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ABSTRACT Our diverse team of educators at Colorado State University are redefining what it means to teach
and learn in the Department of Electrical and Computer Engineering. Supported by a five-year ‘‘RED’’ grant
from the National Science Foundation, we are, in effect, throwing away courses to overcome the challenges
of the current engineering educational system. Approaching the degree from a holistic perspective, we no
longer view our program as a set of disparate courses taught by autonomous (and isolated) faculty, but as
an integrated system that fosters collaboration among faculty and students. This paper describes our new
organizational and pedagogical model, which emphasizes knowledge integration and interweaves thematic
content threads throughout the curriculum. We also share our process for implementing the new approach,
along with the successes and challenges that we have experienced along the way. Through this project,
we strive to become a catalyst for change in engineering education.
INDEX TERMS Circuits and systems, engineering education, electrical engineering education, electronics,
engineering students, electromagnetics, globalization, linear systems, STEM.

I. INTRODUCTION: THE NEED FOR REFORM IN
ELECTRICAL AND COMPUTER
ENGINEERING EDUCATION
A. BACKGROUND

The current engineering educational system is failing
students, alumni, and society in two fundamentally important
ways. First, students with the desire and aptitude to become
productive engineers are not seeing the relevance of current
curricula, and, consequently, they are abandoning the discipline. This is especially true for electrical and computer engineering (ECE) students entering the middle two years of the
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core undergraduate program, where an accelerated number
of new concepts are introduced. Second, students who ultimately graduate from undergraduate engineering programs
may not fully understand the role of an engineer or the scope
of the field [1]. These problems are even more pronounced for
women and minorities who are still vastly underrepresented
in the profession.
Underscoring these failings, the seminal book, The Engineer of 2020: Visions of Engineering in the New Century [2],
hit the shelves in the mid-2000s and turned the nation’s
attention to the critical issues facing engineering education.
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The authors of the book called for ‘‘thoughtful and concerted
action if engineering in the United States is to retain its
vibrancy and strength.’’ The follow-on book, Educating the
Engineer of 2020: Adapting Engineering Education to the
New Century [3], offered recommendations for broadening
engineering education so graduates are better prepared to
work in a constantly changing global economy. Resulting
from a multi-year study of educational practices at U.S.
engineering schools, Educating Engineers: Designing for the
Future of the Field [4] also spelled out an opportunity for faculty to become more responsive to the needs of the profession.
For the past decade, engineering educators have been
working to carry out the visions of engineering in the new
century, drawing on best practices, research findings, and
lessons learned. However, we are still grappling to perfect
the recipe for ensuring students are prepared for the grand
challenges [5] of the profession. Two things we know to be
true: 1) the themes and messages of these books are still
critically important today, and 2) in order to attract and retain
students in engineering, we must do a better job of making
educational experiences more meaningful and relevant in the
context of a global economy.
B. ECE EDUCATION THROUGH OUR LENS:
ENROLLMENT AND RETENTION

Our decision to rethink engineering education did not happen
overnight. To give context for our motivations, we provide
a snapshot of the ECE department at Colorado State University (CSU), an environment with enrollment and retention
trends that mirror the national picture.
Historically, it was not uncommon for impressionable firstyear students across the country to receive a cautionary message from their engineering professors: Look to your left,
look to your right, only one of you will graduate. Nationwide
retention rates in engineering have been exceptionally low
for decades [6], and the same challenges persist today. With
six-year graduation rates hovering around 35% year after
year [7], our department is no exception. Currently home to
26 full-time faculty, 433 undergraduates, and 212 graduate
students, we represent a small portion of the 33,200 students
at CSU. Our high achieving students, whether straight from
high school or transferring from a two-year institution, enter
the program with exceptional academic records. We are
like many ECE departments in the U.S. in that male students make up 85% of our undergraduate population. As the
state’s land-grant institution, most of our undergraduates are
Colorado residents, and we attract an impressive share of
first-generation students, i.e., those who do not have a parent
who has attained a bachelor’s degree [8]. Adding further
complexity to our retention efforts, statistics show that firstgeneration students are retained at lower rates even when
adjusting for socioeconomic factors [8].
There are undoubtedly a wide variety of causes for the
attrition trend in ECE education, such as the need for stronger
social support systems and a lack of preparation for the
demands of the program [9]–[12]. However, we believe the
VOLUME 5, 2017

crux of the problem lies in the failings of the traditional
course-centric structure wherein faculty function independently without demonstrating the connections between fundamental topics throughout the ECE curriculum. Much like
the systems engineering process, students need to master
individual topics in order to solve real-world problems, but
they must also have a big picture understanding of how
core concepts fit together to form the basis of engineering
innovation. When difficult-to-grasp subjects continue to be
taught in isolation, or silos, using the same rigid curricular
structure and lecture-style learning environment, students are
not able to see the relationships between topics, nor the
societal relevance of their new knowledge. It is no surprise
that retention remains a serious concern. The problem is exacerbated for ECE students because a holistic understanding is
highly dependent on their grasp of key foundational concepts
in mathematics and science, which are traditionally taught
outside the ECE department, leaving it up to the students
to understand, and make linkages between, ECE topics and
foundational content. To add further challenges, many faculty
members recognize the failings of the current system and
see the value in transformational change, but they are not
incentivized to act because the deeply embedded assessment
process emphasizes student and faculty performance in individual courses, rather than measuring students’ mastery of
core competencies and overall understanding.

