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FOREWORDS

I arrived at MIT in the fall of 1990, midway through the final year
ot Project Athena. With vision and determination, Professor Gerald
Wilson, then Dean of Engineering, together with President Paul
Gray and Provost John Deutch, had led this remarkable cffort to
create a new cducational computing environment at MIT. The proj-
cct challenged the entire MIT community, especially the faculty, stu-
dents, and Project Athena staff. It succeeded in creating a system that
has begun to transform the ways in which our students and faculty
approach computing, learning, and information sharing.

I believe that the development of information technology will
revolutionize the ways in which many of us work and interact. It is
important that MIT prepare its graduates for such an environment
and that we explore and implement ways to usc information tech-
nology to enhance the educational process itself. With over 1000 net-
worked workstations and servers located throughout the campus,
Athena scems ubiquitous to this year’s first-ycar students. By the
start of classes in the fall, a typical freshman had likely become an
Athena user, beginning with electronic mail and messaging and basic
text cditing. He or she might well have been enrolled in 3.091, In-
troduction to Solid State Chemistry, which uscs the new On-line
Teaching Assistant (OLTA) capability. In later years, a typical mem-
ber of the class of 1994 will probably have created new sottware on
Athena and will likely have taken several of the 200 subjects now
using courscwarc on Athcna. Some of the courseware developed
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in Project Athena is already in use on other campuses around the
country.

Project Athena was made possible by the partnership with the
Digital Equipment Corporation and the IBM Corporation, and is a
model of university—industry collaboration. Working side by side,
pecople from the three organizations created new client-scerver soft-
ware technology, including X Window, Kerberos, and many other
system and application level programs, all of which were made avail-
able to the outside world.

The author of this book, Dr. George Champine, was the DEC
Associate Director of Project Athena. His perspective provides valu-
able insight and a lasting account of the creation ot the Athena Com-
puting Environment.

Charles M. Vest

President
The Massachusetts Institute of Technology

From time to time, windows of opportunity open to make major
advances in computing technology. One such window was the oc-
caston to participate in Project Athena in 1983, Three unique tactors
came together at that time to make this an unparalleled opportunity.
These factors were

® a major change in computing from centralized time-sharing sys-
tems to a distributed network of workstations;

® the desire by MIT to develop a campus-wide world-class com-
putation system for education as well as research;

® the desire by Digital to participate in a very large scale imple-
mentation of networked workstations to test its strategy and
products.

Nevertheless, the project was clearly very risky because of the many
unknowns.

Now, eight years later, Athena has utilized this opportunity to
make very signiticant contributions to distributed computing and
has been successtul bevond any of our expectations. Through the X
Window System, Kerberos Authentication Service, and other similar
developments, Athena has changed the world of computing. Athena
is onc of the first and onc of the most successtul implementations of
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the client/server model ot distributed computing. This model has
now been endorsed by the Open Sottware Foundation for their Dis-
tributed Computing Environment. Athena has emerged as the
model of choice for distributed campus computing, and I expect that
it will serve as the preferred model of distributed computing for the
1990s.

Project Athena also stands as an excellent example of what can
be accomplished when the right kind ot partnership is struck be-
tween industrial corporations and universitics. What Athena accom-
plished could not have been done in the 1980s by MIT, Digital, or
IBM alone. Working together, in the open environment of the uni-
versity campus, we created the pioneering implementation of the vi-
sion of a coherent, powerful, distributed computing system.

On behalf of Digital Equipment Corporation, I would like to
thank our two partners in Project Athena, MIT and IBM, for the
chance to join with them in undertaking a project too large tor any
onc of us to support alone, but whose benefits far outweigh the
costs.

We congratulate the entire Athena team, knowing that the sys-
tem they designed and built so well will serve as a plattorm for the
major computing advances that will be accomplished in the 1990s.

Samuel H. Fuller
Vice President, Research
Digital Equipment Corporation

Creativity and innovation are the fucels that drive modern high tech-
nology companies. Just as the New England textile mulls of the last
century needed a steady flow of water to power their turbines, to-
day’s information-based industries require a steady flow of new 1deas
to compete in global markets.

Most people agree that innovation cannot be forced. Many be-
lieve it cannot be planned for or managed to a fixed schedule. In tact,
there is evidence that most organizations are doing very well if they
are able to encourage mmnovation rather than stifle it, and to recognize
and reward creativity when it blossoms.

Devcloping collaborative rescarch projects with universities is
one successtul strategy to encourage mnovation that has been devel-
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oped and used successfully for years by Digital Equipment Corpo-
ration. Project Athena at MIT was Digital’s largest and longest run-
ning university project. During its eight-ycar history, Digital
engineers spent more than 40 person-years working on sitc with
MIT faculty, students and statt, and rescarchers from other compa-
nics. The trail of innovation leading from the people working to-
gether on this project is proof of the basic tenet of those of us who
sponsor strong research connections with universities: When indus-
try and academia pool their research talent, both sides prosper.

Project Athena was a success in several dimensions. Thousands
of young engineers and scientists learned more about their core cur-
riculum because of innovative learning software developed by fac-
ulty and staff. Perhaps even more important, they learned how to
use networks of powerful workstations for collaborations in many
endecavors. New technology that emerged from the project was
turned into commercial products by Digital and other companies.
Examples include the X Window System, Kerberos, and Hesiod. In
addition, knowledge about how to design, install, manage, and
modify an extremely complex network of distributed systems is in-
fluencing dozens of other organizations, both commercial and aca-
demic, that are on the forefront of computing.

Many of the lessons learned from Project Athena have to do with
how bright pecople from ditterent organizations, with ditterent goals,
and with very difterent cultures can work cffectively together despite
these differences. George Champine worked for nearly five years at
bridging these cultures and contributing in many ways to the success
of the project. This book is a great contribution to everyone inter-
ested in understanding the vision and the accomplishments of once of
the most important university—industrial cooperative projects of
the past decade. Equally important are his insights about how this
remarkable partnership developed and tunctioned on a day-to-day
basis.

Like most effective technical relationships, Project Athena was
based on mutual respect, ongoing communication, a vigorous quest
for excellence, and the challenge of growth and discovery. We hope
that it can serve as a model for many other successful university—
industry cooperative cfforts.

John W. McCredie
Director, External Research Program
Digital Equipment Corporation



PREFACE

Tell me and I forget
Show me and I remember
Involve me and I understand

Ancient Chinese proverb

Project Athena at MIT has emerged as one of the most important
modecls of next generation distributed computing in the academic
environment. MIT pioneered this new systems approach to com-
putation based on the client—server model to support a network of
workstations. This new model is replacing time-sharing (which MIT
also pionceered) as the preterred model of computing at the Institute.
Athena is unique in that it is one of the first and one of the largest
integrated implementations of this new model, perhaps paralleled
only by the Andrew project at Carnegic-Mellon University. Athena’s
uniqueness has led to widespread interest in its design, implementa-
tion, and results. This book was written to supply information in a
relatively concise form to meet this interest. For those who nced
more detail, a complete set (2800 pages) of Athena reports through
September 1988 was published under the title “Project Athena: The
First Five Years” and is available from Digital. This book is ab-
stracted in large measure from thosce reports but with updated inftor-
mation where available and supplemental information to fill out the
picture. This book also provides references to the more detailed pa-
pers describing Athena in the Bibliography.

The following characteristics, taken together, make Project
Athena unique among the various higher education computing sys-
tems:

= magnitude, the largest educational project ever undertaken by
MIT with a cost of about $100 million;

xiii
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Figure 1 Project Athena workstation cluster.

®  workstation-based exclusively;

m  campuswide, with one integrated system that scrves the entire
campus;

8 coherent, i that all applications run on all workstations, provid-
ing the same user interface independent of hardware architecture
and easy sharing of programs and data; and

®  centrally managed and supported.

In the late 1970s the information processing needs of higher cd-
ucation were rapidly moving beyond the capabilitics of conventional
pedagogical techniques. These techniques—pencil, paper, books,
blackboards, and lectures—have all been used for hundreds of years.
At the same time, major computer manufacturers were developing
high-performance graphics workstations and networks that they ex-
pected students could attord within a few years. The MIT faculty
believed that a network of workstations with good graphics and
communications could overcome the well-known obstacles to learn-
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ing by providing capabilities for

®  casier visualization of abstract concepts;

®  powerful simulation tools for classroom demonstration and
homework problems;

s productivity aids to allow the student to accomplish more in less
time and with better quality; and

= improved cducation in the arca of design, by solving realistic
problems using sophisticated computer-aided techniques.

Figure 1 shows part of Athena’s largest workstation cluster.

Ultimately, the system was intended to help students obtain new
conceptual and intuitive understanding of disciplines. A one-time in-
vestment in training and development would become applicable to
all uses of the system.

In May 1983, MIT announced the establishment of a five-year
program to explore new, innovative uses of computing in the MIT
curriculum. This program was Project Athena.

Athena was undertaken to create a computing environment that
would make a significant and lasting improvement in the overall
quality ot cducation at MIT. Athena’s mandate was to explore di-
verse uses of computing in support of education and to build the base
of knowledge needed tor a longer term strategic decision about how
computers fit into the MIT curriculum.

Athena has a major role mn the educational mission of MIT, with
the objective of contributing to the quality of the educational pro-
cess. This role includes instruction, research, and activities outside
the laboratory and classroom.

The primary technical objective of Project Athena, as stated carly
in 1983, was: “By 1988, create a new educational computing envi-
ronment at MIT built around high performance graphics worksta-
tions, high speed networking, and servers of various types™ [Lerman
87]. This objective has remained constant over the life of the project.
Additional technical objectives were to

®  support a heterogencous hardware configuration;

m provide a user interface independent of hardware;

m  provide a software development environment independent ot
hardware;

®  maximize the exportability and importability of sottware: and

®  accomplish these objectives at an ongoing operations cost, in-
cluding hardware, not to exceed 15 percent of tuition.
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These objectives have largely been met.

The support of heterogeneous hardware is necessary because
Athena’s two major sponsors, Digital Equipment Corporation and
IBM, have products with substantially different architectures. The
attainment of the cost objective was aided to a considerable extent
by having a single user interface and single software development
environment independent of hardware. The computational environ-
ment includes hardware, data communications, physical facilitics,
systems software, documentation, user support, applications soft-
ware, and information resources, such as the libraries and outside
databases.

Project Athena has now been in existence for seven years. Today,
it is a production system, having fulfilled its objective of providing
campuswide access to workstation-based computing at MIT.

Athena is a distributed workstation system in use 24 hours per
day with 10,500 active accounts and 1300 workstations. The Athena
model of computing is that of a unitied distributed system where a
single log in provides universal access to a varicety of authenticated
network services. The distributed services supported by Athena con-
vert the time-sharing model of computing supported by Unix into
a distributed system operating environment.

Network services supported include authentication, name ser-
vice, real time notification service, a network mail service, an clec-
tronic conferencing service, a network file service, and an on-line
consulting scrvice. The system has extensive failsoft capabilitics that
permit continuous operation despite equipment failures. The system
1s designed to support 10,000 workstations by minimizing the use of
nctwork bandwidth, mass storage, and labor—all scarce resources.
The centralized management approach also helps to minimize sup-
port and operations cost.

The workstation types presently supported are the Digital
VAXstation and DECstation, the NeXT computer, the IBM RT/PC
and RS6000, the Apple Macintosh II, and IBM PS/2 personal com-
puters. Communications is provided by a campuswide local arca net-
work. The backbone is a 10 million bit/second fiber optic token ring.
Attached to the backbone are 23 IP routers, which support 41 Eth-
crnet subnets using TCP/IP.

The system provides a coherent model of computing in which
all applications can run on all supported workstations independent
of architecture. Because of the strong level of coherence, the human
nterface to the system is independent of the type of workstations
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being used. Differences in equipment are invisible to the user. Only
one training course set and one documentation set are needed, no
matter what workstation hardware is used. Students need to learn
only one system during their stay at MIT, thus improving their pro-
ductivity. The ultimate objective of coherence is .0 make the transfer
of information limited only by its usefulness, not its availability.

Currently, 16 public clusters of workstations are available for use
by students. Thesce public clusters include 10-120 workstations cach,
and are open 24 hours per day. One of the public clusters is an clec-
tronic classroom. In addition to the public clusters, there are 25 de-
partment clusters and four projection-equipped facilitics. Worksta-
tion clusters have been installed 1n five student residences, with some
having workstations in the bedrooms and others having them in
common areas. Figure 2 shows the locations of Athena workstation
clusters.

At present, 38 Network File System (NFES) file servers, 8 An-
drew File System (AES) file servers, 36 Remote Virtual Disk (RVD)
file servers, 135 Postscript printers, three each of name servers and
post office servers, and two authentication servers are utilized. In
addition to the “generic” Athena monochrome workstations, 15
multimedia workstations support full motion color vidco and sound.
The system has 100 gigabytes of rotating storage in the workstations
and an additional 50 gigabytes of rotating storage n network file
servers.

The current 10,500 active user accounts (from a total of about
15,000 total accounts) generate about 5000 log ins and about 13,000
mail messages per day. The average student uses the system ecight
hours per week. In aggregate, the users gencrated 24,000 questions
for the on-line consulting system and printed 5 milhon pages during
1990. About 96 percent of the undergraduate students and about 70
percent of the graduate students use the system. Athena usage 1s -
creasing substantially each semester.

The design of the Athena system was led by Professor Jerome
Saltzer of MIT, in association with the Athena statt, which includes
among others Ed Balkovich, Tony Della Fera, Steve Dyer, Dan
Geer, Jim Gettys, John Kohl, Steve Lerman, Steve Miller, Chtt Neu-
man, Ken Racburn, Mark Rosenstein, Jeft Schiller, Bill Sommerteld.
Ralph Swick, and Win Treese.

Initially, about 1500 Institute-owned workstations will be de-
ployed. Later, all students and statt will be allowed to purchase pri-
vate workstations, and plans call for ultimate system extension to
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support approximately 10,000 workstations. System software is
based on Unix and includes additional MIT-developed software that
implements a client—server distributed system.

A significant part of the project is development of instructional
software; to date 125 projects have been funded for that purpose.
Students use Athena for most courses in some manner. Often Athena
is used with personal productivity software, such as word process-
ing, spreadsheets, graphics, and mathematical application packages.
In addition, about 200 courses arce presently being taught that use
MIT-developed mstructional sottware. Some courses require the usce
of Athcna in mid-semester and final exams. Considerable anecdotal
cvidence shows that Athena has improved the quality of education
at MIT, tulfilling its primary objective, even though the instructional
sottware developed to date falls short of what ultimately can be de-
veloped.

Another part of the project is development of a multimedia
workstation that uses interactive video disk technology to dehver tull
motion video in an X window simultancously with conventional
computer-generated text and graphics. The multimedia workstation
project includes development of an advanced authoring environ-
ment, called MUSE, to reduce the cost and skill level needed to de-
velop instructional software.

Athena 1s to continue as a free-standing project until June, 1991.
At that time 1t will be integrated mto the MIT administrative system.

In many ways, Athena mirrors larger campus issues. Some of
the more fundamental issues are the proper role of computers in
higher education, the role of student housing as integrated into
coursework versus a defense against the demands of coursework,
and the inherent contlict between the priorty given to teaching and
the priority given to research (and tenure). To the extent possible,
these larger issues are described in this book, with Athena being only
one point in the spectrum of tradeoffs that can be made. All cam-
puses are different, and strategies that work well on one campus
could end in disaster at another. No claim 1s made that the approach
selected by MIT is appropriate anywhere clse. However, the lessons
learned may be helpful to others designing similar systems.

Not all sections of this book are likely to be of equal interest to
all readers. To help you find the arcas of interest to you, we divided
the book into tour parts: Development, Pedagogy. Technology, and
Administration.

The Development part includes Chapters 1 and 2. Chapter 1 de-
scribes the process of creating the vision that became Athena, the
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negotiations necessary to achicve some level of consensus about that
vision, and the trigger necessary to start implemenration. Chapter 2
then describes the project undertaken to implement the vision, start-
ing with the activities to develop the project’s infrastructure.

The Pedagogy part includes Chapters 3 and 4. Chapter 3 de-
scribes the instructional software developed for Athena, including
the process by which it was funded, and some of the more widely
uscd packages. Chapter 4 describes project—taculty relations. An im-
portant aspect of Athena’s success, these relations have not always
been smooth.

The Technical part includes Chapters 5, 6, and 7. Chapter 5 sum-
marizes the technical aspects of the system, and Chapter 6 presents
them in much greater detail. Chapter 6 deals with the system at a
technical level and assumes a knowledge of computer systems soft-
ware and Unix. It also describes the human interface work at Athena
and the campus communications system. Chapter 7 describes mul-
timedia workstation development and use.

The Administration part includes Chapters 8-11. As part of the
Athena experiment, workstations were put in five student housing
facilities; Chapter 8 describes these mnstallations and assesses the re-
sults. Chapter 9 describes the financial and orgamzational aspects of
the project. Chapter 10 provides an assessment ot the project. Chap-
ter 11 looks at possible futures tor the project and the direction cho-
sen by MIT.

Three documents of interest to implementors of campus com-
puting systems similar to Athena are included in the Appendixes:
Guidchines for Installation (Appendix II) and Principles of Respon-
sible Use of Project Athena and Athena Rules of Use (both in Ap-
pendix IV).
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ONE

Creating the Vision

The Massachusetts Institute of Technology (MIT), founded in 1865
by William Barton Rogers, from the outset established the objective
ot combining research and education to the benefit of both in solving
rcal-world problems. The Institute has long had a reputation for out-
standing research in many ficlds, including computers. Since the in-
vention of the computer, MIT has been in the forefront of develop-
ment and application of computing technology. The Radiation
Laboratory there did much of the initial work on vacuum tube cir-
cuits for counting and logic that established the technology for clec-
tronic digital computers.

MIT started using computers in 1947—with the Whirlwind I
computer—only a year after the invention of the clectronic digital
computer, and went on to develop the notable inventions of core
memory and time-sharing. An early research project at MIT that had
considerable influence on computing was the Multiplexed Informa-
tion and Computing Service System (MULTICS), started in 1964.
Some of those who worked on MULTICS later worked on Athena,
and the Remote Virtual Disk (RVD) software developed at MUL-
TICS was later used by Athena.

The Student Information Processing Board (SIPB) is onc of
many organizations providing opportunities for MIT students to
participate in independent rescarch activities. Originally, SIPB was
organized to allocate time on MULTICS to undergraduates who
wanted to do private computing. SIPB 1s now an information
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scrvices and consulting group for the student community and has
played a major role in Athena development.

Presently, MIT has more than 9000 students, about cqually di-
vided between undergraduates and graduates, and supported by
some 1000 faculty members. A unique feature of MIT 1s that under-
graduates are encouraged to undertake rescarch projects, and most
seniors are required to write a thesis as part of the graduation require-
ments.

MIT has long been well endowed with computing resources for
research. To some extent, these research computing resources were
also available to graduate students on an ad hoc basis. However, the
vast majority of the extensive and highly decentralized computing
resources at MIT historically were devoted to rescarch-related activ-
itics. This strong rescarch ortentation inhibited extensive exploration
of computing as an integral part of instruction.

Late in the 1970s, some faculty members began to be concerned
about the computational resources available tor education, especially
for undergraduate education. At that time a student could complete
a four-year curriculum in engincering or science without ever using
a computer. There was general acceptance of the 1dea that, in order
for MIT to be a first-class educational institution, it had to have a
first-class cducational computing system. Various committees ¢x-
amined the question and agreed that improvement was necessary.

Identifying the Vision

The carliest document pointing out the need for a campus system
like Athena probably was the report by the Ad Hoc Committee on
Future Computational Needs and Resources at MIT [Dertouzos 78].
The report was submitted initially in September 1978 and published
in final form in April 1979. Chancellor Paul Gray and Provost Walter
Rosenblith had established the committee “to consider the long
term nceds of MIT and . . . make recommendations for the evolu-
tion and development of information-processing resources at MIT.”
The committee was chaired by Michael Dertouzos, Director of the
MIT Laboratory for Computer Science (LCS). Although formally
charged to take a five-year view, the committee decided to take a
ten-year view.

[t became evident to the committee that information processing
technology was changing as rapidly as potential applications. More-
over, computing was (and still is) a capital-intensive activity. Thus
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MIT nceded to develop a strategy that would efficiently and effec-
tively usc its capital investments in this technology. The committee’s
report was remarkably accurate in forecasting the nature of the on-
coming technology, although somewhat optimistic about the time
frame.

In 1979, MIT was spending about $10 million per year on com-
puting, divided among

m  cducation (6 percent);

®  rescarch (57 percent);

® administration (21 percent); and

m  outside users (16 percent, cost recovered).

As the educational use of computing at MIT in 1961 had been 30
pereent, its share of resources had dropped substantially over the pre-
ceding 17 years. In 1979, the largest single user of educational com-
puting resources on a per-student basis was the Sloan School of Man-
agement at $210 per student per year. The largest machine on
campus had a performance of 3.5 million instructions per second
(MIPS), and the total processing power on campus was about 20
MIPS. (Exactly ten years later, Athena alone had 2000 MIPS of pro-
cessing power, and an individual workstation can have 27 MIPS ot
processing power.)
The 1979 report stated that

The use of instructional computing at MIT is not perceived as leading our peer
institutions . . . and is characterized by restricted access and high costs. On
balance . . . we are not where we should be: our present path does not lead
where we should be headed; and . . . MIT’s overall use of information pro-
cessing can not be characterized as pioneering.

The report went on to forecast—rather accurately—the advent of
officc automation and campuswide local area networks using glass
fiber, graphics, facsimile, digital voice and 1mage transmission, and
personal computers. For 1989, it forecasted that

Students may very well use their several thousand personal machines and other
ports to review course material, solve homework problems and submit them,
simulate experiments, text edit theses and reports, prepare graphs, perform bib-
liographical searches, communicate via the campus electronic mail with fellow
students or with instructors, or even with students at other institutions, find
out what goes on throughout MIT, and check their registration. Faculty may
use their personal machine or terminal to do their own research, prepare course
material, to disseminate it to students, to review the work of students,
colleagues, and administrators in a paperless fashion, to maintain their appoint-
ments and phone number databases, and to monitor aggregate class parameters
or individual student progress.
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The report forecasted the performance of future personal com-
puters at about “today’s medium-sized computers (i.c., 1 MIPS) at
an average price of $2000 by 1989.” Most of these predictions have
come true in about the time forecasted, although the hardware is
faster and cheaper (in constant 1978 dollars) than forecasted. The re-
port recognized the power and 1mportance of decentralization and
nctworking, about which 1t says: “The recommendation to establish
the MIT network is the heart ot the MIT plan tor information pro-
cessing and communications. . . .” The ability to make these rec-
ommendations with confidence was a direct consequence of the
LCS’s rescarch on distributed computing proposed to the Detense
Advanced Rescarch Projects Agency (DARPA) in 1976 and started
in 1977.

Specific recommendations of the 1979 report were to

®  establish a campuswide network;

establish ten regional centers (of computation) within MIT;

®  acquire new resources of five medium-scale computers and 400
terminals;

® initiate experiments in education, office automation, graphics,
personal computers, computerized classrooms, mixed media,
and library use;

®  cstablish a standing faculty committee for information process-
ing; and

m  cstablish a “Czar of Information” at MIT to coordinate com-
munications and computing.

The recommendation of establishing the “czar of informacdon™ was
implemented after Athena was started, with the appointment of Pro-
fessor James Bruce of the Electrical Engineering and Computer Sci-
ence department to this position (later this position was clevated to
Vice President of Information Systems). With this one exception, the
report did not lead directly to action. However, the problems and
concerns continued, and the report identitied formally tor the first
time the need to take action.

(Much later, most of the committee’s recommendations were
carried out because ot pressure trom the faculty, largely within the
framework of Athena. The incremental cost of carrying out these
reccommendations tor the first five years starting in 1980 originally
was estimated at $2.6 million. When the Athena project did start in
carnest in 1983, the actual incremental cost for the first five years was
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about $70 million. The cost increase in large measure represented the
premium required to obtain a leading-edge system.)

Initiating Action

The deticiencies of MIT's instructional computing environment be-
came increasingly apparent in dhe carly 1980s, when the inital wave
of personal computers began to make computing use for nonnumer-
ical tasks much more common. Various academic departments, par-
ficularly within the School of Enginecring, began to recognize the
shortage of instructionally oriented computing in their annual re-
ports and highhighted the potential benetits that computing might
have tor improving the quality of MIT's undergraduate education.

In 1982, Gerald Wilson, Dean of the School of Engineering, took
a personal mterest m this problem and added his considerable intlu-
ence toward developing a solution. Wilson recognized the pressing
need for improvements in the educational use of computers at MIT.
Dertouzos and Joel Moses, Head of the Electrical Engineering and
Computer Science department, were the other two members pri-
manily responsible tor shaping the vision of the project and getting
it started.

Wilson had given up hope that anything would be done at the
Institute level and deaded to proceed with a program for the School
of Engineering. His objective was to provide a first-class computa-
tional environment for undergraduate engineering students, who
had no access to computers unless they were taking computer science
subjects that specifically provided system access.

