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Invited Paper 

In the Fall of 1991, after approximately two years of devel- 
opment, the department of Electrical and Computer Engineering 
(ECE) at Camegie Mellon University (CMU) implemented a new 
curriculum that differed radically from its predecessor. Key fea- 
tures of this curriculum include: Engineering in the Freshman 
year, a small core of required classes, area requirements in place 
of most speciJc course requirements, mandated breadth, depth, 
design, and coverage across ECE technical areas, a relatively 
large fraction of free electives, and a single integrated Bachelor 
of Science degree in Electrical and Computer Engineering. In 
this paper we review the design of this curriculum, including a 
taxonomy of problems we needed to address, and a set of general 
principles we evolved to address them. The new curriculum is 
described in detail, including new data from an ongoing analysis 
of its impact on students’ curricula choices. 

I. INTRODUCTION 
Current engineering practice has, by necessity, evolved 

to keep pace with technology: witness the rate at which 
fundamentally new ideas are introduced into new products. 
One might suppose, then, that current engineering education 
has also evolved to track such new developments. However, 
we argue that engineering education has really evolved only 
to the extent that individual engineering courses have been 
updated-usually with increased density of content-to 
reflect new developments. The prevailing philosophy of 
engineering education-teach first the basics in mathe- 
matics and science, follow with exposition of engineering 
applications-has remained unchanged and unchallenged 
for more than four decades. While contributing to the cre- 
ation of engineers who are current in specific technologies, 
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we believe that teaching of unmotivated math and science 
followed by incrementally updated technical courses is 
fundamentally flawed. It contributes little to the education 
of engineers who can acquire new knowledge as necessary, 
cope with dynamically changing work environments, or 
excel in nontraditional jobs. We believe that real impact 
in engineering education will be made only by looking 
at the curriculum as a whole, in the context of present 
technological and societal needs, and not just by constant 
repolishing of aging courses. It is not our intention to 
imply that engineering education has completely failed in 
its goals. Rather, we wish to drive home the point that there 
are advantages to be found in taking a fresh, unfettered look 
at the undergraduate curriculum. 

Of course, curricula have tremendous inertia, and often 
resist all but the most incremental and cosmetic of changes. 
Unfortunately, many of the problems faced by engineering 
educators are not amenable to simple, incremental fixes. 
In October 1989, the college of engineering at Carnegie 
Mellon University (CMU) instituted a review process across 
all engineering departments. The goal was to evaluate how 
well the educational mission of the college was being 
conducted, with an eye toward redefining both collegewide 
and department-specific curriculum requirements. Because 
of the breadth of this undertaking, each engineering depart- 
ment was allowed to consider the best possible curriculum 
changes, not merely those that could be wedged conve- 
niently into its current web of requirements, prerequisites, 
constraints, and customs. This paper describes the design 
and implementation of the new Electrical and Computer 
Engineering Bachelor’s degree program that emerged from 
this process. This curriculum, which took approximately 
two years to design fully, was implemented within the de- 
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partment of Electrical and Computer Engineering (ECE) in 
the Fall of 1991, and produced its first four-year graduates 
in the Spring of 1995. 

Within ECE, the curriculum was designed by a committee 
whose quickly adopted name reflected the spirit of process: 
the Wipe-the-Slate-Clean Committee. Composed of eleven 
faculty from across the breadth of the department’s research 
and teaching areas, the committee interviewed both students 
and faculty, and worked aggressively for roughly one year 
to dissect, analyze, disassemble, and finally redefine the 
ECE undergraduate curriculum. The new curriculum that 
resulted from this process hinges on a few key ideas: 

Engineering courses begin in the Freshman year, con- 
current with mathematics and science. 
The core of required “essential” engineering classes is 
extremely small. 
Area requirements across a spectrum of electrical and 
computer engineering topical areas replace most spe- 
cific course requirements. 
Breadth, depth, and coverage are mandated across this 
spectrum of technical areas, but individual courses are 
not prescribed; students flexibly choose from among 
available topical areas. 
Nearly a full year of the curriculum is unconstrained. 
At completion, the curriculum offers a single, unified 
Bachelor’s degree in Electrical and Computer Engi- 
neering. 