FIGURE 1. Enrollments: ECE vs Mechanical Engineering.

These issues are particularly acute in ECE because it
is perceived as inherently more abstract than its partner
discipline, mechanical engineering, where enrollments are
soaring. Twenty-five years ago, EE enrollments far outpaced
mechanical engineering, but the tides turned a decade ago.
After dipping around The Great Recession, ECE enrollments
are rebounding at a steady pace, as shown in Fig. 1. Meanwhile, mechanical engineering enrollments have surpassed
ECE and continue to grow. With nearly 1,100 mechanical
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engineering undergraduates at CSU compared to less than 450
in ECE this trend holds true at our institution and
has triggered a first-ever cap on mechanical engineering
admissions.
Academic leaders involved with the ECE Department
Heads Association (ECEDHA) are working to unravel this
problem and change perceptions about electrical and computer engineering. As part of its initiative, ‘‘The Strategic
Shaping of ECE,’’ ECEDHA’s goal is to synthesize and articulate a collective vision of an exciting and attractive future for
ECE for the next 50 years that is highly relevant and important
to scientific, technological, and societal progress [13].
C. RELATED WORK

Previous attempts to improve undergraduate engineering education have been largely course- or project-based efforts.
Successful first-year course reforms range from one-credit,
voluntary introduction to engineering courses, e.g., at the
University of Florida [14] to fully integrated first-year block
curricula, such as Drexels E4 program [15], the IMPULSE
program at Massachusetts-Dartmouth [16], the Engage program at Tennessee [17], and the NSF-sponsored Engineering Education Coalition program [18]. Many ECE programs
have adopted separate courses/modules that include more
hands-on projects for freshmen to enhance their learning
experience.
An additional theme in pedagogical interventions is that of
knowledge integration. An idea that is central to our project,
knowledge integration has a long history in engineering education with a growing body of literature touting the positive impacts to retention and learning [4], [19]–[27]. From
concurrent scheduling of related courses to elicit ‘‘integration by chance’’ [21] to Rose Hulman’s concept of super
courses [24], a wide range of prototypes have been implemented to facilitate knowledge integration. In the early 1990s,
Bordogna et al. [19] advocated for a paradigm shift in engineering education to a more holistic approach to learning. Our
team shares the authors’ concerns about curricula taught in
‘‘unconnected pieces.’’ In 2005, Heywood published a synthesis of nearly 2,000 articles focused on making engineers
better educators [23]. Providing a comprehensive overview
of attempts to integrate topics in engineering curricula, his
book considers the correlations and similarities between subjects being integrated. He also discusses the popularity of
problem-based learning, the most commonly used pedagogical approach to enable knowledge integration.
Olin College of Engineering serves as a success story
of a true integrated academic experience [25]. Guided
by the philosophy that ‘‘engineering starts and ends with
people,’’ [25] Olin faculty work together across disciplines
to engage students in projects connected to real-world challenges. While inspiring wide interest and recognition in the
engineering community, a limitation of Olin’s approach is
that it can be challenging to imitate within the structural
barriers of a typical public university. Borrowing from the
mainstays of Olin’s innovative philosophy, we believe our
8150

vision is unique because it can be realized and sustained
within the constraints of most organizational structures in
higher education.
D. TIME FOR A CHANGE

We know that to fundamentally change misconceptions about
electrical and computer engineering and reverse the alarming
trend of losing students interests in the discipline, while
carrying out the visions of engineering in the 21st century,
a radically new approach to teaching and learning is needed.
We believe it is on us, as educators, to help students connect
the dots between topics and understand why they are learning
material. Our ultimate goal is to show students the relevance
of their knowledge, how it relates to the world outside their
classroom, and how it will help them shape the future.
The remainder of this paper describes our efforts to achieve
this goal and transform the educational landscape in the
Department of Electrical and Computer Engineering at Colorado State University. Section II provides an overview of our
approach and the components of our pedagogical and organizational changes. Section III explains how we are implementing the new approach, along with specific examples of how
we are interweaving and integrating content to help students
connect the dots between topics and see how their knowledge
relates to the profession and society as a whole. Section IV
outlines our strategy for testing the efficacy of our teaching
and learning model. Section V shares early successes and
challenges of our work (hint: it has not been easy). Finally,
section VI offers early conclusions and plans for sharing our
project with the engineering community.
II. REVOLUTIONIZING ENGINEERING AND COMPUTER
SCIENCE DEPARTMENTS (‘‘RED’’): A HOLISTIC
APPROACH TO TEACHING AND LEARNING
A. MOTIVATION AND VISION

Motivated by our desire to overcome the existing challenges
in engineering education and make the learning experience
more meaningful and relevant for students, our diverse team
of educators at Colorado State University are redefining what
it means to teach and learn in the ECE department, along
with the processes and value systems through which people
become engineers. In 2015, we received a five-year ‘‘RED’’
grant from the National Science Foundation [28] to perform
research that leads to scalable and sustainable change in
engineering and computer science education for the nation.
As part of the RED initiative, we are paving the way to
change through organizational and pedagogical innovations
that incentivize and empower our faculty to work in teams
to deliver integrated content. Even though our educational
model represents a new direction for engineering pedagogy,
it is not a controversial idea [19]. Our vision is novel because
it can exist within, and provides a solution to the failures
associated with, the traditional course structure inherent in
higher education. Our work looks at the undergraduate engineering degree as a complex system, enabling a holistic view
of the discipline that gives consideration to the interconVOLUME 5, 2017
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FIGURE 2. CSU’s new organizational structure in which faculty roles are
expanded to include responsibilities as integration specialists and
thread champions.