Wilson convened a committee to meet on long-range planning
on Cape Cod in October 1982. Moses had done considerable work
in putting together a position statement and recommendation on the
use of computers in education at MIT. He was allocated 30 minutes
at 8:00 p.M. to present the report, but discussion became so spirited
that it continued for three hours and involved all the participants.
The intense interest was fucled by announcement of the agreement
between Carnegic-Mcllon University and IRM tor development and
support of the Andrew system the previous week. The major rec-
ommendation of the meeting was to move forward on cducational
computing.

Wilson called another highly important mecting in November
1982 in Concord between Digital and MIT. Dhgital was represented
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by Gordon Bell (Vice President of Engineering) and Sam Fuller. Wil-
son made it clear at that mecting that MIT wanted an educational
system, not a general purposc system to support all campus com-
puting. At the mecting Dertouzos and Moses agreed to dratt a pro-
posal for potential sponsors, which was later accepted by Digital and
IBM virtually unchanged. At this mecting the concept ot “coher-
ence,” which was to become so important later, was first developed.
Dertouzos and Moses sat in Dertouzos’ car where they discussed al-
ternatives for implementing coherence.

As a result of the Cape Cod meeting and subsequent work, Wil-
son assembled an ad hoc group of faculty members in late 1982, This
group worked to identify the types of applications various ftaculty
members wanted and to establish the requirements for an instruc-
tionally oriented computational environment that would serve in-
structional needs in the 1990s. The most significant tindings ot the
group were:

1. An extremely large and diverse set of potential applications of
computing cxisted in the MIT undergraduate curriculum. These
ideas involved increasing the use of computing not as surrogate
for traditional teaching modes, but rather to expand the scope
and depth of the curriculum. Ideas included use of computer-
aided design tools, the development of “expert tutors” that
would provide hints and help in solving problems normally
posed to students, expansion of the role of numerical solution
methods within the curriculum, use of digital data acquisition
and processing within undergraduate laboratories, and the use of
simulations to allow students to explore complex mathematical
models of physical and social systems.
The computational needs of the applications the MIT faculty en-
visioned would exceed the power of the then-current generation
of personal computers. These applications required better graph-
ics, more memory and computing power, and intermachine
communication facilities, which were much more characteristic
of engineering and scientific workstations just recently intro-
duced into the market.

3. Faculty who developed or used computer applications as part of
their teaching faced many barriers. One of the most vexing was
the extreme diversity of operating systems in use on the campus.
Faculty would often have to rewrite their applications almost
completely as they moved from one computer system to another.
In addition, as there was no common computer system on cam-
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pus, faculty would often have to teach students how to use the
operating system, the text editor, and related utilities. This ne-
cessity cither reduced precious teaching time for the subject mat-
ter or increased the workload for the students, or both. The ple-
thora of computing environments on campus also reduced
program and data sharing across departments. Software devel-
oped by one faculty member was rarely of use to others; instead,
faculty members were reinventing ecach others’ work again and
again.

These observations led to the recommendation that MIT under-
take a large-scale program to explore the value of an ubiquitous,
common computing cnvironment. The group concluded that MIT
nceded to develop the resources that would tree the faculty to explore
the use ot computing i undergraduate education on an unprece-
dented scale. In addition, the faculty needed a common comput-
ing cnvironment that provided high performance, was accessible
throughout the campus, and allowed a high degree of source code
compatibility across diverse hardware platforms.

Wilson took this proposal to the Academic Council and pre-
sented it to all deans of the Institute. Interest varied from small to
none, some stating outright that computers did not have a role in
education.

The Vision

The initial concept of what was to become project Athena was to
implement a next generation networked workstation computing sys-
tem for educational usc. The system ideally would be “coherent™ and
campuswide. It emerged from the 1978 Dertouzos report and was
later articulated by Edward Balkovich of Digital [Balkovich 85]. In
fact, the project (unwittingly) advanced the state of the art by two
generations in a single step.

The existing state of the art in educational computing was time-
sharing, an approach widely utihized in colleges and universities by
the early 1980s. The next generation, as it turned out, was the stand-
alonc personal computer, typitied by the IBM PC, the Apple 11 and
the Apple Macintosh. MIT brietly exanined this alternative but re-
jected it as not meeting the Institute’s needs.

The second generation beyond time-sharing was the network of
workstations. From the beginning, MIT beheved that networking
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was very important to make the system coherent and to unify the
campus. An initial set of some 3000 workstations would be owned
by the Institute and would be deployed in rooms with gencral access
around the campus. These Institute-owned workstations would pro-
vide access for students on campus and would meet the needs for
specialized workstations. Later, when the price of workstations was
reduced to the target level of $3000 through advances in technology,
workstations would be sold to students and faculty members
through the campus Microcomputer Center. The goal was for every
student and faculty member eventually to have a workstation. Be-
cause there were about 9000 students and about 1000 taculty mem-
bers, the system had to be able to accommodate some 10,000 work-
stations.

A later policy (not part of the original vision) was to make all
system software generally available to the academic and industrial
community at no cost. Although MIT rctams ownership ot the sott-
ware, it allows unlimited use and reproduction without cost if its
copyright statement is retained in the source code. The first popular
package to come under this policy was the X Window System. Pco-
ple on any of the common networks (including ARPAnct and
CSNET) were able to copy source and binary code at literally no
cost. People who wanted a tape were charged a nominal fee for the
tape and its preparation, but not for the contents of the tape. The
same policy was later applied to Athena system software and soft-
ware tools as they became available.

The applications and instructional software could not be made
freely available as a matter of policy because the faculty developers
retained partial ownership in the code. The purchase of these pack-
ages was to be negotiated on an individual basis.

A vision of what was needed was coming into focus. To take the
next step, which was not long in coming, resources of considerable
magnitude had to be found. Meanwhile, an important cvent hap-
pened at another campus.

Project Andrew at Carnegie-Mellon University

A year before the Athena vision began to become firm at MIT, the
Andrew system at Carnegie-Mellon University (CMU) had cevolved
as 1its vision of a next generation educational computing system
[Morris 85].
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An important event leading to the implementation of a campus-
wide computing system at CMU was the creation in 1981 of the Task
Force tor the Future of Computing appointed by President Cyert and
chaired by Allen Newell. The resulting report [Newell 82] recom-
mended a conscious strategy of decentralizing CMU'’s computing
facilities. Each department was encouraged to develop its own facil-
ities for rescarch computadon in contrast to the then-cxisting large
centrally managed time-sharing service. The report recommended
the development of a campuswide local area network that would
serve as the integrating mechanism for the department-oriented
computation systems. The task torce toresaw a vastly increased com-
putational facility as a major aid to the quality and quantity of cdu-
cation dehvered. Universal computer literacy was established as an
important goal for CMU, and casy access to highly reliable com-
putation was identitied as crucial to the primary mission of CMU.
However, the task force pointed out that the use of computing on
campus would be diverse in nature because of widely diftering needs
by departments, and that use would be highly uneven.

In 1982 CMU developed a specification for a workstation that
required

= 1 million pixels;
® 1 megabyte of main memory; and
s | MIPS.

This CMU specification gave rise to the name “3 M” workstation.
The target price tor this workstation was $3000. CMU requested
proposals from computer manutacturers to help develop and support
this system, which they named “Andrew,” after Andrew Carncgic
and Andrew Mcllon. (Recent advances in hardware technology have
now advanced the “3 M” model to the “60 M” model, with 27 MIPS
of processor speed, 32 M bytes of main memory, and (stll) 1 million
pixels of display resolution.)

The Andrew system was created out of the vision established by
the Newell report, and is now onc of the largest and most successtul
advanced campus computing systems. Currently, all mcoming fresh-
men at CMU participate in a computer skills workshop to learn
Unix and the Andrew system.

Digital had many and long-term tics to CMU. Many of its
top technical people had spent time there, either as students or on
the faculty. These included Gordon Bell, then Vice President of
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Engineering, Samuel Fuller, Vice President of Rescarch, and William
Strecker, then chief architect of the VAX system and later Vice Pres-
ident of Distributed System Software Development. John Mc-
Credie, later Director of External Rescarch for Digital, had been Vice
Provost for Information Services at CMU. Digital submitted a rel-
atively generous proposal to CMU for the Andrew system. Thus it
came as somcthing of a shock when CMU scelected IBM as its exclu-
sive partner for the project.

Not long after CMU selected IBM for Andrew, MIT opcened
discussions with scveral vendors regarding its envisioned system. If
there is one school with which Digital has closer ties than CMU, 1t
is MIT. Kenneth Olsen, founder and president of Digital, graduated
from MIT and worked in 1ts Lincoln Lab. Olsen is also a life member
of the MIT Corporation (its “Board of Trustees”). Digital had sold
the first products it developed to MIT. The institute became an im-
portant customer, and a strong 35-ycar relationship developed be-
tween Digital and MIT. Following Digital’s failure to win a role in
the Andrew contract, Fuller was determined to find a suitable uni-
versity partner to work with on what workstation systems should
become. The MIT Athena proposal came at the right time.

The objectives of Andrew and Athena were quite similar: the
support of cducational computation, especially tor undergraduates.
This computational support was intended for all students, not just
science and engineering. The means for meeting these objectives
were also rather similar. In both cases the plan was to deploy work-
stations interconnected by a campuswide network. A number of
workstations would be public, in workstation rooms with general
access. However, the largest number of workstations would be
owned by students and faculty. The CMU plan was to require all
students to purchase workstations.

Obtaining Sponsors

MIT clearly lacked the financial resources to meet its computing
goals without major outside assistance, so it sought computer man-
ufacturer sponsors. MIT generated a list of potential sponsors, in-
cluding its long-term partners Digital and IBM. Dertouzos led the
MIT team that negotiated with potential sponsors. In late 1982 Lou
Branscomb of IBM attended a joint IBM=MIT rescarch meeting and
hecard Dertouzos report on the growing MIT/Digital potential and
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the prevalent MIT view that IBM would not support the project
because it was supporting Andrew at CMU. Branscomb indicated
that this did not have to be the case: that CMU could be viewed as
doing system development and that MIT could focus on educational
applications. In parallel i October 1982, Alan Weis of IBM con-
tacted Professor Jerome Saltzer of MIT to say that IBM was inter-
ested i pursuing a project at MIT similar to Andrew. Although oth-
crs at IBM opposed entry into Athena, Herb Schorr and Ralph
Gomory supported the idea and were instrumental in IBM’s ultimate
decision to join the project.

Late in December 1982, the MIT tcam met with the top man-
agement of IBM at Armonk, New York, to obtain a briefing on
product plans and to discuss a relationship tor the educational com-
puting initiative. At about the same time, Gordon Bell, Vice Presi-
dent of Engmeering at Digital, contacted MIT and proposed a sim-
ilar joint initiative.

Fuller had numerous meetings with Dertouzos to develop a
rough outline ot a proposal that would be acceptable to both Digital
and MIT. Fuller took the proposal to the Operations Committee (the
highest level committee in Digital), where he argued the casc for
funding the MIT project. He also went looking tor one or two other
comparable university projects that could be tunded, convinced that
1982-1983 was critical as universities began moving to workstations.
Without such a university relationship Digital had no solid position
n this major move. In the months betore and atter May 1983, Fuller
more than anyone clse at Digital worked to get a project of this mag-
nitude off to a productive start. He spent considerable time review-
ing system alternatives, calling and attending meetings at MIT, and
initiating carly activitics. He spent much more eftort on getting this
project started than on any other university project before or since.

The carly approach was much more limited than the system that
later developed. The initial concept was that the system be limited
to the School of Engineering and obtaimned trom a simgle veador. The
system was seen as a turnkey procurement from the vendor. It later
turned out that a staff of more than 70 was nceded to develop, de-
ploy, and operate the Athena system. Fortunately, MIT had exten-
sive experience in developing and operating large systems. MUL-
TICS had been a much larger project than the system proposed,
employing up to 75 professional programmers for scven years.

Dertouzos and Moses developed a white paper on educational
computing in December 1982, which was to be submitted as a
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proposal to potential sponsors. The paper, which summarized many
of the earlier discussions, also broke new ground in several areas.
The major issues addressed were

®m  educational aspects of the system, including analysis, synthesis,
and instrumentation as elements in the education process;

m  design ot the system, describing the campus communication sys-
tem and the network of workstations and servers;

m  coherence, defined to include operating system, nctwork proto-
cols, programming languages, data formats, and intercommun-
ications data; and

m  schedule and cost.

The educational, technical, and coherence aspects of the system
described were relatively close to those ultumately implemented. The
cost to MIT was also accurately estimated. The schedule was over-
optimistic by one year (it took six instcad of five), and the hardware
cost was overoptimistic by perhaps a factor of 2. However, neither
ot the potential sponsors had workstation or communications equip-
ment that met the needs of the project at the time the paper was
written.

The proposal was sent ofticially to a number of potential spon-
sors, including Digital and IBM, on January 5, 1983. At that time,
the concept was that only one vendor would be selected to provide
the system. The response to the proposal was far more than the ven-
dor selection committee expected. Instead of the two to four re-
sponses expected, nearly a dozen companies replied with generous
grant offers. Overall, more than $100 million was oftered for the
project. The unexpectedly large response immediately caused MIT
to consider a far larger and more aggressive system.

Digital proposed an initial system using graphics terminals
(VAXstation 100s) and ASCII terminals on VAX 750 minicompu-
ters, to be tollowed by up to 2000 personal computers by 1984-1935.
Other support clements included onsite software engineer support,
free maintenance, and cash donations.

IBM initially proposed an approach that consisted of adding a
32-bit microprocessor card to a personal computer and porting Unix
to that system. After pursuing that plan for nearly a year, IBM aban-
doned it because by then it did not fit IBM’s other workstation prod-
uct plans. IBM switched to a plan of supplying 160 PC/ATs with the
Xenix operating system, a Unix look-alike. The attempt to deploy
Xenix on the first few PCs made clear a problem that had not been
previously considered: that Unix in any form is not well suited to
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mass distribution as it “comes out of the box,” because it requires a
large amount of scrup and tailoring ftor cach system. Theretfore the
PCs were deployed using DOS, which could be mass distributed on
tloppices. Mcanwhile, the lessons learned from working with Xenix
were transterred to the main effort of recasting Berkeley Unix so that
many systems could be deployed and managed by a small statt. Al-
though the PCs did not run Unix, their use provided valuable ex-
perience relevant to deploying networked workstations and in man-
aging the distribution of software to them.

IBM later considered an mitial system using 200 Adventure (lab-
oratory) workstations, to be followed in 1984-1985 by advanced
workstations. This strategy was later replaced by a PC/RT approach.
One taction within IBM wanted a relatively small program (under
$6 million), because most of their objectives would be met by An-
drew at CMU. Another taction wanted a $20 mullion program with
up to 2000 workstations.

Intensive discussions took place between MIT and Digital, and
between MIT and IBM, over the next month.

Even at this early time, concern was expressed among senior fac-
ulty and admmistration members at MIT that introducing comput-
ing into cducation would detract from the quality of teaching, be-
cause students would contuse mathematical models with reality and
become further removed from the physical world. Concerns also
were raised about the cost to MIT. These and similar concerns con-
tinue to the present. At that point, however, two major issucs came
to the forefront at MIT:

m  Should there be one vendor or two?
a  Should the system be confined to the School of Engineering (its
primary advocate) or extended to the entire Institute?

They were vigorously debated during February and March 1983,
while negotiations were being carried out with potential sponsors.

The argument over the number of vendors was: Sclecting two
would avoid alicnating one of MIT’s two long-time supporters and
would double the resources available, but would comphicate obtain-
ing coherence. The argument over the system’s scope was: An En-
gineering School system would be simpler, but an Institute-wide
system would avoid a “hodgepodge of mcompauble tools with no
common base from which we can build.”

The debate on these two issues continued through March 1983.

Wilson had been a strong proponent of limiting the system to
Engineering and using only onc vendor. His reasons were that
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limiting the scope would allow the program to move much faster
and would provide a much more focused solution. However, after
consultation with others and considerable analysis, he relcased a pa-
per on March 1, 1983, recommending that the two-vendor approach
be used for an Institute-wide system. He went on to recommend that
Unix be used, supporting FORTRAN, C, and LISP “complectely
transparent to the user as to whether he or she is using IBM or DEC
hardware.” Nine days later, Dertouzos (who was attending a meet-
ing in ltaly) independently released a memo recommending the two-
vendor approach and Institute-wide deployment.

Although both Digital and IBM expressed preterence tor the sin-
gle-sponsor approach, the Wilson committee elected to accept both
as sponsors. Digital would be responsible tor supporting the School
of Engincering, and IBM would be responsible tor supporting the
rest of MIT. Both Digital and IBM finally were convineed to accept
this arrangement (after some complaints), ultimately agrecing that
the multivendor approach would signiticantly benetit MIT and both
vendors. The Wilson committee also decided to make the system
Institute-wide, to achieve commonality in the educational approach
for all students.

These recommendations were forwarded by Wilson to MIT
President Paul Gray. The recommendation was reviewed by a sub-
committec of The (MIT) Corporation, the highest level policy-set-
ting group within MIT. This subcommittee agreed that the svstem
should be Institute-wide, not just for the School of Engineering. Be-
causc Digital had already made commitments to the School of En-
ginecring, the subcommittee decided that Digital would supply
workstations for the School of Engineering and that IBM would
supply workstations for the rest of the Institute. This decision was
later to prove unnecessary; Digital and IBM equipment was mixed
in all schools depending on technical requirements and products
available, not by vendor.

A Coherence/Technical Committee, chaired by Professor Moses,
was cstablished in June 1983 to determine the technical direction ot
the project. Coherence was an extremely ambitious goal, because no
onc had cver betore solved the problems of getting all applications
to run on subsystems of such great incompatibility. The early meet-
ings determined that the software environment should be based on
Unix, Emacs, Scribe, C, FORTRAN, and LISP. The approach was
to establish a standard environment that was to be the same on all
hardware platforms (described in detail in Chapter 5). Ulamately,
this approach was to prove extremely successful.
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One of the most difficult problems in any project is selecting the
name. All manner of Greek, Hebraic, and other names were pro-
posed but rejected. Ultimately, Protessor Chris Chrysostomdis’s
wife proposed Athena, the Greek goddess of wisdom, which met
with strong acceptance and was approved. Subscquently, Michael
Dertouzos purchased a number of brass owls (also a symbol of wis-
dom) in a tlea market in Athens and brought them back for the par-
ticipants in the process. One of the brass owls was used as the model
tor the Athena logo, and the tradition of using names ot Greek deities
for elements of the Athena system has continued to the present.

Commitment to the Projeet

MIT excecuted bilateral arrangements with Digital and IBM. These
arrangements were simultancously announced to the news media
amid great fanfare in May 1983 as Project Athena. The partners were
committed to the project!

The Athena academic~industrial partnership was one of the first
ot its type. IBM and Digital provided extensive grants of hardware,
maintenance, staft support, and software. The value of these grants
for the first five years (with hardware valued at list prices) was ap-
proximately $50 million. MIT undertook a major tund-raising cam-
paign for $20 million to tfund curriculum development and the MIT
portion ot the Athena statt, bringing the total to $70 million. In ad-
dition, space renovation expenses associated with installing Athena
facilities around the campus, the costs of networking the campus,
and overhead expenses were borne by MIT. However, the project
took longer and cost more than the original estimate. After an cight-
year life, in June 1991, about $100 milhon will have been spent. The
combined resources of MIT and its industrial partners make 1o the
largest educational initiative ever undertaken at MIT, and clearly onc
of the largest academic computing efforts in the world.

All intellectual property created by Athena is owned by the In-
stitute, including the work ot industrial statt residents at MIT. All ot
the Athena work is done in the traditional university style of open
research with the intent of making the results available to all inter-
ested parties.

Because the project at that point was scen as largely oft the shelf
with minimal development, expectations ot carly mstallation and use
were high. Highly visible press announcements were made by MIT,
along with Digital and IBM. The initial press release that fanned
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expectations 1s reproduced in its entirety in Appendix V1D The mag-
nitude of anticipated benefits of the project were widely described in
person and in the media. Some faculty members believed that within
a few weeks they each would have a fully functional workstation on
their desks and that students would have universal access to this new
and wondertul tool. Athena was off and running, but the sceds of
problems soon to emerge had already been planted.



TWO

From Vision to Reality

As with cvery large project, the mitial cuphoria of getting funding
for Athcna soon gave way to the harsh realities of implementation.
The vision of a single campus system that would serve all students—
from Electrical Engineering to Music Appreciation—was based on
the use of workstations. However, neither vendor had one that was
shipping as product. Although the commitment was to a “coherent™
system, in which any program could run at any workstation, the
way to achieving that coherence had not been demonstrated, and the
two vendor architectures were highly incompatible. Similarly, meth-
ods for managing 10,000 user accounts in a workstation environ-
ment, to say nothing about the logistics ot deploying thousands of
workstations or sottware to support them, had not been developed.

These risks were known at the start of the project. Much more
dangerous in any project are the unknown or unrecognized risks,
which certainly was the case with Athena. The major unrecognized
risk was the chasm between what the users and developers expected
could be done and what the available technology could support. MIT
and the two sponsors believed without question that the technology
available at that time would allow project implementation in a few
wecks or months and that the resulting system would provide the
network transparency and functionality desired by the users. The
users belicved, based on the information released and imagining
the kinds of functionality that they would like to have, that in a few
weeks a new and powerful tool would be available for their use. In
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fact the technology available at the time prevented the system from
cver mecting the mnitial expectations, and only through a major four-
year development effort could the difference between expectations
and reality be reduced to a manageable size.

Major Goals and Strategies

The central goal of Athena was to explore the application of a unified
network of high-performance computer workstations within the
MIT curriculum. Achieving it required cfforts directed toward three
major subgoals:

1. fostering and supporting innovative uses of computing in edu-
cation by the MIT faculty;

2. designing and implementing a new computing environment to
serve MIT’s educational needs well into the 1990s; and

3. constructing and opcerating a computational ftacthiey distributed
across the MIT campus of sufficient scale to make educational
computing an accessible utility.

The main strategy adopted to meet the first subgoal of encour-
aging the innovative uses ot computing in the MIT curriculum was
to draw on the traditional source of innovation within the university:
the faculty. Athena explicitly adopted a “bottom up”™ approach to
cducational computing applications, allowing interested  faculty
members to exercise wide discretion in how computation would be
used in the curriculum.

The centerpiece of this strategy was to provide the financial,
technical, and computational resources that the faculty needed to ex-
plore ways of using Athena in the various subjects taught. Athena
operated an internal grant program in which faculty members and
students could request funding and access to computer resources for
cducational projects. Faculty/student committees reviewed these
proposals biannually.

An important part of the vision of the system was “coherence.”
Coherence in this context meant that Athena should act as a unifying
mechanism on campus, providing communication and facilitating
the sharing of all kinds of information, including programs and data.
In a narrower sense it meant uniformity of user interface, applica-
tions software, and software development environment independent
of the type of hardware being used. One purpose of coherence was
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to reduce the amount of development, documentation, and training
necessary. Another was to minimize the support cost necessary for
the MIT-developed software.

The workstation requirements were

1 million instructions per second (1 MIPS);

1 million pixels;

main memory adequate to run Berkeley Unix;

hard disk of 40 MB;

local area network interface (Ethernet or token ring); and
mousc.

The T-million pixel requirement was established to provide adequate
resolution for visualization of complex diagrams, schematics, and
other graphic-intensive representations. It was also based on the be-
licf that a windowing system would soon be forthcoming, which
would require something approaching 1 millhon pixels. The mitial
estimate for the main memory requirement of Unix was 1 MB. By
1990 this requirement had risen to 6 MB and was still rising. The
hard disk 1s used primanly as a swappimg store to minimize paging
traffic. Relatively little system code and no private files are left on
the hard disk between sessions in order to maintain integrity.

Affordability was interpreted to mean that the steady-state op-
crating cost should not exceed 5 percent of tuition. The operating
cost of the system includes

operation and maintenance of MIT-owned servers and networks;
training;

software development;

software maintenance;

documentation; and

consulting.

Strategie Decisions

The project team spent considerable time late in 1983 and carly in
1984 reviewing other large educational computing systems, includ-
ing Dartmouth, CMU, Berkeley, Cornell, Stantord, and Stevens.
The team also held discussions with staft members of the LCS. These
sessions were to prove important in evolving the ultimate design ot
Athena.
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Project management made a number of strategic decisions that

dictated the course of development. Some of these decisions were
madce explicitly, some implicitly. Many limited the developmental
effort required to implement the system, as inability to maintain
schedules ran head on into considerable pressure to meet the expec-
tations of potential users. The strategic decisions included the fol-
lowing.

The project was sct up outside the established campus computing
organization. The reasons were to create a new educational com-
puting group, to facilitate the hiring of needed skills, and to al-
low the new project to move quickly without upsctting ongoing
campus computing activities.

