students, and other instructional leaders
can help to determine the extent to which learning outcomes have been achieved.
The quality of these achievements can then become the motivation for continued
excellence, or improvement, of future teaching and learning experiences.

Summary

A program has implemented sound learning assessment when there is an explicit
student learning assessment plan and a variety of assessment methods matched
appropriately to learning outcomes. Implementation is considered successful if
a majority of the faculty are using a variety of appropriate assessment methods,
and using assessment results to determine student achievement to improve teach-
ing and learning experiences in their courses. In short, a program has successfully
implemented student learning assessment when there is evidence that all four
phases of the learning assessment process described in this chapter are in place.
Finding or creating reliable, valid, and appropriate assessment methods and
tools matched to learning outcomes remains a challenge. Collaborators in the CDIO
Initiative are building an inventory of assessment approaches, for example, oral
exams, performance rubrics, portfolios, and self-report instruments. This chapter
examined alternatives for planning sound learning assessment and suggested ways
to overcome key challenges to its implementation. Establishing a culture in which
assessment promotes learning requires a shift in perspective from a teaching-centered
to a learner-centered approach and a commitment to use assessment results to
improve curriculum, teaching methods, and the overall learning environment. Issues
related to expanding faculty competence in the use of student learning assessment
methods, as well as teaching and learning methods, are addressed in the next chapter.

Discussion Questions

1. What types of data or evidence do you rely on most often in your decisions
about engineering courses and programs?
2. What assessment methods can you introduce or improve in your courses?
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3. How do you use learning assessment results to improve curriculum, teaching
and learning, student and instructor satisfaction, and learning spaces in your
programs?

4. How would you begin to address the key challenges to assessment posed in
this chapter?
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Chapter 8

Adapting and Implementing
a CDIO Approach

Introduction

Adapting and implementing a CDIO approach can be of great value to educational
programs and the students they serve. However, that means change—an inherently
challenging endeavor, especially at a university. Program leaders are more likely
to succeed in this change process if faculty are equipped with an understanding
of how to bring about change and provided with relevant guidance and resources.
This chapter discusses the implementation of a CDIO approach in terms of three
change processes: (1) cultural and organizational change, (2) faculty development
and support, and (3) program change.

The transformation to a CDIO program will affect all faculty members in the
program, and it will influence the context and the organization of the education
program. To succeed, faculty need to view the transformation as an instance of
cultural and organizational change and to make use of the best practices that facili-
tate such change processes. The first section of the chapter reviews these practices
and applies them to a university context.

Implementation places new demands on the entire instructional staff. We
cannot expect them to acquire new skills without the resources to enhance their
own competence. In the second section of the chapter, CDIO Standards 9 and 10
will be introduced. Standards 9 and 10 deal with the issue of faculty competence
in professional engineering skills and in teaching and assessment. This section
also discusses approaches that enhance the competence of current faculty in order
to build a stronger faculty in the future. The chapter concludes with a roadmap for
program change that represents adaptation and implementation as an engineering
design process. This final section outlines examples of supporting resources that
are currently available.

This chapter is written with the support of authors Daryl G. Boden and Nhut Tan Ho.
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Chapter Objectives

This chapter is designed so that you can

e Recognize key success factors that influence change in an organization.

e View the development of a CDIO program as an example of organizational and
cultural change.

e Plan activities that enhance faculty competence in personal and interpersonal
skills, and product, process, and system building skills.

e Plan activities that enhance faculty competence in teaching, learning, and
assessment methods.

e Describe approaches and locate resources that facilitate the adoption. and
implementation of a CDIO approach in engineering programs.

Development of a CDIO Program as an Example
of Organizational and Cultural Change

As described in Chap. 2, the dominant paradigm for engineering education today
is one in which the content is disciplinary and based on engineering science. The
unintended consequence of the transformation in the last century to this paradigm
is that the context of the education also became based on engineering science and
research. Some degree of cultural change is required to transform a program to the
desired vision, one which better integrates the engineering science disciplines and
sets them in the context of conceiving-designing-implementing-operating prod-
ucts, processes, and systems.

Fortunately, there is broad understanding of the factors that support successful
cultural change in organizations. Adapting these change factors to the university
environment facilitates the transition to a CDIO approach. We begin our discussion
of change by re-examining the two central questions that were posed in Chap. 2:

o What is the full set of knowledge, skills, and attitudes that graduating engineers
should possess as they leave the university, and at what level of proficiency?
e How can we do better at ensuring that students learn these skills?

The approach to answering the first question was answered in Chap. 3 with the
discussion of the CDIO Syllabus. Chapters 4-7 presented approaches to answering
the second question. But how can we convince our colleagues of the need to “do
better at ensuring that students learn these skills?”

The second question is deliberately posed in the language of continuous pro-
cess improvement. We can benchmark our peers and learn from best practice.
We can better acquaint ourselves with learning theory and apply it appropriately.
We can listen to our internal and external stakeholders. We can learn to apply
technology in improved ways. We can do better. Our students ask us to do better,
our industry stakeholders prod us to do better, our government and professional


http://dx.doi.org/10.1007/978-3-319-05561-9_2
http://dx.doi.org/10.1007/978-3-319-05561-9_2
http://dx.doi.org/10.1007/978-3-319-05561-9_3
http://dx.doi.org/10.1007/978-3-319-05561-9_4
http://dx.doi.org/10.1007/978-3-319-05561-9_7

Development of a CDIO Program 183

regulators encourage us to do better. It is not a matter of fixing something that is
broken, but of improving something that is vital to our future, namely, techno-
logical education.

However, adapting and implementing a CDIO approach may be a challenge at
some universities, and for good reason—it requires change. The words change and
university do not easily sit in the same sentence. There are two perspectives that
must be understood before beginning the process of change at a university:

Perspective 1: Universities as organizations are by design resistant to change.

Perspective 2: Notwithstanding Perspective 1, universities can be changed by
appropriate application of best practice in leading organizational
change.

Universities are resistant to change as a matter of organizational design and tra-
dition. In Europe, universities emerged in the Middle Ages from cathedrals and
monastic organizations designed for stability and contemplation in an era of soci-
etal chaos. Universities adopted the concept of tenure. At best a license to be bold
and innovative, tenure makes difficult the concept of organizational alignment.
Despite the fact that universities appear hierarchic (departments, deans, provost,
others), they are actually flat organizations in which lines of authority are fuzzy,
weak, or nonexistent. Historically, universities tended to be introspective, relying
on self-reflection and debate to drive change. As a result, universities are stable,
long-enduring institutions. In Europe, of the more than 25 institutions that have
operated continuously since the Reformation, all but four are universities. In the
United States, there were already nine universities as early as 1770 [1]. More than
one university in Europe and the United States shared the outlook that “a little
change is good, no change is better.”

Yet change can be effected at universities. In the 1880s, Eliot changed Harvard
from a colonial college to a modern university [1]. Bush [2] created a new frontier
in Science The Endless Frontier, fundamentally altering the view of research at
universities in the United States. As we pointed out in Chap. 2, the engineering
science revolution of the latter half of the 20th century fundamentally changed the
approach to engineering education worldwide. This evidence suggests that change,
even major transformational change, is possible in universities. However, leaders
are more likely to be effective in bringing about change if they are equipped with
an understanding of how to lead organizational transformations.

Change at a University as an Instance
of Organizational Change

The key factors that facilitate change at a university are not dissimilar from frame-
works that have been developed to help other types of organizations succeed in
change. For example, there is general consensus that the start of the process is
critical and that the force of urgency and understanding of need, vision, and first
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Table 8.1 Kotter’s eight stages of the change process

1 Establishing a sense of urgency
Examining market and competitive realities
Identifying and discussing crises, potential crises, or major opportunities

2 Forming a powerful guiding coalition
Assembling a group with enough power to lead the change effort
Encouraging the group to work together as a team

3 Creating a vision
Creating a vision to help direct the change effort
Developing strategies for achieving that vision

4 Communicating the vision
Using every vehicle possible to communicate the new vision and strategies
Teaching new behaviors by the example of the guiding coalition

5 Empowering others to act on the vision
Getting rid of obstacles to change
Changing systems or structures that seriously undermine the vision
Encouraging risk-taking and nontraditional ideas, activities, and actions

6 Planning for and creating short-term wins
Planning for visible performance improvements
Creating those improvements
Recognizing and rewarding employees involved in the improvements

7 Consolidating improvements and producing still more change
Using increased credibility to change systems, structures, and policies that do not fit the vision
Hiring, promoting, and developing employees who can implement the vision
Reinvigorating the process with new projects, themes, and change agents

8 Institutionalizing new approaches
Articulating the connections between the new behaviors and corporate success
Developing the means to ensure leadership development and succession

steps must be coordinated to overcome resistance to change. In fact, there is even a
formula based on this observation, credited to Gleicher et al. [3].

DxVxF >R

The formula is read as: dissatisfaction, D (a measure of the understanding of the
true need and the opportunity to improve) times vision, V, times first steps, F,
must be greater than the resistance to change, R. Other frameworks, such as the
one developed by Kotter [4] outline steps generally applicable to organizational
change, as shown in Table 8.1.

In alignment with these steps, other researchers have extended Kotter’s work for
application to engineering schools in particular and universities in general. Arguing that
success in change management is the result of the effectiveness of a team in driving
the politics of change, Eijkman et al. have proposed to use a soft or human sys-
tems thinking as a method to address the politics of change, which these researchers
termed the “generally ignored elephant in the room” [5]. The politics in this context
refers to the structure of power that defines the relationship between stakeholders
and the ability to influence decision-making and resource allocation. By modeling
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an engineering education program as an interconnected human activity system made
up of stakeholders who have different or conflicting viewpoints and interests, these
researchers reason that achieving curriculum innovation is mostly about managing a
contentious and socio-political process. To this end, they developed a Soft Systems
Methodology (SSM) to help change leaders manage such a process. The term soft
here refers to the fact that human activities are the core of the change process, and
the systems thinking approach refers to the necessity that change agents understand
“the emergent systems of meaning and dilemmas that surface in the process” [5].
Using the SSM, workshops led by facilitators are used as the means for participants
to engage in structured, group discussion activities.

The problem of managing change in engineering institutions in different coun-
tries has also been a subject of recent studies in the form of transitioning from tradi-
tional learning approaches to project-based and problem-based learning approaches.
For example, Kolmos and Graaf [6] examined transformation patterns across institu-
tions and countries, and synthesized a number of frameworks for depicting relevant
elements that should be considered in the change process and strategies for managing
change. The researchers propose an approach that would employ both bottom-up
and top-down strategies. This approach ensures that if the change starts from the top,
(for example, with a department head or dean), change agents will be found among
faculty and staff members at the bottom. And conversely, if the change starts from
the bottom with faculty members, change agents would be found at the top [6].

Key Success Factors that Promote Organizational
and Cultural Change

Based on our experiences and observations of change implementation at member
CDIO universities worldwide, we have distilled the best practices into twelve key
success factors that can be used to guide change at a university. These factors fall
broadly into three categories: (1) getting started, (2) building momentum, and
(3) institutionalizing change.

Getting off to the right start

Understanding the need for change.
Leadership from the top.

Creating a vision.

Support of early adopters.

Early successes.

Building the momentum in the core activities of change

Moving off assumptions.

Including students as agents of change.
Involvement and ownership.

Adequate resources.
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Institutionalizing change

e Faculty recognition and incentives.
e Faculty learning culture.
e Student expectations and academic requirements.

Each of these success factors is discussed with a view toward the general issue
and its application to adapting and implementing a CDIO approach in a university
program.

The First Phase of Change: Getting Off to the Right Start

There are five key success factors that help the change process in its initial stages:
(1) understanding the need for change, (2) leadership from the top, (3) creating a
vision, (4) support of early adopters, and (5) early successes.

Understanding the need for change. There must be a stimulus and motiva-
tion for change. The stronger and more clearly understood this need is, and the
more urgent, the more willing the organization will be to change. Crises and exter-
nal threats are classically strong motivators, but universities are usually somewhat
insulated from such influences. However, it is vital in this change process that the
team understand the need and be committed to addressing it. Since a university
acts as a collective of faculty and staff, it is important to articulate this need for
change in such a way that groups as well as individuals understand it.

As this is an educational change, it is best to focus on the needs of the students,
those who benefit directly from the education. What are their needs? According to
whom? This issue is sometimes cast as dissatisfaction with the current situation.
Alternatively, it can be cast in the terminology of continuous process improve-
ment—can we do better at meeting the needs of the students?

The stimuli we have found successful at precipitating an examination of needs
rely in large part on external references. Input from industry, discussed in Chaps.
2 and 3, are examples. Guidance from alumni of the program is valuable, as are
the inputs from external review committees and external members of program
boards. It is also useful to cite the opinions of thought leaders and “authorities.” If
approached constructively, a national accreditation process can also be an external
stimulus for change, as it was at the United States Naval Academy (See Box 8.1).

Box 8.1 THE ApOPTION AND ASSESSMENT OF A CDIO APPROACH
AT THE U. S. NAVAL ACADEMY

The Department of Aerospace Engineering at the United States Naval
Academy adopted a CDIO approach in July 2003, providing us with the
framework and tools necessary to make and assess changes in our program.
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The Naval Academy produces officers who serve in the United States Navy
and Marine Corps. Therefore, the goals and outcomes of all the academic
programs, including the Aerospace Engineering program, support the Naval
Academy mission under the leadership of the Academic Dean and Provost.
The institution has developed a set of strategic educational outcomes that
describe the results it wishes to produce in the graduates. The mission of
the Aerospace Engineering Department must follow from the mission of the
Naval Academy, and at the same time emphasize the role of the aerospace
engineering major. Our mission is to:

Provide the Navy and Marine Corps with engineering graduates capable of growing
to fill engineering, management, and leadership roles in the Navy, government, and
industry, maturing their fascination with Air and Space systems.

Our departmental vision follows our mission:

Mission fulfillment requires a program wherein Midshipmen Conceive-Design-Implement-
Operate complex mission-effective aerospace systems in a modern team-based environment.

Both our departmental mission and our vision are a direct result of our partici-
pation in the collaboration of universities who have adopted the CDIO approach.

Initially, our primary interest was the approach to program assessment
that is tied to the CDIO Syllabus. We believed that this approach would
be of great assistance in meeting ABET’s new accreditation standards.
However, as we learned more about the CDIO approach, we were convinced
that it was right for us for many reasons beyond our initial interest in the
assessment process. The primary reasons for adopting a CDIO approach in
the Aerospace Engineering program at the Naval Academy were:

e Our desire to go beyond “paper designs” in capstone design courses.

e The strong focus at the Naval Academy on operations—our graduates
become operators of systems.

e To have a structure to make necessary changes in our program.

e To benefit from lessons learned from the four founding universities of the
CDIO Initiative that would help guide our design and implementation of a
renewed Aerospace Engineering program.

Once we decided to adopt the CDIO Syllabus, our next question was, how
do we gain support from the administration, the program leaders, and the
faculty? Once we completed the CDIO Syllabus and looked at our existing
program, it was clear that we valued topics in the Syllabus, but we were not
addressing the topics. This discrepancy provided the motivation for change
and made the job of convincing our faculty to adopt a CDIO approach.
The survey of our key stakeholders further solidified the need for change and
the advantages of the CDIO Syllabus and approach.

—D. G. BopEN, UNITED STATES NAVAL ACADEMY
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Another valuable means of external reference is benchmarking. In some systems,
universities share data while in others the government publishes data on perfor-
mance. Top universities are constantly benchmarking themselves against peers
through both formal and informal means. Pressure from above is another way
to stimulate commitment. When a university president or school dean mandates
examination, strategic planning, or program re-assessment, it can be a good oppor-
tunity to catalyze action at a department or program level.

Barring external stimuli, it is possible to create an internal urgency by framing
the issue in the terminology of continuous process improvement. It is important to
avoid the formulation that something needs to be fixed, and ask instead how we
can improve. New resources can be a catalyst for change. New faculty positions,
new building funds, new equipment funds, new calls for proposals from govern-
ment agencies can all be used to bring focus to change, especially if the resources
are to be awarded competitively. Finally, large-scale social shifts can provide the
context in which change is possible. In the United States, the competition with the
Soviets, made clear by the launch of Sputnik, was a catalyst for massive educa-
tional change. In Europe, the Bologna Accord has created greater fluidity in higher
education thinking [7].

Leadership from the top. Leaders are in the best position to change a culture.
The commitment and active participation of the leader are vital. In a university
department or program, the department chair or program head must lead the
change process. Delegation to a committee or a junior member of the team will
almost certainly produce weak results. The formal leader must be supported by
a strong inner team of recognized individuals in the program. In order to change
an organization, thought leaders must visibly demonstrate their interest and par-
ticipation. This inner team can be made up of senior and junior faculty mem-
bers who are effective as innovators. In addition to providing visible support, the
team can serve as a sounding board, brainstorming, and planning group. It is not
advisable to make this group exclusive, for that might create an “us versus them”
sense with the extended population. Rather, the inner group needs to be porous
and inclusive.

It is also desirable to have the visible support of people in the organization who
are at one or two levels above the change leaders. Deans, provosts, rectors, and
vice-chancellors provide resources and organizational authority. They often seek
change in the organization, but are too remote from the faculty to lead effectively
at individual department or program levels. Therefore, they are often supportive of
proposals for change from departments, programs, or schools.

Creating a vision. In promoting change, it is most helpful if the leader,
sometimes aided by a small group, quickly communicates a vision of how the
urgent needs will be addressed. This vision should be easy to communicate,
and become the organizing theme of the work. It may evolve into a full-blown
strategy for change. In consensus organizations, such as university departments
or programs, tension often arises on this point. On one hand, if the inner group
arrives at the vision too quickly, there will be a sense that it was imposed, los-
ing the values of broad-based ownership that are important for long-term
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acceptance. On the other hand, delaying too long before reaching consensus on
a vision leads to organizational confusion and loss of any potential acceptance.
The leader must strike this balance appropriately.

We have adopted an explicit vision, conveyed in Chap. 2—that engineering
education should be set in the context of conceiving-designing-implementing-
operating products, processes, and systems, and that the education is best executed
by organizing around the engineering disciplines with design-implement experi-
ences interwoven. We have formally incorporated this vision into Standard One. In
adapting a CDIO approach to a particular program, it may be useful to start with
this premise and build a vision. Alternatively, it is also possible to start with an
organization-specific version, for example, the whole engineer, and then build on
the similarity with the CDIO vision.

Support of early adopters. In any population, on any issue, there are those
who are more inclined to try new approaches, those who will wait a bit, and
those who will tend to resist change. The first group is generally referred to as
early adopters. These individuals can be very important agents of change. Early
adopters should be included in the change process as quickly as possible. To the
extent possible, they should be given resources to develop pilots or experiments.
When successful, these efforts should be celebrated. In this way, momentum
will build and not-so-early adopters among their peers may become curious and
engaged.

The program leader should identify early adopters at the beginning of the
change process and encourage them to join the effort. Academic departments
and programs are often small enough that known attitudes and performance
make it easy to identify the early adopters. Students are also a good source of
information because they recognize dedicated educators. Inviting an outside
speaker on education or calling an optional meeting and seeing who shows up
can often identify these individuals. In brief, it pays to identify early adopters,
engage them, support them, and celebrate their successes. Most universities
have organizations dedicated to educational research, development, and support,
staffed by professionals in education and pedagogy. Another form of support
that can be given to early adopters is collaboration with staff from such an edu-
cational support service organization. These groups are often enthusiastic about
the prospect of participating in large-scale reform and are often themselves
among the early adopters.

Early successes. It is important to achieve some visible successes early in
order to attract interest and stimulate the effort for change. Often in the reform
of academic programs, there is a long planning process spanning multiple years.
Educational reform is more likely to succeed if there is a spiral process in which
early goals are identified, early pilots run, the results reflected upon, and new goals
set. Positive outcomes of these early pilots often attract the support and interest of
others. These early successes are often the results of the early adopters.

In starting the change process, the leader should explicitly plan on developing
some successes as soon as possible. Ideally, these early successes would have high
visibility and wide impact. They should be recognizable as making the education
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better or the job of the teaching staff more productive. Examples that we have
developed include modifications of:

e A first-year course to include a basic design-implement experience.

e An upper-level course to include more comprehensive, yet low-cost, design-
implement experiences.

e An appropriate meeting room or flexible classroom to create a design-implement
workspaces that supports hands-on and social learning.

As a program transitions from this first phase of “getting off to the right start,”
it is important to reflect on its progress and accomplishments. Box 8.2 summa-
rizes observations of a former program leader of the Mechanical and Materials
Engineering Department at Queen’s University in Kingston, Ontario (Canada) about
this transitional point in the adaptation and implementation of a CDIO approach.

Box 8.2 THE ApoPTION OF A CDIO APPROACH AT QUEEN’S UNIVERSITY
(CANADA)

The Department of Mechanical and Materials Engineering in the Faculty of
Applied Science at Queen’s University is one of the larger departments of its
kind in Canada. Its program includes many technical electives from which
students can choose, making it attractive to students because they can find
employment in many different areas. The departmental research strengths are
in energy systems, biomechanical engineering, manufacturing, and materials.

In late 2002, Ed Crawley from MIT introduced the CDIO approach
at Queen’s University to faculty and others interested in engineering edu-
cation. A few members of the department then participated in the col-
laborator meetings at the Massachusetts Institute of Technology and the
Technical University of Denmark to learn more about the CDIO Initiative.
Their reports were convincing enough to get unanimous departmental sup-
port for joining with universities who had adopted a CDIO approach in
December 2003. Courses and ideas similar to those advocated by a CDIO
approach already existed to a limited extent in the departmental program.
Furthermore, the recent completion of the Integrated Learning Centre (ILC)
provided an ideal facility to support a CDIO curriculum.

Feedback from an annual industrial review board, student evaluations, and
faculty initiatives all pointed in the same direction. More emphasis was
placed on conceive, design, implement and operate exercises, communica-
tion, teamwork, and other professional skills, without sacrificing the teaching
and learning of basic engineering knowledge and skills. It was clear that the
collaboration of CDIO programs had gone further by gathering feedback on
the engineering curriculum from students, faculty, alumni, and industry in the
United States and Sweden. It had also developed a syllabus containing the nec-
essary elements of an engineering curriculum. At the same time it was felt that
Queen’s University could also contribute.
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The following are some of the activities that have been undertaken at
Queen’s since adopting the CDIO approach. Without the impetus provided
by the collaboration, these activities would not have been done at all or
would have been undertaken only to a very limited extent.

e An alumni survey with over 400 respondents.
e Benchmarking of the program against the CDIO Standards.
e Adding “C-D” in one capstone course and “I-O” in another
e Improving the way we provide technical communication training.
There is still more work that can be done to improve the curriculum
of Mechanical and Materials Engineering. It is clear to us that continued
collaboration with other CDIO programs will allow us to learn from their
experiences as we continue to improve our program.

—U. Wyss, QUEEN’S UNIVERSITY (CANADA)

The Second Phase of Change: Building Momentum
in the Core Activities of Change

There are four key success factors of cultural change that build momentum:
(1) moving off assumptions, (2) including students as agents of change, (3) involve-
ment and ownership, and (4) adequate resources.

Moving off assumptions. Once the change process is underway, the leader
needs to get the team to move off their traditional assumptions of what and how
things should be done. A successful change process requires willingness to think
outside the box and to try new things. Despite academic commitment to research,
scholarship, and innovation, organizational willingness to change is not a strength
of most universities. There are several approaches that can be used to stimulate
flexibility. An appeal to professionalism is a powerful one. Faculty members are
often dedicated and distinguished professionals in their respective fields of engi-
neering. If we can appeal to their professionalism as engineers and transfer that
sense of professionalism to education reform, we can harness an important force.
This appeal can be accomplished by posing the change process as an engineering
design problem. This immediately raises questions such as: What are the require-
ments? What technology is available? How can we create prototypes? Such ques-
tions engage faculty in a new way. An expanded discussion of this point is found
in the chapter section that describes the third phase of the change process.

Evidence is another important way to move people’s opinions. We tend to under-
utilize evidence-based approaches in universities. Just exactly what are thought
leaders outside your institution saying? What is the status of other initiatives at peer
universities? What are other departments or programs in your university doing?
What resources are available? Compiling briefing books of such evidence provides
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an opportunity for evidence-based policy change. One way to engage the faculty in
reviewing this evidence is to conduct an Oxford- or Cambridge-style formal debate.
In this format, the faculty member does not necessarily argue his or her own per-
sonal opinion, but a pre-assigned position, either for or against the issue, based on
the evidence or other accumulated facts that are presented. Clever positioning of the
individuals involved will often cause a person to be arguing a position counter to
his or her personal opinion. If faculty members know they are playing roles, most
will try hard to be persuasive, and perhaps even persuade themselves. Another com-
mon technique to make a group feel comfortable with change is called “stretch and
relax.” This requires first stretching—considering change that is credible but slightly
extreme; then, allowing the team to relax back to a position that is less extreme but
still forward of the status quo. This is the essence of the art of political compromise.

Including students as agents of change. Another force that can either pro-
mote or delay change is student opinion. We have found that it is important to
include students in a substantive way in the educational change process. On the
positive side, students can be powerful agents for change in their own right. They
tend to know what works well and what does not, who teaches well and who does
not. They can be a valuable source of information in planning for change and in
providing feedback after changes have been piloted. This role is enhanced if we
explain to students the motivation behind the change and the direction in which it
is going. Once students experience program change, they often put pressure on the
not-so-early adopters to improve as well.

On the negative side, students can be uncomfortable with change in the same
way that the faculty might be. Students are particularly threatened by change in
their personal futures. An approach to overcoming this fear is to create rolling
change starting in the early years of the program. In this way, the more senior stu-
dents can advise students in subsequent years about change that will occur in the
program. It is important to include students, in varying degrees, in the decision
making process at the university. Students can act as important agents of change.
Engage formal student groups and invite individual thoughtful students to partici-
pate in discussions. Appeal to students’ professionalism as well. Consider giving
them a major role in the change process.

Involvement and ownership. It will eventually be necessary to involve all of the
members of the team in the change process. Our experience is that it is better to do this
early. Academic programs are owned and implemented by a wide variety of faculty
members, some of whom may not be formal members of the department or program.
For the reforms to take hold and be executed in individual courses, all of the participat-
ing faculty must be at least satisfied with, if not enthusiastic about, the change.

The initial inclination in launching a change effort in a department or program
is to form a committee of early adopters to plan the change. While this has its
advantages, it may appear exclusive. It requires a two-step process of first working
with this group, and then having this group influence the larger group. Although
more awkward, it may be preferable to engage the entire group as a committee of
the whole or at least invite all to participate. If the leader must work with a smaller
group, it should be representative of the various interests of the larger group,
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so that you have allies from all interest groups in the broader selling process. It
is sometimes helpful to give an important task to a known skeptic. If that person
becomes convinced, he or she will often persuade many others. In gaining involve-
ment and ownership, it is important to allow participants time away to reflect
and debate. Traditional approaches to this are off-site meetings or retreats. It is
important to plan these times carefully, laying out agendas that actively engage the
group and selecting effective discussion facilitators.

Adequate resources. Sustainable change must be accompanied by adequate
resources. While it is unlikely that there will be significant new resources available
to the program in the long-term steady state, it is also true that educational change
cannot be achieved in the margin. The transformation will require time and interim
support for the participating instructors and staff members. These transitional
resources can be released time from teaching, extra teaching assistants, or teaching
technology and materials. In some universities, it is possible to obtain support for
academic projects beyond the academic year. In a culture that values engineering
science and research, it is important to make the statement that time dedicated to
reforming education should be part of the educational pool of resources and not
drawn from the time allotted to research.