The end result of our exercise is a curriculum which has 
been recently reviewed by ABET for accreditation under 
the ABET “innovative cumculum” clause that permits 
thoughtful experimental curricula that diverge from existing 
ABET standards to be considered on their merits. While 
the final outcome of the accreditation process will not be 
known until late 1995, comments made by the visiting team 
were favorable. Also, initial analysis of the three groups of 
freshman entering ECE in 1991, 1992, and 1993 (about 
150 students in each group) indicates that the students 
are enthusiastic about starting engineering classes in the 
Freshman year and that these are helpful to the student 
when selecting their major. There is also evidence to 
show that the flexibility in the choice of electives has not 
resulted in a mass exodus to “easier” courses. In general 
students continue to elect challenging courses to suit their 
interests. 

In this paper we share some of the details of the design 
process for this new curriculum, and an analysis (ongoing) 
of its implementation and impact.’ Of course, we were 
not alone among universities as we embarked on our 
reengineering efforts; for example, Drexel, Rose-Hulman, 
and Texas A&M were already restructuring their curricula 
as we began our efforts, and as well the US National 
Science Foundation was organizing Engineering Education 
Coalitions with similar intent. Nevertheless, we did not 
join any of these efforts for fear of diluting our own 
efforts. So rather than attempt a broad survey of competing 

‘See [l] for a more detailed, contemporaneous account of this process, 
and [2] for a more recent review. 

curriculum strategies, we focus entirely and closely on our 
own redesign effort, from beginning to end. We offer this 
as one case study for how one department reengineered its 
curriculum. 

The remainder of the paper is organized as follows. 
Section I1 begins by summarizing our motivations for 
undertaking this effort. Section I11 offers a taxonomy of 
the basic problems faced by any electrical or computer 
engineering department as it struggles to keep pace with 
technology, students, and society. Section IV describes 
the design principles for the new Carnegie Mellon ECE 
curriculum that we evolved in response to these problems. 
Section V describes the details of the new curriculum, and 
some of its novel characteristics. Section VI describes its 
implementation, and recent efforts to analyze its impact 
on students. Finally, Section VI1 offers some concluding 
remarks. 

11. MOTIVATIONS 

A. Why Change? 
By any traditional measure in 1991, the ECE department 

was doing well educating its students. The department as 
a whole was consistently ranked among the country’s top 
EE departments [3] (Components of the graduate program 
were likewise being ranked highly [4]). The department 
attracted outstanding undergraduate students: ECE was the 
first choice among engineering departments of most en- 
tering Freshman. Our graduates were recruited heavily by 
US companies, and the ECE department was on the list of 
must-visit departments for many companies that recruited 
only among a select set of elite schools. Our graduates 
who chose to pursue an advanced degree went on to elite 
graduate schools. 

So, why did we undertake a substantial reorganization 
of our curriculum? The answers are not simple, nor are 
they independent. We categorize our broad concerns in the 
following subsections, beginning with a quick overview of 
the original ECE curriculum as it stood in the 1990-1991 
academic year. These concerns can be regarded as the 
beginnings of a set of “specifications” for a new curriculum. 

B. Original CMU ECE Curriculum 

In 1991, the ECE department offered two four-year 
ABET-accredited Bachelor of Science degrees: the Bache- 
lor of Science in Electrical Engineering (BSEE) and the 
Bachelor of Science in Computer Engineering (BSCE). 
Both curricula shared a common Freshman year empha- 
sizing mathematics, science, and computer programming. 
They also shared a common core of engineering classes, 
emphasizing linear circuits, electronics, solid state devices, 
digital logic design, and microprocessors. In addition, these 
curricula (as did all curricula in the colleges of engineering 
and science) shared common requirements for humanities 
and social science courses (called H&SS) that amounted to 
roughly one such course per semester. An overview of the 
curricula appears in Table 1. 
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Table 1 Original Carnegie Mellon EE and CE Cumcula 

Computer Programming 1 

Intro Digital Systems 1 
Electrical & Computer Engineering 

Linear Circuits 1 

Electrical Engineering Courses I Computer Engineering Courses 
Mathematics & Sciences I Mathematics & Sciences 

Chemistry 1 
Computer Programming 1 

Intro Digital Systems 1 
Linear Circuits 1 

Electrical & Computer Engineering 

Calculus 
Differential Equations 
Linear Algebra 
Probability 
Physics 
Chemistry 

Electives 
Freshman 2 
Engineering Science 2 
Technical 5 
Free 1 

Humanities & Social Sciences 8 

Calculus 
Differential Equations 
Linear Algebra 
Probability 
Modem Math 
Physics 