The concept of coherence was emphasized, providing a single,
homogencous computing environment that would minimize de-
velopment, training, and support costs. This single, homoge-
neous environment would meet most, but not all, of the educa-
tional computing needs.

The number of operating systems, languages, and application
packages should be minimized.

Relatively powertul hardware and sottware modules with good
growth capability were preferred over simpler packages that
might be easier to use in the short term but which did not have
growth capability. Thus Unix was picked over DOS, “C” was
picked over Basic, and workstations were picked over PCs.

The operating system had to be available on both the Digital and
IBM workstations in order to maintain coherency. DOS and
Unix were the contenders. Because DOS lacked the features nec-
essary to support the multitasking capability required of the sys-
tem, Unix (specifically Berkeley Unix) was selected. Berkeley
Unix was not available from either Digital or IBM. The version
for Digital hardware was available from Berkeley, and IBM
ported a special version of Berkeley Unix within its Academic
Computing Information Systems organization for the RT/PC
workstation.

Management of the system would be centralized in Athena,
rather than being decentralized to the departments.

The system should be deployed quickly, so that work on instruc-
tional software could be started carly.

To maximize the speed with which workstations could be de-
ployed, they should be put in public areas with access open to
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all. There would be some department deployment, but that was
not a strategic goal.

®  Athena would be used initially for undergraduate computing but
not graduate computing or research. This decision was made be-
cause undergraduates had the least access to computers, wherecas
graduate students otten had access to the computers used in their
research work. When significant numbers of workstations were
available, the plan was to extend the use of the system to grad-
uate students and researchers (who wanted it). The assumption
was that partitioning use in this way would be possible to a rea-
sonable extent.

Once the system was available, the teaching faculty would be ex-
pected to turn their considerable energies toward developing instruc-
tional software and make “a thousand flowers bloom.”

Start-Up

With commitment to the vision in place and two major vendors
signed up, implementation began. Implementation involved three
major phascs:

m mnstallation of a relatively conventional ime-sharing system dur-
ing 1983-1985;

® installation of the workstation network during 1985-1988; and

s 1mprovement of the stability and reliability of the system and a
significant increase in the number of installed workstations dur-
ing and after 1988.

At first the project shared oftices with the Information System
group. Mecetings were immediately started with the faculty to deter-
mine system nceds and requirements. The previous experience with
MULTICS had a major influence on attitudes. MULTICS had
mixed development and production activities on the same system.
As a result the system was not as stable as desired by the people using
it as a production system and not as flexible as desired by people
carrying out rescarch and development. Many long discussions en-
sued on how to balance stability and development in the Athena
project. The Computer Science department advocated an active re-
scarch program, with cmphasis on experimenting with problems ot
scale. Those intending to use the system tor pedagogical purposes
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opposed research and experimentation because it would lead to
instability. The advocates of instructional use won; their views
were adopted as policy, and the Computer Science people left the
project.

Early management of the project was by committee. The com-
position of the committee was very fluid, however, so consistent
progress was difficult. In October 1983, Dertouzos relecased a memo
identiftying the project’s management problems, including lack of
visible structure, inadequate communication with Computer Sci-
ence, lack ot a technical plan, lack of credible leadership, and tension
over the technical approach.

These concerns led to a demand for a full-time project leader.
Steve Lerman, a Protessor of Civil Engincering specializing in trans-
portation, who had been an carly leader in development ot the proj-
ect’s vision and implementation, agreed to be its leader. He was ap-
pointed Project Director in December 1983, and led the project
through its first five, very difficult years.

When Athena began, there were perhaps fewer than 20 Unix sys-
tems on the MIT campus, which made statting of the project rela-
tively difticult. Those involved in the project saw the software task
as primarily one of installing and using a standard Unix system.
(Later events revealed many problems with conventional time-shar-
ing Unix when 1t 1s used in a large workstation network. These
shortcomings required 2-3 years of intensive software development
to correct.)

In order to get some computing power in the hands of students
and taculty quickly, the project committee decided to deploy a rela-
tively conventional time-sharing system based on 50 VAX 11/750s.
This time-sharing system would provide computational resources to
the students and faculty while the workstation system was being
completed and deployed. It would also get them used to Unix and
would buy time for Athena to hire a statt and create the infrastructure
necessary to develop and support the workstation system.

Each 750 typically had four VT100 (ASCII) terminals and two
VA Xstation 100 graphics terminals attached to 1t. Each system had
4 M bytes of main memory and about 750 M bytes of mass storagc.
Groups (called clusters) of 750s were installed in five buildings. The
machines that supported the terminals were called client systems. Each
cluster also had a server system, which was used for backup and had
nearly 200 M bytes of mass storage and a TU78 tape unit.

Digital was determined to move quickly and generously in sup-
port of Athena to maintain its position as a major player. The Digital
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cttort was led by Edward Balkovich ot the External Rescarch Pro-
gram. working closcly with Samuel Fuller. Digital and MIT reached
conceptual agreement on the equipment and sottware needed. and
large amounts of nme-sharing hardware were shipped by Digital to
Athena in the summer of 1983.

In keeping with the tradition of Greek names for Athena system
components, the ime-sharing systems had the names of Zeus, Hera,
Hades. Athena (all m one buildimg). Apollo. Aphrodite. Artemis (all
in another buildingi. and Charon wassigned to SIPB). Other svstem
names were Paris, Priam, Jason, Theseus, Helen, Castor, Pollux,
Odysseus, Agamemnon, and Orphecus.

The instructional software for any individual course was sup-
ported intially on only one or two of the time-sharing systems, so
a student taking a course could use only the system(s) that supported
that particular course. At a later stage. the student could log onto the
correct system tfrom any terminal in the same cluster.

Students not enrolled in a class that used Athena were limited to
using the cluster in the Student Center. One rcason for this policy
was to intentionally skew the heavy load of general use away from
systems being used as critical parts of courses. The Student Center
cluster often was very busy while other clusters were virtually idle.
However, the lack of a network file system precluded any other ar-
rangement. This problem intensitied when workstations arrived, be-
cause the software treated cach workstation as a main frame and the
fraction of systems that supported any particular course became
smaller.

The inital version of Unix installed was a test version of Berke-
ley 4.2, Unfortunatelv. this operating system was not very stable
(not surprising since it was a test system). The Scribe text formatter
and the Emacs editor from CCA were standard on every system.
The systems were booted from the 10 M byte removable RLO2 disk,
with the remainder of the software then copied over the net.

Installed during the last half of 1983 through 1984, the time-shar-
ing system steadily increased in capability. The entire system was
developed, installed, and made operational by the spring of 1985, a
little less than two years after the start of the project.

During this time period, the importance and magnitude of the
site planning task became evident. Site preparation (power, air con-
ditioning, and lighting) proved to be quite expensive and took con-
siderable time. As with most colleges and universities. space at MIT
was in very short supply, and Athena often could get only low-qual-
ity space that required extensive renovation.
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Trying to put computers and modern networking in buildings
75 years old proved to be relatively difficult; drilling holes through
several inches of concrete, for example, took considerable time. The
management task also was difficult, involving many decisions and
tasks—and several different campus organizations, cach of which had
different (and often conflicting) priorities.

Overcoming Early Shortcomings

By carly in 1984 the many shortcomings of the standard Unix in a
workstation network environment were obvious. Several projects
were started to correct these deficiencies in the belief that a few ad-
ditions to the system could make it viable. These projects included

work on a

m  distributed file system;

®  remote procedure call (RPC);
® authentication server; and

= window system.

As the shortcomings of Unix became increasingly visible, the
need tor better technical direction of the project became evident. Fac-
ulty leaders determined that Professor Jerome Saltzer was the best
person for the job, on the basis of his personal capability and his
many ycars of system expericnce on MULTICS. He was convinced
to join the project in late 1984.

After a detailed review of the current status ot the project and the
nature of the task that lay ahcad, Saltzer initiated a design ot the
complete system. Equally important, he stopped some software
projects, relying on the industry to provide acceptable solutions.
Digital was made gencrally responsible for the system software, and
IBM was made generally responsible for applications software.
Reevaluation of priorities resulted in termination of the distributed
file system and the RPC and emphasized the authentication server.
Steve Miller of Digital and Clift Neuman of MIT began work on the
authentication server in earnest in the spring of 1985.

The first nonvendor software installed on Athena and available
to users was the On-line Consulting system (olc), installed in the
spring of 1985. This software was developed by the system consul-
tants to improve the answering of questions from users. Over the
years it became highly popular and successful, eventually answering
some 12,000 questions per semester.
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This period of time also was productively spent in building an
organizational infrastructurc. An organization usually develops a
definite “culture,” and Athena was no exception. Among the impor-
tant resources of the project were the students hired in considerable
numbers during the summier. The students who worked in system
development were called “watchmakers.” The name, coined by
Dave Grubbs, was taken from characters in Mote in God’s Eye by
Niven and Pournelle. The “watchmakers” in the book were tiny
pcople who would fix things when no one else was looking. The
students who worked in operations were called “droogs,” the name
sclected by Alix Vasilatos trom the movie Clockwork Orange. A third
group, called “gremlins,” was assigned to “cluster patrol” to make
sure that all of the workstations and printers are operational.

Arrival of Workstations

The first workstations began to arrive late in 1984 (VAXstation Is).
Their delivery torced the first serious consideration of the require-
ments ot a workstation system. The project statt quickly contigured
an mital system, and installed the initial workstations carly in 1985
for the staff’s use. The first public workstation cluster opened in
March 1985, Testing and improvement ot this system continued
through the summer of 1985, and the mitial deployment ot worksta-
tions for student use tollowed that tall. Deployment continued ag-
gressively, and, as workstations became more plentitul, use ot the
time-sharing system dropped off.

The new system software developed for the workstation envi-
ronment ultimately corrected the problems encountered with the
time-sharing systems. A student could sit at any workstation and get
immediate access to all files and system services, imdependent ot lo-
cation. All sessions were authenticated, and cquipment could be cas-
ily added, moved, or removed from the system.

The Crunch

Ali large projects go through roughly the same stages. The tirst stage
1s “wild enthusiasm,” which Athena experienced during 1983 as the
project obtained signiticant vendor support and tunding commit-
ments for five years. The second stage 1s “disillusionment,” which
occurs when the true magnitude of the task and the dithiculties in
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accomplishing it become cvident. The onset of the second stage for
Athena was relatively slow, because the shortcomings of Unix in a
distributed workstation environment became evident only gradually
during 1984. But when workstations began arriving in 1985, the
project staft was forced to face the issue ot Unix shortcomings in the
workstation environment.

Another problem was deployment. During 1985, after worksta-
tion deployment training was complete, the time required tor instal-
lation of a workstation was about cight hours. This included the time
to obtain the hardware from the warehouse, deliver it to the instal-
lation site, unpack it, configure it, connect it to the net, and load the
software. Although the goal was to install three workstations per
day, the best that the team could manage was about one workstation
per day. This meant that the deployment tell turther and turther be-
hind. (Later, better training, tools, and installation procedures re-
duced this time to less than 30 minutes.)

A serious problem also developed in the system file arca. The
plan from the beginning was to support ftiles by means ot a distrib-
uted tile system, and development of such a file system was initnated
early in the project. When Saltzer joined the project, he initiated a
review of development status and its relation to resources available.
He also reviewed the efforts underway at CMU to develop its dis-
tributed file system. Atter considering the magnitude of the cttort
required and priorities of other needs, he decided that Athena should
acquire a distributed file system rather than developing one. He
therefore terminated its internal development, much to the dismay
of advocates of the project.

The initial plan called for using an existing distributed file sys-
tem: LCS’s Remote Virtual Disk or RVD. Besides its availability, the
package could support a large number ot users per tile server because
most of the processing was done by the requesting workstation. This
approach worked quite well for system binaries, which were inher-
ently hardware specific, and continues to be used today, although
with many enhancements. For private files, RVD presented scrious
problems, becausce it depended heavily on specific machine data rep-
resentation. Thus private files were not network transparent and
would be accessible only on the system type on which they werce
created.

About this time, Sun Microsystems developed a proprictary dis-
tributed file system called the Network File System (NFS) and had
shipped a few copies of it. Saltzer and other statt members reviewed
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the specitications for NFS and decided that it would meet most of
Athena’s nceds for private files. Saltzer terminated work on the
Athena distributed file system in the spring of 1985, to await the
public release of NFES by Sun. Untortunately, public release was de-
layed, bringing into question whether Sun could complete the release
and MIT could complete the legal negotiations regarding the use of
source code n time for tull-scale deployment of the workstation sys-
tem in the fall of 1987, Although licensing negotiation took most of
a year, luck was with the project. The public release was completed
in time and NFS was included m the inital tull-scale deployment of
workstations.

The greatest efforts by far were those required to develop soft-
ware to correct the Unix shortcomings i supporting distributed sys-
tems and to develop user interfaces for the nonexpert. The nature of
the system that resulted trom this development is described in detail
mn Chapters 5 and 6. Sottware development to correct these problems
continued at a rapid rate during 1986, so much so that the faculty
and users began to complain about the constantly changing system
mtertaces and the resulting unrehability of the system. The tact that
the system was constantly improving in functionality was not of real
interest when it came at the price of unrehability. Because of the
changing application programming mtertaces, software (developed
by faculty members at great cost in time and effort) that worked
perfectly the previous semester often would no longer work the
next. Needless to say, this situation caused many rather strong com-
plaints.

At that point, the project team realized that it faced a decision
having serious consequences. One option was to slow development
to provide more system stability and reliability. The advantage of
this approach was that it would respond to user demands for more
stability and rchability mn the system. The disadvantages were that it
would turther delay a project that was alrcady seriously late and that
it would seriously prolong the period of mstability. The other option
was to “go for broke,” and install the nceded changes as quickly as
possible. The benefit of this approach was that it would get the pe-
riod of instability and unrchability over sooner. The drawbacks were
that it would tail to respond to user complaints and that things would
get worse before they got better. A major part of improving func-
tionality was to be version 11 of the X Window System. This version
was incompatible with version 10, and applications developed for
version 10 would not run with version 11. It only version 10 were
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supperted for another year, many more applications would be de-
veloped that would later have to be converted to version 11. Thus
carly installation of version 11 could minimize the number of appli-
cations that would have to be converted.

The second option also carried the risk of a major system failure.
At MIT, as at other colleges, the start of fall semester cannot be de-
layed. It software development and testing were to fall behind sched-
ule, the system might have so many bugs in it that it would be un-
usable at the beginning of the semester.

Atter caretully considering the risks and advantages and consult-
ing with the taculty, project management decided to “go for broke.”
It was rcasonably contident of the software development and testing
schedule and telt that there was adequate time tor recovery in case of
delays. They decided to support X version 11 as the primary inter-
tace, but version 10 could be invoked for compatbility purposes. X
version 11 was available only in ficld test form, so Athena mounted
an intensive testing program to stabilize it as much as possible.

The system development and release engineering groups were
increased 1n size. Starting trom a basc ot about 10 tull-time cquiva-
lent people, they hired several more full-time statf. The bulk of the
buildup, however, was with part-time student statf. An ctfort was
made to hire every qualified student who could be located, and the
head count of people in the groups went from 10 to about 40. The
usce of students proved to be very eftective. Their quality and quan-
tity of work exceeded expectations, even though they worked
strange hours and broke most of the “conventional wisdom” man-
agement rules.

The increased staft allowed the mounting of a major develop-
ment cttort during the tall of 1986 and winter ot 1987. Testing started
in the spring and continued into the summer of 1987. Things went
well considering the magnitude of the task, but there was some in-
cvitable schedule slippage. As usual, the schedule slippage was ottset
by reducing testing. In a system of this size, problems of scale be-
come evident only under heavy load testing. With Athena, adequate
load testing the system to support 10,000 users with a staff of two
dozen part-time testers was impossible; reduced testing time made
the potential problems loom cven larger. Morcover, because of the
strict limitations on budget typical in the university environment,
this buildup of system software staft caused some serious shortages
in other project areas, such as user services.
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The Gamble Pays Off

Labor Day 1987 arrived and fall semester started. The system looked
relatively good, but the many unknowns due to the reduced testing
period caused considerable anxicety. In the first few days of the term,
several thousand students arrived and logged in, about 1000 for the
first time. Many bugs and load-related problems immediately be-
came cvident but were fixed quickly. As the load built up over the
first few days, the syscem exhibited many signs of stress, but it held
together and pertormed acceptably. Bug fixing continued at a high
rate as problems became evident, and performance continued to im-
prove. Athena management had won the major gamble that it had
taken.

The benefits expected also paid off. The applications program-
ming ntertace stabihzed, as did the user intertace. All new applica-
tions were written for X version 11, minimizing the number of ap-
plications that had to be converted. Over the next year, the system
continued to be stable and increasingly reliable. As a consequence,
the start of fall semester 1988 was very smooth, with no major prob-
lems.

Earlier analysis had shown that users greatly preferred the
workstation over the terminal. As more workstations became avail-
able, terminal and ume-sharing usage dropped oft substantially.
Theretore n the tall ot 1987 the time-sharing service was terminated,
and the minicomputers supporting the time-sharing system were
converted to file servers for the workstations. The cutover was very
smooth, and tew complained about the time-sharing system being
turned off.

Because money was a finite resource and because of a big staff
buildup to meet the needs of the start ot tall semester, an adjustunent
had to be made. It took the form of a significant staft reduction in
the spring of 1988, which as always, was relatively painful for all
mvolved.

Over the next year, the emphasis changed from system devel-
opment to productivity aids and deployment. Applications such as
MATLAB were mstalled, greatly helpmg both users and application
developers.

Late in 1988, Bond University in Australia requested that the
Athena distributed software system be made available to them. A
tcam of people was trained on the system, and it was installed in
February 1989. Thus Bond became the first external university to
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usc the Athena system. Installations at Digital, the University of
Massachusetts, North Carolina State University, lowa State Univer-
sity, and IBM were to follow.

All Students Receive Accounts

Prior to September 1989, the policy had been that only undergraduate
students received Athena accounts. Exceptions were made tor graduate
students who had a special need, such as taking a course using Athena
or developing sottware tor Athena. The exceptions were relatively gen-
erous, and about one fourth (1100) of the graduate students had re-
ccived Athena accounts. Early in 1989 Athena management decaided to
add all graduate students to the system that fall. This decision required
a significant increase in the number of workstations.

Because of the lack of available floor space, project staft worked
closely with the MIT departments to tfind additional space to mstall
“department clusters.” Although controlled and managed by the in-
dividual departments, these clusters serve as public workstations for
small communities of users. Existing workstation clusters received
additional units to the extent possible with the space available, and
some new clusters were created. A major deployment push took
place during the second week in September 1989 when nearly 130
workstations were installed in a three-day period. This high rate of
installation was possible only because of the great improvement in
tools and procedures developed in response to past problems.

All graduate students were given accounts on Athena with the
opening of MIT in September 1989. Many of the load factors (for
example, the number of new accounts generated per day) on the sys-
tem doubled with the addition of the graduate students. However,
response time remained acceptable and the system required no
changes. Once all the graduate students were added to the system,
faculty interest in the system increased substantially. Many more re-
quests for workstations were received from departments, with the
intent of making computing much more of an integral part of tcach-
ing and student interaction.

By the summer of 1990 the Athena system was fully functional,
stable, rcasonably reliable, and performed adequately. Mamtenance
continues, and the industry experience that it takes as many pcople
to maintain a system as it does to develop it initially has proven to
be the case with Athena.
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Summary

The following is a summary of the important events in Athena de-

velopment.

1978 Perceived lack of instructional computing resources

Early 1982 Athena concept developed

Early 1983 Discussions with potential sponsors

May 1983 Agreements finalized with Digital and IBM

May 1983 Project announced

September 1983 First Digital hardware arrives

December 1983 Steve Lerman appointed Director

March 1984 First Athena facility opens with time-sharing and some
PC/ATs

November 1984 First workstations arrive

January 1985 All undergraduates receive accounts

March 1985 First public workstation cluster opens

September 1986 First production use of X version 10

September 1987 Time-sharing phased out, resulting in pure workstation
environment

September 1987 X 11 put into production
Scptember 1988 Earll Murman appointed Director

February 1989 Athcena installed at Bond University—first external usc

June 1989 Open Software Foundation grant to test and extend Motif
September 1989 All graduate students received accounts

December 1989 Athena installed at the University of Massachusetts/ Amherst

January 1990 1000cth workstation installed






Pedagogy






THREE

Athena as an
Instructional
System —

As stated in the Preface, the purpose of Athena is to improve the
quality of education at MIT. More specitically, Athena was planned
to improve the quality of education in nonprogramming courses.
Programming classes at MIT alrcady had good access to computers,
and Athena was not needed 1n that regard. Athena was not intended
to reduce the cost of education; the MIT priority is quality, not low
cost. Therefore, in the final analysis, Athena must be judged on its
success in improving the quality of education at MIT, independent
of its success as a computational system. Unfortunately, there is no
general agreement on the criteria for educational success.

In this chapter we describe the use of Athena specifically in ed-
ucation at MIT and then review some of the more successful instruc-
tional projects that use Athena. Considerably more information 1s
available in a 1989 MIT report [Avril 89]. We do not discuss the role
of the multimedia workstation in instruction here, because we de-
scribe 1t in Chapter 7.

Background
Academic computing may be divided into three main segments:
administration, rescarch, and education. Historically, computig tor
these three scgments was provided by large time-sharing systems.
Many universities have uncoupled admmistrative computing trom
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rescarch or educational computing tor security reasons, but until re-
cently they still used the common technology of time-sharing. More
recently, the price and performance of workstations and personal
computers have made them attractive for educational computing.

In the early 1980s, when MIT began to give serious attention to
upgrading its computing facility, many other academic institutions
were doing the same thing. Various approaches were tried, including

time-sharing;

microcomputer labs;

privately owned (but not required) microcomputers;
privately owned (required) microcomputers; and
institution-owned workstations.

Many colleges and unmiversities, perhaps tollowing the lead ot Dart-
mouth, had been using time-sharing tor years. Untortunately, time-
sharing systems required a large up-front capital investment and a
large burcaucracy to operate.

Microcomputers, in the form of personal computers or work-
stations, were clearly very attractive. Entry cost was both low and
modular, and minimal bureaucracy was involved. Indeed, a depart-
ment could set up a microcomputer lab with no outside help (or
interference). In some cases, the cost burden was shifted largely to
the students by encouraging or requiring them to purchase micro-
computer systems.

The required use of microcomputer systems on a widespread ba-
sis in higher education scems to have been implemented first at

Clarkson College in 1983. That year, IBM-compatible personal

computers built by Zenith Data Systems were issued to every in-
coming freshman as part ot tuition. By 1986, all students had com-
puters and about 4500 were in use. All software, much ot which was
developed at Clarkson, was provided at no extra cost, in many cases
through software vending machines. College databases, including
course catalogs, were made available through the personal com-
puters. Thus students are able to plan course schedules up to four
semesters in advance. Communication is provided using TCP/IP on
NYSERnet, the New York State educational network system. Be-
cause cvery student has a personal computer, the faculty can take
their availability for granted, and the students usc them extensively
both inside and outside class. Large-screen projection is accom-
plished by using light valve overlays on overhead projectors.
Drexel was another early user of personal computers, requiring
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cvery student to purchase an Apple Macintosh. Drexel accepted de-
velopment of instructional software by faculty members as evidence
of scholarly accomplishment.

Purchase was encouraged at other institutions, including Carne-
gic-Mcllon University (1IBM PCs) and Stevens Institute (Digital Pro
350s). Purchase was often encouraged through discounts and sales
programs (for examiple, Apple Macintoshes at Dartmouth). A sig-
nificant advantage of personal computers, in addition to cost, was
the avatlability of personal productivity software, which was much
better than software available tor cither time-sharing or workstation
systems.

Even after computer access became available to the students,
computer use in the classroom was relatively rare. More commonly,
the student used the computer tor personal productivity (word pro-
cessing and spreadshects) or tor working homework problems. In a
few 1nstances, the instructor made software available for the partic-
ular course. This instructional software was normally on floppy
disks, but in a few cases it could be down-line loaded over the net-
work (e.g., at Dartmouth). In networked environments, access was
otten provided to mail, shared printers, hibrary services, tile transter,

and public bulletin boards.

Enter Workstations

Workstations have historically been tar more powertul than personal
computers. They have much larger memories, networking capabil-
ity, and 1 million pixels on 19-inch screens, compared to personal
computers with 300,000 pixels on a 14-inch screen. Workstations
also tend to use Unix, which is functionally more powertul than
DOS or proprictary operating systems used on personal computers.
However, cost is a serious obstacle to the use of workstations for
cducation. Workstations arc commonly used tor rescarch. where cost
is much less important. Only a few msututions, mcluding MIT, have
installed workstations for cducation on a broad scale—and then only
if subsidized by the manufacturers.

Several categories of software must be considered in educational
computing, including

®  system software, such as Unix, DOS, X Window System, and
compilers;
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s personal productivity software, such as spreadsheets and word
processing;

®  instructional software, such as for teaching chemistry or physics;

®  tools, such as database management systems and graphics draw-
ing packages; and

m  applications sottware, such as laboratory data management, data
presentation, matrix manipulation, and statistical analysis.

