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hat have engineering schools/colleges been do-
V v ing about the remarkable computing develop-
ments chronicled in Part 1 of this lecture?*

With the arrival of the first campus computers in
the mid-1950s, many faculty researchers gravitated
to computing centers to solve their equation sys-
tems. The computer has been central to creation of
new research disciplines (e.g., numerical fluid me-
chanics) and reorientation of old ones (such as pro-
cess analysis and design). The availability of com-
puting resources has caused a major shift in the way
research is done.

On the other hand, it would be inaccurate to
claim that undergraduate education has been radi-
cally transformed by the computer. The impact of
computing on engineering education has been much
less profound than research. No paradigm shift away
from the traditional lecture-recitation-laboratory-tu-
torial format, with the textbook as principal instruc-
tional resource, has yet occurred. Nevertheless, there
has been a gradual infusion of computing work into
the curriculum since the early 1960s.

THE ACADEMIC COMPUTING ENVIRONMENT

The computing experience of our undergraduates
has been controlled to a considerable extent by their
access to computing facilities: mainframes for re-
search only in the 1950s; mainframes accessible for
instruction (initially with batch processing and later
with timesharing from hard-wired terminals) in the
1960s; mainframe time-sharing from remote termi-
nals, wide-area networks, and decentralized mini-
computer facilities in the 1970s; personal computer
clusters, local area networks, student-owned com-
puters, and network-accessible supercomputers in
the 1980s; workstations, heterogeneous internets,
distributed services (client-server model), intensely
graphical interfaces and applications, and parallel

* Part 1 of this lecture appeared in the last issue of CEE: Vol.
25(4), (1991), page 218.
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processing in the 1990s. Every engineering school
now has computing facilities for all its undergradu-
ates, though the quantity and quality of the hard-
ware, software, and services vary widely from school
to school. A pertinent statistic'’: in 1989 there were
more than 200,000 university-owned microcomput-
ersin the US, and a significant fraction of them were
in engineering school clusters.

EARLY DEVELOPMENTS

In 1959, Don Katz (then chairman of the Chemi-
cal Engineering Department at Michigan) foresaw
the tremendous impact that computing would have
on engineering practice. He convinced the Ford Foun-
dation to support a feasibility study of broad-scale
integration of computer use into undergraduate en-
gineering curricula that would make recommenda-
tions, prepare teaching materials, and train faculty.
In a three-year period, over two hundred faculty
from nine engineering disciplines and sixty-five en-
gineering schools participated in the various activi-
ties of the Michigan project. They jointly produced
more than 120 completely documented computer
problems/programs for classroom use that were
widely distributed to other faculty.

My first contact with this project occurred in the
summer of 1959 when Don offered me a full-time job
with his project. My acceptance put my thesis on
hold and delayed my PhD by an unconscionable num-
ber of years. But I have never regretted that deci-
sion. It provided opportunities that I would not have
otherwise had and steered me toward an academic
career which has brought me much pleasure.

Principal recommendations of the project:

1. Train faculty to use computers

2. Provide ("free") time-shared computing services to all
students

3. Require a computer-pregramming course

4. Teach numerical and optimization methods

5. Integrate computing assignments into all engineering,
science, and design courses

6. Stress design-like (now called "open-ended") problems
throughout the curriculum
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Some of these recommendations are a bit dated, but
most are still on the mark.

WHAT SHOULD STUDENTS KNOW?

According to ABET guidelines, our current engi-
neering students must'?’ 1) have access to computing
facilities, 2) use computers for technical calculations,
problem solving, data acquisition and processing,
process control, and design, and 3) be able to apply
digital computing techniques to specific problems in
a disciplinary program. In addition, chemical engi-
neering students must be able to 1) program in a
high-level language, 2) use software packages for
analysis and design, 3) use computing facilities such
as editors, and 4) simulate engineering problems.

My own view is that students should be able to
formulate algorithms, be familiar with a procedural
computer language, and be able to understand and
write simple programs in that language.