nectivity and integration of fundamental components across
courses. To further engage students, we are moving beyond
the typical lecture- and lab-based delivery modes and assessments to develop a culture that embraces active learning and
student collaboration. With ABET’s accreditation criteria in
mind, the new model allows us to evaluate and improve our
efforts through fine-grained assessments based on learning
outcomes and student mastery of content.
B. NEW ORGANIZATIONAL STRUCTURE REIMAGINES
FACULTY ROLES AND WEAVES THREADS
THROUGHOUT THE CURRICULUM

Moving from the traditional course-centric structure to a
teaching and learning environment where faculty collaboration is essential for success, our new organizational structure
reimagines the roles of the faculty. Instead of teaching courses
in silos, multifaceted faculty teams are working collaboratively to show how concepts connect across topics and to
professional practice, without compromising students’ depth
and breadth of knowledge known as ‘‘T-shaped skills.’’
As shown in Fig. 2, key faculty members have been
assigned new roles as ‘‘thread champions’’ and ‘‘integration
specialists’’ to interweave foundations, creativity, and professionalism threads throughout the curriculum and deliver fully
integrated content. Their efforts span the entire undergraduate
experience, with special attention to the critical technical
core of the middle two years. Serving as an incentive to
elicit participation in the cultural shift, evaluations and annual
raises have been adjusted to measure faculty performance in
these new roles:
• Integration specialists work with fellow faculty to synthesize content and identify touch points for knowledge
integration, taking the form of horizontal threads that
illustrate how fundamental concepts are interrelated.
• Thread champions are held accountable to a systems
way of thinking and are evaluated on their ability to vertically weave and integrate knowledge threads throughout the curriculum.
VOLUME 5, 2017

Many central concepts and skills impact a student’s ability
to become a well-rounded engineer, and these subjects must
permeate the curriculum instead of being taught in individual
courses:
• Foundations thread (math and science) Key mathematical concepts lay the foundation for understanding the
anchoring concepts in courses throughout the ECE curriculum. The foundations thread unpacks mathematics
and physics concepts to help students learn fundamentals in ECE topics like circuits, signals and systems,
and electromagnetics. The foundations thread champion
spearheads the collaboration between the math and ECE
departments to introduce and promote the value and
utility of mathematics in ECE courses, as well as the
importance of mathematical thinking.
• Creativity thread (research, design, and optimization
tools) The creativity thread is intended to integrate
research and design throughout the undergraduate experience. By showing the impact of research, students
will see the practical applications and potential breakthroughs of fundamental ECE concepts. Likewise,
exposing students to design at every level of the undergraduate experience allows them to experience the
excitement of engineering by applying their foundational knowledge to a tangible product.
• Professional formation thread (communications, cultural adaptability, ethics, leadership, and teamwork)
Partnering with faculty and industry leaders to ensure
students develop professional skills meaningfully and
effectively, a former IBM executive spearheads the
professional formation thread, which is designed to
demonstrate the importance of professional skills in the
workplace and enhance student-industry interactions.
Rather than saving professional skills development for
the senior year, this thread reinforces professionalism at
multiple points throughout the curriculum.
C. PEDAGOGICAL CHANGES EMPHASIZE
KNOWLEDGE INTEGRATION

As described in our papers, ‘‘Weaving Professionalism
Throughout the Engineering Curriculum [29],’’ and ‘‘Mastering the Core Competencies of Electrical Engineering through
Knowledge Integration [1],’’ our new organizational structure
is accompanied by a pedagogical model that builds on the
concept of ‘‘nanocourses’’ [30], [31], and emphasizes knowledge integration, a learning model grounded in education
pedagogy and supported by research [32].
In the pre-RED pedagogical structure, technical courses
in the middle two years represented significant challenges
to students enrolled in the ECE program. The amount of
content covered increased significantly over time, and many
students found it difficult to grasp the concepts because they
are extremely abstract and mathematically intense. Moreover,
students were not seeing the connections between technical
courses and how the material fits into the big picture, causing
them to lose confidence and motivation. Combining rigor and
8151
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FIGURE 3. Snapsnot of new pedagogical model for a portion of the technical core.

flexibility to improve student understanding and efficacy, our
faculty are working in teams to dissect, rearrange, and synchronize fundamental course concepts into cohesive Learning
Studio Modules (LSMs) that culminate in knowledge integration (KI) activities. While area-specific learning modules
have been in existence for years, such modules are usually
supplements to the core curriculum and do not typically cover
fundamental subjects vital to comprehending abstract topics,
nor do they stitch together anchoring concepts to lay the
groundwork for real-world applications. By properly aligning
LSMs from different core competency areas, a set of KI
activities are created to illustrate how the topics fit together
to solve real-world engineering problems [29].
D. IMPORTANCE OF INSTRUCTIONAL INNOVATION
AND STUDENT ENGAGEMENT