At the time Athena was started, very little instructional software
was available for personal computers—and essentially none at all tor
workstations. Thus institutions had to develop their own. Since
then, instructional software has been developed faster for personal
computers than for workstations, although in many instances the
instructional software available for workstations is much more so-
phisticated.

The Computer’s Role in Education

Computers have been used in higher education since soon atter their
mnvention with varying degrees of success. Although they have failed
to live up to claims or expectations for improved quality, quantity,
or cost of education, computers arc now used at all levels in educa-
tion. The many pedagogical models tor using computers in tcaching
include the following.

®  “Skill and drill” exercises. These are repetitive problems presented
to the student to encourage memorization of basic facts and
skills. This method is often used in the lower grades for routine
drill in arithmetic and spelling.

®  Programmed instruction. In this approach a page or so of material
is presented to the student, and then several questions are asked.
Depending on the answers to the questions, the student may be
presented with new material, the same material again, or reme-
dial material. Athena does not use this approach.

u  General information delivery system. The computer can be used as
a general purpose information retrieval and presentation system,
drawing information from public databases, bibliographic ser-
vices, on-line library services, and stored documentation. This
capability gives the student rapid and efficient access to a wide
variety of information services. Athena provides some access to
some of these services and has all user documentation on-line.
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Communications system. The computer offers rapid communica-
tion among students, professors, lab instructors, and consultants.
This capability can greatly improve learning efficiency. Athena
provides this tunction through electronic mail and the turnin pro-
gram, which provides for the electronic submission, grading,
and return of homework and greatly speeds up the learning
cycle. Experience has shown that electronic mail encourages stu-
dents to help each other. The Athena On-line Consultant program
provides communication between users and consultants on sys-
tem questions. Late in 1989 this program was expanded to in-
clude question answering on course-specific information.
Tutoring. Some research projects have shown that the computer
can act as a “tutor” by delivering customized instruction to the
student, based on the student’s existing skill level and mastery of
the material. In some instances natural language has been used to
answer specific questions submitted by the student. Athena has
not been applied in this way.

Simulation. The computer can simulate complex systems and
thus reveal the relationships among subsystems to provide better
insight. Athena uses this approach extensively.

Laboratory instrumentation. The computer can be an integral part
of a laboratory experiment: gathering, manipulating, reducing,
and presenting the data. This use prepares the student for similar
systems in industry and commerce, where computer-controlled
instrumentation is common. This model is used in Athena.
“Virtual laboratory.” This approach is a generalization of com-
puter simulation. However, rather than having the ability to sim-
ulate only one specific system, the virtual laboratory allows the
student to construct a simulation of a wide variety of systems
using generalized objects. An example is a virtual physics labo-
ratory, where the student constructs experiments using “objects”
such as frictionless planes, massless pulleys, and rigid structures.
Athena is moving toward use of this model.

Blackboard replacement. The computer together with a large-
screen display can present impromptu information in the class-
room that the instructor would otherwise draw on a blackboard.
With the computer, powerful paint and drawing programs can
be used, along with prestored images, which present more com-
plex and higher quality images than could be drawn by hand. In
addition, animation, charts and graphs of several varicties, out-
put of simulation, and video can be presented, which simply are
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not possible to do by hand. Athena uses large-screen projection
in the classroom for these functions.

®  Recreation. Recreation can be used as a powerful motivator to
learn specific disciplines. With Athena, all users must acquire at
least a minimal knowledge of Unix and Athena-supported ap-
plications software, such as editors and text formatters, in order
to use the system. At the beginning of ecach semester, a scries of
minicourses provide students with a minimal capability in sys-
tem use. Students are then allowed to usc the system to play
computer games. The experience with Athena has been that stu-
dents learn a great deal about the system from creating, modi-
fying, and playing computer games, so recreation 1s vicwed as a
legitimate part of the educational process.

The University of Illinois and Control Data Corporation funded
and developed the Plato project—a large initiative in using com-
puters tor educational purposes. Students use terminals supported by
large time-sharing systems. Installavion ot the terminals anacipated
the multimedia workstations ot today by oftering not only text, but
also graphics and image overlays from a rear-screen slide projector.
The pedagogical model used in Plato 1s usually programmed mstruc-
tion. However, 1t also includes mechanisms tor mstruction manage-
ment, that is, to automatically keep track of test scores and course
grades and to compute averages, deviations, and class completion
information.

Although educational software was available during the first few
years of Athena, it did not meet project needs. Some of it ran only
on the personal computer, much of it was not available in source
code (required to customize it to the Athena environment), and the
rest could not be fully integrated with courses. As a result, the proj-
ect staff soon realized that ncarly all of the instructional software
would have to be written by the faculty. The requirements for the
mstructional sottware were that it should be implemented m a set ot
modules that could be integrated into a system, be casily modified,
be usable with projection in the classroom and be usable on work-
stations in a lab or for homework. The staff recognized the need for
a mcthod of sottware distribution that could disseminate and support
software at an atfordable price to students and taculty members alike.

The pedagogical models used largely (but not exclusively) at
MIT rely heavily on simulation, analysis, and computer-aided de-
sign. Instructors make little or no use ot the programmed mstruction
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model. Thus, when teaching fluid dynamics. the instructor uses a
simulation ot a wind tunncl, rather than presenting a page of static
intormation to the student. Many instructors use computers in their
courses, and results indicate that computer use is more successful
when it 1s closely integrated with classroom activity.

Instructional software is stored in the network file system in
“course lockers.” These can be attached to the user directory as read-
only tiles by executing the artach command to make them appear to
be local to the user’s workstation.

Learning Problems

A major problem at most colleges and universities before the use of
computers in education—including MIT before Athena—was that
disciphines were taught using penal and paper. This technology lim-
ited the kinds of pedagogical approaches possible. Those that can be
used with pencil and paper generally use “clean” problems with
closed-form analytic solutions, which is the only kind the students
learn to solve. However, when students graduate and enter the in-
dustrial and commercial world, they find that the problems are rel-
atively “messy” and that computer-aided techniques are used. The
result can be a major discrepancy between what the student learns in
school and what the graduate needs to know to be successful on the
job. With Athena. computer-aided design techniques can be used
the classroom, and many instructors have begun using them. This
approach reduces the gap between what the students are taught and
what they need to know.

An carly concern of the MIT faculty was that Athena might fur-
ther separate the student from the physical world, rather than sup-
port the faculty objective of increasing exposure of the student to the
physical world. However, pencil and paper technology also does not
encourage or facilitate contact with the physical world. The use of
workstations and simulations can approximate this contact and, in
addition, can allow students to work on experiments that are cither
too costly or too dangerous to be done in a conventional lab.

A closely related problem is that of dealing with large amounts
of data. Typically, many current problems in the industrial and com-
mercial world do not lend themselves well to analytical approaches,
requiring, instead, extensive data gathering and data manipulation,
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When students attempt to solve these problems in an academic set-
ting without proper computational resources, they often become so
overwhelmed by the mass of data to be handled that they lose sight
of the educational objectives of the task. Also, dealing manually with
large amounts of data is time-consuming, limiting the number and
types of problems that students can solve during the semester. With
proper computational resources students can deal with large amounts
of data efficiently. They can therefore use their time to best advan-
tage, usc techniques that they will need in the workplace, solve more
problems, and understand better the instructional objectives of the
problems.

Without adequate computer support, teaching design is relatively
difficult and sometimes is made artificially simple to make it tracta-
ble. Theretfore instructors tend to teach analysis, because it is better
supported by available tools. Proper computer support, including
computer-aided design tools, encourages instructors to teach realistic
design techniques in addition to analysis and thereby cover the dis-
cipline more completely.

Two closely related problems in education are the difficulty that
many students have in visualizing abstract concepts, in general, and
the difticulty in translating formulas into intuition, in particular. Usc
of the computer can attack both problems. Many of the concepts
required in science and engincering are difficult for the student to
comprchend initially. This comprchension can be obtained more
quickly through the use of simulation, animation, and graphic rep-
resentation than by presentation of an abstract symbolic representa-
tion of the concept. For example, a student can grasp the meaning
of a solution to a differential equation more easily if it is presented
in graphic form than if it is simply presented in analytic form.
Similarly, the equations representing fluid flow can be more casily
translated into intuition if the various parts of the equation can be
rclated to the physical world through simulation, animation, and
graphics.

Students are able to solve more complex problems and examinc
“what if” questions by using Athena. Observation of the use of
Athena suggests that students like to explore a discipline through
simulation and that they gain considerable intuition and under-
standing of the discipline from such exploration. They are also
able to proceed at their own pace, thus promoting individualized
instruction.
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Teaching with Personal Productivity Software

Perhaps the most common way to use computers in education is as
personal productivity teols with generic software—a method widely
used at MIT. Indeed, word processing is the most common use of
Athena, which causes some to question whether doing word pro-
cessing on workstations is an appropriate usc of the system. Personal
productivity software often used on Athena includes

Scribe, a text formatter;

Gnu Emacs, a screen editor;

MatLab, a matrix manipulation and data presentation packagc;
Hoops, an object-oriented graphics drawing package;

LaTEX, a text formatter;

20/20, a spreadsheet;

Macsyma, a symbolic mathematical manipulation system;
NAG, a package of numerical algorithm subroutines; and
RS/1, a laboratory data management and presentation system.

At present, Athena staff tries to negotiate for a systemwide or
sitewide software license whenever possible, so the software can be
quite expensive. As resources permit, more personal productivity
software is being obtained.

Developing and Using Instructional Courseware

Faculty members who wanted to use Athena as an integral part of
their courses could obtain funding and hardware from the Athena
resource allocation committees (see Chapter 9). The faculty member
would develop the pedagogical concept and lay out the general tunc-
tionality of the software. Students or professional staft hired for the
task usually did the actual programming, although in some mstances
the programming was part of a thesis project.

Funding was made available for the first five ycars of Athena
(1983-1988). Project grants ranged trom $35000 to about $1 mullion,
and, overall, 125 projects were funded. As might be expected, the
majority of the proposals and funded projects were trom the School
of Engineering, because at that time about 60 percent of the MIT
students (although only 30 percent of the faculty) were in engineer-
ing. However, a significant number of proposals and tunded projects
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came from the other schools, including Science, Architecture and
Planning, and Humanities and Social Sciences. Indeed, many of the
more innovative uses of Athena in education came from the non-
engincering  disciplines, including the multimedia  workstation,
which came largely from language instruction.

Of the 125 projects funded, about one third resulted in software
that 1s used regularly in courses, about one third resulted in nothing
uscful, and the rest fell somewhere in between. In retrospect, funding
fewer projects at higher levels might have been better. The reasons
tor nonsuccess included underestimating the size ot the task (often
by a large amount), using an inappropriate pedagogical model, dit-
ticultics with the system, ditticulty in obtaining nccessary skills for
programming (Unix, C, X Window System, human interface de-
sign), and declining interest on the part of the faculty member.

An applications development group was formed within the
Athena project to assist course developers and to provide consulting
in X windows and human interface design and implementation. At
its peak 1t had 7-8 people, but the demand tor consultation was much
larger than the group could handle.

A serious concern on the part of younger, untenured faculty
members 1s that work on instructional software does not appear to
assist them in obtaining promotion and tenure. Departments do not
have a good mechanism for evaluating original contributions made
in instructional sottware, relative to more traditional original contri-
butions in research.

At MIT Athena is generally used in the following ways for ed-
ucation:

classroom demonstrations;

electronic classroom sessions;

homework problems;

laboratory sessions;

personal productivity aids; and

submission and return of homework assignments.

For classroom demonstration, the instructor uses a large-screen pro-
jector to project the image on the workstation screen. Light valve
projectors can give a 1 million pixel, bright image about cight feet
by ten feet in size. This display provides an “electronic blackboard™
capability. The instructor explains the concepts in the discipline with
the aid of the system, using text, graphics, and animation, perhaps
with a simulation of the physical or mathematical system. Students



ATHENA WRITING PROJECT 47

can usc the same software used in the classroom to solve homework
problems. This capabihity is especially true of simulation and com-
puter-aided design software.

The most successtul projects have yielded significant educational
benefits. Among these courses are

scientific and engincering writing;

fluid dynamics (Acro-astro);

statics (Civil Engineering);

thermodynamics (Mechanical Engineering);

physiology (Health, Sciences, and Technology; Electrical Engi-
neering);

membrane simulation (Electrical Engineering);

s spccial relativity (Physics); and

® infrared spectroscopy (Chemistry).

Athena Writing Projeect

One of the instructional software projects in which the system be-
came an mtegral part ot the course was the Athena Writing Project,
led by Protessors James Paradis and Ed Barrete [Paradis 88]. The
purpose of the project was to develop an integrated classroom sys-
tem for teaching courses in Scientitic and Engincering Writing and
Expository Writing. Paradis and Barrett teach these courses as a tcam
to about 15 upper division students cach semester. The method al-
lows a fallback to conventional pencil and paper teaching if the
workstation system tails. Individuals responsible for developing sys-
tem improvements attend all classes. The classes are open, and ob-
servers are encouraged to attend.

The components of the system (called the electronic on-line system,
or EOS) include computerized tools for editing, annotating, pre-
senting, and filing elements of course writing activities. A closcly
related aspect of the project is the “electronic seminar room,” or lab,
where workstations can be used interactively in the course. The
committee tor writing mstructions and computers guided this part
of the project. Begun in 1983, this activity is quite successtul and the
system and software get better each semester.

The approach taken was to design a system that would support
the standard classroom pedagogical process m an organic manner.
Rather than try to create a piccemeal system around some existing
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packages, the system was designed from scratch. End-to-end sup-
port is provided for the course. That is, all aspects of the course, not
just a few selected functions, are uniformly supported by the system.
Although the tools developed are presently not widely available,
eventually such tools will be commonplace. Thus the students need
to learn writing in the context of electronic tools.

The major elements of the system arc as follows.

w  Text editor. Emacs is used as the text editor to retain compatibility
with the text editor used in other parts of the Athena system.
The text formatter used is Scribe, as 1s common throughout the
campus. The ez editor from the Andrew project at CMU is now
being tested; it provides What You Sece Is What You Get
(WYSIWYG) capability.

®  Annotator. The annotator provides the capability of adding on-
line comments to a paper by using marginal notes, comments,
corrections, highlighting of text, flagging of common errors,
and long comments. The metaphor used corresponds to the fa-
miliar pencil and paper method.

m  Presenter. The presentation system allows the sharing of infor-
mation in the classroom through the usc of the large-screen dis-
play or on workstations. The shared information generally con-
sists of model text files, comparisons of student papers, in-class
writing, and revisions.

®  File exchange. The student can submit text files clectronically to
the instructor for grading and comment. The instructor can re-
turn the resulting annotated files clectronically to the student. A
complete revision history can be kept and retrieved as necessary.
The program that accomplishes this electronic communication is
called turnin. A command line interface performs the functions

ot
turnin—submit a file to the grader;
pickup—retrieve files annotated by grader;

put/get—real time exchange of files in the electronic class-
room;

take—obtain electronic handouts; and
grade—allows grader to obtain files, view, annotate, and re-

turn.

A graphic menu-driven user interface is now being tested. On-
linc help is available for writing tutorial and reference materials. Stu-
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dents can access the reference material both inside and outside the
classroom.

Electronie Seminar Room

The best environment in which to teach a course with workstation
support is a specially designed “electronic seminar room.” Such a
room was constructed as part of the writing project, and, based on
the problems and shortcomings encountered. a much better “ideal”
room has been designed.

The ideal electronic seminar room that has evolved is a classroom
equipped with a screen at the tront, controlled trom the instructor’s
workstation. Each student has an individual workstation. All work-
stations arc networked so that material on one can be instantly
shown on others or on the large screen. At times, the students focus
on their own workstations (for example, doing a writing exercise in
class). At other umes, they will watch the large screen tor expository
material or view material from another student’s screen.

Athena Writing Project Experience

The system as it exists is relatively complex to use, and training is
required for both students and instructors. The sheer volume of in-
formation can also be a problem. Text files are currently stored on-
line for the duration of the semester plus one month; then the files
are put on tape.

Evaluation indicates that students feel comfortable using the
workstations both i and out ot the classroom. They believe that this
technology gives them an important advantage i learning the sub-
ject. Requiring students to carry out writing assignments in class has
improved productivity and ettectively related theory to practice. The
individual workstations allow students to concentrate on individual
in-class writing assignments in a timely manner and cnable the in-
structors to work with each individual on a regular basis. The instant
feedback provides strong rcinforcement to eliminate crrors and to
follow correct procedures.

On-line evaluation of homework 1s much faster than conven-
tional methods and encourages instructors to provide both more ex-
tensive and more specific comments. Papers are clectronically com-
posed, turned in, annotated, and revised, often several times. The
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time between submission of homework and its return with annota-
tions and grades is usually less than one day.

In spite of some definite limitations, the electronic seminar room
1s viewed as successful and 1s being used by some 20 instructors. Two
morce clectronic seminar rooms are being developed. The electronic
turnin program is being used by 18-20 instructors, not all of whom
use the electronic classroom.

Fluid Dynamies

Late in 1983, a group of 12 professors from the Fluids Division of
the Acronautics and Astronautics Department spent two days in a
retreat at the MIT Endicott House developing a strategy for using
Athena’s tacilities. The department has about 300 undergraduate stu-
dents and all are required to take at least some coursework in fluid
dynamics. This discipline has long been dithicult for students to grasp
when taught by traditional means. The taculty members decided to
explore the uses of Athena workstations in the teaching ot fluid dy-
namics and agreed that cach would develop one of the modules re-
quired for the course.

Pedagogical Objectives and Methods

The pedagogical approach taken was to augment and enhance tra-
ditional methods using the graphics and computational power of the
workstation, rather than trying to automate existing techniques. Of
particular interest was the opportunity to use the interactivity of the
system. The system was to be developed so that students would not
need to know programming. The specific pedagogical objectives
[Murman 87] were

s cnhancement of existing material in arcas where understanding
traditionally has been ditticult, including dimensional analysis,
kinematic concepts of convective systems, and kinetic theory of
gases;

= application ot existing material through hands-on experiments;
and

®  replacement of some existing material through the use ot modern
computational approaches to the study of subsonic flow and
boundary layers.
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To achieve these objectives, those working on the project devel-
oped an approach based primarily on simulation of physical systems
(such as a wind tunnel), also called the virtual laboratory approach.
Implementation was based on modules, wherein a module is a pro-
gram rclated to a set of closely related concepts. The participants
designed modules to be used as part of a lecture, for homework
problems (worked outside of class), and for self-study. Of particular
importance, the module desigis had to be integral parts of the teach-
ing approach and closely coupled to classroom methodology. One
or more faculty members developed the general approach for cach
module, based on the topic, tlow of information, and concepts to be
communicated. Once the general approach was developed, under-
graduates developed the programs with help from the Athena
staft.

The modules were organized by technical topic, not by course.
A module might be used in a tundamentals course nitially, and then
perhaps a year or two later the same module might be used to teach
an advanced version of the same topic.

Implementation

The sottware was written mainly in FORTRAN 77, with some writ-
ten in C. Because the designers clearly understood the importance ot
the human intertace they devoted considerable cftort to 1ts design
and implementation.

Project Athena purchased and supported a commercially avail-
able user intertace generation package called BLOX. It provided a
graphics subroutine hibrary, menus, icons, screen layout, and on-line
help. A signiticant benetit ot BLOX was that 1t provided an apph-
cations interface that could be ported to X11. The project staft de-
cided to standardize on BLOX. because 1t allowed the department
to standardize the “look and feel” of the human interfaces across the
modules.

A total of 25 modules, collectively referred to as the TODOR
system (named atter the tamous acrodynamicist Professor Theodore
von Karman), have been implemented. The implementation ap-
proach taken rclied heavily on menus, graphics, and animation.
Most input 1s with the mouse. The designers expended considerable
effort to standardize the uscr interface and make it friendly, error-
free, and highly interactive. Overall, the efforts of 14 instructors, 39
undergraduate students. and two tull-time programmers went mto
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the development of TODOR. Details of the implementation are
given in Murman’s 1987 report.

When the modules are used for problem sets or take-home ex-
ams, the students are usually required to obtain results from the
module and then combine them with other analyses to complete the
assignment. To make sure that the student understands the under-
lying methodology, the instructor often requires a solution by hand
first. Then the student can use the computer version to explore many
morc cases than could be done by manual methods. In this way, the
software can be used for design problems rather than being limited
to analysis.

Results

Workstations have characteristics quite ditferent from the traditional
tcaching materials of books, blackboards, and pencils and paper, thus
complementing them well. An important arca of difference 1s in the
degree of interactivity allowed. A student can view a book or even
listen to a lecture in a rather passive way, but the interactive nature
of the workstation demands attention and active participation.

The ability to run clectronic experiments and to generate realistic
data scems to help students internalize theory. In a real sense, theory
interpolates experimental data. Another important characteristic ot
workstations 1s the ability to provide animation. This feature appears
to have a significant advantage in explaining ditticult and abstract
concepts. Animation is especially useful when combied with inter-
action, so that the student can run a number of cases to see how the
experiment progresses. The multiple means ot providing visualiza-
tion can also be important. Data can be provided in tabular, graphic,
and animated form simultancously. Inputs can be shown at the same
time as outputs.

About 250 students use the TODOR software each ycar. Both
faculty members and students have stated (in surveys) that Athena
has signiticantly improved the quality and quantity of course mate-
rial taught. In the classroom, the faculty has found that the ability to
generate graphic displays and to show simultancity of events has
added significantly to lecture effectiveness.

The use of Athena with problem sets and take-home exams has
been “an unqualified success™ in the words of Protessor Leon Trilling
of the MIT faculty, who interviewed a group of students. The prob-
lems assigned are more realistic than those possible with purcly an-
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alytic approaches, and they arc more comparable to on-the-job as-
signments than were previous problem sets.

A major drawback to the expanded use of Athena in this depart-
ment is the extraordinary eftort required to develop the software,
most ot which1s devoted to the human intertace. Module design and
development require a high level of expertise. Typical module im-
plementation requined a vear ot development and $20.000 to become
operational. Use of the modules shows areas of needed improve-
ments, and development typically continues for years.

TODOR is now being made available to the general engincering
community through a low-cost licensing arrangement, and some 20
licenses have been purchased so far., TUDOR won an Educom/
NCRIPTAL (Nanonal Center tor Rescarch to Improve Postsecond-
ary Teaching and Learning) best engineering sottware award in 1989,

Civil Engineering

The GROWLTIGER program [Slater 87] 1s a structural analvsis and
design package for two-dimensional mechanical structures. such as
bridges or buildings. It provides an interactive environment for ex-
perimenting with the design ot structures and teedback to the student
on the behavior of the resulting structure. Professor John Slater de-
stigned the program and implemented 1t with the help ot graduate
students. The package provides interactive input and editing of the
geometry and material characteristics of the structure. Its output pro-
vides a graphic display of deformation relative to the original struc-
ture, as well as bending moments, shears, mode shapes, and natural
trequencies. GROWLTIGER 15 mtended tor use by studenes ot en-
try-level courses through graduate school.

The structure is defined to GROWLTIGER as a set of nodes,
which are connected by members. The members are straight struc-
tural elements, such as bars or beams, which start and end at nodes.
The members may be constructed of any material and have any pris-
matic cross scection. They may be connected to the nodes by cither
momentless pins (without torque) or by moment-resisting rigid-
frame connections. Several prestored truss types are available in the
system. Loads may be expressed as nodal loads, member loads, and
support scttlements; any self-consistent set of units may be used. The
analytic approach assumes linear elastic displacement.
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The results of the analysis may be displayed graphically to scale,
or they may be printed in numeric or graphic form. A stecl design
module and tutor are also available for use in association with the
analytic procedure.

To use the system, the student defines a structure to the system
interactively. The steps in defining the structure include specifying

the

®  system of units;

®  location of the nodes;

®  start and end nodes of cach member and type of connection (pin
or rigid);

node displacement boundary conditions;

nodal and member loads;

support scttlements;

material properties and unit system,;

cross-sectional properties and unit system; and

data file name.

The nodal boundary conditions can be tixed, pinned, roller, shider,
frame truss, or free. The graphic presentation includes the conven-
tional symbol used for cach of these conditions. It also allows pre-
sentation of several output tunctions simultancously (for example,
geometry, loads, deformation, shear, and bending).

GROWLTIGER uses the X Window System, as does all Athena
software. The graphic output appears in the main window of the
display. Several control buttons surround the main window, allow-
ing the user to control the display. The user may pan and zoom on
the structure, as well as plot dimensions, draw coordinate grids, and
activate hardcopy. A button to control panning is located in cach
corner of the main window. Along the top of the main window are
buttons to control zoom in/out, restore, percent, clip box, grid on,
dimension on, redraw, and print. Menus are used extensively in
GROWLTIGER;, and no programming knowledge 1s required.