We have had two main goals with regard to resources. First, we have tried to
create a collaborative effort that has produced the open-source resources described
in a later section of this chapter. This combination of approach and shared
resources minimizes the additional time and energy that must be expended by a
program in the transition. Second, our objective is that in the steady state a program
would need no new resources; instead, existing resources would be re-allotted.

The Third Phase of Change: Institutionalizing Change

Three key success factors facilitate the institutionalization of change: (1) faculty
recognition and incentives, (2) a culture of faculty learning, and (3) student expec-
tations and academic requirements.

Faculty recognition and incentives. A maxim of sustainable change is that
incentives must be aligned with change. In any organization, you get the behavior
that is rewarded. If education is important, the leader of the program or department
must create both the perception and the reality of incentives and recognition that
reward educational reform. The leader must be supported by those at higher levels
in the university in this effort to reward sustainable change. Many universities have
recognition programs for faculty in the form of teaching awards. These awards can
be combined with the presentation of special status to those who are known for
particularly good teaching, such as chairs for teaching or other university-wide
recognition. This group of honored faculty can convene and discuss educational
innovation throughout the university and act as an academy for education within
the university. Occasionally, recognition for faculty contributions to education
comes from national academies of engineering or other honorific bodies.
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It is vital that the formal review process recognize and reward educational
contributions. This means that in annual review cycles, submissions of educa-
tional contributions should be reviewed. More importantly, in hiring, promotion,
and tenure decisions, these efforts need to be recognized. In particular, schol-
arly publications in education should be valued as highly as those in other
scholarly research publications.

Faculty learning culture. All universities place great emphasis on learning,
particularly on the broad learning of students and of the faculty in their profes-
sional disciplines. Ironically, many university faculties do not also embrace a
culture that broad lifelong learning by the faculty is important beyond their dis-
ciplines. Leaders of change must create the expectation and set the standard that
lifelong learning of instructors is important, not only in their professions, but also
in education and the teaching of professional skills. Movement in this dimension
often begins with simply making this observation and setting this expectation.

Actions can include granting faculty leaves and sabbaticals for professional
engineering activities or educationally related activities, in addition to research
sabbaticals. A department or program can begin to circulate important writings on
these topics for discussion at faculty meetings, much like a research group reads
the current literature. Faculty members can be asked to develop their own profes-
sional development plan as a part of their annual review. They might be challenged
to define what and how they are going to learn in the next year. If the leader sees a
pattern in the learning needs of the faculty, he or she can create learning opportu-
nities at the university by bringing in outside experts, providing short courses for
the faculty, or making connections to other university groups, including the univer-
sity teaching and learning center.

Student expectations and academic requirements. Students are the imme-
diate customers and beneficiaries of the educational services we provide. As in
any change process in a customer service organization, their expectations must
be carefully considered. This can take two forms: their informal expectations and
the formal academic requirements. We have observed that, like all first impres-
sions, a program has one chance to set expectations for learning and behavior in
its students. At a university, this is the first day of the first year or the first day stu-
dents enter a program. At this first opportunity, the goals of the education should
be made explicit. More importantly, the expected norm of student involvement in
learning must be immediately established. If we are to expect more active learning
with more student responsibility for their own learning, we should establish this
pattern on the first day of instruction and consistently throughout all of the classes
or modules the student encounters. It is also desirable to institutionalize the learn-
ing outcomes in formal descriptions of the academic program. This can be done at
the course or module level by including the learning outcomes and objectives in
the descriptions, and, at a higher level, in the overview or description of the course
of studies or program.

In summary, with intentionality, thoughtfulness, commitment, attention to pro-
cess, and sensitivity to the unique characteristics of the university environment, we
can effect the changes necessary to implement a CDIO approach. Box 8.3 describes
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two applications of the above-discussed change process: one at the level of a college
at the Technical University of Denmark (Danmarks Tekniske Universitet), and the
second at the level of a system of universities at the Vietnam National University-Ho
Chi Minh City.

Box 8.3 IMPLEMENTING A CDIO ArpProacH: Two CASE STUDIES

The story of implementing the CDIO approach at the Technical University
of Denmark (DTU) spans more than 7%2 years from the first executive deci-
sion to the graduation of the first group of engineers. DTU has four kinds
of education programs: Bachelor of Engineering (with 10 different engi-
neering majors), Bachelor of Science and Technology, Master of Science
and Technology, and PhD programs. The CDIO approach was system-
atically introduced in the 3'2- year Bachelor of Engineering program in
order to distinguish it as a program of applied science directing candidates
toward jobs in industry. Another reason for implementing CDIO was that it
presented a framework of quality improvement and assessment of educa-
tional activities giving educators a common language and a goal of higher
standards. In the beginning, implementation was prepared in committee
work that involved students and faculty members. This was generally a
top-down initiative. However, in some departments, it sparked a grass-roots
drive for reform. Top-down or grass-root, a platform was needed for fac-
ulty members to meet, discuss, and inspire each other, and for early adop-
ters of CDIO principles to lead the way. It was helpful to us that the CDIO
Standards indicated those standards that are essential. This gave direction
to the discussions on education reform and focused the early preparations.

Our first step was to work on a DTU version of the CDIO Syllabus,
translate it into Danish, and discuss it in a DTU context. The faculty took
ownership and related the CDIO Syllabus to the daily teaching and learn-
ing activities for which they were responsible. With ownership, construc-
tive and sincere engagement in the reform activities followed. Faculty
members started to participate in regional and international CDIO meet-
ings, and a road map for the implementation process was created. The road
map contained a number of deliverables and deadlines. It also included an
introduction to CDIO plus important tools such as instructions on how to
design learning outcomes, a course-competence matrix, and design-imple-
ment projects. After approximately 2 years, the road map developed into a
formal DTU Handbook on CDIO that became a document that introduced
new faculty members to CDIO. During this phase, CDIO was made part of
the mandatory teacher-training program at DTU (See Box 8.5).

Two years into the successful implementation of the CDIO approach,
many courses were linked and interdependent, as intended. For the longer
term, faculty members needed a stable source of curriculum information
and a clear overview of how students progressed through the program.

(Continued)
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Box 8.3 IMPLEMENTING A CDIO AprProACH: Two CASE STUDIES—CONT’D

A Wiki-based document with a blueprint of the curriculum design and
continuous updates on learning outcomes for each of the ten majors was
created so that faculty could coordinate teaching activities and optimize
student learning. Implementation of the CDIO approach was solidified by
including wording about CDIO as the context for education (Standard 1)
in the DTU strategic documents on education. In addition, a special career-
track system of professor promotion was adopted on the basis of leadership
and innovation within education. Such manifestations by university govern-
ment were important to sustain continuous educational improvements as a
part of the core culture of university faculty.

—M. E. ViGiLp, DANMARKS TEKNISKE UNIVERSITET (DENMARK)

The Vietnam National University-Ho Chi Minh City (VNU-HCM) System
has spearheaded the adoption of CDIO principles since 2008 to accelerate
national efforts in curriculum reform through widespread implementation
of the CDIO approach in Vietnam. In adopting the CDIO approach and lev-
eraging the strength of VNU-HCM’s system of universities, we developed:
(1) a framework for curriculum reform that has the potential to be generalizable
to other institutions in Vietnam, and (2) a seven-year plan to implement the
framework in a few strategic departments and to accelerate its implementa-
tion throughout all of our universities.

The framework that we developed seeks to achieve the following goals:
(1) adapt CDIO principles to reform systematically the curriculum of strategic
university departments by providing students with the knowledge, skills, and
attitudes desired by relevant stakeholders; and (2) use the pilot implementa-
tion of the CDIO approach as a means to develop generalizable approaches
that can be replicated at universities within the VNU-HCM System and at
other universities in Vietnam.

We committed substantial resources and made important strides in our
initial implementation of the framework. We invited international experts
in the CDIO approach to serve as our advisors and to conduct workshops
for high-level managers and faculty members. We translated and pub-
lished Rethinking Engineering Education: A CDIO Approach (2007) into
Vietnamese, working with the Ministry of Education and Training to distrib-
ute the book free of charge to universities throughout Vietnam. In 2010, we
initiated the pilot implementation of the CDIO approach in the Department
of Mechanical Engineering of the University of Technology and in the
Department of Information Technology of the University of Sciences. These
two strategic university departments have adopted the CDIO principles and
have committed to implementing the CDIO approach. They have also agreed
to serve as model departments that will help disseminate the CDIO approach
within the VNU-HCM system and throughout Vietnam.

—N. T. Ho anp T. DoaN,
VIETNAM NATIONAL UNIVERSITY-HO cHI MINH CiTy (VIETNAM)
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Faculty Development and Support

As is evident in the discussion of the key success factors, faculty involvement and
enthusiasm greatly facilitate the implementation of a CDIO approach in engineer-
ing programs. Faculty members are asked to be innovators, that is, they are asked
to adapt their teaching styles to ones that are more student-centered and to teach
the professional engineering skills and attitudes specified in the CDIO Syllabus.
There must be a process for supporting faculty as they enhance their competence
in teaching, in new forms of evaluation, and in engineering practice and related
skills. Enhancement of faculty competence must be accomplished while protect-
ing the academic careers of faculty. Professional development activities should
enhance their opportunities for promotion and tenure, not put future academic
promotion at risk. Consistent with the key factors above, the recognition and
incentives for faculty ideally should be in support of this approach to professional
development.

Enhancement of Faculty Competence in Skills

CDIO programs should provide support for faculty members to improve their own
competence in personal and interpersonal skills, and product, process, and sys-
tem building skills as described in the Syllabus. The nature and scope of faculty
development varies with the resources and intentions of each program and institu-
tion. Examples of actions that enhance faculty competence include: professional
leave to work in industry, partnerships with industry colleagues in research and
education projects, inclusion of engineering practice as a criterion for hiring and
promotion, and appropriate professional development experiences at the univer-
sity. Enhancement of faculty competence in professional skills related to the CDIO
Syllabus is the focus of Standard 9.

STANDARD 9—ENHANCEMENT of Facurry SkiLLs COMPETENCE

Actions that enhance faculty competence in personal and interpersonal
skills, and product, process, and system building skills.

If faculty members are expected to teach a curriculum of personal and interpersonal
skills, and product, process, and system building skills integrated with disciplinary
knowledge, they need to be competent in those skills themselves. Most engineering
professors tend to be experts in the research and knowledge base of their respective
disciplines with only limited experience in the practice of engineering in business
and industrial settings. Faculty members may need to enhance their engineering
knowledge and skills so that they can provide relevant examples to students and
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also serve as role models of contemporary engineers. Faculty development and
support can have three basic approaches.

e Hire new faculty who have industrial experience or give newly hired faculty a
year in industry to gain the experience before they begin teaching.

e Provide educational programs, such as seminars, workshops, and short courses
for the current faculty or allow current faculty sabbatical leaves to work in
industry.

e Recruit senior faculty with significant industry experience to teach and mentor
other faculty or attract practicing engineers from industry to spend time teach-
ing at the university.

Each of these three approaches is described below.

In hiring new faculty, one can consider whether they have had any actual
engineering experience. If so, this should be valued as a positive aspect of their
background. If not, the department or program could offer released time to fill
in this professional experience. As an example, some programs send newly
hired faculty to work with industry for one year prior to the start of their formal
teaching responsibilities. This program is aimed at professionals beginning their
faculty careers immediately after their advanced degrees. The goal of the year
with industry is to develop product, process, and system building skills, as well
as to broaden their perspectives on engineering research. This time does not count
toward the time required to gain promotion. As an added benefit, faculty return
with a deeper understanding of the research needs of industry. Programs must
have institutional support to resource this effort.

Programs also face the challenge of encouraging existing faculty to teach pro-
fessional engineering skills and attitudes in their courses. A variety of approaches
can lead to enhanced skills of the existing faculty. One approach is to sponsor
short courses or training programs within the university on professional engineer-
ing skills and attitudes. Commercially available short courses can be used as well.
Larger industrial enterprises often have extensive internal training programs and
may invite faculty participation. Encouraging such programs also sends the mes-
sage to faculty that program leaders consider these skills important and are willing
to expend resources to help the faculty acquire them. Faculty leaves and sabbati-
cals that are often taken at other universities or in government agencies can be
taken in industry. Again, program leaders must ensure this time is used to expand
the faculty member’s competence in teaching the CDIO Syllabus skills and atti-
tudes (Sections 2, 3, and 4). Otherwise, faculty might be inclined to pursue only
their research interests.

Finally, programs can attract distinguished engineers with significant expe-
rience in product development and system building. Programs will need institu-
tional support for this effort as career engineers often do not satisfy traditional
hiring criteria. An excellent example of a nationally sponsored effort of this type is
the Visiting Professors’ Scheme, sponsored by the Royal Academy of Engineering
in the United Kingdom [8]. This program brings experienced engineering profes-
sionals to the university to share their experiences with both students and faculty.
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At MIT, a position called Professor of the Practice was created to allow the
appointment of similar distinguished practitioners. Another approach is to attract
senior engineers to short-term placements as visitors or adjunct instructors. These
senior practitioners bring personal and interpersonal skills, and product, process,
and system building skills not only to the classroom, but also to their interac-
tions with other program faculty. Consequently, the proficiency level of the entire
faculty increases as a result of hiring practiced engineers.

Enhancement of Faculty Competence in Teaching
and Assessment

Programs should support the faculty as they improve their competence in inte-
grated learning experiences, active and experiential learning, and assessment of
student learning. Teaching approaches and assessment methods are described in
Chaps. 6 and 7, respectively. Examples of actions that enhance faculty competence
include: support for faculty participation in university and external faculty devel-
opment programs, forums for sharing ideas and best practices, and emphasis on
effective teaching skills at performance reviews and hiring. Enhancement of faculty
competence in teaching and assessment is the focus of Standard 10.

STANDARD 10—ENHANCEMENT OF FacuLTy TEACHING COMPETENCE

Actions that enhance faculty competence in providing integrated learning
experiences, in using active experiential learning methods, and in assessing
student learning.

If faculty members are expected to teach and assess in new ways, they need oppor-
tunities to develop and improve their competence in these domains. There are two
common approaches to this development task. Many universities have faculty
development programs and groups that support improvement in faculty teaching
and are often eager to collaborate. In addition, programs seeking to emphasize the
importance of teaching, learning, and assessment, should be prepared to commit
adequate resources for faculty development in these areas.

Transforming the faculty requires changes not only to curriculum but also to
teaching and assessment methods. Changing teaching methods is often more
threatening to faculty than changing the curriculum. It is important to recognize
these fears and reduce or remove barriers to implementing active and experiential
learning in the classroom. Bonwell and Sutherland identify five major barriers as
(1) lack of coverage, (2) increased faculty preparation time, (3) large class sizes,
(4) lack of resources, and (5) risk to the faculty member [9]. Lack of coverage is
the concern that “all of the material won’t be covered.” This concern is partially
overcome by emphasizing student learning rather than faculty teaching. Recent
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changes in accreditation criteria focusing on program outcomes rather than on pro-
gram content support this effort. When possible, program leaders might provide
faculty with compensatory time in order to plan and implement changes to their
teaching. Giving faculty time and resources to enhance their teaching competence
accomplishes two objectives: (1) faculty have the necessary time to plan and pilot
changes; and (2) it sends the message to the entire faculty that these changes are
important and valued. Program leaders, working with senior leaders of the uni-
versity, need to convince the institution as a whole that faculty efforts to improve
teaching and assessment are worthy of inclusion in promotion credentials.

Program leaders can also influence change in the teaching culture during the
hiring process. Candidates for faculty positions are usually questioned about their
education, research, and job experience, but rarely about their understanding of,
and interest in, teaching. Including questions about teaching philosophy, teach-
ing experience, and willingness to experiment with new teaching methods helps
to identify candidates who can contribute to implementing a CDIO approach.
Prospective faculty can even be asked to give a seminar on education in addition
to their traditional seminar on research. At Queen’s University in Canada, prospec-
tive faculty members are asked to teach a mock class to a group of instructors who
take on the role of students.

Program leaders can also enlist the support of external education experts
through seminars, workshops, and guest lectures. Most universities have teach-
ing and learning centers staffed by education experts who are excellent sources
of information and support. In some countries, there are national trends toward
requiring training and educational certification for new university instructors.
A good example of a university-wide system to enhance faculty competence in
teaching and assessment, found at the Technical University of Denmark, engages
every new faculty member in his or her first year at the university (See Box 8.4).

Box 8.4 ENHANCING FAcULTY TEACHING SKILLS AT THE TECHNICAL
UniveErsITY OF DENMARK

Effective teaching and assessment skills are essential in the implementation
of a CDIO approach. The Technical University of Denmark (DTU) offers
a variety of activities aimed at enhancing faculty members’ teaching and
assessment skills. These activities include courses, seminars, and develop-
ment projects. To become a member of the faculty and be able to take on
long-term teaching responsibility, there is a mandatory teacher-training
program. The program is based on the assignment of a relevant teaching
task and includes: (1) supervision of classroom teaching by a mentor from
the instructor’s department, (2) development of a teaching portfolio, and
(3) peer coaching on teaching. The core element of the teacher-training
program is Education in University Teaching, a course that combines learn-
ing theory with teaching practice. The course consists of four modules
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with a total workload of 250 h distributed over 1¥2 years. This workload
is included in the course participants’ overall teaching obligations in their
home departments.

The first three modules of the course are regular classes, whereas the
fourth module is a development project applied to the participants’ own
teaching practices. The modules address learning objectives, engineering
competencies, course planning, assessment, feedback, and evaluation. The
content of the modules is based on current research and state-of-the-art prin-
ciples of teaching and learning in higher education. These principles are
also aligned with the underlying principles of the CDIO approach, which is
explicitly introduced to course participants and exemplified by case studies
of the implementation of CDIO in engineering courses at DTU.

The overall program is structured according to the conceive-design-
implement-operate pattern. Participants prepare by finding a relevant teach-
ing assignment to work with during the program. During the first modules,
they conceive and design ways to structure their teaching, for example,
learning objectives, core elements, course planning. In the fourth module,
they implement and operate the teaching assignment, performing in a real-
life teaching setting, evaluating the process, and reflecting on the results. In
the final written report, the evaluation and reflection parts become central
as the main purpose of the fourth module is to investigate student learning
outcomes. Overall, the program strives to develop faculty competence in
reflecting critically on their own teaching and in evaluating it with respect to
student learning and the attainment of intended learning outcomes.

The program is organized as a collaborative effort between the central
support unit for teaching and learning development at DTU, LearningLab
DTU, and the individual departments. Each year, approximately 50 faculty
members complete the program and join forces with colleagues who contrib-
ute to the community of teaching and learning at DTU, where engineering
education is discussed, analyzed, and developed.

—P. H. ANDERSSON, TECHNICAL UNIVERSITY OF DENMARK

By using the resources available to them, programs can go about systematically
enhancing the competence of the faculty in engineering skills as well as in active
and experiential learning and student assessment.

Resources to Support Program Change

We have created a number of approaches and open-source resources to facilitate adap-
tation and implementation of the CDIO approach in diverse university engineering
programs. Available resources include practical advice, implementation guidelines,
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instructional materials, and descriptions of transition activities. The universities that
have adopted a CDIO approach support collaborative development and sponsor work-
shops and conferences for the exchange of ideas and best practices.

Engineering Design Paradigm for the Development
of a CDIO Approach

An engineering design paradigm has been applied to the development of the CDIO
approach. This paradigm also serves as a useful roadmap for adaptation and imple-
mentation in existing engineering programs. Education can be viewed as a service
that can be engineered using the methods of product and system development and
operation. Using the engineering design paradigm to develop a CDIO program has
several distinct benefits.

e [t appeals to the professionalism of engineering faculty by evoking positive
attributes of their profession, that is, addressing needs, solving problems, devel-
oping new approaches, and applying quality standards. Casting the change
process in an engineering design framework enables faculty to feel more com-
fortable with change.

e [t draws on the established competencies of the faculty. Structuring the change
process as an engineering task enables them to apply their expertise, for exam-
ple, defining requirements, building prototypes, and collecting data.

e [t ensures that valid learning outcomes are specified and form the basis for cur-
riculum development, teaching and learning methods, and assessment plans.
The engineering design paradigm guides the ways in which the CDIO approach
is documented and codified, that is, a comprehensive goal statement, curricu-
lum structuring and mapping techniques, and a quantified model for continuous
improvement. The documentation, processes, and examples are the subject of
Chap. 3 through Chap. 9.

The process of adapting and implementing the CDIO approach is closely
aligned with the phases of the product, process, and system lifecycle, as illus-
trated in Fig. 8.1. The approach uses the techniques of product, process, and sys-
tem development to structure an educational program based on the premise that
the proper context for engineering education is the product, process, and system
lifecycle. The Conceive phase analyzes the needs of a graduating engineer, sets
clear and consistent learning outcomes, and works out a concept for engineering
education that addresses requirements. This concept for engineering education
is consistent with university and national goals and standards and reflects scien-
tific and technical advances. The outcomes of the Conceive phase are unique for
each program but are guided by the CDIO Syllabus and the CDIO Standards. The
Design phase includes benchmarking the existing curriculum and using open-
source tools that help in curriculum development, course development, teaching
and learning methods, assessment methods, and student workspaces. In the
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Fig. 8.1 Design and development of a CDIO approach

Implement phase, new educational tools and resources are tested in engineering
programs at collaborating universities. This collaboration enables programs to
compare results, evaluate, iterate, and improve processes and materials, and adapt
the approach to engineering programs in a variety of educational environments.
It is in this phase that human and physical resources are developed. Finally, the
Operate phase occurs when the educational reform initiatives move beyond pro-
totype and test stages to a steady-state phase where major program changes have
been implemented. Evaluation and continuous improvement of the program and
of the CDIO approach continue in this phase and are supported by assessment and
evaluation.

Open-Source Ideas and Resources

The CDIO approach has been implemented in diverse universities, disciplines, and
nations. These existing programs also reflect diversity in goals, students, financial
resources, existing infrastructure, university context, industry desires, government
regulations, and professional societies’ accreditation standards. To accommodate
this diversity, the approach is codified as an open source. This open accessible
architecture for program materials promotes the dissemination and exchange of
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ideas and resources. A wide variety of resources is available. The major resources
are described in Table 8.2. They can be found at http://www.cdio.org. The CDIO
Syllabus and CDIO Standards are discussed in detail in Chaps. 3 and 1, respec-
tively. These resources have been developed to enable engineering programs to
adapt the CDIO approach to their specific needs. Engineering programs can imple-
ment the entire approach or choose specific components.

The CDIO approach is not prescriptive. We understand that every program,
school, university, discipline, and nation has unique needs. We have created a set of
resources, approaches, and ideas that can be adapted to improve engineering educa-
tion for students and other key stakeholders. We acknowledge that almost every qual-
ity engineering education program is engaged with some or many aspects of this
reform, and are making contributions from which we can all learn. Resources are lim-
ited at all universities. Very few universities can engage in a comprehensive reform
with the expectation that steady-state resources will increase. We have developed
the CDIO approach with the assumption that steady-state resources will not increase
and that programs will have to re-task existing human, space, and time resources.
Occasionally, universities and national agencies enable programs to argue for addi-
tional steady-state resources. Having a well-developed approach often enables a pro-
gram to compete more effectively for these new resources. In the transition from a
conventional engineering program to a CDIO program, some additional time and
support will be needed. It will not be possible to design a new curriculum, develop
new learning experiences, re-task workspaces, and develop assessment tools without
additional time and effort. We have created the resources outlined here in an effort to
minimize this transition, but the effort may still be considerable.

Value of Collaboration for Parallel Development

We have observed that engineering educators worldwide face similar issues. Many
of the underlying issues are traceable to the tension between the two main goals
of deep understanding of the fundamentals and competence in broader professional
skills. Other issues are as common as how one divides students into groups on pro-
jects and assesses these group projects. Addressing even the common issues in a rig-
orous way is a challenge for any single program or department. The scope of these
issues and their worldwide commonality suggest that it would be desirable to work
together to address them in an organized way toward common goals. Collaboration
among CDIO programs worldwide enables us to develop and implement a general
and adaptable educational model. The value of international collaboration lies in

e Creating more robust and generalized starting positions for the development of
CDIO programs. For example, surveys and benchmark studies compare stake-
holder expectations and institutional conditions at different universities and
countries.

e Sharing approaches and ideas within a structured framework of common goals.
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e Creating a set of transferable resources that can be used by other universities to
facilitate adaptation and implementation.
e Sharpening the key features of the CDIO Standards.

There is another important benefit of working in a collaborative format. Working
together promotes visibility into what others are doing. This raises the level of
ambition for educational development at our universities through friendly com-
petition toward a mutual goal. It strengthens the arguments for adopting a CDIO
approach at collaborators’ respective universities. Evidence of success at competi-
tors’ universities can be a very persuasive force for change.

In order to facilitate interaction, the international CDIO collaboration sponsors
a number of activities. These include: (1) workshops at which the key ideas are
introduced, (2) regional meetings that allow participating universities within a geo-
graphic region to come together to exchange ideas and develop new approaches,
and (3) annual international conferences that bring together educators from
around the world to exchange key learning and successes that have emerged. We
invite participation in all these activities, as well as contributions from programs
engaged in the improvement of engineering education.

Summary

The transformation to a CDIO program affects all faculty members in a depart-
ment or program as it resets the context and reorganizes the education process.
This chapter examined twelve key success factors that facilitate organizational
change and gave examples of how engineering programs incorporated these fac-
tors in their transition. The importance of faculty support and development was
also highlighted. The discussion showed the ways that programs wishing to imple-
ment a CDIO approach to engineering education can take advantage of the expe-
riences of existing programs and use the open-source resources available on the
CDIO website. Chapter 9 creates a program evaluation framework based on the
twelve CDIO Standards.

Discussion Questions

1. What strategies have you employed to implement change? Are they aligned
with those suggested in this chapter?

2. What policies and incentives are in place to enhance faculty competence? How
effective have they been?

3. Can you identify people, programs, and resources that support faculty develop-
ment in teaching and assessment at your university?

4. How do you anticipate using the resources found at the CDIO website?


http://dx.doi.org/10.1007/978-3-319-05561-9_9
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Chapter 9
Program Evaluation

Introduction

In previous chapters, we described key characteristics of a CDIO program. First, we
addressed what we should teach: learning outcomes that address disciplinary content,
as well as personal and interpersonal skills, and process, product, and system build-
ing skills. We went on to discuss sow we should teach: an integrated curriculum; a
sequence of design-implement experiences in workspaces specifically designed to
support the intended learning outcomes; integrated teaching, learning, and student
assessment. In Chapter Eight, we presented approaches to enhance faculty compe-
tence in engineering skills and in teaching and assessment methods. We now address
three key questions dealing with the effectiveness of the CDIO approach:

1. How do we determine if programs are successfully implementing a CDIO approach?
2. How can we improve programs that are not up to standard?
3. What is the impact of implementing a CDIO program?

These general questions of quality assurance are most appropriately answered
by a process of program evaluation that is naturally set within the context of the
12 CDIO Standards.