In addition, I believe that graduating engineers
should have competence in workstation-centered ac-
tivities having little to do with traditional program
writing—in particular

* Electronic communication

* Preparation of most written materials and reports with
editing, word-processing, page layout, or desktop docu-
ment preparation and publishing software

* Drawing, drafting, plotting, and CAD tools

* Spreadsheeting for technical and financial analysis

* Direct access to engineering and other information
resources (e.g., property and equipment data bases,
engineering abstracts, library card catalogues, on-line
display of journal articles and technical archives)

* Signal processing and statistical analysis of machine-
acquired experimental data

* Symbolic mathematical software

* Numerical methods and mathematical software

» Powerful analysis simulation and synthesis packages
for solution of complex discipline-oriented engineer-
ing problems

 Interpretation of computer-generated visual images as
important aids to understanding computed results,
physical phenomena, and engineering systems

* Group project work in which the computer is a major
factor in effective collaboration

* Computer-assisted instruction/training (multi-media)

Are faculty implementing such recommendations
so that our students graduate with computing skills
essential for successful careers? A recent (unpub-
lished) CACHE survey of three large petroleum/
chemical companies suggests that industry views
recent graduates as having acceptable-to-good com-
puting knowledge and abilities. My own view is that
while our students do graduate with significant com-
puting skills, we are closer to implementing the let-
ter than the spirit of even the ABET requirements,
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particularly when it comes to integrating computing
work into our core engineering science courses.

BUILDING A NETWORKED INFRASTRUCTURE

I believe that a college- or university-wide net-
worked computing infrastructure is an essential in-
gredient if we are to be successful. Departmental
resources alone will be inadequate for the job that
needs to be done. Since both our college and depart-
mental administrations at Michigan are committed
to "computing” as a vehicle for significantly improv-
ing the quality of instruction, I would like to relate
some of what we have been, and are now, doing to
make this happen. The impetus came first in 1983
when our dean (now President of the University)
brought a group of faculty (myself included) together
to plan the "complete” integration of "computing”
into the life of the college (target date, 1993). After
lengthy argument and discussion, our principal con-
clusion was:

The personal computer/workstation, connected to the rest of
the world through a hierarchical, heterogeneous multi-
vendor network, will be central to the engineering comput-
ing paradigm well before the turn of the century.

We decided that a networked personal computer/
workstation infrastructure was the first prerequi-
site for effective implementation of the broad goal of
"computing in the curriculum."”

In 1984, the college began to implement the plan
by

* Starting to build a college network connected to, but
otherwise independent of, the university's central main-
frame computing facilities.

 Creating a college network management structure that
would foster personal, academic, and research use of
the new facilities. This included a full-time network
staff and an Executive Committee representing the fac-
ulty. An "Applications Sector" concept for supporting
general-purpose commercial productivity and disci-
pline-oriented professional software (e.g., CAD, design,
control) was also put into place.

* Putting a networked personal computer on the desk of
every faculty member in the college. The dean sent out
the word that electronic mail should be the principal
means of communication for the faculty and staff.

* Putting in place a long-range financial plan. The col-
lege made a firm commitment to maintain state-of-the-
art facilities, replacing outdated equipment and soft-
ware with the current "best" affordable.

Since 1984 our network has grown to a size and
complexity that even we did not envision at the
outset. Here are some facts and figures on its cur-
rent status:

1.100 mbps FDDI optical-fiber token ring backbone

2. Two IBM Token Ring Lans interfaced to the backbone
3. Over thirty Ethernets (at least one in each engineering build-
ing) interfaced to the backbone
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4. Three bridged Apollo workstation 15 mbps optical-fiber token

rings gatewayed through Ethernets to the FDDI backbone

. Subsidiary LANS (e.g., office Apple Talk networks) gatewayed

to building Ethernets

6. About 2000 attached machines distributed as follows:
* 650 in 18 open (24 hours a day) computing clusters, princi-
pally for undergraduates
® 700 in departmental teaching laboratories and in research
laboratories (principally for graduate student and faculty re-
search)
* 650 on faculty and professional staff desks, and for college
and departmental administrative and clerical staffs.