Thermodynamies

The Computer Aided Thermodynamics (CAT) package was devel-
oped by Professors Gilberto Russo and Joseph Smith of the Mechan-
ical Engincering Department to assist in teaching classical thermo-
dynamics [Russo 86]. CAT is designed to solve a wide range of
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thermodynamic problems. using a single set of basic algorithms and
a single set ot boundary conditions. The boundary conditions im-
posed on all problems are those of closed. isolated systems in which
no mass, encrgy, or entropy crosses the boundary. A front end to the
basic algorithm module is used to communicate with the user, both
for accepting input and editing instructions and for displaying the
problem structure and results.
CAT system components are

graphic symbolic language to enter the problem;
a compiler to gencrate equations;

numerical solution generator; and

user interface for output.

CAT is written in FORTRAN 77. The source code is about 1 M
byte in size, and the binaries are about 500 K bytes.

Thermodynamic systems are displayed as ordered meshes of in-
terconnected elements representing the physics ot the problem. The
individual clements, such as piston, fluid, or thermal capacity, are
available mn an element library. Arbitrary levels of complexity can be
obtained by adding elements to the mesh.

Thermodynamic elements are modecled independently of any
particular problem. They are represented by sets of equations that
determine the behavior of the clement in terms of its equilibrium
state equations and derived quantities relative to its local frame of
reference. Elements are of two types: storage and interconnection.
Storage clements are used to model parts ot the system whose energy
varies. Interconnection elements model the interaction between stor-
age clements, with each element modeling one interaction.

The CAT screen is divided into functional arcas for model con-
struction, system prompts, menus, and icons, ncluding svianbols tor
elements. The user defines the problem to the system by creating a
mesh of elements (from the library of elements), using the mouse.
The mesh of clements 1s represented graphically. When thie mesh s
complete, the system prompts the user tor the mitial conditions. The

program then generates the solution from the physical properties and
initial conditions by solving the set ot simultancous equations. Out-
put is in tabular form or in various standard graphic forms—on the
screen or on hardcopy.

CAT is important, because it changed the basic approach to
teaching thermodynamics. It represents more than a change in pre-
sentation methods; it changed basic methodology.
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Physiology

Cardiovascular physiology has been taught at MIT for several years
with the aid ot a mathematical model using lumped parameter dif-
terential equations. More recently, an interactive course module was
developed [Davis 88] as part of Athena, with X Windows and the X
Toolkit in a workstation environment.

Human physiology 1s a difticult discipline to teach effectively be-
cause of the complex interaction of the physical processes in a three-
dimensional environment. The faculty desired a modehing system in
which students could introduce common abnormal conditions in the
cardiovascular system by suitably moditying the parameters of the
system. The students could then obscerve the resulting deviations in
the observable parameters of pressure and flow. This process would
help the student understand the relationship of pathological condi-
tions in the patient and the resulting symptoms. The student could
also study the relationship of corrective measures and the resulting
change in symptoms.

The model relates changes in blood pressure, volume, and flow
through six cardiovascular body compartments. Each compartment
1s modcled by parameters for hydraulic capacitance, resistance, and
zero pressure volume. The parameters may be varied as a function
of time to modecl the properties of the heart. The overall simulation
1s modeled as a hydraulic system with valves, reservoirs, pipes, and
capacitance devices. The model 1s implemented as a set of six diftfer-
ential equations for six nodal points that is solved by the Runge-
Kutta method. The model provides pressure, volume, and flow
rates at each of the nodes as the functions of time. The model
operates in real time, simulating a real subject. The instructor may
sct the parameters of the subject to model specitic case histories. The
model has been validated by comparison with laboratory measure-
ments.

The major improvement in simulation for the workstation en-
vironment was the addition of a relatively sophisticated, user
friendly human interface. The human interface approach makes
cxtensive use of graphics and menus, with the mouse used as the
primary input device. In operation, the mathematical model runs
continuously, sending a stream of results to the human interface as a
rcal subject would. The user can then control the human interface to
sclect the parameters of interest to be displayed.

The user is presented with a primary graphic display of the sys-
tem with its six nodes. The uscr edits the model parameters by first
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sclecting the node of interest with the mouse and then the compo-
nent within that node. The user may also select parameters and axes
to be plotted. Variables can be plotted as a function of time or as
functions of ecach other.

The top-level human interface uses a row of command buttons
at the top of the screen over the primary graphic display. The user
may plot a maximum ot three dependent variables simultancously.
It the independent variable 1s time. the svstem simulates a scrolling
strip chart. When the user requests multiple simultancous charts. the
svstem displavs them in a uled arrangement so that thev do not ob-
scurc cach other. The user, however, may then control size and
location.

The cardiovascular simulator is now being used in a Quantitative
Physiology course. The system has received generally favorable re-
views in terms of meeting its pedagogical objectives.

Membrane Simulation

The Hodgkin—-Huxley model, which won the 1963 Nobel prize,
consists of a sct of coupled nonlinear algebraic and ordinary difter-
ential equations that describe the electrical characteristics of the
membrane of the giant axon of the squid. Professor Thomas Weiss
ot the Electrical Engimecring and Computer Science Department de-
veloped software [Avril 89] that allows users to explore this model
of nerve-cell membrane response to electrical stimulation for difter-
ent environmental variables, such as the temperature and concentra-
tions of 1ons. The user may manipulate the electrical stimulus, model
parameters, and environmental variables and observe the responses
using powerful graphic tools. This program simplifies the model,
allowing membrane study by undergraduate students in such diverse
disciplines as biology, engincering, mathematics. and physics.

The principles involved underlie our understanding of the clec-
trical properties of all electrically excitable cells, such as nerve and
muscle cells. The model explains the generation of “action poten-
tials™ used by cells to transmit nerve messages, nitiate mechanical
contractions, and trigger chemical secretions. Because the model is
complex, it was rarcly taught in a way that allows students to acquire
an understanding of clectrical excitability. This program overcomes
that problem by giving students direct access to the model and an
ability to explore it by performing simulation cxperiments. A
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rcasonable starting parameter sct encourages initial exploration and
supports gradual learning. Later, students may explore all the param-
cters and observe results. These results appear in clear, complete
torm and can be saved, compared with other results, and included in
documents. By making this process accessible to students, the soft-
ware encourages deeper understanding of clectrical excitability and
1s a usctul method for teaching students how to formulate and exe-
cute a research project. This software won a Best Engincering Soft-
ware award in the 1990 Educom/NCRIPTAL competition.

Physies—Special Relativity

The teaching of the theory of Special Relativity in physics presents a
considerable challenge, because most of its consequences are counter-
mtuitive. To assist in the teaching of this subject, a module set [ Tay-
lor 86] has been created as part of Athena, using the “modcling
toolkit™ (or “microworlds™) pedagogical approach. Its designers im-
plemented the module set ditterently from most other Athena mod-
ules, that is, on stand-alonc personal computers rather than on net-
worked Athena workstations.
The following modules were developed for this subject.

m  Visual Appearance. This program presents a simple graphic rep-
resentation of a landscape as seen by an observer moving at rela-
tivistic spced. The landscape consists of a large cube, a small
cube, a pyramid, and a “skyscraper.” At high simulated speceds,
these figures are distorted according to the laws of relativity. The
operator may accelerate, decelerate, turn right and left, and
change altitude.

®  Spacetime. This program presents four ditferent graphic repre-
sentations of the same data. The first is a “position versus veloc-
ity display of objects, including a shuttle, clocks, rods, and light
flashes on a highway. The second is a “position versus time”
view of a spacetime diagram. The third shows events and world
lines of objects that move along the highway. The user places
objects and events on the highway and on the spacetime dia-
gram. The user may then step time forward or backward, as-
sume the viewpoint of an object on the highway, or transform
the spacetime diagram from one frame of reference to another.
The fourth representation is a table of numerical values on cvents
and objects that can be annotated by the user.
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m  Collision. This program simulates relativistic collisions in two
dimensions. It provides three displays of the information. This
first 1s an input table, on which the user may enter known quan-
tities about ecach incoming and outgoing particle or relations
among them. The program then attempts to complete the table.
The second is a display of the resulting interactions as an ani-
mated movie. The third is a display of energy versus momentum
for each parucle.

The programs are distributed on diskettes to students and are exe-
cuted on personal computers in labs.

Results

The instructor evaluated extensively the value that students placed
on the modules. Although the students responded that all of the
modules were uscful, there was a definite correlation between the
amount of intcractivity and the value given a module. Those pro-
grams that were mostly demonstration (such as Visual Appearance)
were of value the first time they were shown but had little value after
that. The programs with much more interaction, such as Spacetime
and Collision were perceived to have much more value. A primary
value of the programs as reported by the students was the ability to
help them visuahze the consequences of the algebraie tormulation ot
the model.

Both students and faculty members had been concerned that use
of computers would allow the students to blindly plug in values to
solve problems without understanding of the theory behind the so-
lution. To minimize this problem, instructors administered no more
than one third of the excrcises and none of the tests on the computer,
As Taylor states, “Computers are used to reduce the usual patholog-
ical dependency on algebraic models of the subject, not to encourage
dependency on the computer models of the subject!”

Other important lessons were learned about the use of computers
in higher education. To motivate students to use the programs, in-
structors must assign, collect, and grade problems requiring their
use. Morcover, instructors should require students to hand in a print-
out of the displays and results with the problem scts.

Algebra and graphics can work together synergistically. The spe-
cific solutions displayed must be complemented by the general al-
gebraie solution. That s, the graphic mtormaton must be supported
by numeric information. As Taylor states, the learning of a new con-
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cept becomes a three-step process. The first is visualizing the phe-
nomenon in the setting of a specific case, then viewing animations
and alternative representations of the specific case. The second is de-
veloping the analytic formulation of the general problem. The third
is demonstrating that the analytic formulation gives the same answer
as the specific case. Thus the rigor and generality of the analytic so-
lution is combined with the visual representation of specitic casces.
The resulting mutual reinforcement ot the two approaches substan-
tially improves the learning experience.

As with the other modules developed for Athena, this module
set required a significant investment of resources and far in excess of
that originally estimated. Also, based on use and teedback, the pro-
gram evolved and improved over a period of several years.

The faculty members who worked on the project stated that “de-
veloping the programs changes the developers more than using the
programs changes the users.” The process of developing the pro-
grams signiticantly enlarged the participants’ view of the subject and
made thinking about the subject much more visual—to the extent
that transformed both their protessional lite and view of the subject.
Other faculty developers have reported similar experiences. This
program won a prize as “the Best Physics and Best Tool Software”
awarded by Educom in October 1988.

Chemistry—Infrared Spectroscopy

Laboratory experiments can be a significant drain on student time.
In some cases, the students can be overwhelmed by the mass of data
to be gathered, computed, and compared to theory. Simply dealing
with the mass of data could cause the student to lose sight of the
educational objectives of the course. For these reasons, Professors
Jeffrey Steinteld and Keith Nelson led the effort to develop a personal
computer-based laboratory data management system for an Ad-
vanced Chemistry Laboratory course.

One package in this system is Peakfinder, which was pro-
grammed by Simpson Gartinkel, an undergraduate in Chemistery and
Computer Science. Peakfinder accepts data from the infrared spec-
trometer, scans the data, and finds the peaks. Students assign values
to the peaks, and the program records the values and the distances
between them. The program then computes the parameters of the
quantum mechanical equations to compare theoretical and experi-
mental results. Peakfinder also provides data needed to compute
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bond lengths and to generate a spectrum from a model based on
values provided by the student.

Computer usc has significantly reduced the time students spend
collecting and analyzing data (intellectually trivial tasks) and has im-
proved the quality of term papers. Student response to the use of
computers tor this task is “overwhelmingly positive” [Turkle 88).

Athena Laboratory Data System

All good ideas, including coherence, can be carried too far. Devel-
opment of the Laboratory Data System is an example of such an
attempt; thus this development is an important contrast to the suc-
cess of the course systems described.

The Laboratory Data System [Milgram 87] was developed by
Protessor Jerome Milgram ot the Ocean Engincering Department
for use in a number of different laboratory courses with widely dif-
tering requirements. In general, 1t was to provide signal capture and
analog-to-digital conversion for several channels simultancously,
with sampling rates of a few tens of kilosamples per second. A typ-
1cal example 1s the mstrumentaton ot a towing tank tor measuring
forces on a ship hull as a function of several analog variables. Initial
development concentrated on a coherent system approach based on
workstations and Unix. In the end, the developers could not make
this approach work. The version of Unix that was available simply
did not have sutticient real time control to reach the desired samphng
rates. The system was also very expensive because of its workstation
base.

The developers finally realized that this effort was an example of
pushing cohcrence too tar. The workstation-based approach was ti-
nally abandoned in tavor ot a personal computer—based system using
DOS. The resulting system casily reached the desired sampling rates,
was relatively simple to use, and could make use of a wide variety
of add-in sampling and conversion boards that arce avatlable tor the
PC bus. The system is widely used and highly successful.

The Athena laboratory computer is a standard XT or AT micro-
computer with a hard disk, a Hercules graphics card, 640 K bytes ot
memory, and an 8087 math coprocessor. In addition it contains lab-
oratory intertacing hardware and sottware. Sottware mcludes DOS,
FORTRAN, EMACS, UnkclScope (a third-party laboratory data
management system), SLIP (a set of simple laboratory interfacing
programs), and graphics drivers.
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The SLIP programs are a set of subroutines that allow the user
to sample the output ot once or several A/ converters, write the data
to a disk tile. and draw a graph of the data versus time on the screen.
The analog input channel accepts an input signal between + 10 volts
and —10 volts and provides an output of +2048 to —2048 counts.
The maximum single channel data rate 15 40,000 samples per second,
and the maximum multchannel data rate 15 28,000 samples per sec-
ond tor the combined channels. The user provides input parameters

ot

sampling frequency;
number of data points (5000 maximum);
channel number; and
file name for output.

The UnkelScope program is much the same for data capture but
has added teatures. The mput parameters can be stored and loaded
from a file, and more flexibility in viewing the output data on the
screen 1s available. This program provides far more tunctionality tor
manipulating the output. including calibration corrections, more
tlexible plotting, applying high pass, low pass. and band pass digital
tilters. computing the power spectral density, integration, ditteren-
tiation, and a number of other functions.

Courses Using Special Software

Courses using Athena with special instructional software are listed
in the following table, along with the software utilized. The table
was prepared by Naomi Schmide ot the Athena statt and 1s used with
her permission.

Subjects Using Athena

Subject Name Software

Civil Engineering

Introduction to Computers and Engincering Problem c;turnin/pickup;olta
Solving

Behavior of Physical Systems growltiger*
Computer Models of Physical and Enginecring Systems c

Numerical Modeling of Physical Systems FORTRAN;c

Engineering Geology Geology Tutor*
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Mechanical Engineering

Methods of Enginecring Analysis NAG

Elementary Programming and Machine Computation FORTRAN;turnin/pickup

Control Systems Principles clascon*;visdycon*

Advanced System Dynamics and Control matr'xx;simnon

Multvariable Control Systems Mmatrixx;simnon

Computer Aided Enginecering sgi_graphics_library

Analysis and Design of Digital Control Systems Matlab;simnon;visdycon*

Advanced Fluid Mechanics nckton’

Computational Fluid Dynamics nckton?

Thermodynamics CAT*

Convective Heat and Mass Transfer nckton’

Mecasurement and Instrumentation TEX

Project Laboratory FORTRAN

Destan Projects NS

Advanced Engineering Desian opr2*

Designing Smart Machines Matlab:simnon:visdvcon*

Quanttative Physiology; Cells and Tissuces channel*;cmt*;
diftuse*;hh*;rwalk*

Artificial Intelligence in Design and Manufacturing FMS.simulator*:asset*

Materials Science

Polymer Engincering feap*;prep*;post*;mesh*
Mcchanics of Materials fcap*;prep*;post*;mesh*
Structure of Solids crystal structurc*
Transport Phenomena in Materials Engineering ;FORTRAN;

own_softwarc*

Electrical Engineering and Computer Science

Quantitative Physiology; Cells and Tissues channel*;cmt*;
diffuse*;hh*;rwalk*

Quantitative Physiology; Organ Transport Systems cardiovascular_simulator*

Artificial Intelligence lisp

Computer Graphics tgif*

Probabilistic Systems Analysis LAS* 0nn_sotiware*

Introductory Digital Systems Laboratory fsm*;osc* kmap*

Laboratory in Softwarc Engineering clu

Introduction to Dynamic System Matlab

Multivariable Control Systems matrixx;simnon

Dynamic System Matlab

Introduction to Optimization opt2*

Numerical Simulation of Large Scale Circuits simlab

Discrete-Time Signal Processing Mathab

Two-dimensional Signal and Image Processing under develepment
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Applicd Probability
Programming Languages
Datatlow Architecture and Languages

Natural Language and Computer Representation of
Knowledge

Diclectric Physics and Electrical Insulation
Biology
Mctazoan Cell Biology
Physics
Computational Physics
Obscrvational Techniques of Optical Astronomy
Chemical Engineering

Introduction to Computer Methods
Integrated Chemical Engineering

LAS*
scheme?
scheme?

lisp

under development

vidco coursewarc*

FORTRAN

observe*;starchart*

FORTRAN;c;pplot*

batchfrac*

Earth, Atmosphere, and Planetary Sciences

Chaos and Complexity

Obscrvational Techniques of Optical Astronomy
Planctary Science
Ocean Engineering

Computer-Aided Hydrostatics and Hull Surface Definition

Introduction to Ocean Science and Technology
Marine Hydrodynamics
Hydrofoils and Propellers
Principles of Naval Ship Design
Numerical Mcthods with Applications to Marine Problems
Management of Marine Systems
Mechanical Vibrations

Economics
Engincering Aspects of Economic Analysis
Econometrics
Economic Structures of Cities

Aero-Astro
Acrodynamics
Numerical Fluid Dynamics
Advanced Computational Fluid Dynamics
Acrodynamics of Flight Vehicles
Molccular Gas Dynamics of Space and Reentry

Principles of Automatic Control

sine*;logistic*;
maplog*;henon*;dist*

observe*;starchart*

own_softwarc*

ducksoup*;numint*;
mouscloft*;shcp*

Matlab
hydro*

todor*

asset*;tss86*;shep*;smp*
turnin/pickup;FORTRAN

own_sottware*

NAG

asses*
sst*

sst*

todor*
FORTRAN;grafic
FORTRAN;grafic
todor*
todor*

clascon*
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Algorithms for Function Minimization and Optimal Matlab
Control
Rocket Propulsion todor*

Political Science

Political Science Laboratory sst*

Debates and Arguments gmats*;scheme?;c

Conflict and Its Resolution gmats*
Mathematics

Calculus LAS*

Ditfterential Equations 18O3*

Numerical Mcthods of Applied Mathematics unknown

Topics in Numerical Analysis Matlab
Humanities

French 1 A la rencontre do

Philippe*;Direction Paris*
Spanish III No recuerdo*
Scientific and Engincering Writing turnin/pickup

Nuclear Engineering

Advanced Engineering of Nuclear Reactors thermic*
Modeling and Simulation macsyma;c;FORTRAN
Interactions of Radiation with Matter unknown

Health Sciences and Technology

Cardiovascular Pathophysiology cvssm*

Quantitative Physiology; Cells and Tissues channel*;cmt*;

diffuse*;hh*;rwalk*

Medical Image Processing image_processing software

Notes:

1.

6.

This list includes those courses that use Athena for purposes other than simple word processing.
These include problem sets, programming languages, distribution and collection of course mate-
rials, modeling and visualization aids, etc. Some of the software packages arc third-party pack-
ages, others were written at Athena and are general resources, and still others were written with
a particular subject in mind. In the last category are some packages that were written for one
subject but found useful in other subjects or even other departments.

. The symbol * following the name of a software package denotes courseware developed at MIT

by faculty for use on Athcena.

The symbol * denotes software developed at MIT on another platform and then ported to
Athena.

The designation own_software mecans that the software package does not have a name known to
the Athena staff and was developed specifically for that subject, residing in a course locker or file
system.

. LAS is the Lecture Authoring System, which is a gencral authoring system being developed in

the hope that it will eventually be used across the curriculum.

turnin, pickup and olta were developed by the Athena statt as general nohoes reruse moan edu-
cational environment. The first is for electronic submission and sharing of files, and the latter is
an On-Line TA program which is parallel to the Athena On-Line Consultant system.
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Lessons Learned

The projection of workstation images as an integral part of class-
room activity proved to be very effective in communicating new
ideas and cexplaming ditticult principles. It also proved to be an ef-
fective way to allow students and instructors to interact in real time,
greatly mcreasing productivity. One ditficulty 1s that, if the equip-
ment does not work, major disruptions can occur in the class. In the
carly days of Athena, numerous equipment and system problems
seriously curtailed use of the workstations in the classroom. Al-
though most ot these problems have been solved, having a backup
mechanism, perhaps videotape, is always important.

The value of networking has been demonstrated clearly, with the
writing course as a concrete example. Networking greatly improved
communication between the students and the faculty members,
with a resulting increase in the quality and quantity of material
taught. The concept of a “course locker” proved to be an economi-
cal way of storing software in the system so that it is universally
accessible.

Teaching a course and using teaching materials such as instruc-
tional software involves personal preference and choice. Therefore
the instructional sottware must be tlexible enough to be mtegrated
castly and uniquely with other teaching materials and intormation
by every instructor.

The cost and skill levels required to develop instructional soft-
ware have proven to be far greater than first assumed, raising a se-
rious barrier to development of large amounts of such software. Far
better developmental tools are required, perhaps in the form of au-
thoring environments. In particular, experience has shown that, on
average, 50 percent and in some cases as much as 90 percent of the
labor required 1s tor developing good human intertaces. Improving
the ctticiency of developing such interfaces 1s a key to increasing the
amount of quality instructional software. These improvements can
only come trom better tools. A mechanism to distribute and support
this software is also crucial.

Ditticulty that both students and faculty members had with
learning the Unix user intertace (C shell and system application pro-
grams, such as emacs, in the case of Athena) proved to be a barrier
to usc of the system. Ideally, users should interact with a menu and
graphic shell rather chan with the Unix command language. Perhaps
some of the new developments by industrial consortia (Open Soft-
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warce Foundation and Unix International) will provide the needed
improvements.

The team approach to the development of instructional software
is often much more successtul than for cach individual to develop his
or her own. The team can be organized around a discipline or
department and can more readily assemble the people and skills
needed to develop high-guality sottware. Comments by colleagues,
cven about prelimmary versions, can be very helpful in improving
software.

Instructional software often evolves over several semesters. The
experience gamed i using the sottware provides valuable insight
into how to do it better. Producing the “perfect” software package
the first time around s impossible and not necessary, but persistence
and continuity can lead to a final product that will relate well to
lectures and problem sets.

Many faculty members who have developed instructional mod-
ules report that this experience changed not only the way that they
teach the material, but also that 1t led to fundamental changes i the
way they view the discipline (e.g., thermodynamics and special rel-
ativity). This result, of course, was one of the original objectives of
introducing computers in cducation, and must be considered as a
success.

Remaining Concerns

Although there have been numerous clear successes in improving the
quality of ecducation with Athena, there also have been fatlures. The
rcasons for these talures requires more analysis, because the proper
usc of computers in cducation is tar from understood. There is a lack
of genceral agreement in this arca by the MIT faculty, i parucular,
Many faculty members believe in a core of “sacred” aspects of the
cducational process, which should not be computenized. oing so,
they feel, would mean loss of contact with the physical world and
loss of understanding of the theory behind the ability to “deliver
numbers.” These concerns are described in Turkel’s evaluation [Tur-
kel 88].

The computer will continue to make inroads into those arcas ot
cducation that arc amecnable to computation as techniques are
improved. Indeed, educators must move beyond the excessive
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dependence on analytic models that characterizes current science and
engineering education. Equally important, however, is preventing
loss of the physical experience and understanding of the theory be-
hind the numbers. For these and other reasons a consensus must be
developed on the appropriate use of computers in higher cducation.
Only then can far more and better cducational software be devel-

oped, used, and shared.
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Athena and
the Faculty

One of the more difficult areas in Athena development was the re-
lationship of the project to the faculty. The primary reasons were
contlicung goals and poor communication. Even though the project
leaders were taculty members the requirements ot the project led to
polarization between participants and nonpartcipants. The history
and nature of the relationship between Athena and the faculty was
studied and documented in detail [Turkel 88].

Concept versus Reality

Recall that the initial concept had been to obtain the system from a
smgle vendor using ott-the-shelt operanng systems. The msrallation
of the system was thought to be virtually a turnkey deployment that
could be done relatively quickly and mexpensively. The model of
computing popular at that time was time-sharing, and indced the
time-sharing technology was mature enough that systems could be
deployed routinely with minimal system software development. Be-
causc details of the system were not available, faculty members as-
sumed that it would meet their diverse objectives.

Proponents seriously underestimated the degree to which time-
sharing operating systems werce inappropriate to the workstation en-
vironment. As described carlier, time-sharing operating systems do
not work well in a workstation environment, because workstations
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violate many of the fundamental assumptions that time-sharing sys-
tems are based on.