Program evaluation is a process for judging the overall effectiveness of a program
based on evidence of progress toward attaining its goals. The specific approach to
program evaluation can take a variety of forms, depending on the conceptual frame-
work and rationale for the evaluation. Evaluation of CDIO programs follows pri-
marily a judgment model based on inputs, processes, and outputs. Inputs include
feedback from personnel, use and usability of facilities and workspaces, and use and
availability of resources; processes include teaching, assessment, evaluation meth-
ods; and, outputs are the intended learning outcomes for students and overall pro-
gram outcomes related to the 12 CDIO Standards.

This chapter is written with the support of author Peter J. Gray.
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One way to judge overall program quality is to focus on a program’s progress
toward implementation of the CDIO Standards described throughout this book.
Because the standards address inputs, processes, outcomes, and to a limited extent,
impact, program evaluation based on the CDIO Standards can provide program
leaders with data upon which to determine whether programs are achieving their
goals, operating effectively, allocating resources appropriately, and making a dif-
ference overall.

We use the term standards-based program evaluation to describe the approach
we use with CDIO programs. This approach is consistent with a judgment model
of program evaluation. A standard, in this context, is a criterion or characteristic
that defines a program. Evidence of progress toward implementation of a CDIO
approach is collected from multiple sources, using a variety of quantitative and
qualitative methods. When this evidence is regularly reported back to faculty,
students, program administrators, alumni, and other key stakeholders, the feed-
back forms the basis for making decisions about the program and its continuous
improvement.

Standards-based program evaluation, using the 12 CDIO Standards, is con-
sistent with accreditation models and other national evaluation approaches. This
consistency is based on similar purposes. Both approaches set criteria, collect evi-
dence of compliance with the criteria, and require plans to improve programs. In
this chapter, we discuss the purpose and value of a standards-based approach to
program evaluation as a way to determine if programs are successfully implement-
ing a CDIO approach. In doing so, we identify key evaluation questions aligned
with the standards and examine a variety of methods to collect data to answer the
evaluation questions. We give examples of data collection and analysis in repre-
sentative programs. We make connections of program evaluation results with the
process of continuous improvement and give suggestions for improving programs
that are not up to standard. Finally, we summarize results that give evidence of the
impact of CDIO programs overall.

Chapter Objectives

This chapter is designed so that you can

e Recognize the characteristics of a standards-based approach to program
evaluation.

e Identify key questions that guide program evaluation and align them with the
CDIO Standards.

e Describe a variety of methods that provide evidence of program quality.

e Give examples of standards-based program evaluation.

e Emphasize the connections between program evaluation, continuous program
improvement, and quality assurance.

e Evaluate the overall impact of programs that have implemented a CDIO approach.
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Standards-Based Program Evaluation

The conceptual framework of program evaluation depends on the purpose and
rationale for conducting the evaluation. For example, objectives-based models
focus on the purpose of the program and the attainment of specified goals, objec-
tives, and outcomes. In contrast, goal-free evaluation focuses on the outcomes
without the specification of any pre-determined goals. Naturalistic approaches
are broad in scope, focusing on human elements and processes of the program
in specific contexts. Judgment models, such as program accreditation, address
compliance with standard guidelines and tend to focus on inputs and processes.
Management-oriented program evaluation focuses on key questions of decision
makers, limiting the range of data collection to specific questions. These questions
tend to emphasize the outcomes and overall impact of a program [1].

Evaluation of CDIO programs is primarily a judgment model, with components
of objectives-based and management-oriented models. Similar to many accredita-
tion models, judgments are made on the inputs to the program, for example, quali-
fications of the academic staff, access to modern engineering tools, workspaces,
and such program processes as teaching, advising, and enrollment. Program evalu-
ation, then, is a matter of showing compliance with criteria that address these
inputs and processes. In recent years, accreditation models have broadened their
scope to include outcome measures [2]. Similar to objectives-based models, pro-
gram evaluation focuses on the attainment of program goals and specific pro-
gram learning outcomes. Management-oriented models, such as The Balanced
Scorecard [3] implemented at Linkoping University, contribute components of
strategic planning, allocation of resources, and measurement of impact, all of
which broaden program evaluation beyond judgment and objective-based models.

Standards-based program evaluation describes any approach to evaluation that
focuses on the explicit criteria, standards, and other components of the evaluation
process [4]. This approach aligns well with the rationale for the three models pre-
sented—judgment, objectives-based, and management-oriented—and shares com-
mon features with them. Standards that address program objectives and outcomes
focus on the end results of the program for the people it is intended to serve. These
standards concern the cumulative results of the educational experiences offered to
students by the program. Included are student learning outcomes in courses and
other activities, as well as the culminating outcomes that are expected as a result
of completing a program. Of course, it is hoped that most of these outcomes are
the ones intended, but there also may be unintended outcomes.

In addition to outcomes, standards-based program evaluation examines the pro-
cesses that lead to those outcomes. Process evaluation is the systematic review of
what is happening inside the program and involves an evaluation of how the program
is operating in order to meet its goals. Program processes may include admissions,
advising, registration, student support services, teaching, learning, and internship
and job placement. Examination of these processes helps to explain the program out-
comes and points to features of the program that are more or less successful [5].
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To a limited extent, standards-based program evaluation also measures the
overall impact of a program by looking at what happens to participants and others
as a result of the program. Such impact is often construed as long-term outcomes
and may include the effects of the program on the larger community and society.
Impact studies may look at workforce capabilities, ethnic and gender equality, and
productivity. Such studies may follow graduates for their entire careers to deter-
mine the long-term impact of a program [6].

In evaluating a program within the framework of the CDIO Standards, we
examine evidence of processes and outcomes, and to a limited extent, inputs and
impact. Taking a broad view, Standards 1 and 6 address inputs; Standard 2 speci-
fies the intended learning outcomes; Standards 3, 4, 5, 7, 8, 9, 10, and 11 focus
on processes. While the standards do not specifically address long-term impact,
the evaluation of our programs often includes questions related to students’ future
plans, alumni contributions to their engineering fields, and influences of a program
on local, national, and international industries. The remaining standard, Standard
12, is the criterion for program evaluation itself, that is, a CDIO program takes
a systematic and comprehensive approach to data collection and analysis and
program improvement.

STANDARD 12—PROGRAM EVALUATION

A system that evaluates programs against these twelve standards, and
provides feedback to students, faculty, and other stakeholders for the
purposes of continuous improvement.

Standards-based evaluation is systematic in that it identifies and addresses a
wide range of questions, uses a variety of methods to collect and analyze data,
and uses the data to make decisions about program effectiveness and the need for
continuous improvement. We now examine this systematic evaluation process as it
applies to CDIO programs.

The CDIO Standards and Associated Key Questions

Program evaluation, as described in this chapter, is based on twelve best
practices associated with a quality engineering education program. We refer to
these best practices as the CDIO Standards. Before proceeding with a detailed
discussion of the process of program evaluation, we present the rationale and
organization of the standards themselves. The CDIO Standards were intro-
duced in Chapter Two and discussed as the organizing theme of Chapters Three
through Eight. They are listed in the appendix with a description, rationale, and
rubric for each standard.
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Rationale and Organization of the CDIO Standards

We developed and adopted the CDIO Standards in order to help programs as they
address the perceived need of educating students who are able to conceive, design,
implement and operate complex value added engineering products, processes, and
systems in a modern, team-based environment. The standards form a bridge from
the program goals to a tangible set of educational inputs, processes, and outcomes.
They give guidance to individual university programs regarding how to proceed,
and attempt to answer the central questions of engineering education reform that
were first presented in Chap. 4.

o What is the full set of knowledge, skills, and attitudes that engineering students
should possess as they leave the university, and at what level of proficiency?
e How can we do better at ensuring that students learn these skills?

It is important to understand what the standards are, and are not. They are a
means of guiding programs toward fulfillment of specific needs and goals. They
are a codification of best practice based on research and our collective experience
around the world. They are intended to provide support for change in the direction
desired by program stakeholders. They are designed to be consistent with national
accreditation and evaluation criteria, yet also provide international benchmarks
against peer institutions. In addition, the standards form the basis for program
evaluation and continuous improvement.

The standards are intended to distinguish those programs which offer a com-
prehensive CDIO approach to education from those who incorporate only a few of
the components. They were originally developed in response to program leaders,
alumni, and industrial stakeholders who wanted to know how they would recog-
nize CDIO programs and their graduates. Of the 12 standards, we sometimes dis-
tinguish seven that are distinguishing features of the CDIO approach:

Standard 1—The Context.

Standard 2—Learning Outcomes.

Standard 3—Integrated Curriculum.

Standard 5—Design-Implement Experiences.
Standard 7—Integrated Learning Experiences.
Standard 9—Enhancement of Faculty Competence.
Standard 11—Learning Assessment.

The remaining five standards are indicative of good practice, but not neces-
sarily distinguishing features of a CDIO approach: Standard 4—Introduction to
Engineering, Standard 6—Engineering Workspaces, Standard 8—Active Learning,
Standard 10—Enhancement of Faculty Teaching Competence, and Standard 12
Program Evaluation.

The standards do not include all components of an engineering program. They
omit some of common inputs and processes, for example, faculty qualifications in
their engineering disciplines, student advising and counseling, and classrooms and
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Fig. 9.1 Program evaluation and the CDIO Standards

libraries. This limited scope is deliberate in order to accentuate distinctions and bias
toward a program vision that has been found to meet the program goals. Having
said this, there is nothing in the standards that is absolutely unique to programs that
have applied the CDIO approach. High-quality engineering education programs
around the world have some of the inputs, processes, and outcomes discussed in the
standards, and programs of the highest quality have many. The standards are offered
as a guide for continuous improvement, regardless of a program’s initial quality.

The standards can be organized in a way that is consistent with traditional
program evaluation. As illustrated in Fig. 9.1, program evaluation focuses on the
outcomes of the program and the processes that contribute to students’ achiev-
ing those outcomes, as embodied in the CDIO Standards. The standards can be
grouped into one or more focus areas: program mission and goals, curricu-
lum, teaching and learning methods, the learning environment, learning assess-
ment, and faculty development. Note that program evaluation, itself, is one of the
standards.

Key Questions Aligned with the CDIO Standards

In planning an evaluation, key questions are posed for each important focus area.
Table 9.1 illustrates the alignment of the key questions of an evaluation plan with
the CDIO Standards. These key questions are derived from the descriptions of the
CDIO Standards.
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Table 9.1 Key questions aligned with the CDIO Standards

Key questions

Institutional mission and program goals

Standard 1—the context

To what extent is the product, process, and system lifecycle (CDIO) considered the context for
engineering education in that it is the cultural framework in which technical knowledge and
other skills are learned?

Program outcomes

Standard 2—learning outcomes

To what extent are detailed learning outcomes for disciplinary knowledge, personal and interper-
sonal skills, and product, process, and system building skills, consistent with program goals
and validated by program stakeholders?

Curriculum

Standard 3—integrated curriculum

To what extent is the curriculum designed with mutually supporting disciplinary courses, with an
explicit plan to integrate personal and interpersonal skills, and product, process, and system
building skills?

Standard 4—introduction to engineering

How effectively does the introductory engineering course provide the framework for engineering
practice in product, process, and system building skills, and introduce essential personal and
interpersonal skills?

To what extent do introductory courses strengthen students’ motivation for the field of
engineering?

Standard 5—design-implement experiences

Does the curriculum include two or more design-implement experiences, including one at a basic
level and one at an advanced level?

Teaching and learning

Standard 7—integrated learning experiences

To what extent do integrated learning experiences lead to the acquisition of disciplinary knowl-
edge, as well as personal and interpersonal skills, and product, process, and system building
skills?

Standard 8—active learning

How do active and experiential methods contribute to the attainment of program outcomes in a
CDIO context?

To what extent are teaching and learning methods based on approaches that engage students
directly in thinking and problem solving activities?

Learning environment

Standard 6—engineering workspaces

To what extent do students have access to modern engineering software and laboratories that
provide them with opportunities to develop the knowledge, skills, and attitudes that support
product, process, and system building skills?

To what extent are workspaces student-centered, user-friendly, safe, accessible, and interactive?

Learning assessment

Standard 11—learning assessment

How is assessment of student learning in personal and interpersonal skills, product, process, and
system building skills, and disciplinary knowledge embedded in the program?

What have students achieved with respect to program outcomes?

(Continued)
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Table 9.1 (Continued)

Key questions

Faculty development

Standard 9—enhancement of faculty skills competence

How are actions that enhance faculty competence in personal and interpersonal skills, and
product, process, and system building skills supported and encouraged?

Standard 10—enhancement of faculty teaching competence

What actions have been taken to enhance faculty competence in providing integrated learning
experiences, using active experiential learning methods, and assessing student learning?

Program evaluation

Standard 12—program evaluation

Is there a systematic process in place to evaluate programs against the 12 CDIO standards?

To what extent are evaluation results provided to students, faculty, and other stakeholders for the
purposes of continuous improvement?

Key Program Evaluation Questions for Comparative Purposes

Because more than one hundred universities worldwide have adopted the CDIO
approach, it is becoming important to establish processes that assure internal
and external stakeholders that engineering programs are adhering to the CDIO
Standards. The standards provide a vehicle for realizing the CDIO vision to trans-
form the culture of engineering education. Five key program evaluation questions
can be used to enhance quality assurance processes:

e How can institutions and programs evaluate their efforts and guide continuous
improvement relative to the CDIO Standards, and determine if the resources
that are being put into programs are having the desired impact?

e How can engineering program leaders determine the progress that has been
made over time in the adoption of the standards across programs and the world-
wide impact of the CDIO approach?

e How can engineering program leaders at regional levels verify a program’s level
of adoption of the CDIO Standards?

e How can the CDIO Standards be used to meet accreditation expectations
intended to assure internal and external stakeholders that institutions and pro-
grams are of the highest quality? [7].

In summary, in a program that has adopted the CDIO approach, the criteria of
success are the CDIO Standards. A program is considered successful if it can show
evidence that the program components described in the standards are in place.
Different stakeholder groups will emphasize subsets of the CDIO Standards, but
all standards are important measures for at least one stakeholder group. In a later
section of this chapter, we give examples of ways to document the extent to which
each of the key evaluation questions has been answered in representative CDIO
programs. We now examine a variety of methods to collect reliable and valid
evaluation data.
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Methods to Evaluate Programs

Once the key questions have been articulated, it is important to consider the source
of the information and how the data may be collected within resource constraints
of the program. Effective program evaluation makes use of multiple data collec-
tion methods at multiple points in the program. Some of the methods used in exist-
ing programs to determine quality and design plans for continuous improvement
are described here. These include document reviews, interviews, surveys, instruc-
tor reflections, expert reviews, and longitudinal studies.

Document Reviews

In implementing the CDIO Standards, it is helpful to document plans and actions
at each step in the process. For example, program mission statements and learn-
ing outcomes, curriculum designs, and course syllabi can be archived in order
to document program development. Including the analysis of current facilities,
teaching-learning methods, and assessment techniques in the documentation helps
to identify best practices and areas of potential innovation. Data collected as the
program is being implemented can guide its refinement and continuous improve-
ment. Reports of student learning outcome assessment and evaluations of specific
program components can provide the data for judging the success of the program
in achieving its goals. A document review process focuses on the importance of
establishing and maintaining a program archive. In our programs, these documents
are reviewed internally but are not usually shared externally.

Personal and Focus-Group Interviews

Formal documents do not tell the whole story of a program’s success. Personal and
focus-group interviews can provide information about the effect of programs on stu-
dents and other stakeholders. They have the advantage of being able to ask open-
ended exploratory questions. For example, MIT uses focus-group interviews to
gather data from students as they begin their programs and again as they complete
them. Personal interviews have been conducted with instructors to gather informa-
tion about the specific teaching and assessment methods they use in their courses.
Focus-group interviews often provide more complete data than personal interviews
because the group interaction generates additional questions and responses [8]. Some
CDIO programs conduct focus-group interviews to evaluate courses. Panels of stu-
dents, instructors, and course managers meet to review each course at the end of
each term. Focus groups are also used to gather input from key stakeholders to define
program outcomes. Examples of these focus groups were described in Chap. 3.
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Written Questionnaires

Written questionnaires ask a common structured set of questions. They can be
more efficient than interviews since they may be used to collect large amounts
of information from diverse groups of respondents in the same time period.
Moreover, it is possible to collect statistically valid data from large samples.
Responses can be collected in person, by postal mail, by email, or online [9].
Examples of questionnaires used in CDIO programs include stakeholder surveys
of the CDIO Syllabus, student ratings of faculty and courses, and exit surveys of
graduating students.

Instructor Reflections

In memos or reports or instructor reflections, instructors summarize their experi-
ences with teaching, learning, and assessment in their respective courses. These
reflections may address the following:

Intended learning outcomes and evidence that they have been met.

Ways in which personal and interpersonal skills, and product, process, and system
building skills have been integrated into their courses.

Evidence that their teaching and assessment methods have been effective.

Plans to improve the course in subsequent offerings.

These individual reports can be summarized across a program to form another
source of information about the success of a program. Instructors can also meet
with the program head, or the person responsible for instructional quality, to dis-
cuss the reflections and other issues related to curriculum and instruction.

Faculty members at MIT have been writing reflective memos since 1999. They
report that the underlying value of these memos is the opportunity to reflect on
their teaching and record proposed changes while the experience of the term is
still fresh in their memories. This practice has made a significant contribution to
the improvement of teaching and learning in the program [10]. Annual summaries
of these reflective memos are also valuable sources of information for regional and
national accreditation reviews.

Program Reviews by External Experts

It is often helpful to have people who are not directly connected to a program pro-
vide an independent evaluation. External evaluators may be provided with ques-
tions such as those listed in Table 9.1. In preparation for visiting committees,
program personnel often prepare summary materials that include

e A program evaluation plan.
e Information about the program.
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e A self-evaluation report identifying program strengths, weaknesses, and issues
related to the standards.
e Specific questions that program stakeholders would like to address.

Program reviews by external experts include regional and national accredita-
tions, institutional reviews, and certification or approval ratings from engineering
professional associations. For example, in Sweden, programs are reviewed by the
Swedish National Agency for Higher Education. A description of a recent review
is found in Box 9.3 in a later section of this chapter.

Longitudinal Studies

In longitudinal studies, data are collected from groups of respondents over time.
Data may be collected from cohort groups, that is, students who go through the
program together, at regular intervals during and after their involvement in the
program, or from different groups who are studied at the same point in their pro-
grams. Interviews and questionnaires are common methods for collecting longitu-
dinal data. Linkdping University provides a good example of a longitudinal study
that examines students’ expectations and satisfaction from the time they enter the
Applied Physics and Electrical Engineering program until the time they complete
their degree requirements. This longitudinal study is described in Box 9.1 in a later
section of this chapter.

Evaluating A Program Against the CDIO Standards

In collecting data to answer the key program evaluation questions, it is important
to bear in mind four factors related to evidence:

e Criteria of success for each important area, that is, what does a good example
look like?

e Evidence that will indicate that the program is doing well in each key area.

e Kinds of evidence that will persuade key stakeholders.

e Ways in which the evidence should be summarized for different stakeholder
groups.

Once reliable and valid data have been collected and analyzed, the results can
be organized in such a way as to answer the key evaluation questions posed earlier
in this chapter. Similar to most judgment models of evaluation, determination of
a program’s progress toward meeting the CDIO Standards may be accomplished
through self-evaluation. The CDIO approach proposes a six-level rating scale,
or rubric, to indicate progress toward the planning, implementation, and adop-
tion of each standard. A generic rubric for self-evaluation is found in Table 9.2.
The rubrics are designed to encourage planning and allow various styles of
implementation and adoption.
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Table 9.2 Generic rubric for self-evaluation

Rating scale Description

5 Evidence related to the standard is regularly reviewed and used to make
improvements

4 There is documented evidence of the full implementation and impact of the
standard across program components and constituents

3 Implementation of the plan to address the standard is underway across the
program components and constituents

2 There is a plan in place to address the standard

1 There is an awareness of need to adopt the standard and a process is in place
to address it

0 There is no documented plan or activity related to the standard

Table 9.3 Rubric customized for Standard 5—design-implement experiences

Rating scale Description

5 The design-implement experiences are regularly evaluated and revised, based
on feedback from students, instructors, and other stakeholders

4 There is documented evidence that students have achieved the intended
learning outcomes of the design-implement experiences

3 At least two design-implement experiences of increasing complexity are being
implemented

2 There is a plan to develop a design-implement experience at a basic and
advanced level

1 A needs analysis has been conducted to identify opportunities to include
design-implement experiences in the curriculum

0 There are no design-implement experiences in the engineering program

Rubrics are customized for each of the 12 CDIO Standards based on the
generic rubric. As an example, Table 9.3 illustrates the generic rubric customized
for CDIO Standard 5—Design-Implement Experiences. The CDIO Standards v2.0
with customized rubrics is found in the appendix.

In addition to the numerical ratings, each program describes the evidence that
is the basis for the rating of each standard. This evidence serves as the foun-
dation for decisions about program improvement and quality assurance. As
an example, Table 9.4 shows evidence that programs cited in a survey of self-
evaluations, again related to CDIO Standard 5—Design-Implement Experiences.
Initially, the programs that were involved in the development of the CDIO
approach declined comparisons of ratings across institutions because of the
inherent subjectivity of the self-rating process. They believe that the real value of
a program self-evaluation is the contribution to its own continuous improvement
process. Despite these concerns, a number of CDIO programs from universities
around the world agreed to participate in periodic surveys of their self-evaluation
results. The surveys’ purpose was to help determine the overall impact of the
CDIO approach around the world [11].
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Table 9.4 Examples of evidence for self-evaluation of CDIO Standard 5—design-implement
experiences

Scale Examples of evidence

5 Feedback provides direction for revision of our cross-curricular, practice-oriented
projects in order to improve student performance

4 In addition to evaluating design-build-experience skills in all courses supporting

these DBEs, there is a competency module in which students are evaluated
with respect to personal, communication, presentation, ethics, law, and project
management knowledge and skills

3 We now have a basic design-implement experience in year 1, an intermediate
design-implement-test experience in year 2, and several advanced design-
implement-test experiences in years 4 and 5

2 There is a plan for all I1st-year students to take an introductory design course
1 We have realized that some design-implement experiences are needed in the first
years
0 There are no design-implement experiences in the engineering program
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Fig. 9.2 Self-evaluation using the CDIO Standards by number of years using a CDIO approach

Survey results showed that the factor that accounts for most of the wide vari-
ation in the self-ratings is the number of years that a program has been engaged
engineering education reform. Figure 9.2 shows the average ratings reported by
programs that had been using a CDIO approach for 2 years or fewer, 3 or 4 years,
and 5 or more years.
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A few trends can be seen in the self-evaluations using the CDIO Standards:

e Design-implement experiences (Std 5) and engineering workspaces (Std 6)
seem to be the focus at the start of a program’s reform initiatives.

e New methods of teaching, learning, and assessment (Std 8 and Std 11) are
implemented after the second or third year of program reform.

e While programs begin by specifying program outcomes (Std 2) and re-designing
curriculum (Std 3), it is not until about the fifth year that programs rate them-
selves as having met those two standards.

e Although CDIO programs begin program evaluation at the start, they need a few
years to implement comprehensive systematic program evaluation (Std 12).

Summarizing program self-evaluations and analyzing trends of CDIO
programs around the world can shed light on areas in which engineering
programs might collaborate in the continuous improvement of engineering
education.

Continuous Program Improvement Process

In addition to providing information about a program’s progress and status,
self-evaluation against the CDIO Standards enables a program to plan specific
actions for continuous improvement. Standards relating to input, processes, and
outcomes are all examined for areas that fall short of full implementation or that
lack the quality desired by each respective program. Figure 9.3 illustrates a con-
tinuous program improvement process at four stages: input, processes, outcomes,
and improvement. At the input stage, a program examines data related to its mis-
sion, goals, and purpose, the adequacy of its resources, and the qualifications
of faculty and staff. At the processes stage, a program looks at the effective-
ness and efficiency of its processes, including teaching, advising, student
assessment, and other activities. The outcomes stage focuses on the analysis
of results, including short-term learning outcomes of students, as well as long-
term impact of the program on stakeholders, the local community, and profes-
sional disciplines. The process is not complete, however, until evaluation results
from the first three stages are used to improve the program. The cycle is con-
tinually repeated, collecting and analyzing data, and using results for program
improvement.

To illustrate the way that program evaluation data is used as the basis for con-
tinuous improvement and decision-making, Box 9.1 describes a longitudinal study
at Linkoping University [12]. The purpose of the study was to provide reliable and
valid data to the program in Applied Physics and Electrical Engineering to support
its goal of making its program more attractive to students, focusing on students
from underrepresented populations.
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INPUTS

Program Purposes, Resources
and Planned Activities

IMPLEMENTATION

Actual Program Activities —
Participation and Perceptions

IMPROVEMENT

Using Results

The Program

IMPACT

Program Outcomes

Fig. 9.3 Continuous program improvement process

Box 9.1 LONGITUDINAL STUDIES FOR PROGRAM EVALUATION AT LINKOPING
UNIVERSITY

The program board of Linkoping University’s Applied Physics and
Electrical Engineering Program (Y-Program) initiated a study with the aim
of inquiring into students’ self-reported experiences related to:

e Their expectations when they started the Y-program.
e The curriculum and study environment in different phases of the program.
e Ways in which the program prepared them for their professional lives.

The result was of great interest and value for further development of the
curriculum, as well as for the improvement of the program.
The design of the study is based on:

e Questionnaires distributed to all students in each cohort, twice the first
year, once a year during their study years 2 through 5, and a questionnaire
one year after graduation.

e Interviews with ten students, five male and five female, in each cohort.
The same students are interviewed twice the first year, and once a year
during their study years 2 through 5.

e Telephone interviews with the students one year after graduation.

e Interviews with lecturers.

Results from the study have continuously been fed back to the program
board, and consequently, the Y-Program has improved in a number of ways,
including taking action to attract and retain more students from underrep-
resented populations. Reports and conference papers have been published
on the Y-Program website. When interpreting the results of these studies, it

(Continued)
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Box 9.1 LONGITUDINAL STUDIES FOR PROGRAM EVALUATION AT LINKOPING
UNIVERSITY—CONT’D

is important to note that outcomes of a study program cannot be predicted
merely from the intentions of the program or the prerequisites and intentions
of the students. It is a complex interplay between individual, institutional and
political factors. In this longitudinal study, each new cohort enters with dif-
ferent experiences. The intentions of the program are, therefore, experienced
differently. Results must be related to a context, in time and situation, as well
as to reflections on the interactions between intended and unintended conse-
quences of the actions taken.

— E. EDVARDSSON-STIWNE, LINKOPING UNIVERSITY

Overall Impact of CDIO Programs

As stated in Chaps. 1 and 2, the overall goals of the CDIO approach are explicitly to
improve the education of engineering students, and implicitly to educate more engi-
neers. The explicit statement of the goals is—To educate students who are able to:

e Master a deeper working knowledge of technical fundamentals.

e Lead in the creation and operation of new products, processes, and systems.

e Understand the importance and strategic impact of research and technological
development on society.

Implicitly, the approach seeks to develop programs that are educationally effective
and more exciting to students, attracting them to engineering, retaining them in the
program and in the profession.

A standards-based approach to program evaluation provides evidence of a pro-
gram’s overall success in meeting these goals and of the broader impact of engineer-
ing education programs. To the extent that the standards measure inputs, processes,
outcomes, and impact, program evaluation also measures improvement in these fea-
tures. Considering the required development and implementation time from speci-
fication of mission to inputs, processes, and outcomes related to student learning,
it is still relatively early to determine the overall impact of CDIO programs on their
respective stakeholders. However, a few preliminary results are available.

