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:

o 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.

o 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 S
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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 Learning 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 Learning 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

¢ 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 EEEFEE,
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
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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
CDIO approach How to teach What to teach
,,,,,,, | Stakeholder
: Surveys
CDIO :
CcDIO CONTEXT cDIo
STANDARDS SYLLABUS
Redesign EXISTING Define [
Courses & DEGREE Learning
Program PROGRAM Outcomes |,______
Benchmark Benchmark Accreditation
T & L Methods Skills Criteria

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 STupeENT 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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