The combination of these problems caused serious underestima-
tion of the size and cost of system development. As planning for
deployment proceeded, the impact of the system’s shortcomings
gradually emerged over a period ot about two years. Untortunatcly,
the budget did not allow for an adequate system development cttore,
Even if the true magnitude of the task had been understood with
pertect toresight, 1t 1s stll unlikely that enough moncey could have
been obtained. Although the hardware grants for the system were
relatively generous, little cash was available to fund people.

As a result the system was

® late by two years;

®  nota panacca, because 1t met a midrange of computing needs but
did not support features such as color or 3-D which were critical
to some applications;

= intially lacking in productivity aids, such as plotting tools,
WYSIWYG editors, statistical analysis packages, and paint pro-
grams; and

®  lacking i software development tools, such as graphics, human
interface development aids, and courseware devclopment sys-
tems that were available on stand-alone systems costing much
less.

Another problem was that both vendors were late with worksta-
tion hardware. This turther delaved system development and con-
sumed valuable staft time that could not casily be spared. Also, both
vendors were used to a time-sharing, text-oriented environment and
had httle software available that was not oriented to monospaced text
on terminals.

Many of the strategic decisions described in Chapter 2 caused
tension between the project and the taculty, partly because of poor
communication and partly because of diftering goals. Whercas the
faculty wanted the system operational immediately (and thought
they had been promised that), the project team first had to develop
the infrastructure and then the system. Whereas the faculty wanted
a system customized to each professor’s needs, the project team
wanted a “one size fits all” approach to minimize cost. Whereas the
taculty wanted something simple immediately, the project tecam
wanted a system with growth potential and longevity. Thus, al-
though cach of the strategic decisions was justified as being impor-
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tant to the success of the project (and in retrospect, they probably
were the right decisions), cach also had undesirable side eftects on
relations with the faculty.

Effects of Strategie Decisions

Although the Athena approach emphasized homogencity to maxi-
mize sharing and to control cost, departmental computing ap-
proaches varied greatly. Some of these differences reflected the di-
verse orientations and experiences of faculty members, others their
perceived needs and priorities. For example, some departments
wanted color, 3-D, and high-performance processing; others did
not. One consequence of these differences was the view that Athena
was trying to imposc its model of computing on all faculty mem-
bers—whether it fit or not. The faculty also felt that Athena should
mect all instructional needs. Although Athena did not claim to do
this, in practice it was the primary source of funding, and its exis-
tence made difficult the obtaining of funding from other sources.

Unix was picked over DOS, because i1t had functionality that
was important in the workstation environment. Subsequently, the
case of developmg mstructional applications with DOS has made 1t
more popular in the educational sottware tield than had been tore-
seen. Its shortcomings in networking and shared resource environ-
ments have been partially overcome, although much of the devel-
opment with DOS has been in a stand-alone environment. Although
many faculty members accepted the system as defined by Athena,
many others wanted something else, often tor case ot development
and usc or compatibility with other sottware packages. Some taculey
wanted to use DOS instead of Unix because of

its ease of use;

its popularity in instructional computing;

the large amount of application software available for it; and
the large market for mstructional sottware created at MIT that
existed at other colleges.

Some wanted to use Basic rather than C. Most departments also
had their tavorite application packages. such as thosce tor staustical
analysis and graphics. Later, many wanted to use Macmrtoshes rather
than workstations to get access to its high-quality and casy-to-use
application software.
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Centralization of system control in the project meant less de-
partmental control. The departments had traditionally been the
source of planning, control, guidance, and resource allocation. As is
usually the case at MIT, attitudes toward centralization of control
varied greatly among the schools. Departments that had their own
computer facilities before Athena tended to react negatively to the
loss of control to an outside central authority. This reaction was es-
pecially strong in departments that lost computer tacilities because
of the creation of Athena. Departments that had no prior depart-
mental computing tacilities generally tele that a centrally managed
facility was better than none and did not react as strongly to central
control.

A particular case in point was the allocation of resources for the
development of instructional sottware. Resource allocation commit-
tees were established, one for Digital equipment and onc for IBM
cquipment. The committees solicited proposals directly trom the fac-
ulty and allocated resources to the taculty. Although departmental
support for a proposal was felt to be important, the departments
were not involved in resource allocation to any significant degree.

Initially, the project staft selected the locations of the public clus-
ters. Later, during the extension phasce of the project, departmental
support was acknowledged to be much more important. Thercatter
the Athena statt solicited departmental input and support tor the -
stallation of departmental clusters and development systems. The de-
partment also became the source of resources for nstructional soft-
ware development and for pedagogical and discipline guidance.

Developmental Issues

The instructional software effort started relatively carly in the sched-
ule. Unfortunately, the system was not yet stable, and develop-
mental tools were relatively primitive. Thus the people who tried
hardest to mcet the objectives of Athena bore the brunt of the prob-
lems. By the time the system had stabilized and the tools had im-
proved, the funds for instructional software development had been
largely exhausted.

Although Athena management assumed that undergraduate in-
structional computing could be partitioned trom other campus com-
puting, in practice it proved somewhat difficult. Graduate students
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often took courses that required the use of Athena, or they were
involved in sottware development tor Athena. In both cases it was
necessary to provide graduvate students with Athena accounts. Also,
the teaching faculty often integrated rescarch and education, more so
than at most other colleges and universities, making the partitioning
of computing between the two difficult for them. Thus at times
Athena seemed to be put in the role of imposing artificial (and un-
welcome) constramts on faculty members in the way that they chose
to do their work.

Development of instructional software was much more demand-
ing than the Athena statt or the taculty had realized or were prepared
for. There were few, if any, models of success. Plato, the major pre-
vious mitiative in instructional computing, did not seem appropriate
tor MIT. The various pedagogical models tor mstructional comput-
ing were poorly understood, and there were no accessible centers ot
expertise in this arca. Although the basic computational parts ot the
mstructional sottware could be developed in a relatively straighttor-
ward manner, development of an acceptable human mtertace could
vastly increase the total cttort required. Estimates made by faculty
members suggested that 100 to 200 hours of software development
ettort were required for cach hour of usce of the software in the class-
room. This huge resource requirement, together with the lack of
adequate developmental tools, created signiticant barriers to the use
of Athena by the faculty.

Another developmental problem was, and still 1s, the standard ot
success at MIT: rescarch leadership in the discipline ot the depart-
ment. Time spent developing instructional software was time not
spent doing rescarch. Thus nontenured taculty members had little, 1t
any, incentive to work on instructional software. Doing so took sig-
nificant amounts of time away trom rescarch that would lead to ten-
ure. Yet, many of the faculty members most interested in instruc-
tional software development were nontenured. Even if tenured
faculty devoted enough time to instructional software develop-
ment to do it well, they were scen as diverging from department
objectives.

Many faculty members had significant basic concerns about the
proper role of computing in education. Some thought that students
and instructors might substitute computing tor thinking or that
computing might come between student and instructor. Others were
concerned that computing might detract from the theoretic and
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analytic aspects of the discipline being taught. Although the faculty
as a whole held a broad spectrum of opinions about the role of com-
puters in education, a substantial correlation of opinions about this
subject arose by school. In some schools the faculty members held a
predominately negative opinion about using computers in education,
but in others schools a predominately positive opinion existed.

The Turnaround

The system had a few strong supporters among the faculty from the
beginning, but, over time, this number grew slowly despite the
many delays and problems. However, many faculty members main-
tained a negative attitude or questioned the value of the system. At-
titudes began to change from negative to neutral by the fall of 1988,
as the system began to deliver on its commitments and access to
workstations became casier. With the start of the 1989 fall semester,
the attitude of many of the faculty clearly changed trom negative and
critical to positive and helpful. Requests tlooded in for departmental
clusters, faculty workstations, and additional software.
The following are possible reasons for these changes.

m  All graduate students were put on the system. They may have
influenced the faculty more than the undergraduates. In any case,
the faculty no longer had to worry about who had accounts and
who did not.

®  New priorities had been in place tor a year. With completion of
system development late in 1988, the new priorities emphasized
faculty involvement, department clusters, and improved faculty
communication.

®  The system had been reasonably stable and reliable for a ycar.

= A few “success stories” about improvements in education began
to emerge, showing that significant education benefits were pos-
sible [Avril 89].

m  Athena hired a second faculty liaison person to fix problems, re-
spond to faculty requests, and improve communication.

®m A faculty newsletter was started to foster better communication
between Athena and the faculty.

m  The first students who had never known life at MIT without
Athena were graduating.
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Outlook for the Future

At present. relations between Athena statt and the taculty have im-
proved significantly. The project addressed most of the taculty’s carly
concerns once the inital crunch of svstem development was over.
The initiatives that addressed the concerns of the taculty included a
much greater emphasis on working with departments and improv-
ing developmental tools.

At the beginning ot the project. the need to get the basic system
running as soon as possible precluded the possibility ot supporting
other hardware plattorms. Because of the enduring and growing
popularity of varied approaches—and because the immediate pres-
surce 1s oft the project’s svstem sottware group—the Athena statt 1s
now looking at technical approaches tor incorporating DOS. MAC
OS. and various application packages mto the Athena environment.
thus responding directly to taculty requests.

Manv of the carlier problems. such as mnstabihity and unrchabil-
itv. have now been solved. leading to improved Athena-taculry re-
lations. The faculty 1s also mn a much better position to understand
what Athena can and cannot do and to set expectations and plan
realisticallv. Perhaps the best indicator of the new phase ot Athena-
taculty relationships is that manyv deparunents have mstalled depart-
mental clusters or requested Athena workstations tor all mtereszos
taculty as a matter ot policy.
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Athena as a
Distributed System

Initial work on Athena dealt with system requirements. Some of
those established were generic to campus computing in general,
whereas others were unique to MIT. In order to meet the needs of
instructional computing on campus, the following requirements rel-
ative to distributed systems were identitied.

Scalability. The system must scale to support 10,000 worksta-
tions or more.

Reliability. The system must be available continuously, 24 hours
per day, even though equipment failures occur frequently in a
system this size.

Support public workstations. Any user may usc any workstation.
Security. The system services must be secure even though the
workstations arc not.

Heterogeneity. The system must support a varicty of hardware
platforms.

Coherency.  All system applications software must run on all
workstations.

Affordability. The cost to own and opcrate the system must not
exceed five percent of tuition on a sustained basis.

The support of public workstations 1s necessary because work-

stations arc presently too expensive for purchase by individuals. The
plan 1s to allow (but not require) the purchase ot workstations by
individuals when they become affordable.

79
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An ecarly concern was that the system’s size might make it too
complex. Theretore a policy of chiminating needless complexity was
followed throughout the project.

Definitions

We define a user as a human who uses a subsystem (c.g., worksta-
tion), program, or service. A client is a user or a program acting for
a user. A server is a provider of services or resources. A service is a sct
of actions to be performed.

An object is referenced by its name. The object is located by its
address or (more generally) by its path. A binding of the name to the
object occurs when the name is associated with the address. Often
part of the address is contained in a context of the name. Some sys-
tems use an address for a name. Although this approach may sim-
plify system development, it can cause problems in binding a name
to a difterent object. Resolving a name means identifying the address
related to a name.

Coherence refers to the ability of two distinct hardware architec-
tures to compile and run the same software. Interoperability is the
ability of two subsystems to cooperate in the execution of a single
task. For example, two subsystems supporting the X Window Sys-
tem can cooperate on a single task as client and scrver, because they
support the same network protocol. Fault tolerant reters to the abihey
of a system to continue to operate in spite of the failurc of a subsys-
tem, possibly with degraded performance.

Security has two major aspects: authentication and authorization.
Authentication is determining the identity of the user. Authorization is
determining whether the user has legitimate access to the requested
resources.

Models of Distributed Systems
Many different models of distributed systems have been proposed
for computer systems in general. One extreme might be called the
“main frame” model. In it each workstation or other node in the
distributed system can exchange files with other nodes, subject to
sccurity restrictions, but nodes cannot work together in any other
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mannecr. All resource allocation, sccurity access, and functional ac-
cess are handled at the node level.

If a user of such a distributed system wants access to a printer on
another node, the user must log into that node, gain security au-
thorization on that node, move the file to be printed to that node,
and then issuc the print command. A major benefit of the main trame
model is that presendy available time-sharing operating systems
(such as Unix) support it and can be used to implement it with min-
imal development.

Another extreme might be called the “unified” distributed sys-
tem. In this model, all nodes i the distributed system are considered
part of onc logically unified system. Resource allocation, security,
and access to function are handled at the system or network level,
not at the node level.

It a user of such a distributed system wants to do the same print
function, the user would simply issue the print command, logical
printer name (it not the detault), and tile name. By logging in on the
local workstation the user becomes logged mto all services provided
anywhere in the distributed system, and all resources in the entire
system are accessible transparently. The major benefit of the unitied
model is that it automates much of the user control that must be
supplied manually in the main frame model. Indeed, the unified
model has most of the characteristics of one main frame in the main-
frame model.

Although the main frame model would have been casier to im-
plement, 1t would have had serious drawbacks 1 the Athena distrib-
uted system environment. One of these drawbacks is system secu-
rity. The main frame model maintains system security by preventing
users from obtaining access to the kernel of the operating system. In
the Athena environment, users can gain access to the kernel of the
workstation by either obtaining the supcruser password or by boot-
ing their own operating system from removable media. Thus work-
station integrity cannot be ensured. As users can corrupt the kernel
of the operating system, they can (for example) masquerade as others
or as a system scrvice. The user can also “infect” the workstation
with a Trojan horse, virus, worm, or other undesirable code. Ot
coursc, the user can monitor all Ethernet messages on the local net.

The main frame model also assumes that users are known to a
particular machine. User files exist on that machine, and mail 1s sent
to the user on that machine. However, in the Athena environment,
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the objective was to let any student use any workstation, so neither
of those characteristics was desirable. Instead, the objective was to
provide mail and tile access as network services, accessible from any
workstation and independent of location.

Access to these network services (described later) has sccurity
implications. If user files or the system software were stored on a
public workstation, the previous users could have damaged (or de-
leted) tiles. They could have corrupted the operating system, perhaps
by inserting a Trojan horse that would capture passwords of subsc-
quent users. As any user can use any workstation, the concept of
sending mail to a machine 1s not suitable tor the Athena environ-
ment. Instead, the objective 1s to send mail to “username” using a
network service and to allow mail to be read. written. and filed trom
any workstation.

The main frame model also had undesirable support implica-
tions. The classical support model for main frames 1s a system man-
ager per system. At a scale ot 10,000 systems (workstations), this
level ot support clearly was not appropriate. Athena’s ultimate ob-
jective 1s to have one “system manager” per 1000 workstations,
which would result in vast improvement over conventional ap-
proaches. (Presently, nine operations programmers support 1000
workstations.)

Existing Distributed Operating Systems

Several other distributed operating system projects have addressed
requirements that are similar in some respects to Athena’s. Thesce
projects include Amoceba [Tannenbaum 85|, Andrew [Morris 88].
Dash [Anderson 87], Eden [Black 85], Emerald [Jul 88], Grapevine
[Birrell 8210 HCS [Notkin 89 ISIS [Birman 85]0 Locus [Walker X3
Muach [Rashid 8610 Sprite [Ousterhout 88]0 and V' [Cherton 88| Al-
though Amoceba and Grapevine are designed for larger environments
than a single campus, they have addressed many of the same issues
that Athena has.

Amocba is designed to run in both a local and extended network
cnvironment. A typical local environment might consist of, say, 16
processors connected to a pool of several tens of workstations. Be-
yond that, multiple Amocba sites can be interconnected through a
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wide arca network to form a single system. The rescarch focuses on
the use and management of the processor set in addition to com-
munications and protection. An extended system currently intercon-
nects local Amocba systems in a wide arca network through several
countrics 1n Western Europe.

Andrew 1s a system for support of instructional and rescarch
computing at Carncgie-Mcllon University, with objectives very
stmilar to Athena’s. Both systems support some 1000 midrange
workstations in a Unix and Ethernet environment, with plans for
growth to 10,000 workstations. Both assume that the user has com-
plete control over workstation functions, with a central mechanism
controlling and supporting network scrvices. A distributed file sys-
tem, called the Andrew File System (AFS), was developed and s
now being used as the basis of a nationwide file system experiment.
The AFS file space 1s separated into two parts: local and shared space.
The local space 1s accessible to the user (generally on a local disk) but
not publicly shared. The shared space can exist anywhere in the net-
work and is publicly accessible.

In contrast to these systems, Dash is designed for very large fu-
turc hardware installations and systems. It 1s designed for far faster
and cheaper processors and networks, to be implemented by the
thousands to millions, with worldwide dimensions.

Eden is an object-oriented operating system based on a single
remote procedure call mechanism. It has a single, uniform, system-
wide namespace spanning multiple machines. An object 1s a sct of
processes that is referenced by capabilities and can migrate freely
among systems. All objects have a data part, which includes short-
and long-term data. Objects can checkpoint autonomously. Eden 1s
a unified distributed system, as described carlier.

Grapevine is an older system designed for extended geographic
distribution. It supports message delivery, resource location (nam-
ing), authentication, and access control services. The primary usc of
Grapevine is delivering mail. It has rapidly come to be used through-
out the Xerox internet, with nodes located in clusters around the
world. Resources are accessed within the local cluster, but access 1s
allowed to any other Grapevine system in the Xerox internet. Grape-
vine consists of about 1500 users and 17 servers in 50 local arca net-
works.

The objective of HCS is to integrate difterent hardware/software
combinations into a single system. It 1s based on heterogencous
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communications protocols, including TCP/IP, and uses a single
global name space tor the entire heterogencous environment along
with remote procedure calls. The network services supported are re-
mote computation, mailing, and filing.

ISIS provides a network environment for developing relatively
sophisticated distributed applications under Unix. The ISIS environ-
ment provides multiple processes at distributed nodes, fault toler-
ance, coordination of processes, automated recovery, and dynamic
reconfiguration. It also provides serialization to ensure predictability
of results. The ISIS toolkit uses a subroutine call style of interface
and funcrions as a networkwide meta-operating system. ISIS pro-
vides a novel “virtual consistency” property for applications to co-
ordinate actions of cooperative processes.

Locus is a distributed operating system that supports transparent
access to data through a networkwide file system. It permits auto-
matic replication of storage and transparent distributed process exe-
cution. Locus also provides for automatic replication of resources to
meet rehability requirements and can degrade gracetully with net-
work and node failures. Locus is another example of a unified dis-
tributed system.

Mach provides support for both tightly and looscly coupled gen-
cral-purpose multiprocessors. It also supports transparent remote tile
access between autonomous systems. It has large, sparse, virtual ad-
dress spaces, copy-on-write virtual copy operations, and memory
mapped tiles. Multiple threads ot control are provided withm a single
address space. Large amounts of information can be transterred by
the mterprocess communications facility by using copy-on-write
techniques. Mach has a binary applications program interface com-
patible with Berkeley Unix 4.3.

Sprite is an operating system that supports multiprocessing (multi-
threaded kernel). process migration, and distributed files. The user
level facilities are identical to BSD Unix. All files and I/0O devices
arc uniformly accessible to all systems, and they appear as a single
shared hierarchy. There are no private partitions to manage, and de-
vices and files can be accessed remotely. Complete Unix file seman-
tics are provided, including locking and consistent access. Remote
procedure calls arc used for file management, and extensive file cach-
ing is done to improve performance.

V is a testbed for distributed system research. The four logical
parts are: the distributed Unix kernel; the service modules; the run-
time support libraries; and the added user-level commands. It man-
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ages a cluster of workstations and servers, providing the resources
and information-sharing tacilitics of a conventional single machine.
At the beginning of Athena, these and other distributed operat-
g systems were reviewed. None was found to be suitable for
Athena, often because they were in the early stages of rescarch.

Athena’s Unique Aspects

Athena differs from the distributed systems described in various
ways. A comprchensive analysis of these differences is beyond
our scope here, but we can describe some of the more important
ditterences.

Amocba provides support for processor server back ends sup-
porting workstation front ends over a network using a capabilities-
bascd operating system. The operating system supports distributed
processing by network processors that are assigned to tasks dynam-
1cally as processing load requires. Athena pertorms all processing on
the local workstation as a default. The user can initiate remote exe-
cution manually through the X Window System.

Athena and Andrew are similar in scope and objectives, but their
developers approached the problem with different prioritics. An-
drew felt that the i1ssuc of a distributed file system was so important
that it needed to develop its own (AFS). Andrew also developed a
number of end user application packages, such as compound docu-
ment cditors. Athena also thought that the distributed file problem
was very important and therefore believed that industry would solve
the problem—thus the use of Sun NFS. Athena concentrated on dis-
tributed services and did little with end user services. The Andrew
and Athena implementations complement cach other quite well: An-
drew is using the Athena windowing system (X) and authentcation
service (Kerberos), and Athena is using the Andrew compound doc-
ument editor (ez) and instructional authoring environment (¢T).

Eden is object-oriented and allows processes to nigrate freely
among processors. Athena uses conventional subroutines and does
not support process migration.

Athena and Grapevine have relatively similar architectures. Both
build on existing operating systems, and both provide distributed
scrvices of mail, naming, and authentication on dedicated servers.
One difference is that Grapevine provides access control, whereas
Athena uses Unix access control. Athena supports the additional
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distributed services of file access, notification, printing, and scrvice
management.

Like HCS, Athcna supports a systemwide name space and pro-
vides distributed services. In contrast, Athena uses a single operating
system programming and user interface.

The Locus architecture was studied carefully by the Athena de-
signers carly in the project. They used several of its design concepts,
and the fact that it was operational on 17 main frames interconnected
by local arca network established confidence that the approach
worked. Locus 1s a distributed operating system that provides a high
degree of network transparency. Files and programs can both be
moved dynamically with no cffect on correct operation or naming.
Local and remote resources are accessed in a uniform manner. Locus
also provides rehable operation. Rehable tacilines mclude repheated
file storage and automatic recovery from various subsystem and net-
work failures. In these arcas, Athena and Locus are quite similar. A
major difference 1s that the Locus distributed file system puts all files
n a single tree, whereas Athena has about 10,000 file roots, to obtain
flexibility and reliability.

Mach is the kernel of a distributed operating system on which a
varicty of programming interfaces can be built. In contrast Athena
took the Berkeley programming and user mterface as a standard and
developed a relatively clean layer of distributed services on it

Like Athena, Sprite provides a “single system image™ and both
have network files. The design points are ditferent, with Sprite de-
signed for tens to hundreds of workstations and Athena for thou-
sands of workstations. Athena is independent of the operating sys-
tem and can use any distributed file svstem. but Sprite requires the
same opcerating system on all workstations and has an integral tile
system. Sprite uses the file system instead of a name scrver.

The V system provides a “software backplane™ that supports net-
work transparent address spaces, lightweight processes, and inter-
process communication. Athena provides none of these capabilitics,
but instcad uses standard Unix. Both systems support distributed tile
scrvers and print servers.

Issues in Distributed Systems

Several issues arise immediately in the design of a distributed system.
Among the most important are naming, authentication, and com-
patibility.
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numbers. Techniques such as putting complete system configura-
tion lists on every workstation (storage intensive), or making all
workstation software configurations ditterent (labor intensive), are
not usable for cven moderately large configurations (e.g., 100
workstations).

Security

Two issues must be considered m security design tor distributed sys-
tems: authentication and authorization. On a distributed system of
more than a few dozen workstations, the root password cannot be
ditterent on cach workstation because the support task quickly be-
comes unmanageable. Theretore Athena made all root passwords the
same and known to all users (it is “mrroot”).

For uscr passwords, Unix systems store encrypted passwords for
all users on cach workstation. Maintaining passwords for users of
100 or more workstations 1s very ditticult and completely impractical
in a large network. Thus the replicated database approach to author-
1zation docs not work well in large systems and suffers from the
usual problems of replicated databases. A natural alternative 1s to
provide a centralized password checking service. However, in order
to access remote services, passwords must be sent over the net,
which makes the system vulnerable to cavesdroppers who can steal
passwords. It is also vulnerable to availability failures.

A solution to the problems associated with sending passwords
over the net is to encrypt the passwords. Two approaches have been
developed to implement encryption-based authentication: pubhic key
cryptography and key distribution servers.

With public key cryptography, encryption keys come in pairs.
Each key in the pair 1s used to decrypt messages encrypted in the
other key. Therefore one key of the pair can be given to the servers
and the other (secret) key can be given to the user. The user uses the
secret key to become authenticated.

A key distribution server can be used to assign secure keys to be
used between a user and a server. This approach works well in large
systems but requires a third party. The method generally utilizes pri-
vate keys and a trusted third party.

Authorization can be handled in many ways. One is to delegate
the function to the servers and implement it by access control lists
showing membership i groups [Birrell 82]. Another is to usc ca-
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pabilitics implemented as a bit pattern passed to the server, showing
that the user 1s authorized to perform a particular operation [Mullen-
der 87]. Capabilities arc usually encrypted to prevent forgery.