(42

The public workstations directly available to our
undergraduate students include the following mix:
126 IBM PS/2 (386DX and 386SX)
250 Macintosh II (various models)
140 Apollo workstations
50 DEC workstations
50 Sun workstations
20 Hewlett Packard workstations
20 IBM (RS6000) workstations

Because all of the high-performance workstations
use variants of UNIX for their operating systems,
the actual number of computing nodes available to
our students from these open machines is much larger
than 650. Computing tasks can be distributed over a
large number of network workstation nodes (e.g., 75
RS6000s, several hundred Apollos, many high-per-
formance computation servers) operating in client-
server mode. The network also supports a state-of-
the-art visualization laboratory.

THE FIRST COMPUTING COURSE

With the infrastructure in place, we began the
transformation of our traditional programming course
into a "computing" course to prepare our undergrads
for immersion in our networked computing environ-
ment. Jim Wilkes and myself are responsible for the
required computing course for all of our undergradu-
ates, including those in the Computing Science Divi-
sion of our Electrical and Computer Engineering
Departments. Our premises for switching from the
traditional programming course format were:

1.Engineering computing involves much more than tradi-
tional programming
2. The networked workstation will be central to engineering

computing in the 1990s; every student and practicing
engineer will have personal access to one

3. Central mainframes will function principally as informa-
tion servers to networked clients

4.The predominant operating system characteristics of the
future will: support multi-tasking; be multi-user and dis-
tributed; have windowed graphical user interfaces; sup-
port pointing and other non-keyboard devices.

5. Application programs will have a uniform interface across
hardware platforms with: common menu appearance;
common text and graphical element selection; on-line,
context-sensitive help.
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6. The network will support workstation access to any net-
work file, information, computation server; there will be
a common file storage format for all servers.

7.Future workstations will support rapid and natural ma-
nipulation of text, graphics, sound, video, and other me-
dia.

8. Cooperative activity will be supported for both communi-
cation and computation (e.g., group report, data-base,
spreadsheet access/generation, design project work—even
homework).

We decided (after substantial and continuing con-
sultation with college faculty) to include the follow-
ing topics in the first computing course:

* General computer "literacy"

* Hardware and network facilities that will be used through-

out the student's academic career

*Basic productivity software that will be used later on,

regardless of discipline (word processing; drawing, draft-
ing, plotting; spreadsheeting; symbolic math; data-base
manipulation; data acquisition/analysis)

* Programming in a procedure-oriented language

* Solution of problems designed to expose students to topics

from different engineering disciplines

* Participation in a group activity (e.g., cooperative design
and implementation of a problem solution on the com-
puter)

To make the balance of our activities a bit clearer,
the course syllabus is shown in Table 1. In truth, we
have not yet been able to include the last two topics
without consuming more than a fair (3 credit-hour)
share of the student's time during the term. It is
likely that we will eliminate some of the introduc-
tory material and include one or both of these topics
in future terms, since our students are arriving with
more knowledge of computers and more experience
in computer programming with each passing year.

IMPACT ON ENGINEERING COURSES

Almost all of our faculty have taken the produc-
tivity enhancing services of the networked personal
computer/workstation (mail, wordprocessing, desk-
top publishing, and even spreadsheeting and draw-
ing applications) in stride, much more easily than I
would have thought ten years ago. Our students
have taken to network services like fish to water—
especially the major productivity tools like word pro-
cessing, plotting, and spreadsheeting.

But what about the impact of computing and the
networked environment on engineering course con-
tent and teaching methodology? In upper-level pro-
fessional design courses the computer already has
had a pervasive influence. In effect, most of the
college's design and control courses have become
computer-aided courses. The computer has also had
a significant impact in our undergraduate labora-
tory courses, which now emphasize experimental
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design and data analysis.

Unfortunately there is still a reluctance by many
faculty to truly integrate "computing" into the middle-
level engineering science courses. Historically, our
computing activities in these courses have been simi-
lar to those at many other colleges—hit-and-miss,
with little course-to-course coordination. A few
courses, such as our senior/graduate numerical meth-
ods offering depended heavily on computing assign-
ments, while many courses ignored the computer
altogether or had only an occasional computer as-
signment (typically the writing of a program).