CS Elective 1 

Freshman 2 

Technical 5 
Free 1 

Humanities & Social Sciences 8 

Electives 

Engineering Science 2 

Intro Electronic Devices 
Electromagnetics 
Signals & Systems 
Analog Circuits 
Digital Integrated Circuits 
EE Elective 
Senior Design Elective 

Into Electronic Devices 1 
Computer Architecture 1 
Concurrency & Real Time Systems 1 
Digital Integrated Circuits 1 
Logic & Processor Design 2 

Computer Science 
Fundamentals of CS 2 

After this common core, the two curricula diverged. The 
BSEE emphasized traditional electrical engineering topics 
such as electromagnetics, analog circuits, and signals and 
systems. The BSCE emphasized computer hardware and 
software topics such as computer architecture, processor 
design, data structures, and concurrency. Both curricula 
required several technical electives, and a capstone design 
elective. 

In 1991, about 40% of our students pursued the BSEE, 
and about 50% pursued the BSCE. Roughly 10% of our 
students chose to double major in both electrical engi- 
neering (EE) and computer engineering (CE). This was 
accomplished at the sacrifice of most elective classes: 
Students completed the core requirements of one curriculum 
using the elective slots provided in the other. Also, a few 
of our students double-majored in computer engineering 
and computer science (which is in a separate college at 
Carnegie Mellon). This essentially required that all elective 
classes in the BSCE curriculum were chosen to complete 
computer science core requirements. 

C. Remove Structural Impediments to 
Accommodate Incremental Change 

Curricula usually evolve by accretion, with new require- 
ments and constraints often layered incompatibly on top 
of existing structures. The resulting rigid course sequences 
connected by spaghetti-like chains of prerequisites are 
difficult to modify. This was certainly true of our orig- 
inal EE and CE curricula, and by extension, likely true 
in many similar Electrical Engineering departments that 
evolved over the last two decades to become departments 
of Electrical and Computer Engineering, or departments 

1248 

of Electrical Engineering and Computer Science. In our 
own case, the end result was that even incremental changes 
became difficult to implement. 

In the original parallel BSEE and BSCE curricula, even 
modest changes rippled in undesirable ways throughout 
the two programs. An example makes this concrete. As 
a result of an ABET accreditation visit, we were asked to 
add a linear algebra class as a graduation requirement. We 
responded enthusiastically, on the assumption that we could 
migrate the course into the early years of the curriculum, 
and thus make it a prerequisite for our linear circuits class. 
In this position, it would strengthen the background of all 
EE students in our circuits and electronics courses, and 
broaden the background of our CE students by exposing 
them to more noncalculus mathematics. 

Unfortunately, this ideal proved impossible to implement. 
There was no small-scale alteration of the BSEE and BSCE 
course sequences that could permit the linear algebra class 
to be taken by all students before the courses that would use 
it as a prerequisite. This problem derived from the slight 
differences in the first few years of the BSEE and BSCE 
requirements. The BSCE student began to take computer 
science classes fairly early, so that Junior and Senior 
computer engineering courses were correctly synchronized 
with their computer science prerequisites. In contrast, the 
BSEE student had no such requirements. The end result was 
that we required our students to take a linear algebra class, 
but we did essentially nothing to exploit this background in 
other ECE core classes. This simple example makes clear 
how difficult it can become to achieve the goal of uniform 
mathematics, science, and engineering core preparation for 
both BSEE and BSCE students. 

PROCEEDINGS OF THE IEEE, VOL. 83, NO. 9, SEPTEMBER 1995 

SMART EXHIBIT 1014 - PAGE - 3f 

 

Find authenticated court documents without watermarks at docketalarm.com. 

https://www.docketalarm.com/


D. Rationalize Requirements for  Topical 
Coverage and Workload 

As has become amply clear over the last decade, the 
disciplines of electrical and computer engineering are ex- 
panding rapidly as new technical discoveries are made and 
applied. Likewise, society is placing increasing demands 
on our graduates to apply their skills in new contexts, and 
to appreciate and manage intelligently the consequences 
of their technical decisions. Consequently, the number of 
“critical” topics to which ECE students could profitably 
be exposed is also expanding. What is not cxpanding is the 
time we have to educate someone to level of the Bachelor’s 
degree.2 Coming to grips with this accelerating problem was 
at the heart of our motivation for a significant restructuring 
of our curriculum. 