Compatibility
Various levels ot system compatibility are possible, including the bi-
nary level, execution level, and protocol level. In binary compatibil-
ity, all processors exccute the same binary instruction repertoire and
arc compatible at the binary level with differences only in perfor-
mance and input/output. Emerald and VAX systems exhibit this
level of compaubility. Although greatly simplitying system devel-
opment, it restricts the source and architecture of systems greatly and
is not often used in large systems for this reason.

A more common level is to provide system compatibility at the
next level up; the execution abstraction (called “coherence” in
Athena). A common execution level abstraction exists if the same
source code can be compiled and executed properly on the two sys-
tems. Andrew and Athena both support the Unix exccution abstrac-
tion tor the hardware plattorms (VA Xstation, DECstation, and PC/
RT for Athena).

The least restrictive form of compatibility is one that achicves
interoperability by requiring all system componcnts to support a
common sct of protocols. The X Window System [Scheitler 86| 1s
an example of this level of compatibility. The protocol level ot com-
patibility allows a distributed system to be based on common pro-
tocols for essential system services, such as file access, naming, and
authentication. Athena supports this level ot abstraction as well. The
execution abstraction could be given up and diverse operating sys-
tems could stll be supported within Athena through the protocol
compatibility.

Athena addresses the issue of application data coherence in sev-
cral ways. The X Window System provides separate network con-
nections for the two different byte orders. Each type of workstation
accesses its own type of data representation separately. Data coher-
ence is also provided by NFS so that different workstation architec-
tures can share the same directory hicrarchy. FTP performs transla-
tions from the machine character sct to the network standard and
back again. Hesiod and Kerberos use only ASCII text to guarantee
coherence to all clients.



90

ATHENA AS A DISTRIBUTED SYSTEM

The Athena Model of Distributed Systems

The distributed systems model for Athena has three major compo-
nents: workstations, network, and servers. The Athena approach is
to implement a set of network services to replace equivalent time-
sharing services, in essence converting the time-sharing model of
Unix into a distributed operating system.

The network 1s invisible to the user. All services appear to be
local and are available to the user with only a single submission of a
password at log in. The actual dehivery of the services is physically
distributed over the system and communicated to the user over the
network transparently.

In concept, any operating system can be used on components
(workstations or scrvers) i Athena. To achieve interoperability
with the other system components (and to gain access to the distrib-
uted services) the components need only support the Athena proto-
cols for authentication service, name service, file access, and print
scrvice.

In order to minimize development cost, the protocols to date
have been implemented mainly in Unix on all hardware platforms
(some have also been done in DOS). A side bencefit of supporting
only Unix is minimal training and support cost. The computational
model seen by the users, therefore, 1s Unix.

To meet the project’s objectives, Athena management adopted a
strategy consisting of the following clements.

8 Scalability. Partitioned nctwork, centralized servers, identical
workstation software.

m  Reliability. Redundancy of all system clements required for op-
cration.

m  Support public workstations. Deployment of public clusters.

m  Security. Development of a trusted third-party authentication
facility.

®  Heterogeneity. Standard interfaces to workstations.

w  Coherency. The same operating system used on all workstations.

s System management. Tools developed to allow dynamic change ot
the system configuration through the usc of a service manage-
ment system.

®  Affordability. Centralized operations, development, and mainte-
nance: development of software tools to allow remote installa-
tion and maintenance.
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Scalability

The designers improved scalability by minimizing the demands on
scarce resources in three arcas: network bandwidth, mass storage,
and labor. The campus network [Schiller 88] design included a back-
bone of optical tiber and a token ring protocol running at 10 Mbits/
scc. Network routers are attached to the backbone, with cach router
supporting onc or more Ethernets configured as IP subnets. Because
of the routers, trattic local to a subnet does not load the backbone.
This approach gives a good measure of growth capability, because,
as more workstations arc added, more Ethernet subnets can be added
to the backbone.

Athena workstations are dataless nodces; 1.¢., all workstations
have local hard disks that arc used to reduce paging trattic on the net.
System software tile service 1s replicated on all subnets, so commu-
nication tratfic tfor loading ot system softwarce remains local to a
subnet.

To minimize mass storage. files that would normally be repli-
cated on a per-workstation basis are centralized. These include pass-
word files and most contiguration files. Scervices provided by net-
work scrvers also are centralized.

To minimize labor requirements, all workstations arc anony-
mous and interchangeable. They all have the same root password and
the same software configuration. The only unique items are the
workstation name and nct address. Initial loading and subscquent
updates of the sottware are done over the net.

Reliability

For improved reliability, no systems other than network routers arce
attached to the backbone. This approach limits the number and types
of problems that can bring the entire net down. A closcly related
benefit is that one organization has complete responsibility tor the
network, so that maintenance and upgrade decisions can be made
onc place. All other systems are attached to the Ethernet subnets.
As a general rule, a hardware failure may prevent the updating
of master files for, say, adding new user accounts or changing the
hardware configuration. However, the system can continue to op-
crate. Those subsystems whose failure would stop system operation,
such as authentication service, name service, or access to system sott-
ware, arc replicated with automatic cutover. However, some types
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of failures, such as failure of private file server, can still deny service
to a subsct of users. Methods of eliminating these vulnerabilities are
being studied.

Workstation Clusters

Clusters of workstations are provided in about 40 locations around
the campus. They are located so that students do not have to walk
more than about 5-10 minutes to get to a workstation. In addition
to the clusters for student use, several clusters are dedicated to de-
velopment of departmental instructional sottware. Any uscr can log
into any workstation and gain immediate access to private tiles and
cnvironments.

Public workstations have no rctained state between sessions.
Theretore the operations statt can reload the system at any time with
no adverse consequences. By detault, the workstations retuse remote
services, such as remote log in or remote command execution, to
minimize the response time impact to the workstation user caused
by others who might log in. Private workstations, gencerally used by
faculty members and project staft, retain state between sessions.

Security

The system’s designers assumed that the security ot the workstations
could not be maintained. To obtain system security with insecure
workstations atter log in, Athena developed an authentication service
called Kerberos.

The Kerberos authentication server [Steiner 88] is a trusted,
third-party, private key, network authentication system that vali-
dates the identity of individuals to network scrvers. Kerberos is
named after the three-headed dog that was the servant of Pluto in
Greek mythology. He guarded the gates of the underworld and re-
ccived immortality. Kerberos is based on the model developed by
Needham and Schroeder [Needham 78]. Each user and network
server has an encryption key known only to it and the Kerberos au-
thentication server. Timestamps have been added to that model to
help detect and prevent replay. Kerberos operates without imposing
any additional burden on the user as a part of the normal log-in or
service request process.

Kerberos establishes authentication by securely making and dis-
tributing a session key for cach server—client instance. The particular
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server then has the responsibility to use the key in a manner consis-
tent with its own authentication policy. The server may clect to (1)
not use authentication, (2) use authentication on the first request
only, (3) usce authentication on all transactions. or (4) authenticate and
encrypt all transmissions.

Heterogeneity

Because the two major project sponsors have incompatible worksta-
tion products, the system must support at lcast two incompatible
workstation plattorms. In addition, cach vendor has supplied mul-
tiple generations of hardware, which are not always compatible. The
following minimum workstation requircments were imposed to
bound heterogeneity and thereby bound the range of hardware for
which instructional courseware must be developed:

Ethernet interface;

1 million instructions per second processing speed;
1 million pixel display (monochrome);

local hard disk of at least 40 MByte;

4 Mbytes of main memory; and

pointer device (mousc).

More recently, personal computers using Unix are also sup-

ported.

Interoperability and Cohereney

Athena supports both interoperability and coherency. In particular,
the X Window System provides both, although its main contribu-
tion at Athcna is in coherence because most applications run on the
same system as the display. As with the X Window System, the sub-
systems in Athena interoperate by using a number ot common net-
work protocols. Unix and C provide a high level ot coherence so
that the same application source code, and most of the system source
code, can be compiled and executed on all workstations regardless
of architecturc. Coherence at Athena includes standardization ot
three lower level interfaces [Balkovich 85a]. They are

®m  nctwork scrvice, or system interface between the applications
and the operating system;
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m application programming interface, or the interface between ap-
plications; and

® uscr interface, or the interface presented by applications to the
uscers.

To obtain system coherence, Athcna used the same operating
system and the same communications protocols on all hardware plat-
forms. Opcrating system options considered were MS-DOS and
Unix. Athcena selected Unix because of its functional power and
multitasking capability. It provides the same virtual machine inter-
face to applications on all workstations. Some 85-90 percent of the
source code for the operating system i1s common to all workstation
types. Essentially all source code is common for applications. Scepa-
rate binaries (compiled from the same sources) are supported for all
workstation types. To obtain communications coherence, Athena se-
lected TCP/IP to implement the same virtual network interface to
all applications.

Application coherence 1s a much more difficult problem. It has
been approached in part by supporting a small number of lan-
guages on Athena. Presently supported languages are C, Lisp, and
FORTRAN.

Another part of the coherence requirement 1s met by using a
standard windowing system. The X Window System was developed
at the MIT Laboratory tor Computer Science and Athena to meet
this need. The X system provides a network-transparent, device-
independent, vendor-neutral windowing environment. Unix has an
abstract, machinc-independent interface to most of the operating
system, except to the display. Thus portability does not extend to
display-oriented programs. With the use of the X System, an ab-
stract, machine-independent interface that provided machine inde-
pendence by recompiling became available.

The user interfaces for the various types of workstations arc as
identical as the keyboards and mouses will allow. The X System was
developed to provide application coherence to the human interface.
However, X solved only part ot this ditticult problem. Recentdy, the
Motif human interface development environment trom Open Sott-
ware Foundation has been installed to provide a more powerful level
of abstraction in obtaining user interface coherence.

Similarly, current standard applications—including a 2-D draw-
ing package (GKS), a text editor (Gnu EMACS), a spreadshect, a
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laboratory data management system, and a document formatter—
have been adopted.

As the different workstation architectures support different float-
ing point and byte orders, the system must handle these difterences
i a method transparent to the user. Each workstation knows its own
system type, and scparate scts of program binaries are stored for
cach. Text file formats are the same for all hardware platforms. When
binary data are accessed, each workstation typc accesses its own type
based on data from the name server.

Affordability

From the beginning, the system designers recognized that any sup-
port approach whereby the labor requirement scaled normally with
the number of workstations was likely to be too expensive. To
achieve attordability, Athena management deaded to use centrahzed
system management and support, cven though the hardware was
distributed. Experience with the system indicates that this decision
significantly reduced support costs and improved service quality,
compared to distributed management and support. (However, dis-
tributed management can solve political and organizanonal problems
better than the centralized approach can.) Although labor cost still
varies lincarly with the number of workstations in the Athena sys-
tem, the coetticient of scale 1s much smaller.

Athena System Design

The Athena system design views the entire hardware complex of (up
to 10,000) workstations, file servers, communications scrvers, and
printers as a single, unified, distributed system (as described carlier).
Figure 5.1 shows a block diagram of the system, which is network-
oriented. The software configuration of all workstations artached to
the network is identical. Workstations communicate with a variety
of network servers that provide services to the users. Because all
services provided are network services, they are available to all users
without regard to location. These network services mclude

B Name service;
m file service;
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printing;

mail;

real time notification;
service management;
authentication; and
installation and update.

Files that would normally be provided ftor the entire system at every
workstation are centralized, with a small number of copies to pro-
vide fail-safe capability and improved performance.

Service Management

Contiguration management ot large numbers of workstations and
servers 1s labor intensive and cannot be done effectively by manual
mecans. Therefore Athena developed a service management system,
called Moira atter the Greek word tor fate [Levine 87 and Rosenstein
88], to automate much of the routine management task. Greek my-
thology identified three fates represented by the women Klotho,
Lachesis, and Atropos, whose names appear in the Moira code as
major modules. Moira includes a central database of system control
and configuration information, tools for manipulating that infor-
mation, and tools for updating the services to maintain conformance
with the database. Tyvpes ot mntormation stored i Moira include disk
quotas, all hardware contiguration tiles, allocation ot individuals to
post offices, and access control lists. The centralized database has
proven to be both effective and economical, because each piece of
data is stored only once, is casily updated, and is subject to fine-
grained access control.

Name Service

In time-sharing systems, object names typically are resolved into ad-
dresses by using configuration files. These files tend to be relatively
static and reside in each node. However, this static approach is not
appropriate for workstation networks; a more dynamic reconfigur-
ation method is necded. Also, per-system configuration files are
somecwhat wasteful of storage if replicated on all workstations.
However, the primary benefit of a name server is to maintain con-
sistency of configuration files. This benefit increases with the size of
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the system because both the rate of change and number of copies
incrcase with overall system size.

The purpose of the Athena name server, called Hesiod [Dyer 88|,
1s to allow centralized, dynamic hnkage between names and objects.
Hesiod 1s named atter the Greek farmer and poct who was the scribe
for the gods and was the only one allowed to chisel names in stone.
As an example of Hesiod usage, Postscript printing tor building E40
third floor might initially be provided by a printer named NIL at
address PS.MIT.EDU. If at some later time this service were moved
to a difterent printer at address LQP.MIT.EDU, updating a contig-
uration file on cach of 10,000 workstations to reflect the change
would not be feasible. Instead, the name server provides a single,
centralized location for the configuration file for all workstations,
thus providing significant savings in storage and allowing system
configuration changes with minimal staft.

Hesiod includes the Berkeley bind name server [Bloom 86 with
some cxtensions. It provides information on uscrs, location of users’
private files, mail delivery addresses, and locations for network ser-
vices such as authentication and printing. The central system data-
base (maintained by the Moira service management system) updates
Hesiod every few hours, which in cftect represents a fast front end
to the Moira databasec.

Authentication Service

System software (except for the kernel) 1s not kept on the worksta-
tions, which function as dataless nodes. When a user logs in, new
system softwarc is down-loaded from a sccure network file server,
thus ensuring a validated initial operating system.

When the user logs out, a program called toehold “dcactivates”
the workstation. All attached file systems are detached, all temporary
storage arcas are cleaned out, and the window system is terminated.
No network connections (for example, to external file servers) are
retained. Several other housckeeping activities are performed, such
as destroying any tokens of authenticity created for the previous uscr.
Finally, the next log in is solicited by a “Press any key” prompt. If a
new system library is loaded onto a server while the workstation is
deactivated, it will be used at the next log mn; this deactivation/
activation cycle provides en masse software update of the nonresi-
dent portion of the system.

When the key depression is received, fochold exccutes a shell
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script that attaches the system libraries from the read-only file server
(described in the next section) and starts the X Window System. A
log-in window then is activated for the user and log in is solicited.

Log in proceeds with the user submitting user name and pass-
word, and the Kerberos authentication server authenticates the user
in a transparent manner. Information about the user is obtained from
the Hesiod name server. The user home directory is then attached
from the appropriate file server. The Zephyr real time notitication
service 1s activated and a Zephyr windowgram client is started. Log
in continues with the usual execution of the log-in files.

Kerberos authenticates the identity ot the user to the desired ser-
vice in a tully transparent manner through the use of encrypted “clec-
tronic credentials.” Kerberos establishes identity  (authentication)
only and does not become mvolved i the decision ot whether an
individual 1s allowed to use a specitic service (authorization). Server
mechanisms (Unix or other) are used tor authorization.

Two tvpes of credentials are generated by Kerberos: tickets and
authenticators. A ticket securely transmits the identity of an individual
to a scrver for a temporary “session key.” The authenticator contains
additional information that can be compared by a server to the ticket
to prove that the user presenting the ticket 1s the same one to whom
the ticket was 1ssued.

Athena File Service

Before describing the Athena file system, we need to present some
background and definitions on distributed tile systems in genceral.
File systems arce categorized in a number ot ways. One way is to
develop a taxonomy. such as the one shown in Figure 5.2, The high-
est categorics in a file system hicrarchy are remote versus local tile
systems. Local file systems can be handled by conventional time-
sharing techniques and are relatively simple compared to remote tile
systems.

The data in remote (from the client) file systems can be divided
into categories of centralized, partitioned, and replicated approaches.
A coenrralizad tile svstem s one mowhich all the datcarc i one place.
A partitioned file system is one in which the data are segmented into
disjoint partitions. and cach partition is stored on a svstem. A repli-
cated tile svstem is one in which duplicate copies of files arce stored.
In any particular system, these approaches are not mutually exclusive
and mav be used o combmanon. Fach approach bas seneie ad
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File systems

Remote Local

Centralized Partitioned Replicated

Figure 3.2 Taxonomy of file systems.

weaknesses, depending on relative rates of update and query, but a
discussion of them is beyond our scope here.

Just as data can be supported in three ways, the directories in
remote file systems can be handled by centralized, partitioned, or
replicated techmques. The method of handhing data need not be the
same as the method of handling the directory. For example, the data
can be partitioned and the directory centralized.

Athena workstations are dataless nodes supported by an exten-
sive file service. Athena has three different network file services and
n principle supports an arbitrary number of other file services. One
service—the Remote Virtual Disk (RVD)—holds read-only files,
such as system software libraries and some applications software.
Another—the Network File System (NFS)—is used for read/write
files. The third—the Andrew File System (AFS)—is also used for
read/write files but is especially usetul tor files used tor cooperative
work.

The reason for using both NFS and RVD is that they have quite
different characteristics and are used in different ways. NFS 1s used
for shared access to writable private files and directories. These pri-
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vate NFS files are distributed across the subnets in a relatively uni-
form manner. The likelihood that users will be on the same subnet
as their private files is relatively low—about 4 percent. Therefore
nearly all private file accesses go across the backbone. Because these
files are generally small and are accessed less frequently than system
files, they can be accessed across the backbone network without ex-
cessive data transfer rate requirements. RVD is used for read-only
shared system and courseware libraries. Therefore, the RVD files are
replicated on every subnet. RVD does not provide file service (only
disk block access service), so it can support many morc clients per
server.

By default, cach user has an NFS file system with the same name
as his or her username. This home directory is attached transparently
at log 1in via the .login tile. Additional file systems may be mounted
upon user request via the attach command. File systems arec named
objects. The names are resolved to {location, type, mount point} by
Hesiod. The user’s ability to customize the namespace is an impor-
tant capability.

Attach is a file system utility developed at Athena that provides a
logical connection of a remote file to a local directory. Attach pro-
vides the capability for files (system or private) to be available at any
workstation. Files are stored in “lockers”; that i1s, cach Athena locker
is an imported file system. Lockers are stored on network file servers
distributed across the system, but they appear to be local to the user
in a single, local file directory. The files must be attached to the
workstation directory, but this is usually done in a transparent man-
ner in the .login file.

Attach currently supports the file systems of NFS, RVD, Unix
File System (UFS), and AFS. It therefore acts as the integrating
mechanism for Athena’s various file systems. The logical connection
then allows access to remote files as though they were local.

Attach looks up the file-system name in Hesiod to get the file-
system type, the server host, the default mount point in the user
directory, and the mode (i.e., read-only, rcad/write). Attach then au-
thenticates the user for the file system and creates the links from the
user directory to the desired remote file.

Additional file systems may be mounted upon user request via
the attach command. RVD and NFS file systems are named objects.
The names arc resolved to {location, type, mount point} by Hesiod.
AFS tiles arc alwavs accessible with a tixed path name. Hesiod s used
to translate from the short path name to the true path name.
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Printing

Conventional time-sharing systems provide local printing. The use
of this model in a workstation environment creates two problems:
print queueing and printer configuration.

Unix normally queues the print file on the workstation, with no
indication of whether the requested printer is accepting jobs. The
possibility exists that if the user logs off, the next user may alter or
delete the spooled tile betore 1t gets printed. The possibility also ex-
ists that the spooled file may never get printed because the printer is
not accepting jobs. Finally, sending a print request to a particular
named printer i1s an arbitrary limitation on the manner in which the
print request is eventually serviced. Athena designers modified the
Ipr Berkeley print spooler to queue the print file at the remote print
server. If the print server is not available, an immediate error mes-
sage 1s generated.

The configuration problem is similar to the password problem.
The file defining printer characteristics (the printcap file) would nor-
mally be stored statically on every workstation. Athena moved the
printcap function to the Hesiod name server, permitting configura-
tion control (logically) to be separated from print service location.

Early in 1989, Athena decided to go to a much better distributed
print system than Ipr, called Palladium. Test and evaluation began in
September 1989. The system is scheduled to go into full production
SO0,

Eleetronie Mail

In a conventional Unix time-sharing system, users send mail to re-
mote individuals using a mail address of username(w absolute-path-
name, or to local individuals using an address of simply username with
the remainder of the address as a default. The Athena requirement
that any user can use any workstation makes absolute path names
inappropriate, because individuals are not limited to one system.
Figure 5.3 shows the approach developed by Athena, which
combines the best of the local and remote approaches. Allindividuals
arc addressed as though they were local, without using a machine
name. The mail is sent to a central mail hub and then to a “post of-
fice,” where the mail is queued until the addressce decides to pick it
up. When the mail is “picked up,” it is transferred from the individ-
ual’s post office (based on Hesiod information) to the private (NES)
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mail file for that individual (also based on Hesiod information), who
can then read, write, and edit mail from any workstation, as though
it were actually local.

To accomplish this result, Athena uses the MH mail system
[Rand 85]. An improved graphical tront end has been added 1o NMH
(called XMH) based on the X Toolkit [Swick 88] so that all com-
mands are entered through mouse selection of active objects instead
of the command line interface. The Post Office Protocol {Rose 85]
utilized by MH has been retained and is modified to require the use
of the Kerberos authentication server. Multiple post oftice servers are
provided as required for load management and reliabihioy. The proper
post office for cach individual is sclected using information in the
Hesiod name server. All changes to MH to support a distributed
system arce transparent to the user, and the uscr utilizes the software
as though it were on a single centralized time-sharing system.

In fact, the network mail system is a generic design that 1s inde-
pendent of MH, which is only one of several mail intertaces that can
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be used. A popular alternative 1s rmail, which comes with gnuemacs.
Although they are embedded in a distributed system environment,
MH or rmail arc unchanged from the standard distribution. The only
change required 1s to adjust the Post Otfice Protocol library to use
Hesiod and Kerberos.

Users outside Athena can also send mail to individuals within
Athena as though it were a single, centralized system. They send
mail to address username@ athena.mit.edi. This mail goces to the mail
hub and is distributed by the same mechanism as internal mail.

The mail hub also handles distribution lists within Athena. At
present, some 400 mailing lists and 13,000 mail messages per day
cross the hub. Three post oftice servers supporting the 10,000 uscrs
handle these 13,000 messages.

Real Time Notification

Occasionally, rcal time notification is useful, as when new mail has
arrived or when a file server 1s going to be taken out of service tem-
porarily. Such notification is easily accomplished on a centralized
time-sharing system, because the identty of all individuals logged
1s available in a single location. Notification 1s much more ditficult
in a distributed system, because no central file exists to hold this
information, nor can the workstation report of this mformation be
trusted blindly.

To meet this need, Athena developed a real time notification ser-
vice called Zephvr [Della Fera 88], atter the Greek god who provided
the gentle, warm, west wind upon command of Acolus. Using this
system, one person can send a message to another immediately by
using a single command and without knowing the location of the
recipient (or even whether that person is logged in). Zephyr scarches
the active workstations to locate the recipient, and, if he or she is
logged in, it creates a pop-up window immediately with the mes-
sage. A user can select classes of Zephyr messages of interest and
suppress the rest. This capability operates within the constraints of
privacy and permission.

On-Line Consulting

An on-linc consulting system ole [Coppeto 89] permits users to direct
questions to consultants or other expert users logged m elsewhere on
the network. A key feature is the “topics” idea, whereby olc finds a
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resident expert willing to answer a question. A set of stock answers
is maintained for quick rcsponse to common questions. The user can
get access to the answers through a menu system, and the consultants
can return a standard answer electronically it appropriate. If the con-
sultant 1s not available, questions are automatically queued. Answers
arc often returned by clectronic mail it the questions are difficult or
if the question remains unsolved when the user logs out.

The olc component was so successful in providing answers to
questions about the system, that it was extended in the fall of 1989
to be the On-Line Teaching Assistant (olta). Olta is used to answer
questions about course material in the same way that olc answers
questions about the Athena system. Instructors are using olta exper-
imentally in several courses.

Discuss

Discuss [Racburn 89] 1s an clectronic conferencing system that allows
Athena users to communicate casily and effectively on specitic sub-
jects. The approach used is to support the “electronic meeting”
model, and there are presently about 100 concurrent meetings in
progress. Discuss 1s authenticated by Kerberos and uses Zephyr to
send real ime new transaction announcements. The system evolved
from an earlier system called Forum supported on MULTICS.

System Software Development

To support coherence at the application programming interface,
most of the source code for the operating environments is the same
on the different workstation platforms. The source code is parti-
tioned into a machie-independent section (e.g.. the applications and
most of the operating system) and a machine-dependent section to
simplify the system build process.