Another aim of the RED project is to revolutionize our
instructional methods and assessments. We know that the
lecture-style format does not go far enough to capture students’ interest and show the relevance of content to the real
world. To help us innovate in the classroom and implement
active learning methods and assessments that more directly
involve students in the learning process, we paired our faculty
with instructional designers at The Institute for Teaching and
Learning (TILT), an on-campus resource that provides direct
support to faculty to enhance learning, teaching, and student
success. We are also making available to students the latest
tools and technology to bring their ideas to life, including
ARM processors and USB-powered multifunction instruments, which turn any PC into a powerful design laboratory
environment to build and test circuits. Such advancements
are transformational because they make hands-on learning
available 24/7.
III. THROWING AWAY COURSES: IMPLEMENTING
ORGANIZATIONAL AND PEDAGOGICAL INNOVATIONS
A. LEARNING STUDIO MODULES LAY FOUNDATION
FOR KNOWLEDGE INTEGRATION ACTIVITIES

Still in the early stage of our five-year project, we are currently launching phase one of the new organizational and
8152

pedagogical approach and the cultural shift is already in
progress. Multifaceted faculty teams, led by thread champions and integration specialists, worked together to break apart
seven ECE courses in the technical core of the junior year to
create the first set of learning studio modules (LSMs). Each
LSM is self-contained and addresses one anchoring concept
and a set of sub-topics in a given core competency area [1].
Although a departure from the traditional course structure,
LSMs still provide a path for students to learn all the intended
topics in a rigorous fashion.
To begin, the faculty team selected five anchoring concepts for each of the seven technical core courses, and
then rearranged and synchronized the topics into 35 LSMs.
When the team compared anchoring concepts of the traditional junior-level course sequence, they were able to
see how topics connect across the curriculum and where
the knowledge integration could occur. Instead of viewing
each course in isolation, this process prompted each faculty member to think about the curriculum from a holistic perspective [29]. Considering pre-requisite material and
correlations between topics, the faculty then determined the
optimal ordering of content, and verified that all anchoring concepts are covered without undesirable overlap. Once
the LSMs were established, integration specialists helped
determine the timing of knowledge integration activities.
While LSMs represent multiple modules across a given
semester, knowledge integration activities occur less frequently but go a step further to make overall learning more
coherent.
B. A CLOSER LOOK AT NEW PEDAGOGICAL MODEL

Providing a snapshot of the new pedagogical model, Fig. 3
illustrates how content from what were three core courses
in the first semester of the junior year—electronic principles, linear systems analysis, and electromagnetics—are rearranged and synthesized into LSMs across multiple weeks,
setting the stage for a week of knowledge integration activities. In addition to working with the thread champions to
devise a strategy for weaving foundations (shown in blue),
VOLUME 5, 2017
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TABLE 1. Anchoring concepts of LSMs for the first semester of the technical core.

TABLE 2. Example of subtopics in LSM 2.

professional formation (shown in green), and creativity
(shown in orange) throughout the LSMs and the KI activities, instructors of the core courses collaborated to align
topics and discuss how each LSM would be taught using
common terminology, notations, and shared examples. Fig. 3
highlights the micro-integration that occurs between the
LSMs, illustrated using the horizontal arrows, to show crosscorrelations among anchoring concepts and subtopics in the
technical core. Providing a framework for implementing
new active learning methods, competency-based evaluations
are conducted upon completion of each set of LSMs to
evaluate student mastery of fundamental concepts. In the
fifth week, the six fundamental concepts introduced in the
first four weeks are integrated into a team-based design
experience, thus incorporating the three vertical threads
as well.
To provide an example of the range of topics covered throughout the technical core, Table 1 shows the
fundamental anchoring concepts in each LSM for the
fall semester of the junior year. Each of these LSM
anchoring concepts is subdivided further into finer grain
subtopics to ensure depth, breadth, and alignment of content across the LSMs. As an example, Table 2 shows
the subtopics within LSM 2 for what used to be the
three required junior-level courses. Note that the timing
of the discussion of linearity in the linear signals/systems
module aligns with the discussion of the non-linear I-V
VOLUME 5, 2017

characteristics of a diode, and its subsequent piece-wise linear
approximation. This reinforces the utility of these fundamental signals/systems concepts for electronic design, and
vice versa.
C. IMPLEMENTING ACTIVE LEARNING AND
FORMATIVE ASSESSMENTS INTO THE LSMs

In addition to laying the foundation for knowledge integration, the new pedagogical structure allows faculty to implement teaching and learning approaches that more directly
engage students. As an example, one of our faculty members
has developed a set of 888 concept-level questions to help
students comprehend anchoring concepts in electromagnetics [33]. In preparation for each LSM, students must complete assigned pre-work that includes required reading and
a timed, online evaluation that asks a series of concept-level
questions pertaining to topics in the pre-assigned text [34].
These brief, interactive formative assessments provide students real-time feedback to gauge their understanding of the
fundamental concepts. Data from these assessments inform
the ‘‘flipped classroom’’ approach so that in-class time can
be devoted to deeper discussions about how the theory and
its applications relate to other anchoring concepts in the
technical core. Moreover, the students are implementing
the concepts they learned into a ‘‘virtual electromagnetics
test bed’’ using MATLAB [35], as part of the creativity
thread.
8153
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D. EXAMPLE KI ACTIVITY: KNOWLEDGE INTEGRATION
TO UNDERSTAND WHY