Around 1986 our department adopted a policy
that every core course would involve at least two
"computing” problems and at least one "open-ended"
problem. The computer problems started out as pro-
gramming assignments for solving assigned analy-
sis problems, but over the years, the trend has been
toward use of application packages for solving more
realistic (nonlinear) technical problems.

THE COMPUTER AS TEACHER

There is still a vast potential for enhancing our
engineering science courses with computer simula-
tions and computer-assisted instruction. Bob Seader'®
points the way with the following comment:

The microcomputer is the most powerful learning device
since the printed textbook. If the computer is used prop-
erly, individualized interactive learning is economically
possible for the first time.

Substituting "networked workstation" for "mi-
crocomputer," I agree with Bob. The networked work-
station with high-quality color graphics (and in the
future, CD-ROM, video and sound) and access to a
variety of information servers has the potential of
being the near-perfect vehicle for bringing unique
"open-ended" problems to individual students who

make the technical decisions while the computer
generates alternative solutions and displays them in
easily understandable (principally graphical) forms.

Unfortunately, the creation of good instructional
software is very demanding of faculty time, student
manpower, and money. There is unlikely to be any
significant effort outside the university to generate
such software because there is little prospect of fi-
nancial return. And since the reward structure, at
least at research universities, discourages such ac-
tivity, there is little prospect of major faculty efforts
to develop instructional software except in associa-
tion with popular textbooks or when supported by
outside funding.

Two of our faculty (Scott Fogler and myself) be-
gan to work on instructional modules for personal
computers several years ago. Scott developed a set of
several stand-alone modules for his reaction engi-
neering course. They were well received by students
and have been acquired by many schools that adopted
his reaction engineering textbook. At about the same
time, several students and I developed a CAI
authoring package and several chemical engineer-
ing and numerical and optimization modules for
stand-alone PCs.

More recently, Scott received a NSF curriculum-
improvement grant and has undertaken develop-
ment of several (four to six each) instructional mod-
ules for introduction to chemical engineering ther-
modynamics, reaction engineering, separations, and
fluid mechanics. Many of these will be released to
the chemical engineering community through
CACHE in the next year or so.

In the meantime, I supervised development of a
system-management tool called MicroMENTOR that
supports networked delivery of all IBM-oriented soft-
ware (including Scott's modules) used in our

TABLE 1
Freshman Computing Course Syllabus

2-hr
classes TOPIC

1 General introduction to computers, the PS/2

2 0S/2, PM interface, files

2 Word processing/Text Editing

1 Networks

1 Internet hardware/software, services

1 Electronic mail, on-line services of the university library
9 Programming language (FORTRAN-77 or PASCAL)

1 The Macintosh
3
1
1
2
1
1

Symbolic mathematics - Maple

Spreadsheeting, simple financial analysis tools - EXCEL
Simple database tools

Data acquisition and analysis

Graphics (drawing, drafting, plotting, CAD) - Claris CAD, Delta Graph
Non-numerical methods (sorting, searching, symbol manipulation

department. MicroMENTOR allows individual
faculty to install software and other instruc-
tional materials directly on network servers
without going through network administra-
tors, to control access to the materials by their
students, to automatically collect student com-
ments/criticisms, and to gather statistics on
user activity and software use. I believe that
the concept of departmentally-controlled in-
structional software embedded in a more glo-
bal environment of network services will prove
to be an effective way to deliver educational °
software to our students.

Two other NSF-sponsored curriculum im-
provement grants promise to deliver very high
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quality products that will be widely distributed
(through CACHE) at low cost. One project (co-di-
rected by Rex Reklaitis and Bob Squires at Purdue)
is developing comprehensive simulation models of
industrial processes.The simulations are very flex-
ible, involve professionally produced videos, and could
be used effectively in a simulation lab, design course,
or engineering-science courses.