Preliminary Results of Inputs, Processes,
and Short-term Qutcomes

For several years, we have been collecting and analyzing data related to the key pro-
gram evaluation questions posed earlier in this chapter. The use of multiple methods of
data collection has yielded these preliminary evaluation results for inputs and processes:
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Self-reports of program evaluation status indicate that many participating
programs have engaged in, or completed, the re-design of their respective curric-
ula, the assessment of student skills, and the improvement of faculty competence.

Self-reports and site visits indicate significant development and high degrees
of student engagement in design-implement experiences and engineering
workspaces.

Course evaluation results and instructor reflection reports indicate that faculty
are using a wide variety of teaching and assessment methods.

We are using the evaluation tools to document steady progress toward full
implementation of the inputs and processes standards. In addition, early indica-
tions show that programs are achieving their goal of improving the education of
students, and the goals of attracting and retaining them in the profession.

e Self-reports indicate that participating programs have adopted a mission that
includes Conceiving-Designing-Implementing-Operating as the context and
most have engaged in stakeholder surveys to set learning outcomes.

e Annual surveys of graduating students have indicated that they are developing
intended program knowledge and skills.

e Student self-report data indicate high student satisfaction with the design-implement
experiences and workspaces that promote a sense of community among learners.

e There is no evidence of any decrease in student knowledge or skills in technical
fundamentals caused by, or as the result of, the integration of personal and inter-
personal skills, and product, process, and system building skills.

e Longitudinal studies of students show increases in program enrollment, decreas-
ing failing rates, particularly among students in underrepresented populations,
and increased student satisfaction with their learning experiences. The descrip-
tion of a series of longitudinal studies found in Box 9.1 is an example of such
an approach.

e Studies of student self-efficacy are being used to determine students’ progress
toward the achievement of specific personal and interpersonal skills. A description
of the development and use of a series of self-efficacy studies is found in Box 9.2.

Box 9.2 STUDENT SELF-EFFICACY OF SELECTED PERSONAL
AND INTERPERSONAL SKILLS

Self-efficacy, the self-belief that one can perform a narrowly defined set of
tasks, is a strong predictor of the persistent pursuit of goals in all walks of
human life, including the choice and pursuit of careers among adolescents
and young adults. For example, self-efficacy for mathematics is a determin-
ing factor explaining which 15 year-old students enter university to study
science, mathematics, and engineering; and, self-efficacy for engineering
is a major factor in retention levels among undergraduates studying engi-
neering. Because self-efficacy is most directly influenced by the successful

(Continued)
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Box 9.2 STUDENT SELF-EFFICACY OF SELECTED PERSONAL AND
INTERPERSONAL SKILLS—CONT’D

performance of tasks in different domains, it is a valuable tool in the
assessment of project-based learning and the CDIO approach that
emphasize the use of professional practice.

Examples of using the CDIO syllabus to develop task statements

3.0 Interpersonal skills, teamwork, and communication
3.1 Teamwork
3.1.2 Team operation

Goals and agenda Organize a process that gets a team to set clear
objectives they can all agree on
The planning and facilitation of Encourage team members to follow consistent
effective meetings rules for team meetings

4. Conceiving, designing, implementing and operating systems in the enterprise,
societal and environmental context

4.4 Designing

4.4.1 The design process

Appropriate optimization in the Design a system that fits within its allocated
presence of constraints budget

Iteration until convergence After completing a first design, go back and

reduce its complexity and cost to meet
project goals

The measurement of self-efficacy is best performed through the use
of relatively specific definition of tasks that are in some way established
as representing a well-defined domain. The CDIO Syllabus is a useful
foundation for selecting tasks because its hierarchical structure identi-
fies levels of capability that lend themselves to writing the relatively spe-
cific tasks that are called for in self-efficacy studies. For example, in the
CDIO Syllabus area of Interpersonal Skills (3.1), one of the sub-domains
is Team Operation, which contains a fourth-level of subject areas that
include Choose goals and agenda, and Execute the planning and facili-
tation of effective meetings. The items prepared for a survey must select
tasks that take into consideration the different levels of undergraduate
understanding and provide tasks of appropriate difficulty, and here the
tasks were selected for first- and second-year students. Studies of team
capabilities have asked that first-year students rate their confidence that
they can “Organize a process that gets a team to set clear objectives they
can all agree on;” and separately, that they can “Encourage team members
to follow consistent rules for team meetings.”
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The second example provides self-efficacy task items based on the
CDIO Syllabus domain of 4.4 Designing. The sub-domain of 4.4.1
The Design Process includes the need for students to be capable of
creating designs that optimize a design within the given constraints,
and then be capable of continuing to iterate the solution over time
until it converges on a successful design. It should be noted that the
items provided here are not intended for the study of particular engi-
neering courses, but should instead be seen as measures of undergrad-
uate progress relative to the CDIO Syllabus. This type of measurement
also enables the comparison of results across courses.

Studies of a number of first-year project-based learning courses with
engineering content have shown that courses with professional prac-
tice increase student self-efficacy. One of the studies has specifically
shown that students with higher self-efficacy for the performance of
engineering tasks are more likely to select an engineering major and
persist in engineering over time.

— W. A. Lucas, MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Studies of Long-term Outcomes and Overall Impact

The CDIO Standards focus on inputs, processes, and short-term outcomes. The
standards do not specifically address long-term impact, which is difficult to meas-
ure, and inherently involves long periods of time before meaningful data can be
obtained. The evaluation of CDIO programs may also include questions related
to students’ future plans and employment after leaving the university. Such data
can show attitudinal change and the beginnings of career behaviors that suggest
long-term impact. In a much longer time frame, surveys reveal alumni contribu-
tions to their engineering fields, and the influence of a program on local, national,
and international industries.

A different dimension of impact is seen by the breadth of applicability of the
CDIO approach. Program evaluation based on the CDIO Standards has been applied
throughout Sweden to evaluate science, technology, and engineering programs at ten
different universities. Box 9.3 describes the approach to program evaluation taken in
2005 by the Hogskoleverket, the Swedish National Agency for Higher Education [13].
The exercise and subsequent survey found the CDIO Standards to be broadly applica-
ble and valuable in identifying pathways to program improvement.
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Box 9.3 CDIO ProOGRAM EVALUATION AND THE SWEDISH NATIONAL
AGENCY FOR HIGHER Epucation (HSV)

The Hogskoleverket (HSV), the Swedish National Agency for Higher
Education, is the government agency responsible for the evaluation of
university education in Sweden. Courses and professional degree pro-
grams are evaluated every six years. HSV also evaluates applications
from universities and colleges to start new programs at bachelor, master,
and doctoral levels.

In 2005, an evaluation of the civilingenjor engineering degree programs
took place. These programs were 4.5 yr integrated engineering pro-
grams, now 5 years, roughly equivalent to Master of Science or Diplom-
Ingenieur degrees. There are about 100 such programs in Sweden at
about 10 universities. The programs range across all domains of science
and engineering, including engineering physics, mechanical engineer-
ing, information technology, and industrial engineering. The questions
are divided into university-level questions and program-level questions.
During this evaluation process, HSV decided to add an overall program
evaluation component to

e Complement the responses to the basic questions in order to attain a more
comprehensive evaluation of the university and program.

e Give the external review panel an additional instrument for its analysis
and evaluation, and

e provide the universities and programs with an instrument that could be
applied as a basis for future continuous improvement efforts.

The CDIO Standards were chosen for this purpose, with modifications
to adapt the standards to the context. When the self-evaluations were
complete, program managers were surveyed to determine the usefulness
of the CDIO Standards as a basis for program evaluation.

Survey and interview results indicate that the CDIO Standards are rel-
evant and applicable to a wide range of programs, and that taking steps
toward implementing the standards would improve program quality.
Survey results also indicated that the standards’ most important benefit
is that they provide a basis for systematic program development. There
were some concerns that the emphasis on personal and interpersonal
skills, and product, process, and system building skills in the CDIO
Standards might lessen the importance of disciplinary knowledge and
engineering research. This concern can be addressed by supplementing
the CDIO Standards with other key questions and instruments in an over-
all program evaluation.

- J. MaLmovist, K. EDSTROM, S. OSTLUND, S. GUNNARSSON
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As was acknowledged above, program evaluation based on the CDIO Standards
may not address all the key questions needed for a complete picture of a program.
As was found in the example in Sweden, other data collection activities may be
required to supplement those related to the CDIO Standards.

Summary

The CDIO Standards are useful in several ways for evaluating programs and cur-
riculum change. They are based on the needs, goals, and approaches identified
by CDIO programs and are founded on scholarship and emerging best practice.
They provide a framework for the key questions focused on evaluation of program
inputs, processes and outcomes. They can be applied flexibly to a wide range of
programs, institutions, and academic cultures. The self-evaluation process results
in specific actions for continuous program improvement and can be carried out
on a regular basis. Furthermore, the standards can be used to guide new program
development. They are not a generic program evaluation tool but emphasize the
specific features of an engineering education set in the context of conceiving,
designing, implementing and operating. The key questions and associated rubrics
allow programs to evaluate current status, identify areas of potential improvement,
plan reform, and benchmark their programs against peer programs worldwide.

The application of a standards-based approach to program evaluation is not with-
out limitations, however. The key challenges to effective program evaluation are
focused in two areas: (1) implementing a variety of program evaluation methods to
gather data from students, faculty, program leaders, alumni, and other key stakehold-
ers that appropriately address the range of program outcomes; and, (2) documenting
a continuous improvement process based on program evaluation results. Most engi-
neering programs collect volumes of data about their students, faculty, facilities, and
stakeholders. The challenge is to analyze the data and summarize results into infor-
mation that is useful for decision-making.

Some programs have been using this standards-based program evaluation
approach for more than ten years. Others conduct similar program evaluations
as they begin their reform process and as they project their desired status in 2
to 5 years. In Sweden, academic groups responsible for the evaluation of higher
education programs have piloted the CDIO Standards as a component of their
evaluation processes. The standards are also consistent with evaluative criteria of
national accreditation groups in the United States, Canada, the United Kingdom,
and South Africa. With its emphasis on continuous program improvement, the
standards-based approach augments accreditation reviews.

To this point in the book, we have examined, in detail, the key characteristics of
CDIO programs, approaches to the design and development of a CDIO approach, and
methods to implement and evaluate programs. We have seen examples from repre-
sentative programs at each stage in their planning, implementation, and evaluation. In
the final two chapters, we look back at the historical context of engineering education
reform and forward to anticipated changes in future engineering education programs.
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Discussion Questions

. How can you use the CDIO Standards as the framework for evaluating your

own programs?

. What types of data or evidence do you rely on in your decisions about engineering

programs?

. How do you use evaluation results to improve curriculum, teaching and learning,

student and instructor satisfaction, and learning spaces in your programs?

. What would be the major outcomes of implementing a CDIO program in your

institution?
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Chapter 10
Historical Accounts of Engineering
Education

Introduction

When engaging in the reform of engineering education, it is important to understand
its historical context. For more than 150 years, educational institutions have played a
major role in shaping the skills and professional identities of engineers. During this
period, the appropriate approach to engineering education has been the subject of
constant discussions and controversy. Major changes have occurred both in the way
engineering education is organized and in its relation to science education. Radical
changes have also occurred in the technologies and technical specialties within engi-
neering. Despite this history, and particularly in view of the controversies surround-
ing the role of engineering education since the late 1960s, engineering schools have
been surprisingly stable in their basic philosophy regarding the structure and core
content of the engineering curriculum. Only modest reforms have been implemented
in the curriculum and pedagogy of engineering education in several decades. Most
of these reforms have been focused on increasing the number of technical engineer-
ing topics and solving the resulting problems of disciplinary congestion.

By the 1990s, organized efforts in both the United States and Europe raised basic
questions about the relevance of engineering education as it had developed since
World War II. The problems included a lack of practical skills in modern engineer-
ing training, the lack of relevance for industry of the science being taught, and the
kind of analytical qualifications being awarded in engineering education compared
with visions of engineers as creative designers and innovators of future technologies.
With its emphasis on science and knowledge structured around technical disciplines,
engineering education developed into an education of technically skilled coopera-
tive workers. However, many felt that the knowledge and broad innovative capacity
needed to produce creative design engineers able to cope with contemporary techno-
logical change seemed to be lacking in engineering education.
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Several educational initiatives have addressed these issues and attempted to out-
line plans to reform engineering education. Some focus on engineering curriculum
or pedagogy while others develop completely new engineering programs based on
new technologies. Other initiatives combine business, management, and organiza-
tional understanding with engineering, or alternatively emphasize the creative and
design aspects of engineering. Some reform initiatives have been supported by grants
from government agencies, such as the National Science Foundation (NSF) in the
United States; others have arisen from the Bologna Process that attempts to promote
a unified system of education across Europe. While most initiatives focus on local,
regional, or national experiments and reform, the CDIO Initiative is multinational,
with open-source resources, and a broad, comprehensive methodology.

Contemporary tensions in engineering education may be deeply rooted in the
diversity of modern technologies. The applications of these diverse technologies
throughout society require increasing differentiation in the education of engineers.
This diversity has already presented new challenges to the definition of engineer-
ing competence. The diversity of technologies presents new challenges to an engi-
neering institution’s sense of unity, identity, and standardization of professional
preparation. Despite the complexity and multiplicity of technologies, institutional
unity and its manifestation in a common engineering core curriculum have so far
been successfully maintained by the engineering profession and by elite engineer-
ing universities. Nevertheless, the policies of identity formation and the creation
of a homogeneous image of engineering are issues that need to be taken seriously,
both in historical accounts and in contemporary reform initiatives. Engineering
identity plays a vital part in educational reform and negotiations for change.

Critical accounts by observers close to the situation point to the need for
reform in engineering education [1, 2]. Other critics seem more confident in the
achievements of engineers in society, and argue for the continuation of a tradi-
tional science-based engineering curriculum [3]. From their perspective, technol-
ogy and the natural sciences are two distinctly separate approaches to knowledge
[4]. Their studies contradict the popular misleading notion that engineering sci-
ence is applied science. However, they do not raise critical issues related to the
social and institutional dependencies of technology. Even engineering schools and
professional institutions have supported the idea of a close relationship between
science and technology by asserting that natural sciences are the core foundation
of engineering. Contemporary developments in the natural sciences and engineer-
ing sciences have blurred the boundaries. New approaches of fechno-science seem
to be gaining ground as the characterization of the ties between modern science
and technology, leaving neither one in a subsidiary role [5]. These new approaches
recognize the role of technology as a contributor to scientific achievements and
change the basic idea of nature and technology.

The basic question is whether the critics are pointing to problems that will require
radical reforms and transformations or to a crisis in engineering education that will
go away, as has happened so often before when technology and engineering have
been criticized. The view that technology drives change and innovation seems
to be less criticized today than in the 1970s. At the same time, there is a crisis in



Introduction 233

engineering practice itself that relates to problems in the conception and use of tech-
nology, and in the needs expressed by industry and society pushing for reform.

The objective of this chapter is to set the CDIO approach in a historical context
that traces the tensions of engineering practices, institutional changes, identity forma-
tion, and technological developments that are the context for modern engineering edu-
cation. The intent is to highlight the complexities of the historical context, and not
necessarily to produce a natural evolutionary history of engineering education that led
to the development of the approach. The first section describes the early establishment
of civil (non-military) engineering education, and illustrates models of engineering
education that reflected diverse national identities and perceptions of the role of engi-
neers in society. The next section delineates the role of engineering in industrial and
societal development and how that role created the framework for the classical engi-
neering specialties that led to international standardization of engineering subjects.
The third section emphasizes the transformation to a science of engineering after
World War II when more engineering science subjects were added to traditional natu-
ral science subjects. The discussions highlight the move away from practical skills in
recent decades due to the diminishing need for skilled technicians and craftsmen who
once formed an important recruitment base for engineering education. A description
of the contemporary explosion in the number of new engineering disciplines, schools,
and programs focusing on technological domains leads to a discussion of the contro-
versy about what should be the engineering core curriculum of the future.

Chapter Objectives

This chapter is designed so that you can

e Recognize historic changes and institutional differences in engineering education.

e Recognize the controversy over how engineering experience and practice should
be represented in education.

e Understand the contribution of engineering education to the construction of
engineering identity.

e Explain the reasons that reform initiatives have developed in recent years.

e Evaluate the controversy between engineering problem solving approaches and
the natural sciences as the foundation for an engineering core curriculum.

e Be inspired to experiment with new ways to provide students with engineering
competencies.

The Genesis of Engineering Education

Tensions between theory and practice have permeated engineering education
since its formal inception in the 19th century. Scholars in the United States have
used the metaphor of a swinging pendulum to describe various waves of practical
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orientation versus theoretical priorities setting the agenda for engineering educa-
tion [6]. A closer study reveals a spectrum of positions, ranging from practical,
skilled, craft-based technical education to science-based educations that developed
in engineering schools and technical universities. The idea of the swinging pen-
dulum is also seen in institutions with polar differences in identities and focus, as
was the case for a long time in several European countries.

Engineering professions emerged during the 19th century. Civil engineering
developed first, as an offshoot of military engineering, which focused on the con-
struction of armaments, fortifications, and infrastructure [3]. Early industrial work
was based on practical skills and crafts and led to the establishment of technical
schools. Engineering, on the other hand, was based on a vision of technical devel-
opment and the use of systematic, analytical approaches, similar to the French idea
of polytechnique [7]. This idea was developed and promoted through the building
of Ecole Polytechnique in 1792, marking the beginning of a new era of civil engi-
neering education. The ideas permeated both Europe and the United States in the
first half of the 19th century and led to the establishment of a new type of institu-
tion of higher education. At the same time, military schools, such as West Point in
the United States, were heavily influenced by the analytical approaches that devel-
oped from the polytechnic idea. The practical and theoretical approaches led to
distinct institutional structures of technical engineering and engineering education
in Europe and the U.S. What today may seem to be a homogeneous profession
with a well-defined international identity has a hard-won and conflict-ridden his-
tory. We now take a brief look at the evolution of engineering education in France,
northern Europe, the United Kingdom, and the United States.

Engineering Education in France

In France, engineering institutions developed according to the structure of French
government institutions and industry [8]. Inspired by the idea of polytechnique, the
grande écoles have been the core of French state education, setting the ideal stand-
ards for the education of engineers. Besides working in government institutions,
engineers were involved in creating the new infrastructures demanded by growing
cities and industries in need of transportation, energy, and communication. In this
context, the technical sciences were seen as applied sciences. This thinking was
based on the assumption that mathematical theory and general principles of science
would form a foundation on which to improve technology moving it from the level
of practice and skill-based experience to a higher form of practical knowledge.

Other engineering schools were established, several of which were focused
on emerging sectors of industrial importance, such as the mining and mechani-
cal industries which supplied agriculture and factories with new technology-based
equipment. Though practical training was included and the demands of industry
influenced the content of the curriculum, the elitist structure of these engineering
schools maintained the hierarchy and roles of theoretical training.
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Engineering Education in Northern Europe

In northern Europe, the dominant structure of engineering education consists of
two models of engineering recruitment and education. One model, the fach-
hochshulen, is based on a practical education that recruits skilled craftsmen from
industry and trades. This line of education developed in the late 19th century from
technical schools to supplement the skills of workers coming from apprenticeship-
based craft training by providing more theoretical subjects ranging from technical
drawing to calculus [9]. The second model is a university-like academic engineer-
ing education, typically differentiated from the more discipline-oriented univer-
sity education in natural science. Often named technische hochshulen (renamed
technical universities in the late 20th century), a variety of technical universi-
ties developed in Germany and the Scandinavian countries to meet local institu-
tional traditions. The basis for these two models was the strong tradition of skilled
workers and the continued differentiation in identity, supported by two different
recruitment paths: one offered to the practically skilled engineers, the other to the
academically trained engineers coming directly from secondary school.

The second model gained legitimacy from the idea that the technical universi-
ties contributed to the production of reason, while the model of the fachhochshu-
len established its legitimacy by emphasizing its contribution to progress through
its focus on quality techniques, the usefulness of practical engineering skills in
industry, and the application of technology [10]. Engineers with academic edu-
cations contributed for more than 50 years to the construction of societal infra-
structures and institutions [11]. Some of these theoretically trained engineers
contributed to the rise of new industries following inventions in chemistry and
electronics. However, in the 19th century, the numbers of practically skilled engi-
neers still dominated industrial development in both the mechanical industries and
in mining. Even in Germany where the theoretical training at engineering universi-
ties was initiated and supported by the creation of research and development facili-
ties in larger corporations, the contribution of engineers in industrial innovation
came from their practical experiences and systematic experiments, and only in
small part from theoretical, science-based knowledge [12].

Engineering Education in the United Kingdom

In the United Kingdom, a quite different institutional model developed.
Engineering was seen as growing from practical skilled crafts and was therefore
kept from the universities and the sciences. Although the idea of a polytechnic
education found its way to the U.K. in the form of polytechnic institutions, its
implementation resembled the class structure in society where leadership in gov-
ernment and industry was dominated by university graduates, and where engi-
neering was seen as a secondary trade—important but based in practical skills.
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This division kept engineering education at a distance from the universities for
quite some time.

In addition to the specific character of engineering education and the image of
practical work in the U.K., the British system of accreditation formed an important
difference between the systems created in Germany and France, which dominated
continental Europe. In Europe, government committees defined the qualifications
of engineers through their educational programs. The British system of accredita-
tion emphasized practical skills and engineering experience, and it also supported
the idea that engineering competencies were of a different nature than the aca-
demic qualifications given by universities. The U.K. system of accreditation has
been copied to some extent in the United States.

Engineering Education in the United States

In the United States, mechanical engineering and civil engineering were
among the first fields of engineering. Mechanical engineering emerged from
the rich and diverse machine shop and agricultural machine cultures that
sprang up to support industrialization. The earliest institution, Rensselaer
Polytechnic Institute in New York, was founded in 1824 and acquired its mod-
ern name in 1861. Although its name resembles polytechnique, Rensselaer
exemplified an American approach to engineering education that emphasized
practical, industrial, and agricultural experiences for students, with compara-
tively less emphasis on mathematics and science. Other schools founded in
succeeding decades emulated this essentially advanced apprenticeship model.
In the mid-19th century, the establishment of the Agricultural and Mechanics
(A&M) schools and land grant schools, including the Massachusetts Institute
of Technology in 1861, reinforced this practical approach with close ties to
industry, a dominant focus on practical knowledge, machine shop work, with
little independent faculty research.

During the late 19th century, American engineering educators, for example,
Robert Thurston, recognized the strengths of the European systems and began to
advocate for an increased presence of science and mathematics in the curriculum.
This view coincided with an increasing desire for professional respect for engi-
neering equal to fields such as medicine and law. Thurston’s agenda also included
the addition of a research emphasis. Many activities were included under this
research umbrella, often through engineering experiment stations modeled on
those in agriculture [6].

Although stirrings of new approaches appeared during the 1920s and 1930s,
American engineering education remained largely within this practical, industrial
orientation until World War II. In contrast, European schools, with such lead-
ers as Felix Klein at Gottingen, excelled at applying scientific and theoretical
approaches to engineering problems. During this period, intellectual leaders in the
U.S. with European educations, for example, Theodore von Karman (a student of



The Genesis of Engineering Education 237

Klein), transferred the idea of a more science-based type of engineering training to
American institutions [6].

The practical approach of engineering institutions in the U.S. and in the poly-
technics and fachhochshulens in Europe were of major importance to the develop-
ment and implementation of technology in industry and society. These institutions
influenced the formation of a professional engineering identity. Although this fact
is recognized in contemporary discussions, it is overshadowed by the focus on
the theoretical science-based training that forms the modern ideal of formalized
engineering teaching. The tension originates from the creation of an engineering
identity where attempts to distance engineers from skilled technicians and their
apprentice-based training resulted in a focus on an academic tradition based on the
vision of the polytechnic institutions of higher education.

Engineering and Industrial Development

Many engineering universities and schools originate from civil and mechanical
engineering developed during the first part of the 19th century. Their graduates
were employed in government institutions or involved in the creation of public
and private companies that developed with the building of new infrastructures:
transportation systems, roads, bridges, harbors, canals, ships, sewers, water sup-
plies, and eventually, systems producing and distributing gas. Engineers’ respon-
sibilities and contributions to progress were based on their roles as constructors
of the material pillars of modern society. Later, the view of their roles expanded
to include engineers as innovators and system builders because of their contribu-
tions to new institutions, new knowledge, and the technical infrastructure [2]. To
legitimize large investments in infrastructure, decision makers required hard data,
and this need matched the focus on formal, science-based knowledge. The need
to legitimize development also supported the creation of hierarchical and bureau-
cratic technological institutions. The idea of a technocracy that could support and
even contribute to government policy was, therefore, consistent with the basic
patterns and structures of knowledge created in relation to these large construc-
tion and infrastructure projects. For example, the connection in France between
the idea of a polytechnique and the role of government bureaucracy is illustrated
in the ideas of Hans Christian Oerstedt, the Danish founder of the Polyteknisk
Leereanstalt (now the Technical University of Denmark) in 1829. Oerstedt saw a
close relationship between polytechnic education and education in the political
sciences in the German and Danish statswissenschaft [13].

The role of military organizations and the inspiration from large infrastruc-
ture projects employing military engineers also had a great influence on the fac-
tory systems established in large corporations [14, 15]. These corporate systems
were inspired by the military model of hierarchical organization and the need for
unity and standards. The quest for standards also gave rise to the idea of improv-
ing productivity and sustaining control over the production process and work force
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through the use of scientific management principles, which soon became a core
element of engineering management.

The tensions between the polytechnic training based on physics and math-
ematics versus practical skills in technical drawing and laboratory experiments
were evident from the beginning. The controversies were fueled by the work of
new polytechnic graduates trained in the natural sciences, but primarily engaged
in constructing the new technical infrastructures, that is, the water systems, sew-
ers, gas pipes, and electrical power systems. The polytechnic graduates were also
involved in establishing transport infrastructures, such as canals and rails, and the
new communication infrastructures, such as telegraph, telephone and radio sys-
tems connecting cities, regions and nations.

Many of the machine shop developments and early industrial achievements
were as much the result of the practically skilled technicians and craftsmen’s
work. They based their knowledge on the experiences of working with the con-
struction of machines and chemical processes in industry, and they transferred
their knowledge through visits to other sites. Traveling, working abroad, and
returning with knowledge of technical constructions and innovations, detailed
technical drawings and descriptions of new machines were common ways of trans-
ferring knowledge and new technologies [16]. The diffusion of the new technical
constructs was supported by national journals.

During early industrial development, technical schools supplied many of the
inventors of new machines, tools, and production systems. Practically skilled engi-
neers, recruited from these schools, played an important part in industrialization
until the late 19th century [11]. These engineers were involved in the new indus-
tries because of their experience with rationally organized experiments, docu-
mentation processes, and their experience with the achievements of developing
technologies [17]. Though engineering disciplines show similar patterns across
countries, differences of engineering practice exist across national cultures, espe-
cially in the way the theoretical contributions from engineering science are used in
engineering practice [18]. In the later part of the 19th century, when research and
innovations in petrochemicals gave a boost to the chemical industries and energy
distribution systems, academic research and academically trained engineers gained
importance. In this way, the developments of petrochemical and electrical tech-
nologies led to changes in the role of technical institutions of higher education,
particularly in northern Europe.