To achieve the goal of helping students connect and integrate topics, and understand why they are learning material,
KI activities utilize hands-on examples and group work to
illustrate how concepts in different core competency areas are
highly connected and interdependent to make a complex system function as intended [1]. Using familiar applications such
as the smart phone or digital media player, these KI activities
help students gain a better understanding of the contents in
each LSM, and how anchoring concepts are implemented and
applied to a complex piece of ubiquitous technology.
To demonstrate how our new pedagogical approach facilitates knowledge integration, we provide the following simple
illustrative example of the first KI activity that was developed for LSMs 1 and 2, referred to earlier in Fig. 3 and
Tables 1 and 2. As shown in this example, KI activities serve
as a vehicle for helping students grasp the commonality and
correlations between concepts of electronics, electromagnetics, and signals and systems. All the faculty and students
from the technical core of the junior year came together
in one room to participate in this interactive, team-based
learning exercise. An environment that lends itself to open
dialogue, inquiry, and problem solving, the KI activity was
an ‘‘aha moment’’ for students, as they could see firsthand
how problems are approached from multiple perspectives,
and how the content from the LSMs are integrated to form
the building blocks of a smartphone.
1) PRE-WORK FOR KI ACTIVITY

To prepare for the first KI activity, students were asked to
study the basic functional building blocks of any smartphone.
Armed with knowledge from the first set of LSMs, students were responsible for identifying what these functional
blocks are and their connections to each other, which could
be completed without having a detailed understanding of
how each block operates. Starting with the simplest block,
students were asked to identify the power supply or power
management system (PMS) functional block. A schematic
of a generic PMS was provided (Fig. 4) for reference.
Next, the students made a list of all possible concepts, from
LSMs 1 and 2, relevant to understanding how a PMS operates.
2) HANDS-ON COMPONENT OF KI ACTIVITY

After the conceptual discussion of the PMS, students were
asked to perform a four-part KI activity that consisted of
hands-on, lab-like exercises to be completed in groups.
(a) Standard design problem Each student was given a
standard design problem in which they were asked to
design a bridge rectifier circuit as shown in Fig. 4,
with the bridge rectifier serving as the PMS. The specifications for the rectifier output voltage, Vout , was
3V DC with a ripple voltage of less than 10%. The
components available to them were limited to four
1N914 diodes, a 10K  resistor, a capacitor of arbitrary
value, and a 60 Hz AC source. To satisfy this design
8154

FIGURE 4. Basic schematic of power management system.

specification, students were asked what value of the
capacitor they would need. In addition, prior to building
the circuit, they were required to sketch the waveform
they expected to see at Vout for a correct design, as well
as answer the following theoretical questions regarding
the rectifier circuit:
• Is this rectifier circuit, in practice, a linear or nonlinear circuit? Is there any way to validate your
answer? (Hint: Can you combine different source
waveforms from the function generator to demonstrate the principle of superposition?)
• Describe the charging and discharging action of
the capacitor in the positive and negative half
cycles from the concepts of E-field within a capacitor or charge stored by the capacitor.
• How would your Vout change if the capacitor prior
to use in the rectifier held some nonzero charge?
Note that the answers to these questions require the students to use concepts from LSMs that would normally
come from different courses.
Next, students were instructed to take a capacitor
of value closest to what they would need to build the
rectifier circuit of Fig. 4 and measure the output voltage
of their physical circuit using an oscilloscope. They
were then asked to explain the discrepancies between
their expected (theoretical) output and that obtained
from their physical circuit.
(b) Comparing numerical results with observations: Tying
theory of LSMs to circuit analysis To illustrate the
relevance of mathematical techniques to analyzing a
real circuit, especially concepts of linearity and superposition, students worked in teams to explain how they
could determine the output of their circuit from linear
systems principles. In particular, they were asked to
determine the impulse response of their simple linear
system represented by the RC circuit. Realizing that
it was difficult to approximate a theoretical impulse,
they used a function generator to approximate a step
function from a periodic square wave and then numerically differentiated the resulting output of the RC
circuit to approximate its input response. They then
convolved this with a signal obtained at the output of
the bridge and compared this to the waveform that they
VOLUME 5, 2017
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experimentally obtained for Vout . This led to not only
a discussion of the source of discrepancy between the
two signals, but also a deeper appreciation of their
ability to mathematically approximate the output of
their PMS for different rectifier designs.
(c) Design variations To round out the first KI activity, students are placed into groups to tackle a specific design
variation of the standard design problem outlined earlier. Each of the eight possible design variations is
meant to illustrate a difference between the theoretically ideal components that are used in their mathematical analysis, and the properties of real components
that are used to create physical products. These design
variations provide concrete examples of how engineers
are always dealing with models that are approximations
to the physical world, and that one of their most important decisions is to determine what model provides the
required level of fidelity.
E. WEAVING KNOWLEDGE THREADS THROUGHOUT
THE CURRICULUM

In addition to establishing the LSMs and KI activities for
the junior year, thread champions and integration specialists
have been working with fellow faculty to create a blueprint
for weaving thematic content throughout the curriculum.
The knowledge threads, which are defined in section II.B,
embed in the learning experience many central concepts that
impact a student’s ability to become a well-rounded engineer.
As shown in the snapshot of our new pedagogical model
in section III.B, Fig. 3, these threads are now rooted in the
LSMs and KI activities. Besides being tied to deeply technical
content, the threads also extend beyond the technical core
to stitch together and reinforce relevant themes from the
freshman to senior years.
1) FOUNDATIONS THREAD: DEMONSTRATING THE
RELEVANCE OF MATHEMATICS AND SCIENCE