The original ECE curriculum required a large number 
of core classes, designed to ensure familiarity with a 
substantial subset of traditional EE and CE topics. After a 
great deal of argument and discussion, we came to believe 
that this approach, which implicitly assumes all students 
need exposure to (almost) all areas, was no longer credible 
as the core of a curriculum for the 21st century. Such a 
strategy mandates that we compress ever more material 
into the same number of classes. Many of our courses 
had already fallen victim to “units-creep,’’ i.e., challenging 
classes meant to require 12 hours of work per week had 
inflated to require 15 or 18 hours of work from even the 
best of students. This was caused by well meaning faculty 
working hard to give students the best, most thorough 
view of as many topical areas they could-usually with 
the assumption that this was the only opportunity students 
would ever have to see the material. 

While certainly not opposed to demanding classes, we 
concluded that the overall strategy of putting more material 
into the curriculum had become decreasingly effective. 
Students were being asked to absorb increasing amounts 
of material, which left less time for reflection, for alter- 
native perspectives on similar technical problems, and for 
revisiting background material to ensure comprehension. 
The unpredictable preparation of entering students only 
exacerbated this problem: we kept discovering that many 
of our students had never seen material fundamental to the 
background of our core courses. The end result was that by 
forcing students to juggle too many topics with too little 
time to master these topics, many students were learning 
even less material, less well. 

E. Emphasize Engineering Ideas Over Techniques 
A related consequence of the explosion of material was 

that many students came to view their courses as a set 
of unrelated hurdles to be overcome. As a result, many 
students were acquiring only a bag of seemingly unre- 

*An altemative is, of course, to extend the amount of time required to 
educate students to some minimum level of professional competence. Such 
an approach was advanced by the Massachusetts Institute of Technology 
in [SI which proposed a five-year accredited Master’s program as the 
principal mechanism for educating entry-level engineers. We retum to this 
idea in Section VI. 

lated problems and solution techniques, without ever really 
understanding the big ideas that bind and inform these 
techniques. 

Conventional wisdom suggested that after first teaching a 
vast body of fundamental mathematics and science-which 
students absorbed like sponges-we were free to teach 
engineering principles, drawing as necessary on the deep 
well of basic knowledge internalized by the student in 
these early studies. This was (and is) a lovely idea, but 
depressingly unrealistic. Students often had weak or wildly 
varying preparation in K-12 mathematics and science, and 
hence uncertain motivation to master the rigorous college 
level versions of these fundamentals. When a flood of 
engineering ideas was introduced on top of this precarious 
foundation, the outcome was often less than satisfactory. 
Too often, students only had time to focus on the me- 
chanical problem-formula-solution aspects of the topics, 
without developing a deeper sense of the fundamentals, the 
interconnections, and the real ideas. 

This is especially unfortunate in a fast-moving discipline, 
where the half-life of a Bachelor’s degree is probably less 
than a decade, and a solid understanding of the “big picture” 
is the most successful base from which to acquire new 
skills. As educators, we do our students a disservice if we 
fail to impart a coherent, connected view of the ideas that 
define our discipline. 

F. Support Interdisciplinary Studies 

The most creative and far-reaching contributions are 
often made by individuals at the boundaries of sev- 
eral disciplines. Likewise, society is placing increasing 
value on engineers who can apply their skills across 
disciplines, and can evaluate intelligently the broader 
consequences of their actions. ECE is an extremely wide 
field, and many of its most exciting frontiers-very large 
scale integrated circuits (VLSI), microelectromechanical 
systems (MEMS), electronic materials, computer-aided 
manufacturing, telecommunications networks, supercom- 
puting-have strong and established interdisciplinary 
linkages. However, our original curriculum did little 
to encourage the creation of engineers who could 
work comfortably across the boundaries of several 
disciplines. 

The original curriculum implicitly assumed that there 
were only two sorts of engineers: EE’s and CE’s. These 
were produced by completion of a large, rigid core of EE or 
CE engineering classes. Although industry specifically, and 
society generally might have valued highly a student who 
had completed, say, 60% of the EE core classes and 40% of 
the CE core classes, we had no mechanism for giving this 
broad individual a degree. Nor did we have any mechanism 
for coping with an even broader individual who might have 
wished to complete, say, 30% of the EE core, 30% of the 
CE core, then a dozen classes in mechanical engineering, 
operations research and Japanese language, in preparation 
for a career in computer-aided manufacturing. Indeed, a 
key conclusion of the early discussion of the Wipe-the- 
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