The structure of many engineering institutions who built their curriculums on
the big four in engineering—civil, mechanical, chemical, and electrical—origi-
nates from this period. Although engineering schools still tended to train their
students to solve practical industrial problems, and academic research was often
difficult to distinguish from industrial consulting, electrical engineering was the
exception. In this engineering discipline, the relationship between theoretical
teaching and industrially developed technologies was closer than in other engi-
neering domains. Still, many universities maintained basic engineering skills by
requiring electrical engineers to study mechanics, technical drawing, and surveying.
These requirements could not be explained in relation to the knowledge and skills
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needed in the new field of electrical engineering, but were established as part of
the early curriculum for engineering education, in which mechanical and civil
engineering practices were the standard.

In the course of history, many engineering disciplines developed from what
could be called an encyclopedia stage, dominated by descriptive representations of
technological exemplars, into a more abstracted and theory-based scientific stage
[19, 20]. This latter stage adds the strength of applying model descriptions, includ-
ing mathematical representations and topic generalizations. However, in the trans-
formation process, concrete experiences and practice-based knowledge, embedded
in specific technical solutions, were often lost. Consequently, the transition rep-
resents a movement from scattered collections of representational exemplars to
more complete representations of the technologies in question, documented by
constructed theories and models. At the same time, the transition represents move-
ment away from the engineering practice and experiences that are needed to make
technology functional [21].

Science as the Basis for Engineering

In order to understand today’s situation, we must consider one of the most impor-
tant historical changes in engineering education—the construction of a science
base for engineering. This development resulted from the increase in public and
military funding of engineering research during World War II. The program to
establish a science base for engineering created new theoretically oriented uni-
versities and technical schools of higher education in both the United States and
Europe. At the outset, there was a gap in engineering curricula between science
classes based on high degrees of mathematically formalized knowledge and
the more descriptive and less codified technical subjects. Earlier controversies
resulted in positioning technical sciences as secondary, or applied, in relation to
the natural sciences. Technical universities, at least in Europe, were restricted
from giving doctoral degrees and addressing scientific matters without the sup-
port of university faculty versed in the natural sciences. However, the new era of
expanding technical sciences lessened these controversies because of its increased
focus on innovation and awareness of the close interactions between specific areas
of science and technology.

Developments in the United States

The watershed event in American engineering was World War II. One of the lead-
ing institutions in this change was the Massachusetts Institute of Technology.
Before the war, MIT had embraced scientific approaches, under the presidency of
physicist Karl Compton. Vannevar Bush, a young MIT faculty member, reoriented
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his research from circuit simulations for electric power networks to general
research in calculating machines—a more scientific orientation—successfully
attracting private foundation support [22, 23]. In 1940, Bush set up the National
Defense Research Council, a major federal wartime research establishment in
Washington, DC. Although engineers made significant contributions during the
war, the success of the Manhattan Project put physicists in the spotlight, and savvy
engineering leaders recognized that the path to prestige lay in engineers’ closer
emulation of scientists.

Developments in Europe

In Europe, this orientation toward a scientific basis for engineering already had a
long tradition in the intellectual environment around elite institutions, especially
in France and Germany. The post-war tendency toward formalization of science
councils and large government-sponsored research programs, centered on the
peaceful utilization of technologies developed during World War 1II, spurred a dra-
matic increase in research at technical universities, and a change in the methods of
teaching engineering. During the first half of the 19th century, several natural sci-
ence subjects were taught either in common at the universities and the polytechnic
institutions, or only at the latter, so that natural sciences students had to take lec-
tures at the polytechnic institutions. When the natural sciences became established
within the traditional universities, they increasingly were perceived as being the
foundation for the applied sciences.

During the first half of the 20th century, polytechnic universities struggled for
acceptance. They were acknowledged for their foundations in science but were
questioned about whether they could conduct independent scientific research.
Moreover, they were limited to practical experiments with technical improvements
and practical implementation. These controversies manifested themselves in the
acceptance of doctoral studies at technical schools of higher education. In Sweden
and Germany, as in many other countries, decisions about what should qualify as
scientific achievement and who was qualified to judge were very controversial.
The controversy ended with an acceptance of technical or engineering science as
a distinct area of scientific inquiry, although the image of engineering science as
applied natural science continued to dominate many discussions about the charac-
ter and role of technical sciences [24].

Post-war Developments

The movement toward a science base was concurrent with a massive post-war
expansion of government-funded research in the United States. Sponsorship
of fundamental studies in a variety of areas supported the trend away from
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practice-oriented research and education. Successes in fields such as high-speed
aerodynamics, semiconductor electronics, and computing confirmed that physics
and mathematics conducted in a laboratory-based environment could open new
technological frontiers. Military research during these years also tended to focus
on performance—increased power, higher altitudes, faster speeds—goals that were
conducive to scientific approaches.

Electrical engineering, for example, no longer focused on electric power and
rotating machinery, but instead on electronics, communications theory, and com-
puting machines. As historian Bruce Seely wrote:

Theoretical studies counted for much more than practice-oriented testing projects;
published papers and grants replaced patents and industrial experience as measures of
good faculty. By the mid-1960s, the transition to an analytical and more scientific style
was largely completed at most American engineering colleges [6].

Yet today, many engineering departments still have their core activities defined
by technical disciplines, such as mechanics, energy systems, electronics, chem-
istry, building construction, or sanitary and civil engineering. Many of these dis-
ciplines have specific problems and industries that relate to their founding years,
but as the demand for science-based research and teaching became prominent, the
original roots to practice and industry lost their significance. With the changing
demands, more abstract courses defined by scientific fields, were developed.

The post-war decades saw the rise of systems engineering and thinking as
broadly applicable engineering tools [22]. Systems sciences that include control
theory, systems theory, systems engineering, operations research, systems dynam-
ics, cybernetics and others led engineers to concentrate on building analytical
models of small-scale and large-scale systems, often making use of the new tools
provided by digital computers and simulations [25]. Techniques range from practi-
cal managerial tools, such as systems engineering, to technical formalisms, such
as control theory, to more mathematical formulations, such as operations research.
A broad-based movement within engineering found that these tools might finally
provide the theoretical basis for all engineering that goes beyond the basic princi-
ples provided by the natural sciences. Whereas systems engineering of the 1950s
could be narrowly analytical and hierarchically organized, new ideas of systems in
the 1980s and 1990s focused on the relationship between technology and its social
and industrial context. This new relationship and understanding of the natural and
technical sciences is reflected in the notion that engineering as techno-science
developed in the field of sociological studies of science and technology to reflect
the new intimate relationship between these fields of science [26].

The Decrease in Practical Skills and Experience

The creation of the research university as the ideal and elite model for engineer-
ing universities also influenced the staffing of engineering education’s lecturer
positions. The increase in research-based funding of these positions meant that
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the tradition of hiring practitioners to lecture in engineering was increasingly
supplemented or replaced by lecturers hired on the basis of their achievements
in engineering science and laboratory work, instead of their achievements in
industrial practice. Voices were raised both inside and outside the universities
against this change, resulting in the transformation of almost all lecturer and aca-
demic research staff at technical universities. However, within the universities,
most objections and arguments came from practitioners who were involved in
teaching and laboratory work identified as routine and trivial in comparison with
frontline research.

The Transformation of Technical Schools

In the European setting, the requirement of a Ph.D. degree narrows the recruit-
ment of engineering faculty, making it difficult for engineers with careers in
industry to satisfy entry requirements for university professorships. New Ph.D.
recipients have been entering in increasing numbers into research positions
funded by government programs, with fewer going to industrial laboratories
and engineering practice. Even though the requirement of a Ph.D. degree can
be substituted by personal innovative activities in industry, it is difficult to
recruit practically skilled engineers to universities. Academic positions today
require that applicants document research activities and demonstrate pub-
lished works from their research in order to be evaluated for appointment. This
threshold, in combination with a gap in the wage levels of industry compared
with universities, has reduced the number of qualified engineers with skilled
engineering practice in universities.

With the expansion of science-based technical disciplines, changes in the foun-
dation of engineering education also led to changes in the curriculum of traditional
vocational schools of engineering, as well as in funding for research. Though with
different names, the polytechnics in the United Kingdom, the fachhochschulen in
Germany, and the teknika in Denmark shared common characteristics in recruit-
ing students from groups of skilled technicians and supplementing their training
with a theoretical education, while maintaining a focus on industrial practice. As a
result, the schools inherited the experience-based practical knowledge and skills of
students who had previously worked as apprentices in construction firms, machine
shops, and industry. During the 1960s, the curriculum of these technical schools
was expanded and many of their specialized lines of engineering education were
extended in length and scope. Typically, these changes included improvements
in mathematics and natural sciences by copying the science base from engineer-
ing universities, while attempting to maintain their practical orientation. This led
to the appointment of government committees to address the profile of practical
engineering education [27]. It also raised questions about the balance between the
academics and practice, and whether these schools would continue to supply prac-
tice-based engineers to industry.
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At the same time, the decline in the apprenticeship training of craftsmen and
skilled workers began to undermine the recruitment lines of the polytechnics [28].
While this type of engineering education was well supplied by smaller crafts-
based industries, the growth in the size of industries led to a change in the ways
the workforce was trained, leading to an increasingly specialized machine shop
skills in the workforce. Fewer candidates had the necessary broad skills and
apprenticeship training required by the engineering schools. The schools were
forced to establish other recruitment systems to survive. This process resulted in a
complete reversal of the basis for recruiting students during the 1990s. As a result,
it is difficult today to distinguish the two different lines of engineering education
from one another, both because of the convergence of their student enrollments
and also the nature of their educational focus.

The Response from Industry

The response from industry to the tensions in technical education demonstrated
the ambiguity of industry’s interests in maintaining practically skilled engineers.
Industry was not willing to carry the costs of an educational system to maintain
the basic skills needed in the workforce. More generally, the problem also demon-
strated the ambiguities in understanding which aspects of practice and experience
were important for engineering work. Studies of engineering have demonstrated
the importance of combining formal theoretical work based on codified knowl-
edge with methods of drawing, experimentation, models, and analogous reasoning
[16]. These skills cannot be based solely on the practical experience of shop-floor
technicians, but also on the experiences of practicing engineers. Other practical
perspectives, such as having experienced the daily routines of industrial organiza-
tions can be gained from other practices than working as an engineer. The ability
of engineering institutions to recruit students with practical skills may have dimin-
ished, but the problem of maintaining the practical aspects of engineering compe-
tence continues to exist [29].

The Return to Practice

During the 1970s, a variety of technical and political events began to change the
course of technology in its social context, and began to swing the pendulum yet
again toward practice. The oil shocks, the beginning of the modern environmental
movement, and the cancellation of the supersonic transport (SST) in the United
States were indicators that technology might no longer progress along strictly
technical lines. During the 1980s, the U.S. found itself in a crisis of competitive-
ness, which some blamed on the engineering research establishment’s excessive
focus on performance and military research, as opposed to other more industrial
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considerations. The Made in America study at MIT reported that design and manu-
facturing had not received the academic resources or the intellectual prestige of the
engineering sciences, and hence the U.S. had fallen behind such rivals as Germany
and Japan in actually producing consumer goods [30]. At the same time, the end of
the cold war meant that large, military-oriented research funds might no longer be
forthcoming. During the 1990s, academic institutions increasingly turned toward
industrial sources of support. With new sources of money came new research ori-
entations toward product design, product development, and innovation studies,
with more emphasis on problems from engineering practice.

From within the technical universities, voices were raised against the conse-
quences of a too-narrow focus on science-based teaching that lacked interest in the
practical aspects of engineering work and competence [31]. Educational programs
focusing on project work and problem-based learning spread broadly during the
1990s. They attempted to address the problems from a pedagogical and didactic
point of view. In both Denmark and Germany, a few radical reform universities
made project-oriented study the trademark of their education, stating that the pro-
jects could both cater to the interdisciplinary aspects of engineering methods and
problem solving and to the integration of the practical and theoretical elements
needed in engineering [32].

While shop-floor training and practical aspects of work organization were the
focus in the earlier phases of engineering, the new perspectives on engineering
practice emphasize the complexity of engineering tasks, including project organi-
zation and communication, the role of specialized consultants, the skills needed
to handle innovative design tasks, and the need to include the social dimensions
of technology [33]. These new emphases may not eliminate the need for practical
skills in drawing, visualization, modeling, and crafting of material objects, but the
replication of traditional crafts does not satisfy the need for practical training in
engineering. New emphases create a need to redefine engineering practice and to
leave the apprenticeship model behind.

Disciplinary Congestion and Blurring Boundaries

The growth of the use of technology in the latter half of the 20th century, in com-
bination with the large investments made in engineering research by industry and
by research institutes and universities, has resulted in tremendous growth in the
body of technological knowledge, the number of new technological domains, and
specialized technical science disciplines [34]. Differentiation in engineering spe-
cialties put pressure on engineering education to cope with the diversity and to
keep up with the frontline of knowledge in diverse fields. At many institutions, this
resulted in a number of new specializations. Several of these specializations relate
to sectors and industries that require engineers with particular kinds of knowl-
edge. Changes in the demands for specialization created tension between general-
ized engineering knowledge and the specialized knowledge needed in individual
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domains of technology and engineering practice, for example, highway engineer-
ing, ship building, sanitary engineering, mining engineering, power engineering,
offshore engineering, microcircuit engineering, bioengineering, nanotechnology,
multimedia engineering, and wind turbine engineering.

Developments in technology have meant also that the boundaries between
engineering disciplines are blurring, and indeed the very nature and existence of
engineering has come into question in recent years. What used to be fairly distinct
areas of engineering—civil, mechanical, chemical, electrical—have now become
combinations of two or more fields and their disciplines. For example, there are
now programs in civil and environment engineering, aeronautics and astronautics,
electrical engineering and computer science, and materials science and engineer-
ing. New programs in bioengineering and biomaterials reflect these shifts as well
[1]. Today, many of the larger technical universities offer programs in more than a
dozen different engineering fields.

The growth and diversity of technological knowledge also leaves universi-
ties with continued pressure for renewal and difficulty in determining which
engineering domains to maintain and develop. Several domains and branches
of industry have passed their growth phase, and the related technologies are no
longer the focus of research funding. The given industry may still be employ-
ing large numbers of engineers, but its need for new engineers does not justify
creating or sustaining programs in research focused engineering schools. For
engineering education, it means the potential loss of important domains of tech-
nological knowledge.

Alternatives for Addressing Disciplinary Congestion

Since the 1960s, all these specializations have increasingly led to an expansion in
the numbers and variety of courses focused on technical sciences. At some techni-
cal universities, for example, the Massachusetts Institute of Technology (MIT) and
the Technical University of Denmark (DTU), the curriculum was re-organized to fit
into modular structures, giving students choices about how to make up their own
education. Some universities expanded the number of formalized specializations,
while others coped with disciplinary congestion through negotiation of the core con-
tent and opted for elective courses in only a limited part of the curriculum. One of
the strategies developed from the core content response was to give more space in
the curriculum to science-based teaching, reducing the number of laboratory classes,
and consequently weakening the ties to the general industry and the technological
domains from which engineering originated. This response represents a return to the
historic idea of a general knowledge base for engineering as expressed in the idea of
a polytechnique and at the time reflects the new fields where science and technology
become integrated as reflected in the term techno-science.

In parallel to these structural responses, a debate about a general pedagogi-
cal reform based on project-oriented work argued for giving students a broad
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understanding of engineering work and problem solving with less emphasis on
covering all the specialized fields of theoretical knowledge represented in the
courses and disciplines. The concept of learning to learn was coined as an illustra-
tion for this strategy and the idea of improving engineering problem solving skills
instead of preparing a knowledge base for later use was core.

Blurring Boundaries Between Technology and Nature

The increasing role of technology in all aspects of society demands multidiscipli-
nary approaches, and challenges science-based rational models and problem-solv-
ing approaches. These demands gave rise to new areas of engineering education.
For example, in the field of environmental studies, the need for new approaches in
industry based on cleaner technologies and product chain management challenged
the established disciplines in sanitary engineering based on end-of-pipe technolo-
gies and chemical analysis. From focusing on nature as a recipient of wastes,
engineers had to realize that nature itself has been dramatically affected, and that
environmental knowledge had to include the design of production processes and
chemicals as part of what had become a continued re-design of nature [35].

Challenges also arise from new fields of bioengineering and climate change,
raising fundamental questions to the kind of technologies that have been devel-
oped in the wake of mass production and consumption and related energy and
materials usage. Blurring boundaries between technology and nature introduces
serious ethical and political issues into the core of engineering and its role in
contemporary developments. This is not just a question of introducing new tech-
nologies to solve the problems resulting from earlier technologies, but raising
questions about the ways engineers are solving problems, their techno-scientific
knowledge base, and their employment.

Engineering in Society

Changes in the role of technologies in a society where consumer usage, com-
plex production, and infrastructures are increasingly more important have led
to more focus on the integration of usability and design features. The traditional
jobs in processing and production have not vanished, but new jobs in consulting,
design, and market creation have surfaced. These new jobs demand new personal
and professional competencies and require new disciplines that contribute to the
knowledge base [36, 37]. During the 1990s, several engineering schools started
new lines of education emphasizing engineering design skills and introduced
aspects of social sciences into the curriculum of engineering design. These addi-
tions included technology studies, user ethnographies, entrepreneurship and mar-
ket development. The innovation of new and diverse technologies also reflects
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the limitations of technical sciences in being able to cover all aspects of engi-
neering [38]. Examples of these reformed engineering programs can be found at
Delft University in the Netherlands, Rensselaer Polytechnic Institute in the U.S.,
the Technical University of Denmark, the Norwegian University of Science and
Technology, and Cranfield University in the U.K.

The decade of the 1990s was not the first time that concerns about the role of
technology in society had surfaced, but this time the questions raised issues of a
more fundamental nature concerning the content of engineering education and the
impact on technology exemplified with controversies about highway planning,
chemicals in agriculture, nuclear power plants, and the social impact of automa-
tion. The concerns questioned the role of knowledge about technology and some
critics demanded a humanistic input into the curriculum with such subjects as eth-
ics, history, philosophy, and disciplines from the social sciences [39]. This idea
was based on the assumption that through confrontation with alternate positions
and opportunities to discuss social and ethical issues, engineering students would
be better prepared to meet the challenges of technology. However, in most engi-
neering education programs, these new subjects ended up being add-on disciplines
not integrated with engineering and science subjects, contributing further to the
disciplinary congestion in engineering [40].

Another example can be found in the field of housing and building construc-
tion engineering. The need for integrating both social and aesthetic elements as
well as user interaction in both the project and use phases of construction led to
several attempts to overcome the traditional division between civil engineering
and architecture. Several engineering education departments tried to solve this
problem by employing staff from different disciplines—engineers, architects, and
sociologists—hoping that solutions would emerge from the multidisciplinary melt-
ing pot. In several cases, the integration turned out to be difficult. Housing con-
struction and city planning in engineering crumbled in spite of the attempts. This
dilemma left engineering housing construction departments in situations where the
focus became theoretical rather than contributing to the design and functionality of
building construction. In contrast, functionality, usability, and flexibility, as well
as the inclusion of users in the planning of building design, were left to the archi-
tects who seemed more interested in aesthetics. This example illustrates the domi-
nance of disciplinary culture in engineering schools and the ways in which related
response strategies define and construct new strands of knowledge and scientific
research. A recent development is the focus on entrepreneurship that has surfaced
in many engineering schools in the U.S. and Europe. Within this area of engage-
ment, engineering schools have responded to a variety of challenges with rather
different response strategies. Some have seen this as an additional competence that
engineering students should learn in dedicated courses making them able to sus-
tain their predominantly technology-driven perspective on innovation [41]. Others
have responded by renewing their existing management and business teaching for
engineers based on the idea of markets and economic processes creating the selec-
tion mechanisms that determine which technologies will survive [42]. Others have
identified the debate on entrepreneurship as one rooted in a deeper critique of the
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technical disciplines and their ability to provide relevant solutions for a society
facing a series of new challenges that range from a restructuring of industrial mass
production, globalization of trade and technology, and an increased embedding of
technology in social activities [43].

Expansive Disintegration

Technological change has changed the face of engineering in many other ways.
Engineering research and design are changing, due, in no small part, to comput-
ers and the Internet. Once taught as fundamental skills, algorithms are now built into
automated design software. Large projects are managed through digital links between
people who may never have met face to face. What had been largely a white male
profession is now diverse in race, national origin, and gender. In addition, it is now
possible for companies to conduct engineering functions worldwide with the help of
automation and new technologies. The idea of well-defined boundaries for engineering
education has been challenged by new technological domains and by existing univer-
sity educations that already address technology as part of the curriculum.

Areas that address technology and have close affiliations with engineering rep-
resent a broad variety of subjects and approaches, for example, pharmaceuticals,
architecture, computer science, information technology, environmental studies,
biotechnology, nanotechnology, and technology management. These professional
areas do not necessarily see themselves as part of engineering. In some areas, new
perspectives of techno-science can create new relationships between science and
technology. New fields of biotechnology and nanotechnology have blurred the
boundaries with the natural sciences, as well, leading to the creation of such fields
as mathematical engineering and nanotechnology in the natural sciences. Thus, a
situation is developing where the new professionals, industrialists, and politicians
question whether technology remains the domain solely of engineers, and whether
engineering will continue to be the major source and producer of innovation. This
development has been called expansive disintegration, reflecting the combined
expansion of the number of technologies, specialties and disciplines on the one
hand, and the continued disintegration of what once was the unity and identity of
engineering on the other [1]. These transformations will fundamentally challenge
the role of engineering schools in the future.

Contemporary Challenges

The role of engineers in technology and innovation is often taken for granted. Even
in future-oriented reports on engineering, there is a tendency to expect problem solv-
ing abilities in societal and environmental issues from engineering without challeng-
ing contemporary foundations of engineering curricula [23]. New insights coming
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from innovation theory, demonstrating a broader scope in innovation, coupled with
changes in the societal use of technology that imply growing complexity and a need
for social skills, point to the need for improvement in engineering education. On the
other hand, innovations during the last decade are leading to changes that may make
the role of engineering less central in the future. Policy and management attempts
to govern innovation processes have also broadened the scope and shifted the focus
from technological development and breakthroughs to a broader focus on market
demands, strategic issues, and the use of technologies.

A New Identity for Engineering

Early in the 20th century, the idea that engineers have societal responsibility and
are the heroic constructors of the material structures of modern society was being
supplanted by a less heroic and more mundane image of engineers as the servants
of industry. This image of engineering reflects a reduction in the influence of engi-
neers on the direction and content of technological innovation, and supports the
positioning of engineers in a less influential and subordinate role in their attempts
to promote business interests [37].

This view is not all that different from engineers’ self-image in contemporary
society. The description of an engineer’s competencies might include the follow-
ing: possesses a scientific base of engineering knowledge, problem-solving capa-
bilities, and the ability to adapt one’s knowledge and practices to new types of
problems. The focus is more often on problem solving and less on problem iden-
tification and definition [38]. This focus emphasizes the problem of engineering
identity in distinguishing between engineers as creators and designers versus ana-
lysts and scientists. Although engineers’ identity as creators and designers is sup-
ported in historical writing and in strategic reports about the role of engineering in
the future, reality seems to place engineers in roles closer to analysts and scientists
in laboratories and modern technical industries [23].

The underlying assumption in the discussion about engineering problem solv-
ing is that engineers are working with well-defined technical problems and meth-
ods from an existing number of engineering disciplines. This assumption does
not answer the question as to whether engineers are competent in handling non-
standardized social and technical processes where the problems are undefined and
involve new ways of combining knowledge. Simply broadening the science base
in a more interdisciplinary direction, including the social sciences and humani-
ties, may not have been a satisfactory solution. The mere addition of topics to the
curriculum does not change engineering practices or provide a better integration
of knowledge [1]. A new engineering identity will be based on the answers to
these questions:

o What competencies are necessary to manage the creative, socio-technical and
design skills that need to be improved in engineering education?
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o What is the meaning of engineering problem identification and problem solving
today, and how can they be reflected in engineering education?

A New Education for Engineers

The reforms in engineering education initiated in the 1970s emphasized the need
for problem solving and project work that simulated real engineering practice, but
these reforms did not provide the complete answer. The response lies in a new
understanding of the role of science in innovation and the use of technology in
context. This approach underlines the existing need to bridge the divide between
the disciplinary knowledge of the technical sciences and social sciences and the
practical domains of engineering with their unique knowledge and routines that
integrate the social, practical, and technical aspects of technology at work [24]. It
is necessary to rethink disciplinary knowledge as presented in engineering educa-
tion and to reform the content and structure of that knowledge.

One solution might be to accept that the idea of a single unifying engineering
identity has proven to be problematic. Engineering education will unavoidably
become more diverse in the future. Integrating engineering into the general uni-
versity structure could be a tempting solution, removing the rigid focus on core
curriculum, while still fighting the battle for the acceptance of engineering sci-
ence [1]. However, the problems of including professional practical knowledge
and maintaining the need for professional skills in engineering are not solved by
referring students to an even more diverse science base at universities. Neither
do the many new science-based specializations in engineering provide a solution
that even may bring engineering further away from the practical knowledge also
needed. Most technical disciplines focus on particular technical solutions taught
as individual courses and with less emphasis on their application. These courses
are supposed to contribute to a coherent set of engineering competencies, although
they have little resemblance to an established domain of engineering practical
problem solving and solutions [44].

Debates on engineering education tend to replicate a number of discussions
over and over again. One example is the balance between practical skills and theo-
retical knowledge. While the debate may seem the same, the content has changed
radically during the more than one century of controversy [45, 46]. The list of rel-
evant practical skills would not be the same, and similarly, theoretical knowledge
has evolved as a result of technological developments, advanced tools, computers,
and simulation models. Reforms need to produce a new realization of the kind of
practical insights relevant to engineering education today.

Another challenge involves the balance between specialist and generalist
knowledge in engineering. A process occurs in which current knowledge and skills
continuously change. New knowledge and skills that begin as part of a science
frontier are considered demanding. As the frontline of technological innovation



Contemporary Challenges 251

moves, that knowledge and those skills become part of standard engineering
procedures, technical standards, standardized components, and design concepts,
supported by computerized tools and simulation models. What is considered core
or basic in an engineering curriculum changes in the wake of the expansion of new
engineering domains and disciplines, despite the fact that all are dominated by
the idea of a common theoretical foundation. A new education for engineers will
answer these questions:

o What content should a core engineering curriculum have in the future?

o Which skills should be part of the curriculum, and which can be developed on
the job after completing the education?

o What is the relevant sequence of knowledge and skills provided by education
from a learning perspective?

Reform in engineering education needs to address the contemporary challenges
highlighted here and find new ways of analyzing and understanding technological
knowledge and the professional practices of engineering.

Addressing Contemporary Challenges with a CDIO Approach

From the historical accounts presented in this chapter, we find a number of chal-
lenges that continue to be important in contemporary debates about the reform of
engineering education. Key elements of the CDIO approach reflect critical issues
underscored in this historical account. These elements include:

e A curriculum that includes personal and interpersonal skills, and product, pro-
cess, and system building skills in the realization of technical solutions, while
still emphasizing mathematics, the natural sciences, engineering science, and
the technical knowledge specific to technological domains.

e A core belief that personal and interpersonal skills, and product, process, and
system building skills must be learned in the context of authentic problem solv-
ing and engineering practice.

e An integrated approach to the teaching of engineering science and engineer-
ing disciplinary knowledge relevant to specific technologies and engineering
practice.

e An increased focus on the need for integrating engineering science sub-
jects with contributions from other knowledge fields to meet contemporary
challenges.