Because a holistic understanding of ECE concepts is highly
dependent on students’ grasp of key topics in mathematics
and science, the foundations thread is an essential ingredient
in our retention efforts. Students in our department are often
intimidated by the mathematics required for the major and
struggle to see why math matters. The same is true of physics.
While the foundations thread emphasizes subjects in math
and science, this manuscript focuses on mathematics to provide an illustration of how the thread is being implemented.
Well-suited to spearhead the foundations thread, the math
thread champion not only teaches subjects in the technical
core, but he also holds a joint faculty appointment in the
Department of Mathematics at CSU. The thread champion
works in concert with a Graduate Teaching Fellow (GTF),
an ECE Ph.D. student, to carry out the goals of the thread.
Among her many activities, the GTF leads a special series of
junior-level ‘‘foundations lectures’’ that augment the LSMs
and KI activities. Because every component in the new
pedagogical approach gives consideration to the system as
a whole, her lectures are intended to show students how
VOLUME 5, 2017

FIGURE 5. Circuit diagram for illustrative example of the math
foundations thread.

mathematical topics are aligned with the anchoring concepts
of the LSMs and KI activities. Outside of the technical core,
the GTF holds weekly calculus recitation sessions for firstyear engineering students to demonstrate the value of mathematics. Guiding students through mathematical problems,
she builds motivation by putting the problem in the context of
an engineering application, such as connecting surface integrals with flux calculations, or connecting partial fractions to
calculating circuit responses. The idea is to show students that
almost every calculation they perform is critical to solving
engineering problems.
To better describe how the mathematics thread improves
student learning, a simple illustrative example is provided
below, in the context of electronics principles (ECE 331).
Illustrative Example: Consider the circuit in Fig. 5. Such
circuits are encountered when introducing the very first
anchoring concept of different diode models in the first week
of LSM 2. Suppose we wish to calculate the current through
the diode, Ix , for a given value of DC input voltage Vx , and
series resistance, R. Using Kirchoffs Voltage Law, one would
need to solve the nonlinear equation
I 
x
Vx = Ix R + 0.026 ln
(1)
I0
where I0 is the saturation current of the diode.
To solve this nonlinear equation, the students need to
use an iterative method, e.g., the Newton-Raphson method.
The challenge is that students often do not remember such
methods from their math courses. To address this issue,
the GTF gives a math foundation lecture on iterative methods
for solving nonlinear equations during the same week that
diode models are covered in ECE 331, and we specifically
apply these methods to examples of the type in (1), where
the nonlinear equation involves equating an affine function
of Ix to a logarithmic function of Ix . Later on, when small
signal analysis is discussed in ECE 331 for linearizing diode
models, a math foundation lecture on Taylor series and linearization is delivered by the GTF with specific examples
revolving around linear approximations of logarithmic functions, as encountered in the diode equations. Through these
lectures, the GTF is able to illustrate how the knowledge of
mathematics facilitates learning in ECE 331.
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2) CREATIVITY THREAD: DESIGNING THE FUTURE

The creativity thread shines a light on the importance
of creativity, research, and design in our discipline. This
thread integrates the department’s research efforts into the
undergraduate learning experience and provides an avenue
for graduate students to serve as research mentors to our
undergraduates. Building on Olin College’s work to create a ‘‘student-centered, people-first, project-based maker
culture’’ [27], students are experiencing the excitement of
engineering in the LSMs and KI activities because they
are applying creative thinking and problem-solving skills to
design challenges that emulate, and demonstrate connections
to, the real world. Through project-based learning, students
are able to see how creativity and innovation distinguish
engineering from other disciplines, and how their knowledge
is driving our technological future. In addition to the creative,
collaborative activities in the technical core, each student
takes part in a common set of design experiences, beginning
early in the program with 200-level open-ended projects and
culminating in the senior year with a capstone design project.
Broader initiatives are also included in the creativity thread
to engage students in design and allow them to tailor their
plans of study to align with their passions. For example,
CSU joined Georgia Techs Vertically Integrated Projects
(VIP), a program that unites large teams of undergraduates
with graduate students and faculty to work on long-term
projects [36]. With the goal of increasing the number and
diversity of graduates in the STEM disciplines, ECE students
are able to participate in large-scale projects similar to those
found in start-up environments. Additionally, students at any
stage in the program now have a new independent study path,
Open Option Projects, which allows them to design and build
projects of their choice in a dedicated makerspace laboratory. As part of the Engineer in Residence (EiR) program,
described in the next section, industry volunteers hold regular
hours in the design lab to support the creative efforts of our
students and lend important insights.
Finally, the creativity thread ensures continuity of optimization tools throughout the curriculum. As an example,
we are leveraging our use of MATLAB by creating virtual
environments that augment learning and inspire creativity.
We also provide students with analog discovery devices that
allow them to experiment and invent anytime, anywhere.