The second project (directed by Bruce Finlayson
at the University of Washington) focuses on numeri-
cally intensive solution of general fluid mechanics,
reaction, and heat and mass transfer models: its
major features are extensive graphical input and
high-quality color display for the visualization of
computed results.

In addition, a few faculty scattered across the
country are producing very useful instructionally-
oriented software. I hope that the recent showcasing
of some of this software at the national AIChE meet-
ing in Los Angeles will be an annual event, giving
faculty an opportunity to demonstrate their pro-
grams/lessons to a nationwide faculty audience.

THE FUTURE

What about the future? The track record for long-
range predictions about computing is only fair, at
best. Nevertheless, I'd like to end with some predic-
tions about the future of computing and the impact
of computing on engineering education in the short
(five to ten years) term.

By 1996

1. Microprocessors will be the dominant computing technology;
differences in personal computer and workstation character-
istics (and probably technology) will virtually disappear. Most
functions of the simpler microcomputers will be incorporated
into a single chip.

2. Typical workstation memories will be 16 MBytes; typical
operating speeds will be 50-100 MIPS.

3. The dominant mode of professional and academic engineer-
ing computing will be networked and distributed with main-
frames functioning principally as large-scale networked infor-
mation servers.

4. Character-based applications will disappear; essentially all
applications will operate in graphical mode.

5. "Three-dimensional" graphical interfaces will be available (no
glasses). Flat panel displays will be widely available.

6. The visualization capabilities of the newest workstations will
be widely used for research and education.

7. Multimedia workstations will be both available and afford-
able for instruction, but only in limited numbers; high-quality
multimedia instructional software will begin to appear on
engineering campuses.

8. With the advent of digital high-definition television, there
will be a significant merging of video and computing technol-
ogy. Some campus workstations will have a camera and mi-
crophone as peripherals.
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9. New authoring tools will make it much easier to create visu-
ally attractive and interesting interactive instructional mod-
ules (e.g., with animation and video). Standards will be in
place for capturing and encoding audio and visual informa-
tion. New image compression algorithms will reduce hard-
ware demands for visual-image storage. Hypertext (non-se-
quential information representation) tools will play an impor-
tant role in authoring software.

10. It will still be time-consuming and expensive for faculty to
design, create, and test discipline-oriented instructional soft-
ware. Some colleges will begin to recognize faculty-authoring
efforts as a valued contribution at merit salary time (but not as
criteria for promotion or tenure).

By 2001

1. Procedure-language programming will decrease in importance
and will probably not be required of students. Object-oriented
and visual-programming tools will fill the void left by the
decline of algorithmic languages.

2. Interactive instructional modules will have a significant im-
pact on the education and continuing education of engineer-
ing students and professionals.

3. Workstations operating in the 1000 MIP/100 MFLOP range
will be available on the desktop (and in a briefcase) for about
the price equivalent to a current high-end personal computer.

4. Students will take notes on pen-based notebook computers;
in-class transponders will allow immediate storage of figures,
assignments, etc., in these computers.

5. Network transmission rates will increase several fold to many
gigabit/sec. Much of the paperwork (class handouts, home-
work assignments, collections of assignments) associated with
current engineering classes will be handled electronically
using network services. (So far the computer has hardly pro-
duced the paperless society—but I think this will happen
anyway.)

6. A digital cellular wireless network will allow access to the
international Internet from virtually anywhere in the world.

7. Many technical publications will be electronically accessible,
with new mechanisms for copyright, royalties, etc., in place.

8. Spoken-language interfaces will begin to appear.

9. Parallel processors on a single chip will be common in per-
sonal workstations.

10. Microcomputers will compete effectively with supercomputers
in the solution of many computational-intensive problems.
Supercomputers will be able to maintain superior speeds, but
only by increased parallelism. They will remain, relatively
speaking, quite expensive.

11. Massively parallel machines will be available and widely
used for engineering research. Many will operate at Teraflop
speeds. Programming tools and application software will be
slow to develop, but in place and very effective.

12. Some faculty will still not be using computers, except grudg-
ingly (E-mail only?).

And finally, no one will remember these predic-
tions. I will not be asked to comment on them—and

a good thing too!
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