The CDIO approach renews the focus on several of the important issues in
engineering educational reform. While many reform initiatives have focused on
the curriculum content and structure of different science and engineering disci-
plines, the balance between practical education and theory-based learning, or the
potentials of project-based learning as a means of learning teamwork skills, the
CDIO approach has created a means to coordinate these elements.
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Summary

In this chapter, we demonstrated national differences in the role of engineering
in society and industry and the ways engineering education has been influenced.
The military use of infrastructure and equipment and the ingenuity of practically
skilled builders pointed to the roots and inspiration for the creation of formal
training of engineers for civil purposes and industrial development. Later devel-
opments emphasized the role of science in engineering training. The relation-
ship between scientific theoretical knowledge in the disciplines, and the practical
skills and knowledge derived from technological innovation and engineering
practice has been controversial in engineering education and is still presenting
challenges for contemporary engineering education.

The differences among countries has led to the implementation of different edu-
cational structures characterized both by the background students were expected to
have before entering the programs and the ways in which lecturing was combined
with laboratory and machine shop work. In the United States, with one dominant
model of engineering education, the changing balance between practical and theo-
retical education has been characterized as a swinging pendulum, while in Europe
two models of engineering institutions were created with differing weights placed
in the two aspects of engineering.

With the rise of engineering science, especially since World War 1II, the core
elements of engineering have been extended beyond the natural sciences. At the
same time, the growth in the number of scientific specialties led to a focus on
theoretical science-based engineering education, leaving aside some of the crea-
tive design aspects of engineering, as well as some of the experiences and routines
from the domains of engineering practice.

Engineering education has faced problems of a growing number of specializa-
tions with a consequent disciplinary congestion in the curriculum. At the same time,
new areas of technology and new professional specializations outside engineering
schools have introduced topics that are difficult to distinguish from engineering, blur-
ring the boundaries between the professions. This blurring of boundaries, together
with changes in the image of engineers away from creator toward technical industrial
worker, have challenged the identity and content of engineering for the future.

The chapter concludes with questions about the knowledge base for engineering in
modern society and its influence on a core curriculum for engineering education. This
chapter points to a need to re-assess the composition of engineering education con-
cerning the way practical skills and experiences are combined with theoretical training
and what is considered to be the core elements of an engineering curriculum.

Discussion Questions

1. Can you identify traces of the controversies in the history of engineering
education at your institution or in your professional society?



Discussion Questions 253

2.

How would you characterize engineering education in your country? Can
you identify one dominant type of engineering program in the way it bal-
ances theory and practice? Is there more than one model?

Do you see any limitations or barriers to an engineering program based
solely on science and engineering disciplines? How are social issues of
technology integrated into the curriculum?

In what ways can the CDIO approach change the trajectory of engineering
education reform? What are the most important questions facing curriculum
planners in engineering?
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Chapter 11
Outlook

Introduction

The CDIO approach responds in an integrated and pragmatic way to the historical
context in which engineering education finds itself and to the challenges that lie in
the future. We call the collaboration of universities with at least one engineering
program that has adopted a CDIO approach to engineering education the CDIO
Initiative. The collaboration began with four universities in two countries and has
expanded rapidly in terms of scope and participating universities. The initial pro-
grams were typically within the domains of mechanical, vehicular and electronic
engineering, but the CDIO approach has now been implemented in programs in
chemical engineering, material science and engineering, and bioengineering. The
model has been applied to reform initiatives affecting all engineering programs
at a university and as a template for national initiatives and evaluation schemes.
The number of universities has now expanded to more than one hundred universi-
ties around the world. Development is underway at universities characterized as
research-intensive or teaching-focused, large or small, private or public, or histori-
cally focused on minority and underrepresented populations. Six regional CDIO
centers in North America, Latin America, Europe, the United Kingdom and Ireland,
Asia, and Australia and New Zealand, have been established to provide opportunities
for the exchange of ideas and support for implementation in local regions. A number
of vehicles, tools, and forums for disseminating and developing the CDIO approach
have been created, including the website and annual international conferences.

The CDIO approach is likely to evolve and be adapted and implemented in an
even wider variety of settings—in engineering disciplines not already covered, in
graduate education, and in education beyond engineering. It has been designed to
be flexible and adaptable, with the ability to respond to the forces driving engineer-
ing education in the near future. We look forward to working with others in this
evolutionary process. This chapter highlights what we see as future challenges for
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engineering education and outlines ways in which a CDIO approach can address
these challenges.

Chapter Objectives

This chapter is designed so that you can

e Recognize the factors that continue to drive change in engineering education
and ways in which the CDIO approach relates to them.
e Discuss the potential for development and broader application of the CDIO approach.

Drivers for Change in Engineering Education

The major goal of engineering education is to serve society and engineering stu-
dents by providing up-to-date high-quality learning opportunities. Maintaining
and improving quality requires an awareness of the key environmental factors that
drive change in engineering education. The most important drivers for change in
engineering education include:

e Scientific breakthroughs and technological developments
e Internationalization and student mobility and flexibility

e Skills and attitudes of beginning engineering students

e Issues of gender and broadening participation

e Governmental and multilateral policies and initiatives.

It is important to have good mechanisms in place for maintaining awareness of
the factors that drive change and to have effective methods to plan and implement
changes in engineering programs. Chapter 8 suggests methods for implementing
program change and Chap. 9 gives examples of tools and techniques for program
evaluation and improvement. The CDIO Syllabus itself, discussed in Chap. 3, can
also be a useful tool for monitoring some of the drivers.

Scientific Breakthroughs and Technological Developments

Scientific and technological evolution is an obvious driver for the development and
improvement of engineering education. Existing subjects in the curriculum have
to be updated according to the progress within the discipline, and new fields of
study need to be incorporated into the curriculum. There are several ways to keep
a curriculum current and relevant. One way is to see to it that faculty have sufficient
resources for research within their disciplines. Relevant research results can then be
introduced into the educational program. A second way is to assure that adequate
mechanisms exist for bringing developments in industry into the engineering educa-
tion program. We can achieve closer ties with industry by hiring faculty and research
staff with industrial experience and by involving people from industry in program
implementation and management.
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Technological developments also influence engineering programs in the
way that design, development, and production are organized and geographically
located. For many industrialized countries today, manufacturing and production
are moving outside their borders to other countries where production and labor
costs are lower. If engineering research, design, and development follow the export
of production and manufacturing, the change will substantially influence the need
for engineers and their expertise, and consequently, engineering education.

A CDIO approach offers several ways to keep the education up-to-date with
changes in science and technology. As described in Chap. 6, CDIO Standard
7—Integrated Learning Experiences emphasizes real-world problems in engineering
education through involvement of industrial partners in the formulation of learning
experiences. The Syllabus, described in Chap. 2, is another tool for tracking the devel-
opment and needs of industry. Results of stakeholder surveys, especially answers from
people active in industry, are obvious input to the process of educational develop-
ment. Finally, faculty who are involved in both education and research are better able
to influence engineering programs as a result of scientific breakthroughs and techno-
logical development. As explained in Chap. 8, Standard 9—Enhancement of Faculty
Skills Competence encourages this latter kind of involvement.

Internationalization and Student Mobility and Flexibility

The globalization of current workplaces and companies requires that graduates be
prepared for careers characterized by daily international contacts, frequent travel,
and extended distance collaboration. It follows that education will become increas-
ingly international and that it must lead to internationally recognized degrees. We
can see that already in the tremendous change in the mobility of students that has
taken place during the last two decades. In Europe, for example, student mobil-
ity increased with the creation of European student exchange networks, such as
Erasmus and Socrates. Mobility and flexibility are also important aspects of the
Bologna Process, because a uniform structure of higher education increases stu-
dents’ opportunities to move between universities. Box 11.1 is a description of key
points of the Bologna Process [1] as applied to Sweden and the United Kingdom.

Box 11.1 THE BoLoGNA PROCESS IN SWEDEN AND THE UNITED
KiNneboMm

The Bologna Process is a joint European effort, involving 40 countries, to
obtain a uniform structure for higher education in European countries. The
Bologna Declaration involves six actions relating to higher education:

e A system of academic grades that are easy to read and compare.
e A system essentially based on two cycles.

(Continued)
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Box 11.1 THE BoLOGNA PROCESS IN SWEDEN AND THE UNITED
KinéporM—CoNT’D

A system of accumulation and transfer of credits.
Mobility of students, teachers, and researchers.
Cooperation with regard to quality assurance.
The European dimension of higher education.

The aim of the process is to make the higher education systems in Europe
converge toward a more transparent structure whereby different national sys-
tems would have a common framework based on three cycles—bachelor,
master and doctorate.

The effort to adapt engineering education in a specific country to the
Bologna structure depends on the national goals and organization prior
the Bologna Process. For example, in Sweden, engineering education con-
sisted of 3-year programs leading to a bachelor degree (Hogskoleingenjor)
and 5-year programs leading to a master degree (Civilingenjor). The degree
Civilingenjor has a long tradition, and represents a strong brand in Sweden.
Therefore, the government proposed that this degree continue to exist after
the introduction of the three-cycle system. The main challenge for Swedish
universities is to find suitable forms of co-existence between the three-cycle
system and engineering programs leading to the degree Civilingenjor.

—S. GUNNARSSON, LINKOPING UNIVERSITY AND J. MALMQVIST,
CHALMERS UNIVERSITY OF TECHNOLOGY

In the United Kingdom, the Master of Engineering (M.Eng.) degree has an
equivalently well-established brand image, despite the potential for confu-
sion inherent in its “master” name. The 4-year M. Eng. degree was consid-
ered in the United Kingdom to be an undergraduate first-cycle degree, with
enhanced content and greater breadth than the conventional 3-year Bachelor
of Engineering. Rather than a bachelor degree with an optional add-on year, a
3 + 1, it was seen as 4 + 0. However, there are now suggestions that it should
be viewed as an integrated master second-cycle degree. The M. Eng. already
co-exists with a postgraduate, that is, second-cycle master qualification,
the Master of Science, which usually takes 12 months rather than the typi-
cal 24 months of a second-cycle qualification elsewhere and for which the
entry qualification is usually a 3-year Bachelor of Engineering or Bachelor
of Science. A challenge for institutions in the United Kingdom is to recon-
cile these three degrees (B.Eng., M. Eng. and M.Sc.) with the two-cycle of
the Bologna pattern prior to the doctorate. It is often considered an advantage
that the system in the U. K. can take a graduate to the end of the second cycle
within 4-years, and there is resistance to any move toward a 3 + 2 model.

—P. GoopHEW, UNIVERSITY OF LIVERPOOL
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In North America, there is likewise a long and growing tradition of international
mobility in education. For example, in Canada, the largest numbers of international
students come from China, India, and the Middle East. They usually complete a
4-year Bachelor of Science program, which is typical for all engineering programs in
Canada, consistent with the accreditation requirements of the Canadian Engineering
Accreditation Board (CEAB) [2]. In the United States, there are increasing numbers
of programs for engineering students to study abroad for at least 1 year. Throughout
the world, national higher education systems, including those in Chile and Australia,
are considering large-scale structural changes to allow greater mobility of their
students, as well.

Commonality in accreditation is another mechanism of internationalization.
International agreements, such as the Washington Accord on cross-recognition of
professional certification cause various accreditation schemes to converge [3]. In
the United States, ABET accreditation criteria have influenced thinking in many
national systems and attracted many international programs to apply for accredita-
tion [4]. In Europe, there is an initiative, aligned with the Bologna Process that is
developing a common system for accreditation of engineering education. The pro-
ject, Accreditation of European Engineering Programmes and Graduates (EUR-
ACE), has been officially accepted by the European Commission [5]. The aim of
the project is to create an accreditation system that is compatible with the system
currently used in certain European countries [6].

The CDIO Initiative supports internationalization and mobility by providing
a well-developed international model, a basis of common comparison of student
learning outcomes, and potentially the basis for common accreditation. Meeting
the Bologna Process and accreditation criteria will be a basic requirement of all
educational programs in the future. However, accreditation requirements are high-
level and formal in character. The CDIO Initiative takes a further step toward a
truly international education by implementing and adapting a pragmatic model,
developed in collaboration by leading universities around the world. Within CDIO
programs, there is a close connection between accreditation and the learning out-
comes of the Syllabus. In Chap. 3, we compared the CDIO Syllabus with ABET’s
evaluative criteria, specifically EC 2013 Criterion 3. The national evaluation
of engineering education carried out in Sweden during 2005 is another example
of connections between a CDIO approach and national accreditation and evalu-
ation efforts. The Swedish Agency for Higher Education (HSV) used the CDIO
Standards as a core component of the self-evaluation completed by all universities
in Sweden offering engineering education (see Box 9.3 in Chap. 9).

Skills and Attitudes of Beginning Engineering Students

The skills and attitudes of students entering engineering programs are important
drivers for the ways that education is designed, both in terms of content and organi-
zation. Education systems are part of the surrounding society; hence, changes in
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societal attitudes affect engineering education. Many industrialized countries are
experiencing decreased interest in science and technology among younger students.
This lack of interest influences engineering education in that fewer, and less moti-
vated, students may pursue engineering. Attitudes toward science and technology in
a society also affect the importance placed on these subjects in secondary education.

In addition, universities in many countries face increasing difficulties with
the level of knowledge and background experience of entering students. This is
a recognized fact in mathematics and physics [7]. It is also vital that engineering
education address the development of the practical skills and technical knowledge
gained through pre-college curriculum activities and life experiences, such as tink-
ering with electronics, building things, repairing everyday devices, and developing
software. Such pre-college experiences, more common in the past, facilitate the
acquisition of theoretical knowledge by connecting it to practice.

Addressing these issues requires changes at all levels in the school systems.
Within the university, introductory courses aim to orient students to the role of sci-
ence and technology in society and provide initial engineering experiences that
strengthen students’ motivation. Hands-on and design-implement learning activi-
ties provide concrete experiences that connect abstract models for mathematics and
physics with practical applications. Such experiences also explicitly seek to make
engineering more interesting and exciting, recruiting students to engineering and
retaining them in the profession. Design-implement experiences are being considered
as extensions to the curriculum in primary and secondary schools, further strengthen-
ing students’ motivation and preparation to study engineering at the university level.

Issues of Gender and Broadening Participation

Throughout the world, there is significant interest on the part of educators and
government to increase the participation in engineering of women and populations
that have been historically underrepresented or disenfranchised. Engineering is
viewed as a profession of upward mobility, which has the potential to positively
influence the well being of society. For these reasons, nations have an interest in
making engineering education accessible to qualified students, regardless of their
backgrounds.

The CDIO Initiative has been supportive of this effort. We have studied, for
example, how gender and related issues manifest themselves in our educational
programs. This has highlighted the need for better role models. In addition, our
experiences show that it is important to choose examples, project tasks, and other
learning experiences that appeal to a broad segment of the student population.

In many countries, there are ongoing discussions about how to influence the atti-
tudes of all young people toward engineering. Students’ attitudes toward engineer-
ing education are influenced by several internal and external factors. The structure,
content, and organization of the engineering education itself are important factors.
To date, evidence gained at universities with CDIO programs show that women and
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underrepresented minority students who participate in first-year design-implement
courses are more likely to complete their engineering programs.

Governmental and Multilateral Policies and Initiatives

The development of engineering education programs takes place on several levels,
from individual faculty levels to national and international levels. Decisions taken
at higher levels create boundaries and conditions for development at lower levels.
In Europe, the Bologna Process is a good example of a multilateral initiative. Once
multilateral agreements are made at the European level, each participating university
interprets policies and makes decisions for its own educational system. Principles
defined at the national level then become the starting point for each university in
developing its programs. When an individual university has formulated its strategic
plans, program development reaches specific engineering programs and courses.

The CDIO Initiative supports this coordination and planning in several ways.
Program development focuses on the last two levels, namely, the program level
and the course level. The flexibility inherent in our non-prescriptive resources
allows tailoring to local and disciplinary contexts. The commonality of the CDIO
approach facilitates international benchmarking and collaboration.

Future Development of the CDIO Approach

The CDIO Initiative represents a collaborative effort to reform engineering educa-
tion with a number of universities around the world involved in various partnerships
and consortia. Unlike some reform projects, the Initiative is not primarily focused
on educational research. Programs apply ideas and adopt methods that have been
shown to be a part of the best practices in science and engineering education and
the outgrowth of scholarly research on education. We document the design and
implementation of curriculum reform efforts and share these with other engineering
educators. Our ambition is to continue to develop the CDIO approach by working
with other partnerships as well as individual reformers and researchers. In this sec-
tion, we discuss the potential for applying the CDIO approach in additional engi-
neering disciplines, in graduate programs, and in fields beyond engineering.

Application to Additional Engineering Disciplines

The first collaborators came from the engineering disciplines of mechanical,
vehicular, aerospace, and electrical engineering—disciplines distinguished by dis-
crete serial products and systems. The examples, terminology, and thinking are
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somewhat biased by these origins. However, in order to show the ability to gen-
eralize the CDIO approach, it is important that the approach be tried in additional
traditional engineering disciplines, such as civil and chemical engineering, as well
as emerging engineering fields, such as bioengineering and nanoengineering. This
dissemination is now the focus of both existing and new collaborators.

The aim of applying Conceive-Design-Implement-Operate to other engineering
areas brings out a need to answer key questions:

e Can Standard 1, the product, process, and system lifecycle context, be general-
ized? Is it applicable to other disciplines?
e Are there pedagogical and curricular differences in applying a CDIO approach
to:
— Other traditional engineering disciplines, for example, civil, ocean, software
engineering.
— Fundamental science and engineering disciplines, for example, material
science, bioengineering, nanoengineering, applied physics.
— Industrial engineering, manufacturing engineering, and engineering management.

e Can a program adapt the approach in part, and if so, what percentage of the
CDIO Standards must be incorporated in order to be considered a CDIO
program?

Generalizing the product, process, and system lifecycle context. The
adoption of the principle that product, process, and system lifecycle develop-
ment and deployment—Conceiving, Designing, Implementing, and Operating—
are the context for engineering education (Standard 1) may seem very closely
tied to the initial disciplines of the CDIO Initiative. The terms, systems, prod-
ucts, and implementation, may not feel comfortable for a program in civil or
chemical engineering. While an academic program manager may be able to
translate the terminology to that of the domain, other stakeholders may not
do so willingly. However, it is perfectly feasible to change the terms used in
Standard 1 to fit a particular field of engineering while still keeping the intent
of the standard intact, by focusing on what is designed and implemented by
the engineer. For example, civil engineers are likely to prefer to speak about
buildings rather than products, and an adapted version of Standard 1 could
read “The principle is to educate engineers to meet the needs of the construc-
tion industry, that is, planning, design, engineering, production, operations and
maintenance of buildings” [8].

Other changes in terminology may follow, once the decision is made to adapt
the wording of Standard 1 to a particular domain’s context. These may include
terminology in other standards as well as in Section 4 of the CDIO Syllabus—
Conceiving, Designing, Implementing and Operating Systems and Products in an
Enterprise and Societal Context.

Pedagogical and curricular differences. More substantive changes than
terminology may be necessary when adapting the CDIO approach to disciplines
in which the nature of the design-implement sequence is fundamentally different
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from the development of discrete products or systems. In bioengineering, for
example, the design and implement process is not easily described by end goals,
but more aptly as reaching the limits allowed by physics, chemistry, and biology.
It may not be possible to decompose the overall problems into separately solv-
able problems that can then be integrated into a system solution. Indeed, the
Engineering Biology Program at Linkoping University identified the interpretation
of the design-implement concept as one of their key challenges. Box 11.2 is a brief
description of their Engineering Biology Program.

Box 11.2 CONCEIVING-DESIGNING-IMPLEMENTING-OPERATING IN
ENGINEERING B10LOGY AT LINKOPING UNIVERSITY

The Engineering Biology Program at Linkoping University (LiU) started
in 1996. The program is 4.5 years, with the first 3 years focused on math-
ematics, physics, chemistry, biology, and engineering. Engineering courses
include programming, electronics, automatic control, and signal processing,
among others. The fourth year is devoted mainly to a specialization. Eight
specializations are currently available, including bio-informatics, microsys-
tems and biosensors, and protein engineering.

During 2004, the Engineering Biology Program Board formulated a plan
to strengthen the engineering aspects of the program. The CDIO model is an
essential component in the plan. The first step in the transformation to a CDIO
program is an introductory course that was offered for the first time during
2005. Project courses, connected to the different specializations, are included.

One key issue in the introductory course and subsequent project courses is
how to address the design-implement concept. The interpretation of product,
process, and system in the CDIO Syllabus and the CDIO Standards needs
careful consideration. In the first version of the introductory course, several
projects dealt with the design and implementation of systems for measure-
ment and monitoring of biological processes, applications that are close to
the original CDIO programs but still within the scope of the program.

—S. GUNNARSSON, LINKOPING UNIVERSITY

There are creative ways to incorporate design-implement experiences in bio-
logical engineering. Molecule-level variants of design-implement learning
experiences may be developed, for example, by using site-directed mutagen-
esis to modify the function of a specific protein in a microorganism. Such
a learning experience might start with the students designing a modified
gene sequence and predicting the consequences on the protein structure. The
next step would be to produce a plasmid containing the modified gene and
transfect a bacterium with the plasmid. The bacterium is then cultivated to
produce the recombinant protein. Finally, the function of the protein, or of

(Continued)
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Box 11.2 CoONCEIVING-DESIGNING-IMPLEMENTING-OPERATING IN
ENGINEERING B1oLOGY AT LINKOPING UNIVERSITY

the genetically modified bacterium, is evaluated using biochemical methods.
Asking students to keep laboratory notebooks to document all processes can
enhance the learning experiences.

—C. J. FrRaNZEN, CHALMERS UNIVERSITY OF TECHNOLOGY

Other programs are adopting a CDIO approach to bioengineering as well. The
mechanical and materials engineering program at Queen’s University in Canada
introduced a second option in biomedical engineering in 2007. At the University
of Liverpool, the approach has been adopted in a program that includes material
science and engineering, as described in Box 11.3.

Box 11.3 CONCEIVING-DESIGNING-IMPLEMENTING-OPERATING IN
MATERIALS PROGRAMS AT THE UNIVERSITY OF LIVERPOOL

Three-year Bachelor of Engineering and 4-year Master of Engineering pro-
grams in materials science at Liverpool were re-cast to comply fully with
the CDIO Standards. They share 94 % of a common first year with other
engineering programs (Mechanical, Aerospace, Civil, Product Design). Each
first-year program also has a small differentiating module designed to intro-
duce the flavor of the sub-discipline. For Materials students, this involves
teamwork to develop a classification scheme for materials. This scheme has
most of the attributes of a product and certainly requires a systems approach.
All first-year students undertake two design-build-test exercises in teams
of five or six. Thus, overall compliance with CDIO objectives is very high.
In the second, third, and fourth years, there are a number of ways in which
Materials students benefit from operating in a broad engineering department.
They are ideal team members able to contribute materials selection input to
CDIO exercises, and they integrate particularly well with Product Design
majors. An example of a problem-based module taken by Materials students
is the “car door” exercise. Teams of students are tasked with improving the
performance (weight, dent resistance, and cost) of an existing steel car door
design. They necessarily have to engage with product design, materials
selection, testing (both real and virtual, using specially designed software),
and interpersonal skills such as reporting to company personnel and negoti-
ating advice. All of these activities have been well received by the students.

—P. GoopHEW, UNIVERSITY OF LIVERPOOL




Future Development of the CDIO Approach 267

Adapting and adopting parts of the CDIO approach. The programs involved
in the CDIO Initiative have the stated aim of implementing all twelve CDIO
Standards. However, programs may find some parts useful and others less rel-
evant or unrealistic in their circumstances. This raises the question of what per-
centage of the standards must be incorporated in order to be considered a CDIO
program. There is no distinct threshold where a program becomes, or ceases to
be, a CDIO program. However, it would be hard to imagine a CDIO program that
did not accept some variant of Standard 1, acknowledging that the product, pro-
cess, or system lifecycle development is the appropriate context for an engineering
education. In Chap. 9, six of the other standards were identified as being the dis-
tinguishing features of a CDIO program. The remaining five are considered sup-
plementary, supporting the adoption of best practice.

For educational programs that do not embrace the entire approach, relevant
parts can be applied. The CDIO approach then becomes a collection of tools for
program development and teaching support. For example, programs that do not
accept the lifecycle context or the key role of design-implement experiences may
see benefits in the systematic approach toward program development. The focus
on systematic planning and documentation, stakeholder engagement, peer compar-
ison, and modern workspaces may be perceived as new and useful.

Application to Graduate Programs

The CDIO Initiative began as a program for reform of undergraduate engineer-
ing education. There is broad interest in adapting a CDIO approach to master-level
programs, especially in Europe and Latin America. Increasingly, doctoral pro-
grams that aim to develop project management and communications skills as well
as research skills are emerging, in particular with the intention of educating “doc-
tors for industry.” To answer the question of how the approach can be applied in a
three-tiered educational system, one must keep in mind the essential aspects, not
the details of implementation. A CDIO program provides an education within a
context of professional engineering. This education is characterized by educational
goals, set by stakeholders, met by sequences of experiential learning activities, and
embedded in an integrated curriculum of mutually supporting disciplines.

The professional role of engineers as context. It is evident that this is a fac-
tor that may vary from bachelor to doctoral degrees. While most bachelor pro-
grams aim primarily to educate engineers, most doctoral programs aim primarily
to educate researchers. For master degree programs, there is a full range, from
research-oriented programs to engineering-oriented. In order to be able to accom-
modate these variations, the context may be generalized from the “role of profes-
sional engineers” to the “role of professionals,” the latter enabling programs to
make a deliberate decision as to whether the professional context is research or
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engineering. Variations may lead to context definitions such as, “The X program
is strongly research-oriented where students learn how to think, analyze, and solve
problems in a research context rather than in the technical production context.
The emphasis is more on knowledge production than on “product production” [8].
Such a modification of the context leads to changes with respect to other CDIO
Standards, but many are still applicable.

Educational goals set by stakeholders and met by proper sequence of
learning activities. This topic prompts the question of what parts of the CDIO
Syllabus are applicable for master and doctoral programs and which are not.
Beginning with the question of scope, we believe that Sections 2 and 3 of the
Syllabus list knowledge and skills that are important for researchers as well as
for engineers. It is evident that researchers need personal skills, such as prob-
lem solving, experimentation, knowledge discovery, and systems thinking.
Interpersonal skills are equally important for research work. Current research is
typically conducted in international teams requiring an ability to cooperate. To
be successful in acquiring research funding not only requires good ideas, but also
communication skills. Learning outcomes for communication skills in a research-
oriented program may be specialized toward research-related communication
tasks, for example, writing journal articles and research proposals. The headings
in Section 4—Conceiving, Designing, Implementing, Operating—may be more or
less applicable depending on the master or doctoral program. A program in prod-
uct development may opt to use all headings in Section 4, while a physics pro-
gram may opt to use none. Regardless of the selection of appropriate parts of the
Syllabus, there are tools for writing program goal statements and course learning
outcomes.