3) PROFESSIONAL FORMATION THREAD: DEVELOPING
CRITICAL SKILLS FOR THE 21st CENTURY

It is without question that to remain competitive as a nation
within the worldwide economy, the United States must
engender a new generation of engineers with superior skills
and knowledge to excel [2]–[5], [37]. The importance of
responding to needs of the profession has long been recognized by ABET [38] and the engineering community at large.
The professional formation thread makes professional skills
development a priority by reshaping the processes and value
systems through which people become effective engineers in
8156

the 21st century [28]. A major goal of the professional formation thread is to create greater ‘‘fidelity,’’ or meaningful experiences, that mimic the eventual working environment [38].
Backed by current engineering education research and
literature, the thread emphasizes five key areas: communications, cultural adaptability, ethics, leadership, and teamwork.
Closely aligning with the skills required for a professional
engineer in the 21st century [29], these topics are reinforced
at multiple points throughout the curriculum through in-class
activities and industry-led initiatives. Professional learning
is now engrained in the LSMs and KI activities through
hand-on scenarios that allow students to experience and work
through real-world issues, such as ethical dilemmas, as a way
of demonstrating how anchoring concepts are intertwined
with professional topics. Activities that allow us to develop
and assess students’ communication skills are required at all
levels of the program, and students are now required to work
in teams throughout their undergraduate experience.
Leveraging our strong ties to industry, we have also implemented overarching initiatives that engage practicing engineers to help students develop professional skills and learn
firsthand how that knowledge relates to the workplace. One
such initiative is the Engineer in Residence program, a novel
partnership with the IEEE that brings industry partners into
our design laboratory to interact with students at all levels in the program. EiR volunteers share their enthusiasm
for the profession by helping students overcome technical challenges, devise project plans and budgets, navigate
their careers, and gain insights into life after CSU. From
a recent study, 2015 Young Professionals Post-Graduation
Survey [39], respondents indicated the following:
• 59% need help developing a global perspective
• 55% need help choosing what industry to work in
• 48% need help with the transition from college to
career.
The EiR program is designed to address all of these areas of
need, particularly easing the transition between college and
career, as EiR volunteers spend approximately half their time
discussing career-oriented questions with students.
IV. PLANS FOR TESTING EFFICACY OF NEW
TEACHING AND LEARNING MODEL
A. INTRODUCTION TO ASSESSMENT PLANS

To ensure we have the right ingredients for revolutionizing
engineering education, we have designed an assessment and
evaluation plan to test the efficacy of our new model through
a mixed method, longitudinal study. The plan encompasses
ABET’s Engineering Criteria 2000 to ensure our program is
providing graduates with the technical and professional skills
employers demand. Ranging from evaluating student perceptions and competencies to understanding the organizational
cultural impact, the two-pronged assessment plan addresses
both the pedagogical and organizational changes. Prior to the
launch of the RED initiative, we collected baseline data at
pre-determined points in the program to serve as a yardstick
for measuring our success.
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B. PEDAGOGICAL MEASURES

The pedagogical assessment plan addresses the following key
aspects of teaching and learning:
• Characterizing the classroom environment A teaching
practices inventory (TPI) [40], [41] has been implemented to analyze what is happening in the classroom
and measure the level of student engagement. This
involves a series of faculty self-assessments and thorough classroom observations conducted by CSU’s Institute for Learning and Teaching. The TPI is designed to
characterize the pedagogical behaviors of instructors in
order for us to evaluate how the classroom environment
and interactions impact learning.
• Student perception and confidence We are using an
instrument adapted from multiple validated instruments [42]–[47], to assess students’ self-perceptions
about their 1) ability to use specific engineering skills,
2) ability and confidence in integrating content areas
(i.e., math, science, and engineering), and 3) motivations and intent to pursue engineering as a career.
This is combined with a measure to gauge students’
confidence in their knowledge of specific LSM-related
content.
• Mastery of core competencies Providing a structure
that is conducive to frequent, fine-grained assessments,
competency-based evaluations are embedded in the
LSMs to evaluate student mastery of fundamental concepts. As highlighted section II.C, we have implemented
formative concept-level assessments that provide immediate feedback to students to help them see how well
they understand the content. These pre-work assessments also provide valuable information to the course
instructors, allowing them to tailor in-class instruction
to meet the needs of the learners.
• Assessing knowledge integration Going well beyond
the traditional course grading system, design tear-down
problems were created to evaluate students’ ability to
integrate knowledge from the LSMs and apply it to a
relatable problem. In addition to serving as an important
barometer for testing our effectiveness as educators,
the assessments give students useful feedback in the
context of a real-world scenario.
• Standardized concept inventories Prior to the launch of
the RED initiative, baseline data were collected to measure students’ grasp of technical content. To test proficiency in electromagnetics, electronics, and signals and
systems, three separate concept inventories were implemented with 25 validated questions apiece. An ‘‘apples
to apples’’ analysis, the findings provide us with a useful
measure to compare and contrast student mastery of
technical content before and after the RED intervention.
• Learning analytics To help students learn more effectively through robust, integrative, and self-regulated
learning, we are conducting research centered on the personalization of learning analytics. Leveraging decisiontheoretic methodology, we have a faculty member
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•

investigating a new system for collecting and processing
learning data into a format suitable for quantitative analysis. The goal of these automated assessments is to generate informative real-time feedback for both students
and instructors to personalize learning and improve the
quality of classroom instruction.
Comparisons with Similar Students Comparing student
outcomes within ECE over time only provides a slice
of the projects overall efficacy. We will also measure
differences between ECE students and a matched comparison of ME students on common course and student
perception outcomes. These comparisons will provide
a type of control group to help us better understand
similar student outcomes in the absence of a larger-scale
organizational change.