The next issue to consider is the difference of skill outcomes at end of the bach-
elor, master and doctoral degrees. “What increased level of proficiency in skills is
expected for the master degree level?” These differences have not yet been quanti-
tatively investigated in the CDIO Initiative. Pending additional studies, some indi-
cations are likely to emerge during the Bologna Process, such as internationally
accepted guidelines for what characterizes bachelor, master, and doctoral levels,
with respect to some high-level goals, including technical knowledge as well as
communication skills [1]. It is also likely that such internationally agreed-upon
goals will remain abstract, leaving the details to programs in consultation with
their respective stakeholders.

Applying a CDIO approach to a master degree program that is closely coupled
to a bachelor degree program will also require consideration of the sequence of
learning experiences. Specifically, Standard 4—Introduction to Engineering and
Standard 5—Design-Implement Experiences explicitly recommend types of
learning experiences in the curriculum. It will be a challenge to work with stu-
dents who have not had these experiences at the undergraduate level. Such stu-
dents may be well prepared in terms of technical knowledge, but less capable
with regard to personal and interpersonal skills, and product, process, and system
building skills. Accommodation of these students in the form of additional
learning experiences may be necessary.
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Application Beyond Engineering Education

The principles and practices of the CDIO approach can be applied to most programs
in higher education. At its most abstract level, the approach asserts the following:
the education should be in the context of practice; that there is an identifiable list
of knowledge, skills, and attitudes in which students should gain proficiency; that
by engaging with stakeholders, the desired level of proficiency can be determined;
that curriculum and pedagogy should be constructed in an integrated manner to
reasonably ensure meeting the desired learning outcomes; and that learner assess-
ment and program evaluation should be aligned with learning outcomes that in
turn should be used to inform faculty and students of progress, and serve as the
basis of continuous improvement. What curriculum would not benefit from sys-
tematically applying this approach?

The CDIO Syllabus, which defines the desired learning outcomes for engi-
neering programs, can be easily adapted to virtually any educational program.
Section 1—Technical Knowledge and Reasoning, can be changed to Disciplinary
Knowledge. Sections 2 and 3—Personal and Interpersonal Knowledge and Skills
are largely common to all university education. A modification to the description
of the product lifecycle in Section 4—Conceiving, Designing, Implementing, and
Operating Systems in the Enterprise and Societal Context to describe appropriate
Pre-Professional Knowledge and Skills could generalize that section. Similarly,
the CDIO Standards can be adapted with a modification to Standard 1 to
“education in the context of practice.”

It is also possible to consider similar professions that aim to use products, pro-
cesses, or systems to explicitly shape outcomes. Architecture, medicine, education,
and business management fall into this category. The underlying processes in the
practice of architecture are much like engineering, with perhaps more emphasis on
aesthetics and visual design. The adaptation of a CDIO approach in this domain
would be the most direct. In fact, many architectural educators might observe that
Conceiving-Designing-Implementing-Operating moves engineering education
closer to architectural education with its emphasis on experiential learning.

Standard 1 defines product, process, and system lifecycle development and deploy-
ment as the context for engineering education. In engineering, there is usually a clear
interpretation of the meaning of a product, process, or a system, but these concepts
may not exist in other areas. For example, in medical education or teacher education,
the context is one of service to, and improvement of, patients or students. The intro-
duction of the concept of services to the CDIO Syllabus and the CDIO Standards
could facilitate adaptation of the approach beyond engineering to these fields.
Business management education is another area of potential application. In business
and management programs, there is a need for extending or modifying the definitions
of products, processes, and systems. However, to the extent that professionals in
business management define strategies, organizations, products, and services, much
of the CDIO approach is applicable. Universities in Singapore and Guatemala are
currently applying a CDIO approach to business management programs.
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Adaptation to fields in which professionals do not explicitly use products, pro-
cesses, and systems to shape outcomes requires consideration at the most abstract
level. Application to the social sciences, humanities, arts and sciences would raise
questions such as, “What is the context of practice?” and “Who are the appropriate
stakeholders?”

Summary

This chapter has reflected on what we see as the future challenges for engineer-
ing education and the ways in which the CDIO Initiative can contribute to meet-
ing these challenges. Issues include scientific breakthroughs and technological
developments, internationalization, student mobility and flexibility, the skills and
attitudes of beginning engineering students, issues of gender and widening par-
ticipation, and governmental policies and initiatives. We discussed how the CDIO
approach can be applied to additional engineering areas, graduate education, and
programs beyond engineering.

We began this book with the following statement: “The purpose of engineer-
ing education is to provide the learning required by students to become success-
ful engineers—technical expertise, social awareness, and a bias toward innovation.
This combined set of knowledge, skills, and attitudes is essential to strengthening
productivity, entrepreneurship, and excellence in an environment that is increas-
ingly based on technologically complex and sustainable products, processes, and
systems. It is imperative that we improve the quality and nature of undergraduate
engineering education.”

We believe that the CDIO meets this imperative. It responds to the identified
needs of educating students who are “ready to engineer.” It has as its goals that
learning should be strengthened both in the fundamentals and skills. It is a prag-
matic and systematic approach to an integrated curriculum and pedagogy with
appropriately aligned assessment tools. We have produced a set of open resources
to make this approach available to others, with the understanding that nothing is
prescriptive. We offer a set of resources and approaches that can be adapted and
implemented in every local program. We hope that these resources will continue to
grow as others contribute. We continue to reflect on the outcomes of these efforts
to improve the education of our students as we prepare them to build the techno-
logically complex and sustainable products, processes, and systems that are impor-
tant to our future.

Discussion Questions

1. In what ways do you expect engineering education to change in the next
10 years? In the next 20 years?
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2.

What developments in science, technology, and business are likely to have the
most influence on engineering education in the next 20 years?

. In what ways do you expect your own program to change in light of the ideas

presented in this book?
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Appendix A: The CDIO Syllabus v2.0

1 DISCIPLINARY KNOWLEDGE AND REASONING (UNESCO:
LEARNING TO KNOW)
1.1 KNOWLEDGE OF UNDERLYING MATHEMATICS
AND SCIENCES [3a]
1.1.1 Mathematics (including statistics)
1.1.2  Physics
1.1.3 Chemistry
1.1.4 Biology
1.2 CORE ENGINEERING FUNDAMENTAL KNOWLEDGE [3a]
1.3 ADVANCED ENGINEERING FUNDAMENTAL KNOWLEDGE,
METHODS AND TOOLS [3K]

2 PERSONAL AND PROFESSIONAL SKILLS AND ATTRIBUTES
(UNESCO: LEARNING TO BE)
2.1 ANALYTIC REASONING AND PROBLEM SOLVING [3e]
2.1.1 Problem Identification and Formulation
Data and symptoms
Assumptions and sources of bias
Issue prioritization in context of overall goals
A plan of attack (incorporating model, analytical and numerical
solutions, qualitative analysis, experimentation and consider-
ation of uncertainty)

2.1.2  Modeling
Assumptions to simplify complex systems and environment
Conceptual and qualitative models
Quantitative models and simulations

2.1.3 Estimation and Qualitative Analysis
Orders of magnitude, bounds and trends
Tests for consistency and errors (limits, units, etc.)
The generalization of analytical solutions
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2.2

Appendix A: The CDIO Syllabus v2.0

2.1.4 Analysis with Uncertainty
Incomplete and ambiguous information
Probabilistic and statistical models of events and sequences
Engineering cost-benefit and risk analysis
Decision analysis
Margins and reserves

2.1.5 Solution and Recommendation
Problem solutions
Essential results of solutions and test data
Discrepancies in results
Summary recommendations
Possible improvements in the problem solving process

EXPERIMENTATION, INVESTIGATION AND
KNOWLEDGE DISCOVERY [3b]
2.2.1 Hypothesis Formulation
Critical questions to be examined
Hypotheses to be tested
Controls and control groups

2.2.2  Survey of Print and Electronic Literature
The literature and media research strategy
Information search and identification using library, on-line
and database tools
Sorting and classifying the primary information
The quality and reliability of information
The essentials and innovations contained in the information
Research questions that are unanswered
Citations to references

2.2.3 Experimental Inquiry
The experimental concept and strategy
The precautions when humans are used in experiments
Investigations based on social science methods
Experiment construction
Test protocols and experimental procedures
Experimental measurements
Experimental data
Experimental data versus available models

2.2.4 Hypothesis Test and Defense
The statistical validity of data
The limitations of data employed
Conclusions, supported by data, needs and values
Possible improvements in knowledge discovery process
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2.3

24

SYSTEM THINKING
2.3.1 Thinking Holistically
A system, its function and behavior, and its elements
Transdisciplinary approaches that ensure the system is under-
stood from all relevant perspectives
The societal, enterprise and technical context of the system
The interactions external to the system, and the behavioral
impact of the system

2.3.2 Emergence and Interactions in Systems

The abstractions necessary to define and model the entities or
elements of the system

The important relationships, interactions and interfaces
among elements

The functional and behavioral properties (intended and unin-
tended) that emerge from the system

Evolutionary adaptation over time

2.3.3 Prioritization and Focus
All factors relevant to the system in the whole
The driving factors from among the whole
Energy and resource allocations to resolve the driving issues

2.3.4 Trade-offs, Judgment and Balance in Resolution
Tensions and factors to resolve through trade-offs
Solutions that balance various factors, resolve tensions and opti-
mize the system as a whole
Flexible versus optimal solutions over the system lifetime
Possible improvements in the system thinking used

ATTITUDES, THOUGHT AND LEARNING
2.4.1 Initiative and Willingness to Make Decisions in the Face
of Uncertainty
The needs and opportunities for initiative
Leadership in new endeavors, with a bias for appropriate action
Decisions, based on the information at hand
Development of a course of action
The potential benefits and risks of an action or decision

2.4.2 Perseverance, Urgency and Will to Deliver, Resourcefulness
and Flexibility
Sense of responsibility for outcomes
Self-confidence, courage and enthusiasm
Determination to accomplish objectives
The importance of hard work, intensity and attention to detail
Definitive action, delivery of results and reporting on actions
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Adaptation to change

Making ingenious use of the resources of the situation or
group

A readiness, willingness and ability to work independently

A willingness to work with others, and to consider and embrace
various viewpoints

An acceptance of feedback, criticism and willingness to
reflect and respond

The balance between personal and professional life

2.4.3 Creative Thinking

Conceptualization and abstraction

Synthesis and generalization

The process of invention

The role of creativity in art, science, the humanities and
technology

244 Critical Thinking

Purpose and statement of the problem or issue
Assumptions

Logical arguments (and fallacies) and solutions
Supporting evidence, facts and information
Points of view and theories

Conclusions and implications

Reflection on the quality of the thinking

2.4.5 Self-Awareness, Metacognition and Knowledge Integration

One’s skills, interests, strengths and weaknesses

The extent of one’s abilities, and one’s responsibility for self-
improvement to overcome important weaknesses

The importance of both depth and breadth of knowledge

Identification of how effectively and in what way one is thinking

Linking knowledge together and identifying the structure
of knowledge

2.4.6 Lifelong Learning and Educating [3i]

The motivation for continued self-education
The skills of self-education

One’s own learning styles

Relationships with mentors

Enabling learning in others

2.4.77 Time and Resource Management

Task prioritization
The importance and/or urgency of tasks
Efficient execution of tasks
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2.5 ETHICS, EQUITY AND OTHER RESPONSIBILITIES [3f]

2.5.1 Ethics, Integrity and Social Responsibility
One’s ethical standards and principles
The moral courage to act on principle despite adversity
The possibility of conflict between professionally ethical
imperatives
A commitment to service
Truthfulness
A commitment to help others and society more broadly

2.5.2 Professional Behavior
A professional bearing
Professional courtesy
International customs and norms of interpersonal contact

2.5.3 Proactive Vision and Intention in Life
A personal vision for one’s future
Aspiration to exercise his/her potentials as a leader
One’s portfolio of professional skills
Considering one’s contributions to society
Inspiring others

2.5.4 Staying Current on the World of Engineering
The potential impact of new scientific discoveries
The social and technical impact of new technologies and
innovations
A familiarity with current practices/technology in engineering
The links between engineering theory and practice

2.5.5 Equity and Diversity
A commitment to treat others with equity
Embracing diversity in groups and workforce
Accommodating diverse backgrounds

2.5.6 Trust and Loyalty
Loyalty to one’s colleagues and team
Recognizing and emphasizing the contributions of others
Working to make others successful

3 INTERPERSONAL SKILLS: TEAMWORK AND COMMUNICATION
(UNESCO: LEARNING TO LIVE TOGETHER)
3.1 TEAMWORK [3d]
3.1.1 Forming Effective Teams
The stages of team formation and life cycle
Task and team processes
Team roles and responsibilities
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The goals, needs and characteristics (works styles, cultural
differences) of individual team members

The strengths and weaknesses of the team and its members

Ground rules on norms of team confidentiality, accountability
and initiative

3.1.2 Team Operation

Goals and agenda

The planning and facilitation of effective meetings

Team ground rules

Effective communication (active listening, collaboration, provid-
ing and obtaining information)

Positive and effective feedback

The planning, scheduling and execution of a project

Solutions to problems (team creativity and decision making)

Conflict mediation, negotiation and resolution

Empowering those on the team

3.1.3 Team Growth and Evolution
Strategies for reflection, assessment and self-assessment
Skills for team maintenance and growth
Skills for individual growth within the team
Strategies for team communication and reporting

3.1.4 Team Leadership
Team goals and objectives
Team process management
Leadership and facilitation styles (directing, coaching, sup-
porting, delegating)
Approaches to motivation (incentives, example, recognition, etc.)
Representing the team to others
Mentoring and counseling

3.1.5 Technical and Multidisciplinary Teaming
Working in different types of teams:
Cross-disciplinary teams (including non-engineer)
Small team versus large team
Distance, distributed and electronic environments
Technical collaboration with team members
Working with non-technical members and teams

3.2 COMMUNICATIONS [3g]

3.2.1 Communications Strategy
The communication situation
Communications objectives
The needs and character of the audience
The communication context
A communications strategy
The appropriate combination of media
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322

323

324

325

3.2.6

3.2.7

3.2.8

A communication style (proposing, reviewing, collabo-
rating, documenting, teaching)
The content and organization

Communications Structure
Logical, persuasive arguments
The appropriate structure and relationship amongst ideas
Relevant, credible, accurate supporting evidence
Conciseness, crispness, precision and clarity of language
Rhetorical factors (e.g. audience bias)
Cross-disciplinary cross-cultural communications

Written Communication
Writing with coherence and flow
Writing with correct spelling, punctuation and grammar
Formatting the document
Technical writing
Various written styles (informal, formal memos, reports,
resume, etc.)

Electronic/Multimedia Communication
Preparing electronic presentations
The norms associated with the use of e-mail, voice mail,
and videoconferencing
Various electronic styles (charts, web, etc)

Graphical Communications
Sketching and drawing
Construction of tables, graphs and charts
Formal technical drawings and renderings
Use of graphical tools

Oral Presentation
Preparing presentations and supporting media with appropri-
ate language, style, timing and flow
Appropriate nonverbal communications (gestures, eye contact,
poise)
Answering questions effectively

Inquiry, Listening and Dialog
Listening carefully to others, with the intention to understand
Asking thoughtful questions of others
Processing diverse points of view
Constructive dialog
Recognizing ideas that may be better than your own

Negotiation, Compromise and Conflict Resolution
Identifying potential disagreements, tensions or conflicts
Negotiation to find acceptable solutions
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Reaching agreement without compromising fundamental
principles
Diffusing conflicts

3.2.9 Advocacy
Clearly explaining one’s point of view
Explaining how one reached an interpretation or conclusion
Assessing how well you are understood
Adjusting approach to advocacy on audience characteristics

3.2.10 Establishing Diverse Connections and Networking
Appreciating those with different skills, cultures or experiences
Engaging and connecting with diverse individuals
Building extended social networks
Activating and using networks to achieve goals

COMMUNICATIONS IN FOREIGN LANGUAGES

3.3.1 Communications in English

3.3.2 Communications in Languages of Regional Commerce and
Industry

3.3.3 Communications in Other Languages

CONCEIVING, DESIGNING, IMPLEMENTING AND OPERATING
SYSTEMS IN THE ENTERPRISE, SOCIETAL AND ENVIRONMENTAL
CONTEXT—THE INNOVATION PROCESS (UNESCO: LEARNING
TO DO)

4.1 EXTERNAL, SOCIETAL AND ENVIRONMENTAL
CONTEXT [3h]
4.1.1 Roles and Responsibility of Engineers
The goals and roles of the engineering profession
The responsibilities of engineers to society and a sustain-
able future

4.1.2  The Impact of Engineering on Society and the Environment
The impact of engineering on the environmental, social,
knowledge and economic systems in modern culture

4.1.3 Society’s Regulation of Engineering
The role of society and its agents to regulate engineering
The way in which legal and political systems regulate and
influence engineering
How professional societies license and set standards
How intellectual property is created, utilized and defended

4.1.4 The Historical and Cultural Context
The diverse nature and history of human societies as well as
their literary, philosophical and artistic traditions
The discourse and analysis appropriate to the discussion of
language, thought and values
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4.1.5

4.2
4.2.1

422

423

Contemporary Issues and Values [3j]
The important contemporary political, social, legal and envi-
ronmental issues and values
The processes by which contemporary values are set, and
one’s role in these processes
The mechanisms for expansion and diffusion of knowledge

Developing a Global Perspective
The internationalization of human activity
The similarities and differences in the political, social, eco-
nomic, business and technical norms of various cultures
International and intergovernmental agreements and alliances

Sustainability and the Need for Sustainable Development
Definition of sustainability
Goals and importance of sustainability
Principles of sustainability
Need to apply sustainability principles in engineering
endeavors

ENTERPRISE AND BUSINESS CONTEXT
Appreciating Different Enterprise Cultures
The differences in process, culture, and metrics of success in various
enterprise cultures:

Corporate versus academic versus governmental versus

non-profit/NGO

Market versus policy driven

Large versus small

Centralized versus distributed

Research and development versus operations

Mature versus growth phase versus entrepreneurial

Longer versus faster development cycles

With versus without the participation of organized labor
Enterprise Stakeholders, Strategy and Goals

The stakeholders and beneficiaries of an enterprise (owners,

employees, customers, etc.)

Obligations to stakeholders

The mission, scope and goals of the enterprise

Enterprise strategy and resource allocation

An enterprise’s core competence and markets

Key alliances and supplier relations

Technical Entrepreneurship
Entrepreneurial opportunities that can be addressed by
technology
Technologies that can create new products and systems
Entrepreneurial finance and organization
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4.2.4  Working in Organizations
The function of management
Various roles and responsibilities in an organization
The roles of functional and program organizations
Working effectively within hierarchy and organizations
Change, dynamics and evolution in organizations

4.2.5 Working in International Organizations
Culture and tradition of enterprise as a reflection of national
culture
Equivalence of qualifications and degrees
Governmental regulation of international work

4.2.6  New Technology Development and Assessment
The research and technology development process
Identifying and assessing technologies
Technology development roadmaps
Intellectual property regimes and patents

4.2.7 Engineering Project Finance and Economics
Financial and managerial goals and metrics
Project finance—investments, return, timing
Financial planning and control
Impact of projects on enterprise finance, income and cash

4.3  CONCEIVING, SYSTEM ENGINEERING AND
MANAGEMENT [3c]
4.3.1 Understanding Needs and Setting Goals
Needs and opportunities
Customer needs, and those of the market
Opportunities that derive from new technology or latent
needs
Environmental needs
Factors that set the context of the system goals
Enterprise goals, strategies, capabilities and alliances
Competitors and benchmarking information
Ethical, social, environmental, legal and regulatory influences
The probability of change in the factors that influence the
system, its goals and resources available
System goals and requirements
The language/format of goals and requirements
Initial target goals (based on needs, opportunities and
other influences)
System performance metrics
Requirement completeness and consistency
4.3.2 Defining Function, Concept and Architecture
Necessary system functions (and behavioral specifications)
System concepts
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Incorporation of the appropriate level of technology

Trade-offs among and recombination of concepts

High-level architectural form and structure

The decomposition of form into elements, assignment of
function to elements, and definition of interfaces

4.3.3 System Engineering, Modeling and Interfaces

Appropriate models of technical performance and other attributes

Consideration of implementation and operations

Life cycle value and costs (design, implementation, opera-
tions, opportunity, etc.)

Trade-offs among various goals, function, concept and struc-
ture and iteration until convergence

Plans for interface management

4.3.4 Development Project Management

Project control for cost, performance and schedule
Appropriate transition points and reviews
Configuration management and documentation
Performance compared to baseline

Earned value recognition

The estimation and allocation of resources

Risks and alternatives

Possible development process improvements

44  DESIGNING [3c]
4.4.1 The Design Process
Requirements for each element or component derived from
system level goals and requirements
Alternatives in design
The initial design
Life cycle consideration in design
Experimental prototypes and test articles in design development
Appropriate optimization in the presence of constraints
Iteration until convergence
The final design
Accommodation of changing requirements

4.4.2 The Design Process Phasing and Approaches
The activities in the phases of system design (e.g. conceptual,
preliminary and detailed design)
Process models appropriate for particular development proj-
ects (waterfall, spiral, concurrent, etc.)
The process for single, platform and derivative products

4.4.3 Utilization of Knowledge in Design
Technical and scientific knowledge
Modes of thought (problem solving, inquiry, system think-
ing, creative and critical thinking)
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Prior work in the field, standardization and reuse of designs
(including reverse engineering and refactoring, redesign)
Design knowledge capture

4.4.4 Disciplinary Design
Appropriate techniques, tools and processes
Design tool calibration and validation
Quantitative analysis of alternatives
Modeling, simulation and test
Analytical refinement of the design

4.4.5 Multidisciplinary Design
Interactions between disciplines
Dissimilar conventions and assumptions
Differences in the maturity of disciplinary models
Multidisciplinary design environments
Multidisciplinary design

4.4.6 Design for Sustainability, Safety, Aesthetics, Operability and
Other Objectives
Design for:
Performance, quality, robustness, life cycle cost and value
Sustainability
Safety and security
Aesthetics
Human factors, interaction and supervision
Implementation, verification, test and environmental
sustainability
Operations
Maintainability, dependability and reliability
Evolution, product improvement
Retirement, reusability and recycling

4.5 IMPLEMENTING [3c]
4.5.1 Designing a Sustainable Implementation Process
The goals and metrics for implementation performance, cost
and quality
The implementation system design:
Task allocation and cell/unit layout
Work flow
Considerations for human user/operators
Consideration of sustainability

4.5.2 Hardware Manufacturing Process
The manufacturing of parts
The assembly of parts into larger constructs
Tolerances, variability, key characteristics and statistical pro-
cess control
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4.5.3 Software Implementing Process
The break down of high-level components into module
designs (including algorithms and data structures)
Algorithms (data structures, control flow, data flow)
The programming language and paradigms
The low-level design (coding)
The system build

4.5.4 Hardware Software Integration
The integration of software in electronic hardware (size of pro-
cessor, communications, etc.)
The integration of software with sensor, actuators and mechan-
ical hardware
Hardware/software function and safety

4.5.5 Test, Verification, Validation and Certification
Test and analysis procedures (hardware vs. software, acceptance
vs. qualification)
The verification of performance to system requirements
The validation of performance to customer needs
The certification to standards

4.5.6 Implementation Management
The organization and structure for implementation
Sourcing and partnering
Supply chains and logistics
Control of implementation cost, performance and schedule
Quality assurance
Human health and safety
Environmental security
Possible implementation process improvements

4.6  OPERATING [3c]
4.6.1 Designing and Optimizing Sustainable and Safe Operations
The goals and metrics for operational performance, cost and
value
Sustainable operations
Safe and secure operations
Operations process architecture and development
Operations (and mission) analysis and modeling

4.6.2 Training and Operations
Training for professional operations:
Simulation
Instruction and programs
Procedures
Education for consumer operation
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Operations processes
Operations process interactions

4.6.3 Supporting the System Life Cycle
Maintenance and logistics
Life cycle performance and reliability
Life cycle value and costs
Feedback to facilitate system improvement

4.6.4 System Improvement and Evolution
Pre-planned product improvement
Improvements based on needs observed in operation
Evolutionary system upgrades
Contingency improvements/solutions resulting from opera-
tional necessity

4.6.5 Disposal and Life-End Issues
The end of useful life
Disposal options
Residual value at life-end
Environmental considerations for disposal

4.6.6 Operations Management
The organization and structure for operations
Partnerships and alliances
Control of operations cost, performance and scheduling
Quality and safety assurance
Possible operations process improvements
Life cycle management
Human health and safety
Environmental security

The Extended CDIO Syllabus: Leadership and Entrepreneurship
This extension to the CDIO Syllabus is provided as a resource for programs
that seek to respond to stakeholder expressed needs in the areas of Engineering
Leadership and Entrepreneurship

4.7 LEADING ENGINEERING ENDEAVORS
Engineering Leadership builds on factors already included above,
including:

o Attitudes of Leadership—Core Personal Values
and Character, including topics in Attitudes, Thought
and Learning (2.4), and in Ethics, Equity and Other
Responsibilities (2.5)

e Relating to Others, including topics in Teamwork (3.1),
Communications (3.2) and potentially Communications in
Foreign Languages (3.3)
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e Making Sense of Context, including topics in External,
Societal and Environmental Context (4.1), Enterprise and
Business Context (4.2) Conceiving, Systems Engineering and
Management (4.3) and System Thinking (2.3)

In addition there are several topics that constitute creating a Purposeful

Vision:

4.7.1

4.7.2

473

4.7.4

Identifying the Issue, Problem or Paradox (which builds on
Understanding Needs and Setting Goals 4.3.1)
Synthesizing the understanding of needs or opportunities
(that technical systems can address)
Clarifying the central issues
Framing the problem to be solved
Identifying the underlying paradox to be examined

Thinking Creatively and Communicating Possibilities (which
builds on and expands Creative Thinking 2.4.3)
How to create new ideas and approaches
New visions of technical systems that meet the needs of cus-
tomers and society
Communicating visions for products and enterprises
Compelling visions for the future

Defining the Solution (which builds on and expands
Understanding Needs and Setting Goals 4.3.1)
The vision for the engineering solution
Achievable goals for quality performance, budget and schedule
Consideration of customer and beneficiary
Consideration of technology options
Consideration of regulatory, political and competitive forces

Creating New Solution Concepts (which builds on and expands
4.3.2 and 4.3.3)

Setting requirements and specifications

The high-level concept for the solution

Architecture and interfaces

Alignment with other projects of the enterprise

Alignment with enterprise strategy, resources and

infrastructure

And several topics that lead to Delivering on the Vision:

4.7.5

Building and Leading an Organization and Extended
Organization (which builds on 4.2.4 and 4.2.5)
Recruiting key team members with complementary skills
Start-up of team processes, and technical interchange
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Defining roles, responsibilities and incentives
Leading group decision-making

Assessing group progress and performance
Building the competence of others and succession
Partnering with external competence

Planning and Managing a Project to Completion (which builds
on4.3.4)

Plans of action and alternatives to deliver completed projects
on time

Deviation from plan, and re-planning

Managing human, time, financial and technical resources to
meet plan

Program risk, configuration and documentation

Program economics and the impact of decisions on them

Exercising Project/Solution Judgment and Critical Reasoning
(which builds on 2.3.4 and 2.4.4)

Making complex technical decisions with uncertain and
incomplete information

Questioning and critically evaluating the decisions of others

Corroborating inputs from several sources

Evaluating evidence and identifying the validity of key
assumptions

Understanding alternatives that are proposed by others

Judging the expected evolution of all solutions in the future

4.7.8 Innovation—the Conception, Design and Introduction of New

Goods and Services (which is the leadership of 4.3 and 4.4)

Designing and introducing new goods and services to the
marketplace

Designing solutions to meet customer and societal needs

Designing solutions with the appropriate balance of new and
existing technology

Robust, flexible and adaptable products

Consideration of current and future competition

Validating the effectiveness of the solution

4.7.9 Invention—the Development of New Devices, Materials or

Processes that Enable New Goods and Services (which builds
on 4.2.6)

Science and technology basis and options

Imagining possibilities

Inventing a practical device or process that enables a new
product or solution

Adherence to intellectual property regimes
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4.7.10 Implementation and Operation—the Creation and Operation of
the Goods and Services that will Deliver Value (which are the
leadership of 4.5 and 4.6)

Leading implementing and operating

Importance of quality

Safe operations

Operations to deliver value to the customer and society

These last three items are in fact the leadership of the core processes of
engineering: conceiving, designing, implementing and operating

4.8 ENGINEERING ENTREPRENEURSHIP

Engineering Entrepreneurship includes by reference all of the aspects
of Societal and Enterprise Context (4.1 and 4.2), all of the skills of
Conceiving, Designing, Implementing and Operating (4.3—4.6) and all
of the elements of Engineering Leadership (4.7). In addition, there are
the entrepreneurship specific skills:

4.8.1 Company Founding, Formulation, Leadership and Organization
Creating the corporate entity and financial infrastructure
Team of supporting partners (bank, lawyer, accounting, etc.)
Consideration of local labor law and practices
The founding leadership team
The initial organization
The board of the company
Adpvisors to the company

4.8.2 Business Plan Development
A need in the world that you will fill
A technology that can become a product
A team that can develop the product
Plan for development
Uses of capital
Liquidity strategy

4.8.3 Company Capitalization and Finances
Capital needed, and timing of need (to reach next major
milestone)
Investors as sources of capital
Alternative sources of capital (government, etc.)
Structure of investment (terms, price, etc.)
Financial analysis for investors
Management of finances
Expenditures against intermediate milestones of progress

4.8.4 Innovative Product Marketing
Size of potential market
Competitive analyses
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Penetration of market
Product positioning
Relationships with customers
Product pricing

Sales initiation

Distribution to customers

Conceiving Products and Services around New Technologies
New technologies available
Assessing the readiness of technology

Assessing the ability of your enterprise to innovate based on

the technology
Assessing the product impact of the technology

Accessing the technologies though partnerships, licenses, etc.