C. ORGANIZATION CHANGE MEASURES

With the goal of developing a solid perception of the department across a number of factors, the following organizational
change measures are designed to assess the cultural impact of
the new teaching and learning model:
• Identifying existing culture and climate The first year
of our organizational analysis included a combination
of qualitative and quantitative measures to develop a
baseline understanding of the department culture and
climate, as well as look for pockets of change-resistance
to the RED initiative. It also served as a mechanism for
characterizing the organizational environment in terms
of structure, reward orientation, communication patterns, policymaking, and overall values.
• Multiphase analysis of faculty and staff with comparison group Using surveys, observational evaluations, and
individual interviews with faculty and staff, multiple
waves of data are being collected throughout the project
to gain a well-rounded picture of the organization and
how it changes over time. The mechanical engineering
department at CSU is being studied as a comparison
group.
• Student perceptions of culture and climate Much like the
multiphase analysis of faculty and staff, we are conducting a series of surveys and observations of our student
population to gauge the organizational cultural impact
of change from the learners’ perspective. In addition to
comparing these data with faculty and staff perceptions
to identify trends and gaps, the results will be scrutinized
to flag specific concerns for women and underrepresented groups.
• Student attitudes toward professionalism An analysis
was conducted to understand how students feel about
the existing professional formation activities [26], [37].
These data allow us to compare attitudes toward professional skills development before and after the RED
intervention.
V. EARLY SUCCESSES AND CHALLENGES OF THE ‘‘RED’’
APPROACH TO TEACHING AND LEARNING

Still very early in the RED project, we are energized by
our initial successes, but the work has come with a set
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of challenges. It is well known that people are generally resistant to change, and the students enrolled in the technical core
of the junior year are no exception. Dent and Goldberg [48]
proposed that it is not the change itself against which people resist, but instead their concerns lie with the anticipated
and unexpected consequences of change. Because we anticipated resistance from the junior-level students, we were
not surprised to field many questions and concerns from
them at the beginning of the fall 2016 semester. Students
were clearly anxious and stressed as a result of our efforts.
One student commented, ‘‘Can we just go back to doing
lectures?’’ As outlined in section IV, we are collaborating
with a social scientist at CSU to study the impact of the
new approach and develop strategies for overcoming strains
associated with the organizational and pedagogical changes,
and she has been working with us to formulate appropriate
responses to student concerns and anxieties. Though not yet
empirically supported, we perceive positive shifts in attitudes
as the project progresses.
Anecdotally, the LSMs and KI activities have been well
received by many students. They like our hands-on, collaborative approach to teaching and learning, as well as the
concrete exercises that tie anchoring concepts to relatable
technological applications. Students also like how the interactive, formative assessments serve as an immediate gauge of
their conceptual understanding of core topics because it helps
them get more out of their in-class time. As we spelled out
in the previous section, we are in the process of conducting
studies to gather substantive data to evaluate the impact of
our new approach, and while it is still too early to form
data-driven conclusions, we anticipate further support and
engagement from students as we dive deeper into the project.
In support, data from the fall 2016 semester revealed that the
number of students receiving Ds or Fs in the technical core
has been cut in half as compared to fall 2015, indicating future
potential.
On a broader scale, students across the undergraduate program are benefiting from the RED project. The new Engineer
in Residence program is an example of a holistic effort that
shows great promise for professional skills development at
all levels. The program has significantly increased students’
face-to-face interactions with industry, and survey results
reveal that students and industry alike feel the initiative is
valuable and important. Because of its effectiveness, the IEEE
is supporting the EiR program again this year, and we have
seen a marked increase in the number of interested volunteers,
representing a range of companies and areas of technical
expertise. In addition to the EiR program, practicing professionals from companies such as Keysight Technologies
are interacting with students in new ways to evaluate and
grow their talents in testing and measurement, project management, and communications, and early findings show that
the work is helping students master these critical skills [29].
Finally, our work to weave creativity throughout the program
is gaining traction. Enrollments are up in our new Open
Option Projects independent study option, and we are seeing
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increased interest, and diversity of participants, in our Vertically Integrated Projects program.
VI. SUMMARY AND NEXT STEPS

Early in this paper we spelled out the fundamental problems
facing electrical and computer engineering education and the
need for change. In the existing higher education structure,
courses are delivered in silos, and students are not making
connections between topics in the ECE curriculum, nor are
they seeing the practical relevance of their knowledge in the
context of our global world. These issues are concerning,
to say the least, and our team at Colorado State University
is motivated to overcome the existing challenges to change
the direction of our discipline. We have developed a new
approach to teaching and learning that treats the undergraduate ECE degree as a complex system and enables a holistic
view of the discipline.
In addition to highlighting the nuts and bolts of our new
pedagogical and organizational model, we shared details
about how the approach is being implemented and how we
plan to assess our efforts. Our notion that change is difficult
has been affirmed, and we will continue to measure the
impact of the reorganization of faculty roles and teaching
practices. While we are pleased with the early successes
of the RED project, we are still working to overcome the
obstacles associated with any large-scale change. As part of
our roadmap for scaling and adapting this project to other
institutions, it is our responsibility to inform our colleagues
about what strategies have, and have not, been effective. This
is a long-term research project, and we will continue to share
the successes and failures of the RED project with the engineering community, as we strive to lead revolutionary change
in ECE education and carry out the visions of engineering in
the 21st century.
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