A team to productize the technology

The Innovation System, Networks, Infrastructure and Services
Relationships for enterprise success
Mentoring of the enterprise leadership
Supporting financial services
Investor networks
Suppliers

Building the Team and Initiating Engineering Processes (conceiving,

designing, implementing and operating)
Hiring the right skill mix
Technical process startup
Building an engineering culture
Establishing enterprise processes

Managing Intellectual Property
IP landscape for your product or technology
IP strategy—offensive and defensive
Filing patents and provisional patents
IP legal support

Entrepreneurial opportunities that can be addressed by

technology
Technologies that can create new products and systems
Entrepreneurial finance and organization
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8 December 2010

Background

A major international project to reform undergraduate engineering education was
launched in October 2000. This project, called The CDIO Initiative, has expanded
to include engineering programs worldwide. The vision of the project is to pro-
vide students with an education that stresses engineering fundamentals set in the
context of Conceiving-Designing-Implementing-Operating real-world systems,
processes, and products. The CDIO Initiative has three overall goals—to educate
students who are able to:

1. Master a deep working knowledge of technical fundamentals

2. Lead in the creation and operation of new products and systems

3. Understand the importance and strategic impact of research and techno-
logical development on society

The CDIO Initiative creates a range of resources that can be adapted and
implemented by individual programs to meet these goals. These resources sup-
port a curriculum organized around mutually supporting disciplines, interwoven
with learning experiences related to personal and interpersonal skills, and prod-
uct, process, and system building skills. Students receive an education rich in
design-implement experiences and active and experiential learning, set in both the
classroom and modern learning workspaces. One of these resources, the CDIO
Standards, is provided in this document. For more information about the CDIO
Initiative, visit http://www.cdio.org.
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The CDIO Standards

In January 2004, the CDIO Initiative adopted 12 standards to describe CDIO
programs. These guiding principles were developed in response to pro-
gram leaders, alumni, and industrial partners who wanted to know how they
would recognize CDIO programs and their graduates. As a result, these CDIO
Standards define the distinguishing features of a CDIO program, serve as guide-
lines for educational program reform and evaluation, create benchmarks and
goals with worldwide application, and provide a framework for continuous
improvement. The standards may also be used as a framework for certification
purposes.

The 12 CDIO Standards address program philosophy (Standard 1), curriculum
development (Standards 2, 3 and 4), design-implement experiences and work-
spaces (Standards 5 and 6), methods of teaching and learning (Standards 7 and
8), faculty development (Standards 9 and 10), and assessment and evaluation
(Standards 11 and 12).

Each standard is presented here with a description, a rationale, and a rubric.

Description. The description elaborates the statement of the standard,
explaining its meaning. It defines significant terms and provides background
information.

Rationale. The rationale highlights reasons for the adoption of the standard.
Reasons are based on educational research and best practices in engineering and
higher education. The rationale explains ways in which the standard distinguishes
the CDIO approach from other educational reform efforts.

Rubric. A rubric is a scoring guide that seeks to evaluate levels of perfor-
mance. The rubric of the CDIO Standards is a six-point rating scale for assessing
levels of compliance with the standard. Criteria for each level are based on the
description and rationale of the standard. The rubric highlights the nature of the
evidence that indicates compliance at each level. The rubrics in this document are
hierarchical, that is, each successive level includes those at lower levels. For exam-
ple, Level 5 that addresses continuous process improvement presumes that Level 4
has been attained.

Self-Assessment of Compliance

The assessment of compliance with the CDIO Standards is a self-report pro-
cess. An engineering program gathers its own evidence and uses the rubrics to
rate its status with respect to each of the 12 CDIO Standards. While the rubrics
are customized to each CDIO Standard, they follow the pattern of this general
rubric.
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General Rubric:

Scale Criteria

5 Evidence related to the standard is regularly reviewed and used to make improvements

4 There is documented evidence of the full implementation and impact of the standard
across program components and constituents

3 Implementation of the plan to address the standard is underway across the program com-
ponents and constituents

2 There is a plan in place to address the standard

1 There is an awareness of need to adopt the standard and a process is in place to address it

0 There is no documented plan or activity related to the standard

An accompanying document gives examples of evidence for different lev-
els of compliance for each CDIO Standard, as reported by CDIO programs in
2005 and 2008.

STANDARD 1—THE CONTEXT

Adoption of the principle that product, process, and system lifecycle devel-
opment and deployment—Conceiving, Designing, Implementing and
Operating—are the context for engineering education

Description: A CDIO program is based on the principle that product, process, and
system lifecycle development and deployment are the appropriate context for engi-
neering education. Conceiving—Designing—Implementing—Operating is a model of
the entire product, process, and system lifecycle. The Conceive stage includes defin-
ing customer needs; considering technology, enterprise strategy, and regulations;
and, developing conceptual, technical, and business plans. The Design stage focuses
on creating the design, that is, the plans, drawings, and algorithms that describe what
will be implemented. The Implement stage refers to the transformation of the design
into the product, process, or system, including manufacturing, coding, testing and
validation. The final stage, Operate, uses the implemented product or process to
deliver the intended value, including maintaining, evolving and retiring the system.

The product, process, and system lifecycle is considered the context for engi-
neering education in that it is part of the cultural framework, or environment, in
which technical knowledge and other skills are taught, practiced and learned. The
principle is adopted by a program when there is explicit agreement of faculty to
transition to a CDIO program, and support from program leaders to sustain reform
initiatives.

Rationale: Beginning engineers should be able to Conceive-Design-Implement-
Operate complex value-added engineering products, processes, and systems
in modern team-based environments. They should be able to participate in
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engineering processes, contribute to the development of engineering products,
and do so while working to professional standards in any organization. This is the
essence of the engineering profession.

Rubric:

Scale Criteria

5 Evaluation groups recognize that CDIO is the context of the engineering program and use
this principle as a guide for continuous improvement

4 There is documented evidence that the CDIO principle is the context of the engineering
program and is fully implemented

3 CDIO is adopted as the context for the engineering program and is implemented in one or
more years of the program

2 There is an explicit plan to transition to a CDIO context for the engineering program

1 The need to adopt the principle that CDIO is the context of engineering education is
recognized and a process to address it has been initiated

0 There is no plan to adopt the principle that CDIO is the context of engineering education

for the program

STANDARD 2—LEARNING OUTCOMES

Specific, detailed learning outcomes for personal and interpersonal skills, and
product, process, and system building skills, as well as disciplinary knowl-
edge, consistent with program goals and validated by program stakeholders

Description: The knowledge, skills, and attitudes intended as a result of engi-
neering education, that is, the learning outcomes, are codified in the CDIO
Syllabus. These learning outcomes detail what students should know and
be able to do at the conclusion of their engineering programs. In addition to
learning outcomes for technical disciplinary knowledge (Section 1), the CDIO
Syllabus specifies learning outcomes as personal and interpersonal skills, and
product, process, and system building. Personal learning outcomes (Section 2)
focus on individual students' cognitive and affective development, for example,
engineering reasoning and problem solving, experimentation and knowledge
discovery, system thinking, creative thinking, critical thinking, and professional
ethics. Interpersonal learning outcomes (Section 3) focus on individual and
group interactions, such as, teamwork, leadership, communication, and com-
munication in foreign languages. Product, process, and system building skills
(Section 4) focus on conceiving, designing, implementing, and operating sys-
tems in enterprise, business, and societal contexts.

Learning outcomes are reviewed and validated by key stakeholders, that is,
groups who share an interest in the graduates of engineering programs, for con-
sistency with program goals and relevance to engineering practice. Programs are



Appendix B: The CDIO Standards v2.0 295

encouraged to customize the CDIO Syllabus to their respective programs. In addi-
tion, stakeholders help to determine the expected level of proficiency, or standard
of achievement, for each learning outcome.

Rationale: Setting specific learning outcomes helps to ensure that students acquire
the appropriate foundation for their future. Professional engineering organizations
and industry representatives identified key attributes of beginning engineers both
in technical and professional areas. Moreover, many evaluation and accreditation
bodies expect engineering programs to identify program outcomes in terms of
their graduates' knowledge, skills, and attitudes.

Rubric:

Scale Criteria

5 Evaluation groups regularly review and revise program learning outcomes, based on
changes in stakeholder needs

4 Program learning outcomes are aligned with institutional vision and mission, and levels
of proficiency are set for each outcome

3 Program learning outcomes are validated with key program stakeholders, including fac-
ulty, students, alumni, and industry representatives

2 A plan to incorporate explicit statements of program learning outcomes is established

1 The need to create or modify program learning outcomes is recognized and such a process
has been initiated

0 There are no explicit program learning outcomes that cover knowledge, personal and

interpersonal skills, and product, process and system building skills

STANDARD 3—INTEGRATED CURRICULUM

A curriculum designed with mutually supporting disciplinary courses,
with an explicit plan to integrate personal and interpersonal skills, and
product, process, and system building skills

Description: An integrated curriculum includes learning experiences that lead
to the acquisition of personal and interpersonal skills, and product, process, and
system building skills (Standard 2), interwoven with the learning of disciplinary
knowledge and its application in professional engineering. Disciplinary courses
are mutually supporting when they make explicit connections among related and
supporting content and learning outcomes. An explicit plan identifies ways in
which the integration of skills and multidisciplinary connections are to be made,
for example, by mapping the specified learning outcomes to courses and co-curricular
activities that make up the curriculum.

Rationale: The teaching of personal, interpersonal, and professional skills, and
product, process, and system building skills should not be considered an addition to
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an already full curriculum, but an integral part of it. To reach the intended learning
outcomes in disciplinary knowledge and skills, the curriculum and learning experi-
ences have to make dual use of available time. Faculty play an active role in design-
ing the integrated curriculum by suggesting appropriate disciplinary linkages, as
well as opportunities to address specific skills in their respective teaching areas.

Rubric:

Scale Criteria

5 Stakeholders regularly review the integrated curriculum and make recommendations and
adjustments as needed

4 There is evidence that personal, interpersonal, product, process, and system building skills
are addressed in all courses responsible for their implementation

3 Personal, interpersonal, product, process, and system building skills are integrated into
one or more years in the curriculum

2 A curriculum plan that integrates disciplinary learning, personal, interpersonal, product,
process, and system building skills is approved by appropriate groups

1 The need to analyze the curriculum is recognized and initial mapping of disciplinary and
skills learning outcomes is underway

0 There is no integration of skills or mutually supporting disciplines in the program

STANDARD 4—INTRODUCTION TO ENGINEERING

An introductory course that provides the framework for engineering prac-
tice in product, process, and system building, and introduces essential per-
sonal and interpersonal skills

Description: The introductory course, usually one of the first required courses in
a program, provides a framework for the practice of engineering. This framework
is a broad outline of the tasks and responsibilities of an engineer, and the use of
disciplinary knowledge in executing those tasks. Students engage in the practice
of engineering through problem solving and simple design exercises, individually
and in teams. The course also includes personal and interpersonal skills knowl-
edge, skills, and attitudes that are essential at the start of a program to prepare
students for more advanced product, process, and system building experiences.
For example, students can participate in small team exercises to prepare them for
larger development teams.

Rationale: Introductory courses aim to stimulate students' interest in, and
strengthen their motivation for, the field of engineering by focusing on the applica-
tion of relevant core engineering disciplines. Students usually select engineering
programs because they want to build things, and introductory courses can capital-
ize on this interest. In addition, introductory courses provide an early start to the
development of the essential skills described in the CDIO Syllabus.
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Rubric:

Scale Criteria

5 The introductory course is regularly evaluated and revised, based on feedback from
students, instructors, and other stakeholders

4 There is documented evidence that students have achieved the intended learning out-
comes of the introductory engineering course

3 An introductory course that includes engineering learning experiences and introduces

essential personal and interpersonal skills has been implemented

2 A plan for an introductory engineering course introducing a framework for practice has
been approved

1 The need for an introductory course that provides the framework for engineering practice
is recognized and a process to address that need has been initiated

0 There is no introductory engineering course that provides a framework for practice and
introduces key skills

STANDARD 5—DESIGN-IMPLEMENT EXPERIENCES

A curriculum that includes two or more design-implement experiences,
including one at a basic level and one at an advanced level

Description: The term design-implement experience denotes a range of
engineering activities central to the process of developing new products and
systems. Included are all of the activities described in Standard One at the
Design and Implement stages, plus appropriate aspects of conceptual design
from the Conceive stage. Students develop product, process, and system
building skills, as well as the ability to apply engineering science, in design-
implement experiences integrated into the curriculum. Design-implement expe-
riences are considered basic or advanced in terms of their scope, complexity,
and sequence in the program. For example, simpler products and systems are
included earlier in the program, while more complex design-implement expe-
riences appear in later courses designed to help students integrate knowledge
and skills acquired in preceding courses and learning activities. Opportunities to
conceive, design, implement, and operate products, processes, and systems may
also be included in required co-curricular activities, for example, undergraduate
research projects and internships.

Rationale: Design-implement experiences are structured and sequenced to pro-
mote early success in engineering practice. Iteration of design-implement experi-
ences and increasing levels of design complexity reinforce students' understanding
of the product, process, and system development process. Design-implement
experiences also provide a solid foundation upon which to build deeper concep-
tual understanding of disciplinary skills. The emphasis on building products and
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implementing processes in real-world contexts gives students opportunities to
make connections between the technical content they are learning and their profes-
sional and career interests.

Rubric:

Scale Criteria

5 The design-implement experiences are regularly evaluated and revised, based on feed-
back from students, instructors, and other stakeholders

4 There is documented evidence that students have achieved the intended learning out-
comes of the design-implement experiences

3 At least two design-implement experiences of increasing complexity are being
implemented

2 There is a plan to develop a design-implement experience at a basic and advanced level

1 A needs analysis has been conducted to identify opportunities to include design-

implement experiences in the curriculum
0 There are no design-implement experiences in the engineering program

STANDARD 6—ENGINEERING WORKSPACES

Engineering workspaces and laboratories that support and encourage
hands-on learning of product, process, and system building, disciplinary
knowledge, and social learning

Description: The physical learning environment includes traditional learning
spaces, for example, classrooms, lecture halls, and seminar rooms, as well as
engineering workspaces and laboratories. Workspaces and laboratories sup-
port the learning of product, process, and system building skills concurrently
with disciplinary knowledge. They emphasize hands-on learning in which stu-
dents are directly engaged in their own learning, and provide opportunities for
social learning, that is, settings where students can learn from each other and
interact with several groups. The creation of new workspaces, or remodeling
of existing laboratories, will vary with the size of the program and resources of
the institution.

Rationale: Workspaces and other learning environments that support hands-
on learning are fundamental resources for learning to design, implement, and
operate products, processes, and systems. Students who have access to modern
engineering tools, software, and laboratories have opportunities to develop the
knowledge, skills, and attitudes that support product, process, and system build-
ing competencies. These competencies are best developed in workspaces that are
student-centered, user-friendly, accessible, and interactive.
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Rubric:

Scale Criteria

5 Evaluation groups regularly review the impact and effectiveness of workspaces on learning
and provide recommendations for improving them

4 Engineering workspaces fully support all components of hands-on, knowledge, and skills
learning

3 Plans are being implemented and some new or remodeled spaces are in use

2 Plans to remodel or build additional engineering workspaces have been approved by the
appropriate bodies

1 The need for engineering workspaces to support hands-on, knowledge, and skills activi-
ties is recognized and a process to address the need has been initiated

0 Engineering workspaces are inadequate or inappropriate to support and encourage hands-

on skills, knowledge, and social learning

STANDARD 7—INTEGRATED LEARNING EXPERIENCES

Integrated learning experiences that lead to the acquisition of disciplinary
knowledge, as well as personal and interpersonal skills, and product, pro-
cess, and system building skills

Description: Integrated learning experiences are pedagogical approaches that fos-
ter the learning of disciplinary knowledge simultaneously with personal and inter-
personal skills, and product, process, and system building skills. They incorporate
professional engineering issues in contexts where they coexist with disciplinary
issues. For example, students might consider the analysis of a product, the design
of the product, and the social responsibility of the designer of the product, all in
one exercise. Industrial partners, alumni, and other key stakeholders are often
helpful in providing examples of such exercises.

Rationale: The curriculum design and learning outcomes, prescribed in Standards
2 and 3 respectively, can be realized only if there are corresponding pedagogical
approaches that make dual use of student learning time. Furthermore, it is important
that students recognize engineering faculty as role models of professional engineers,
instructing them in disciplinary knowledge, personal and interpersonal skills, and prod-
uct, process, and system building skills. With integrated learning experiences, faculty
can be more effective in helping students apply disciplinary knowledge to engineering
practice and better prepare them to meet the demands of the engineering profession.

Rubric:

Scale Criteria

5 Courses are regularly evaluated and revised regarding their integration of learning out-
comes and activities

4 There is evidence of the impact of integrated learning experiences across the curriculum

3 Integrated learning experiences are implemented in courses across the curriculum

2 Course plans with learning outcomes and activities that integrate personal and interper-
sonal skills with disciplinary knowledge has been approved

1 Course plans have been benchmarked with respect to the integrated curriculum plan

0 There is no evidence of integrated learning of disciplines and skills
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STANDARD 8—ACTIVE LEARNING

Teaching and learning based on active experiential learning methods

Description: Active learning methods engage students directly in thinking and
problem solving activities. There is less emphasis on passive transmission of infor-
mation, and more on engaging students in manipulating, applying, analyzing, and
evaluating ideas. Active learning in lecture-based courses can include such meth-
ods as partner and small-group discussions, demonstrations, debates, concept
questions, and feedback from students about what they are learning. Active learn-
ing is considered experiential when students take on roles that simulate profes-
sional engineering practice, for example, design-implement projects, simulations,
and case studies.

Rationale: By engaging students in thinking about concepts, particularly new
ideas, and requiring them to make an overt response, students not only learn more,
they recognize for themselves what and how they learn. This process helps to
increase students' motivation to achieve program learning outcomes and form hab-
its of lifelong learning. With active learning methods, instructors can help students
make connections among key concepts and facilitate the application of this knowl-
edge to new settings.

Rubric:

Scale Criteria

5 Evaluation groups regularly review the impact of active learning methods and make rec-
ommendations for continuous improvement

4 There is documented evidence of the impact of active learning methods on student
learning

3 Active learning methods are being implemented across the curriculum

2 There is a plan to include active learning methods in courses across the curriculum

1 There is an awareness of the benefits of active learning, and benchmarking of active learn-
ing methods in the curriculum is in process

0 There is no evidence of active experiential learning methods

STANDARD 9—ENHANCEMENT OF FACULTY COMPETENCE

Actions that enhance faculty competence in personal and interpersonal
skills, and product, process, and system building skills

Description: CDIO programs provide support for the collective engineering faculty
to improve its competence in the personal and interpersonal skills, and product, pro-
cess, and system building skills described in Standard 2. These skills are developed
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best in contexts of professional engineering practice. The nature and scope of faculty
development vary with the resources and intentions of different programs and insti-
tutions. Examples of actions that enhance faculty competence include: professional
leave to work in industry, partnerships with industry colleagues in research and edu-
cation projects, inclusion of engineering practice as a criterion for hiring and promo-
tion, and appropriate professional development experiences at the university.

Rationale: If engineering faculty are expected to teach a curriculum of personal
and interpersonal skills, and product, process, and system building skills inte-
grated with disciplinary knowledge, as described in Standards 3, 4, 5, and 7, they
as a group need to be competent in those skills. Engineering professors tend to be
experts in the research and knowledge base of their respective disciplines, with
only limited experience in the practice of engineering in business and industrial
settings. Moreover, the rapid pace of technological innovation requires continuous
updating of engineering skills. The collective faculty needs to enhance its engi-
neering knowledge and skills so that it can provide relevant examples to students
and also serve as individual role models of contemporary engineers.

Rubric:

Scale Criteria

5 Faculty competence in personal, interpersonal, product, process, and system building
skills is regularly evaluated and updated where appropriate

4 There is evidence that the collective faculty is competent in personal, interpersonal, prod-
uct, process, and system building skills

3 The collective faculty participates in faculty development in personal, interpersonal,
product, process, and system building skills

2 There is a systematic plan of faculty development in personal, interpersonal, product,
process, and system building skills

1 A benchmarking study and needs analysis of faculty competence has been conducted

0 There are no programs or practices to enhance faculty competence in personal, interper-

sonal, product, process, and system building skills

STANDARD 10—ENHANCEMENT OF FacuLTY TEACHING COMPETENCE

Actions that enhance faculty competence in providing integrated learning
experiences, in using active experiential learning methods, and in assessing
student learning

Description: A CDIO program provides support for faculty to improve their com-
petence in integrated learning experiences (Standard 7), active and experiential
learning (Standard 8), and assessing student learning (Standard 11). The nature
and scope of faculty development practices will vary with programs and institu-
tions. Examples of actions that enhance faculty competence include: support for
faculty participation in university and external faculty development programs,
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forums for sharing ideas and best practices, and emphasis in performance reviews
and hiring on effective teaching methods.

Rationale: If faculty members are expected to teach and assess in new ways, as
described in Standards 7, 8, and 11, they need opportunities to develop and
improve these competencies. Many universities have faculty development pro-
grams and services that might be eager to collaborate with faculty in CDIO pro-
grams. In addition, if CDIO programs want to emphasize the importance of
teaching, learning, and assessment, they must commit adequate resources for fac-
ulty development in these areas.

Rubric:

Scale Criteria

5 Faculty competence in teaching, learning, and assessment methods is regularly evaluated
and updated where appropriate

4 There is evidence that the collective faculty is competent in teaching, learning, and
assessment methods

3 Faculty members participate in faculty development in teaching, learning, and assessment
methods

2 There is a systematic plan of faculty development in teaching, learning, and assessment
methods

1 A benchmarking study and needs analysis of faculty teaching competence has been
conducted

0 There are no programs or practices to enhance faculty teaching competence

STANDARD 11—LEARNING ASSESSMENT

Assessment of student learning in personal and interpersonal skills, and prod-
uct, process, and system building skills, as well as in disciplinary knowledge

Description: Assessment of student learning is the measure of the extent to which
each student achieves specified learning outcomes. Instructors usually conduct
this assessment within their respective courses. Effective learning assessment
uses a variety of methods matched appropriately to learning outcomes that
address disciplinary knowledge, as well as personal and interpersonal skills,
and product, process, and system building skills, as described in Standard 2.
These methods may include written and oral tests, observations of student per-
formance, rating scales, student reflections, journals, portfolios, and peer and
self-assessment.

Rationale: If we value personal and interpersonal skills, and product, process, and
system building skills, and incorporate them into curriculum and learning expe-
riences, then we must have effective assessment processes for measuring them.
Different categories of learning outcomes require different assessment methods.
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For example, learning outcomes related to disciplinary knowledge may be
assessed with oral and written tests, while those related to design-implement skills
may be better measured with recorded observations. Using a variety of assess-
ment methods accommodates a broader range of learning styles, and increases the
reliability and validity of the assessment data. As a result, determinations of stu-
dents' achievement of the intended learning outcomes can be made with greater
confidence.

Rubric:

Scale Criteria

5 Evaluation groups regularly review the use of learning assessment methods and make
recommendations for continuous improvement

4 Learning assessment methods are used effectively in courses across the curriculum

3 Learning assessment methods are implemented across the curriculum

2 There is a plan to incorporate learning assessment methods across the curriculum

1 The need for the improvement of learning assessment methods is recognized and bench-
marking of their current use is in process

0 Learning assessment methods are inadequate or inappropriate

STANDARD 12—PROGRAM EVALUATION

A system that evaluates programs against these twelve standards, and
provides feedback to students, faculty, and other stakeholders for the pur-
poses of continuous improvement

Description: Program evaluation is a judgment of the overall value of a program
based on evidence of a program's progress toward attaining its goals. A CDIO pro-
gram should be evaluated relative to these 12 CDIO Standards. Evidence of over-
all program value can be collected with course evaluations, instructor reflections,
entry and exit interviews, reports of external reviewers, and follow-up studies with
graduates and employers. The evidence can be regularly reported back to instruc-
tors, students, program administrators, alumni, and other key stakeholders. This
feedback forms the basis of decisions about the program and its plans for continu-
ous improvement.

Rationale: A key function of program evaluation is to determine the program's
effectiveness and efficiency in reaching its intended goals. Evidence collected dur-
ing the program evaluation process also serves as the basis of continuous program
improvement. For example, if in an exit interview, a majority of students reported
that they were not able to meet some specific learning outcome, a plan could be
initiated to identify root causes and implement changes. Moreover, many exter-
nal evaluators and accreditation bodies require regular and consistent program
evaluation.
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Rubric:

Scale Criteria

5 Systematic and continuous improvement is based on program evaluation results from
multiple sources and gathered by multiple methods

4 Program evaluation methods are being used effectively with all stakeholder groups

3 Program evaluation methods are being implemented across the program to gather data
from students, faculty, program leaders, alumni, and other stakeholders

2 A program evaluation plan exists

1 The need for program evaluation is recognized and benchmarking of evaluation methods

is in process
0 Program evaluation is inadequate or inconsistent
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