Currently, the basic operating system software used on all
Athena workstations and servers 1s UNIX, with machme-dependent
software (e.g., device drivers) supplied by the manufacturers. The
standard UNIX distribution 1s augmented by several third-party
software packages and local Athena modifications and additions. To
maintain control of the software configuration, all software 1s com-
pletely built from source code about once cach year. Module updates
are provided 3 or 4 times a ycar.
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The new source code for the Athena distributed services is about
20 Mbytes [Davis 89). The total amount of source code for the
Athena system, including Unix, the Athena distributed services, and
apphcations, amounts to 400 Mbytes. This source code 1s structured
into a hicrarchy of about 1300 makefiles and generates some 12,000
binary modules.

To control the amount of labor required and the quality of dc-
velopment, management, and support of this large amount of source
code, the Athena staft developed or imported a number of software
tools. These tools [Davis 89] include

= Prot_sources, to manage access privileges;
m  Track (like rdist [Nachbar 86]), to manage distributed files; and
®  Maksrv, a script set to convert workstation software to scrvers.

Prot_sources manages access privileges so that system builds are
not aborted by lack of privileges for access, while also providing
somc measure of protection. It allows software developers to start a
build at any time without using root access and its lack of protection.
Prot_sources provides four categories of protection: writable, execut-
able, locked, and unlocked. It traverses the 400 Mbytes of source
code in about 1.5 hours, reporting on its actions as they occur.

Track creates a local file containing the update status of all of the
distributed files used for the system build. After the local file 1s com-
plete, the system build process can compare local copices to the up-
date status contained in track instead of comparing against remote
files, thus saving thousands of remote file accesses. Another more
important usc of track is for workstation softwarc version update.
Currently, track runs at the system level when someone types an
“update_workstation” command, but the mechanism is in place to
allow 1t to run automatically whenever a deactivating workstation
notices that the version number of the workstation release is behind
the version number of the central library release.

Idcally, all software update should be entirely automatic and
should propagate to all workstations essentially simultancously.
Tools to do this at Athena are available for nonkernel code but not
for kernel code. Currently, changes to the kernel require that cach
individual workstation be visited and the kernel loaded trom a tloppy
disk (the “roller skate™ approach). Work is proceeding to largely au-
tomate workstation kernel software update.

Server systems (c.g., printers, name servers) arc built as modi-
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fications from a standard workstation system with makesrv. The
workstation software is initially installed on servers. Building a
server from a workstation then becomes a standard operation.
Makesrv presently can build the server types of NFS, Hesiod, Ker-
beros, Moira, On-line Consulting, RVD, Zephyr, Discuss, and
Printer.
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Athena Tools and
Distributed Services

In this chapter we discuss in more detail the tools and distributed
services summarized m Chapter 5. We tirst describe the human in-
terface work done at Athena, then the network that supports Ath-
ena’s distributed system, and, finally, more details of Athena’s dis-
tributed services.

Human Interface Development

Concerns abouat the nature of the human interface to both the oper-
ating system and applications on the Athena system existed almost
from the beginning. The types of concerns for the two cases were
very different.

Unix uses a command line input syntax that was developed for
10-character/second hardcopy terminals. In that environment, every
keystroke was expensive for both input and output, so commands
were very cryptic (c.g., “mv,” “cp,” and “Is”). In Athena the output
is not 10 characters/second but about 50,000 characters/second.
Nevertheless, users must still use the same cryptic syntax.

Although the Unix command structure has a very clean and con-
sistent architecture, the implementation has a large number ot mcon-
sistencies and ambiguitics. This drawback, together with the flat
command structure, imposcs a hcavy memory burden on the user,

109
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which 1s made worse by cryptic mnemonics that have marginal re-
lationship to the commands that they represent (such as “grep™). The
“man” pages are of some help but are limited in effectiveness, be-
cause they are very lengthy, not provided in context, and can only
be invoked if the user “almost” knows the answer anyway.

The human intertace design for MIT applications is controlled
completely by the implementers. The ability of implementers to de-
velop good human intertaces varies widely. All application imple-
menters taced the dual problems of the high skill level required and
the labor-intensive nature of the task. Both problems were caused by
the relatively primitive tools available for this purpose. The skills
required included programming ability in C. X Window Svstem. X

Toolkit, and Unix.

X Window System

The X Window System [Scheifler 87] was the first step taken at
Athena to implement better human intertaces. A major advantage ot
X was that it provided device independence. so that the same human
intertace could run on any Athena workstation independently ot de-
sign. Athena was one of the earliest users of the X Window System
and later the X Toolkit [Swick 88] in a production environment.
Unless otherwise noted. all Athena operations described are done
using the X Window System and X Toolkit.

Work on a windowing system had started carly in 1984 as a joint
project between Robert Scheitler of LCS and Jim Getevs ot Digital’
Athena. Scheitler needed a window system tor the Argus project and
Gettys needed one for Athena. Stanford University had developed
the W window system for the V research operating system in 1980),
and W was subscequently ported by Digital to the VAXstation 100,
The W window system had good fundamental characteristics but
needed major tunctional extensions and pertormance improvements.
The new window system was sufficiently different that it needed a
new name. This system became the X Window System, and it
plaved a kev role in attaining coherence tor Athena. Development ot
improved tools for human interface implementation began with X
at the lowest level and proceeded upward through increasigly pow-
crful levels of abstraction over several years.

Athena began using X version 9 in a production environment 1n
September 1985, and version 10 a year later. This operation satisfac-
torily provided the desired benefits of X to Athena and could have
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continued to do so for several vears. However. intensive X devel-
opment continued, producing X version 11 early in 1987. Because
X version 11 was incompatible at the protocol level with version 10.
conversion was required ot all applications using X. X version 11
went into production in September 1987, but version 10 was also
supported for compaubility. Although some bugs were discovered
after the svstem went into tull-scale production on the first dav ot
tall semester. the number was manageable and the risk taken using
field test sottware proved to be worth 1t.

Figure 6.1 shows a simplified schematic ot the X Window Svs-
tem. Application programs intertace with the toolkit or the X librarv
ot subroutines to create and manipulate windows and their contents.

Figure 6.1 Srructure of the X Window Svstem.
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The user interfaces with the application to carry out the desired func-
tions and with the screen manager to control the visibility and ar-
rangement of objects on the display.

The development of X started with the protocol commands
transmitted between the client and the server. In order to make it
casicr to generate the commands, the X library (XLIB) was created
to provide a subroutine interface for command generation. As work
on the X library was nearing completion, it became obvious that this
interface was still at too low a level for development of human in-
terfaces, so work on the X Toolkit was initiated in 1987, The design
of the architecture for the X Toolkit was relatively difficult, so this
work proceeded slowly at first. However, as soon as the X Toolkit
was available, 1t became the preferred technology for implementing
human interfaces.

By late in 1986, a tew people with a background in human inter-
face development had joined Athena, and cfforts were started to de-
fine developmental objectives in this arca for both Unix and applhi-
cations. A graphic uscr interface that would shicld novice users from
the command line interface was desired for Unix. The application
developers needed much more powerful tools and a style guide to
provide casier development of human intertaces with better consis-
tency across applications. Various research projects clsewhere had
tried to develop a graphic user interface for Unix, but nonce had been
successful. The development of better tools and a good style guide
was clearly beyond the resources of the project. There seemed to be
no way to improve the situation and to reach the desired goals. This
blcak outlook changed for the better with the creation of the Open
Software Foundation (OSF) and the Motif human interface develop-
ment tools.

Enter Motif

Because of its close relationship with Athena, Digital developed the
first commercial version of X under the name of DECwindows.
Digital had the personnel and skills needed to develop a comprchen-
sive set of tools in DECwindows, assigning more than 1000 softwarc
engineers to the project at the peak of development. Digital provided
DECwindows to OSF to be part of the Morif product early in 1988.

Motif is a set of tools for developing human interfaces. It is lay-
cred on the X Window System and includes a toolkit for creating
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and presenting “widgets,” a window manager, a User Interface Lan-
guage (UIL), and a style guide. A widger is a human intertace graphic
object, such as a dialogue box, menu, or mouse-sensitive button.
UIL 1s a grammar for statically describing the layout of widgets and
eliminates a great deal of repetitive code. The style guide describes
rules for designing good human interfaces in a consistent manner
using the tools in Morif. These elements met a clear need in Athena
for improved tools for development of human interfaces.

Soon after the formation of OSF, a relatively close relationship
developed between the rescarch department of OSF and Athena, re-
sulting in large part from shared interests. Athena had built up a high
degree ot expertise in X and the X Toolkit. Athena also had a strong
nced to obtain more powertul tools tor human interface develop-
ment. Concurrently, the rescarch department of OFS wanted to test
Motif and 1ts documentation thoroughly and to extend it to more
powerful levels of functionality.

Because of the synergy between the goals of OSF and Athena,
OSF provided a substantial research grant to Athena to test and ex-
tend Motif in the summer of 1989. Athena put together a task torce
of 17 trained students and gave them free rein to develop usetul ex-
tensions to Motif. The students had a good idea of new features
needed, having experienced the shortcomings of Motif when using it
in application development. The OSF grant resulted in development
of a large number of new “widgets™ that were usctul in application
development. The effort also resulted in improved human interfaces
for the following components.

s  For Unix:

xjobs—Ilists all jobs running and permits easy modification of
state;

Iprint—easy print queueing of files and screens;

xtar—simple method for backup and restoring files to/from
removable media; and

dbrowser—directory/ file browser/ file selector.

s For Athena services:
webster—Webster’s Dictionary;
mmail—simple mail handler based on rmail;

hotline—hardware problem reporting interface;



114 ATHENA TOOLS AND DISTRIBUTED SERVICES

=] daisy 10
Daisy-World Ecological Model
i Areas of Daisies
Modeling Parameters Luminosity !
Block Albedo [75.00 |t WA P
uhite Albedo |25.oo §z VA 1
0.9 K ~ |
Grownd Albedo[50.00 | WA ] ® 6
081 2]
R 30,00 z
R | -
Simulation Interval 064 B T
delta t ws A7 ]
051
Imtial Tine |"‘°° frs VA 00 @ &0 130 160 0 o b0 a0 @0 80
Final Tine  [400.00 lrs WA 04T Years
03§
Initial State R Global Temperature
Uhite Area |1.ooo = YA %) S - ’
01 h
b wes [0 VA [ %4
00 T
Nt
0.600 5
2
e —104-
Time % -304
o |
‘.\ . 'l,’ = 50
& 80 10 e, 770 T 40 80 120 160 200 240 280 320 360 400
o 40 160 <, Years
—0~ 200 ! ; : :
0 200 ;RunliClear]{de

Figure 6.2 Ncw Morif widgets developed at Athena.

olc—on-line consulting (also on-line teaching assistant);

help—on-line help system including on-line documentation
delivery;

rolod X—personal Rolodex-style address book;
calendar—personal appointment calendar;

font chooser—font browser and tester;
Argus—intelligent mail filter;

TI—provides help and documentation browser for Emacs;



| . Send Canc;ﬂ " Help y

HUMAN INTERFACE DEVELOPMENT 115

| hotline 1

Hardware Hotline Report

This program is 1o report Protect thena HARDW ARE problems only. A
[fyou are having difficulny =ath softerare use the "oic” program '
to speak wath a consultant. To report softvars bugs use the

"bugs” program. For mors information, <lick on the HELP button.

Werkstauon Sreblem  CPU < Meonior i
v Kevboard o Mouse
v Disk Drive { Other or Unknown
Hostname: |fries % Room:

Serial Number: Machine |DECVAX ¢ |

Frinter Freblem: v Ourof Tener o Qurof Pager

v Othercr Unknown

Printer Name: |ni! ; ~ocm:

Prcblem Description:

B e s~ m——— e

B
Figure 6.2 (Continucd)



116 ATHENA TOOLS AND DISTRIBUTED SERVICES

Project Athena's Toybox
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Figure 6.2 (Continued)

whatsup—a distributed calendar public database; and
toybox—easy access to selected Motif applications.
s For education:
analog/digital sliding scales for input;
analog/digital scales/gauges for output;
xim—X image manipulator system; and

xmath—function plotting.

Figure 6.2 shows cxamples of some of these new Motif front ends or
widgets.

In parallel with development of the new widgets for Morif, two
MIT faculty members were developing another, more genceral hu-
man interface tool under the name of the Lecture Authoring System
(LAS) [Moriarty 89]. The goal of this cffort was to develop a soft-
ware package that would allow lecturers to prepare computer-based
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cducational materials for classroom and student use without the need
for programming. The package was designed to support interactive
modcling and graphics in addition to the presentation of textual ma-
terial. It not only met the design objectives, but also provided the
following capabilities.

®  The lecturer can create and modify an electronic presentation us-
ing an interactive graphical layout editor that approaches
WYSIWYG (What You Sce Is What You Get) functionality.

®  For any given application, the lecturer can design a number of
screens, each of which can be subdivided into any number of
windows. The lecturer has complete control over the size, place-
ment, and content of the windows. Constraints and predefined
functions can be applied to the modeling environment.

Figure 6.3 Modcling and graphing using the Lecture Authoring System.
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m  The user can accomplish input and output by assigning 1/O-
sensitive control objects to the desired location on the window.

®  The user can create new widget-like objects.

m  The user can easily accomplish interobject interfacing (for ex-
ample, between a modeling environment and a plotting object).

LAS is now being ported to Motif. Figure 6.3 shows an example of
LAS modeling and graphic output.

New modules for windowing and human interface develop-
ment, starting with the X Window System, have traditionally been
created 1n a bottom-up manner. The reason 1s that the desired func-
tionality is not known at the outset and learning/rescarch is required.
Now that the Motif package is available, attention is being devoted
to the next higher level in the hierarchy. LAS appears to have the
kind of functionality desired for this next level.

The Network

Although the network 1s transparent to Athena users, details of the
design and implementation may be of interest to some of the readers
who may be designing or moditying their own network systems.
More detail is given in [Schiller 88].

Perhaps the carliest network at MIT was ChaosNet, developed
by the Artticial Intelligence Laboratory (AIL). This network pre-
dated Ethernet and included both physical network technology and
protocols. Use of ChaosNet grew over the years because of avail-
ability and the local base of experuse. Later, the LCS designed and
mmplemented a token ring system. The ProNET-10 product devel-
oped by Proteon was based on this technology and is the system
currently used by MIT for its campus spine.

These networks grew over the years and, in some cases, became
quite large. However, they were typically maintained by rescarchers
and students tor rescarch purposes and were not planned or devel-
oped to be generally available services. MIT created a campus net-
work group to coordinate these activities. Imtially this group was
directed by Protessor Fernando Corbato of the Electrical Engincer-
ing and Computer Science Department, and the network used
Chaosnet protocols and hardware on a private cable that linked the
LCS, the department, and the Plasma Fusion Center. In 1984 this
group was cxpanded to install campuswide network systems and to
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deliver campuswide local arca network data communications ser-
vices on demand. Creation of this network was, in part. in response
to the needs of Athena, which became its first major customer.

Although a number of alternatives existed for networking the
campus, its topology severely hmited the viable Hptions. The cam-
pus is about 2 km long and about 1 km wide. This size precluded
the use of a single Ethernet system and mandated a network of
nctworks.

The approach chosen uses a “spine” or backbone, which visits
most of the major buildings on campus. The technology choice tor
the spie was tiber optic token ring. The fiber optic technology was
chosen for its excellent drive distance capability and electrical isola-
tion. The spine is presently operated at 10 M bits/second but the
cable 1s capable of operating up to 100 M bits/second.

The individual local area networks are attached to the spine. Eth-
crnet at 10 M bits/sccond was chosen tor the subnet technology. be-
causc it met the limited drive distance requirements and because
interfaces are supported by a large number of manufacturers. The
protocol supported on Ethernet is the DOD TCP/IP, the most com-
mon protocol used by the academic community. The only attach-
ments to the spine are through gateways, cach of which supports a
tew Ethernet subnets. This approach mited the number of types of
cquipment and sottware (to once of cach) that are attached to the spine
and that could bring down the entire network. Thus, 1t the gateways
can be made rehable, the network becomes much more reliable. All
ot the computing devices, mcluding main frames, servers, worksta-
tions, and printers are attached to one of the subnets.

The use of gateways (instead of, for example, bridges) has other
advantages. The local tratfic on a subnet is kept oft the spine, thus
greatly reducing the pertormance requirement ot the spme. The gare-
ways also act as “firewalls” preventing problems on a subnct (such
as “message storms”) from affecting the entire net. The use of sub-
nets gave additional administrative tlexibihity i that subpets could
be owned and administered cither by departments or by the central
network support organization.

Other types of subnets can be attached simply by providing the
appropriate gateways. In 1987, MI'T purchased a new telephone sys-
tem, including installation of all new twisted pair cable. Costanalysis
indicated that twisted pair local arca network technology would be
far less expensive than co-axial cable, especially since the additional
twisted pair could be installed as part of the new telephone system
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at minimal incremental cost. Consequently, every telephone outlet
has an associated outlet for future data system applications.

A number of protocols and services are used in Athena from
within the Transmission Control Protocol (TCP)/Internet Protocol
(IP) tamily, which ARPA and the defense industry developed and
standardized. TCP 1s a host-to-host protocol. whereas IP 1s a pro-
tocol tor communications between networks. IP transmits packets
or datagrams as a connectionless communications service between
nodes. TCP provides connection-oriented communications scrvice
on IP. The protocols and services included in the TCP/IP family in-
clude relnet, a remote terminal service, file transfer protocol (FTP). sim-
ple mail transport protocol (SMTP), and simple network maintenance pro-
tocol (SNMP). SNMP and other services use the universal datagram
protocol (UDP). Figure 6.4 shows the relationship among these ser-
vices and protocols.

The spine transmits IP packets from the source router to the des-
tination router. where theyv are then transterred to the appropriate
subnet. The MIT network group assigns cach attachment to the sub-
net an [P address. Charges for attachment to the net are based on
equipment class. with workstations being charged at the rate ot $20
per month.

The first sections of the spine were installed late in 1984. The
Athena ume-sharing VAX 11/750s were minally used as routers.
This approach did not work well administranvely., as the people
trying to run a reliable network were constantly at odds with the
people tryving to do operating system development work on the same

Figure 6.4 Rclationships in the TCP/IP family.
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machines. The tollowing year the original equipment was replaced
with MicroVAX is to soivce the administrative problem. (It was not
a technical or a pertformance problem.) The initial sottware imple-
mentation used Unix, but it proved to be much too slow and unre-
liable. Subscquently, a stand-alonce router software package called
CGW, developed by LCS and moditied by the network group. was
installed in 1986.

In addition to greatly improved performance and reliability,
CGW provided remote maintenance capability. This feature has
proven to be very important, because the routers are physically dis-
tributed across campus. Earher software required a phyvsical visit to
restart a tailed system. With CGW. a sottware tailure can be handled
remotely.

On a large, far-flung campus, expecting that every good candi-
date location tor a workstation will be itially accessible to the cam-
pus network 1s unrealistic. Requiring that workstation installation be
limited to places that the network already serves was initially very
restrictive in practice, but as the network expanded it became less of
a problem.

The following three categories of communications are supported
at MIT.

m  Tightly coupled. This includes communications networks with a
bandwidth of 1 Mb/sec or more. Technologies presently in use
in this category include fiber optics token ring, token ring over
copper cable, and Ethernet over co-axial cable and unshielded
twisted pair. A few Applebus nets also are connected to the cam-
pus net through specialized routers.

8 Loosely coupled. This mcludes Ethernets that are hnked to routers
on campus Ethernet networks through voice grade lines at band-
widths of 14.4 Kb/sec.

®m  Modem connected. This includes dial-up service at 1200 or 2400
baud. This class of service i1s used for remote terminal access to
time-sharing.

Workstations can be both on campus and off campus. On-cam-
pus locations include offices, public arcas, dormitories, and other
student housing tacilitics. Otf-campus locations nclude remote hiv-
ing groups (e.g., fraternities, sororitics, and independent living
groups).

This system of tightly and looscly coupled networks forms a
single logical network with a single address space. Performance
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variations among links are large cnough to require different modes
of use. The subnets connected to the campus by low-speed links have
their own local file servers to provide good access to local files. Ac-

cess to remote (i.e., on-campus) files is provided but at a lower per-
formance level.

By the end of 1987, the spine reached 27 locations on campus

Figure 6.5 NEARnct configuration diagram (courtesy of Dan Long. Bolt, Beranck,
and Newman, Inc.).
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using 20 km of fiber. About 3000 computers are now being served
by 22 routers.

More recently, MIT has joined the New England Academic and
Rescarch Network (NEARnet). This network links various colleges,
rescarch labs, government departments, and industrial/commercial
organizations at speeds up to 1.5 Mb/sec. The area covered includes
castern Massachusctes with branch nodes in Maine and New Hamp-
shirc. NEARnet is a regional network of NFSnet (National Science
Foundation Ncetwork). Figure 6.5 shows the current contiguration
of NEARnet.

Organizations currently supported on NEARnct include MIT,
Boston University, Harvard. the Digital rescarch lab in Cambridge,
Open Sottware Foundation. Massachusetts Microclectronics Center,
Lincoln Lab. Thinking Machines Corp., and BBN. NEARnct pro-
vides clectronic mail, remote log in, and file transfer services by
mcans of TCP/IP.

Network Services

The tollowing material describes in more detail the network services
supported by Athena. In some cases clarity requires simplified de-
scriptions or omission of some details of important features.

Authentication

Kerberos [Stemer 88] 1s a trusted. third-party, private key, and key
distribution service tunctioning as a network authentication service.
Kerberos is based on the model developed by Needham and Schroe-
der [Needham 78], to which a globally synchronized tme service
was added. Key terms are defined as follows.

®  Principal. Each network entity (user or server) that uses Kerberos
is in some sense a client. To distinguish Kerberos clients from
clients of other services we use the term principal.

& Authentication. Authentication 1s the process ot establishing proot
of identity, and the Kerberos service provides validation of the
identity of onc principal to another.

m  Trusted. Each principal trusts a particular Kerberos service, and
cach potential network corespondent also trusts that same partic-
ular Kerberos service. Each principal has a key known only to it
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and the Kerberos authentication server. It is important to note
that the workstation being used by the user is not trusted as it
can easily be compromised. Only Kerberos is trusted.

m  Third party. Kerberos is a third party to any transaction between
two principals separated by the network.

m  Private key. As with all known security systems, encryption
forms the basic technology for proof of identity. The ability to
perform useful encryptions and decryptions is taken as proof of
the principal’s claimed identity. In the case of Kerberos, the en-
cryption method is of the class private key. All encryption in Ker-
beros uses the National Institute of Standards and Technology
Data Encryption Standard (DES) [NBS 77]. We usc key as short-
hand for private key.

m  Key distribution service. Kerberos provides a method to move a
private key safely through a hostile network environment, where
safe means free from attacks of either “disclosure of message con-
tents” or “message modification.” In particular, the proof of a
successful authentication interchange between principals is that,
at the conclusion of the Kerberos portion of session initialization,
both principals will hold a session key that has been securely gen-
erated and distributed by the Kerberos service.

Kerberos operates without imposing any additional burden on the
user during normal use. Kerberos authenticates the identity of the
uscr to the desired service in a fully transparent manner through the
usc of “clectronic credentials.” Kerberos establishes identity (authen-
tication) only and does not become involved in deciding whether an
individual is allowed to use a specific resource (authorization). The
normal server or Unix mechanisms handle authorization.

Global time synchronization was added to help detect and pre-
vent replay. All clocks in the system must be synchronized to within
a few minutes. If the time in the request differs from that in the
clectronic credentials by more than a few minutes or is identical to
one already received, the server assumes that a former request is
being replayed and service is denied.

Secure transmission of a session key permits three levels of mes-
sage sccurity, from which the applications programmer may sclect,
depending on specific needs. These levels (and the attacks they ad-
dress) are

® authentication at service connection time (spurious association
initiation);
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® authentication of every message (message stream modification);
and

® authentication and encryption for every message (release of mes-
sage contents).

Because Athena hosts do not typically contain special hardware sup-
port for encryption, the third level is rarely used.

Kerberos uses two forms of electronic credentials for passing
authentication information. The first of these is the ticket, which
contains

username;
server name;

user I[P address;
timestamp;

lifetime of the ticket; and
session key.

The ticket 1s used to pass the identity of the user sccurely between
Kerberos and the server. It is valid for only a single user and single
server. It is encrypted in the server key, so the user can pass it to the
server without fear of compromise.

The other message type used for passing authentication infor-
mation is the authenticator. The authenticator contains the

® username;
m JP address; and
® current time.

The authenticator is used for comparison against the ticket to vah-
date that the user submitting the ticket is the same once to which the
ticket was initially 1ssued. The authenticator is encrypted in the ses-
sion key included in the ticket. Kerberos is used three different ways
in authentication:

= Jog in, to obtain the “ticket-granting ticket”;
m  first access, to get a service ticket; and
®  authentication, for service delivery.

Log In The individual’s identity 1s mually established at log-in
time. The user submits a username to the workstation. The login
program sends the username to the Kerberos server as a request tor
the authentication scervice. Kerberos looks up that username m ats
databasc. If an entry is found, it retrieves the user key (derived trom
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the password), generates a session key, and encloses the session key
in a ticket. The ticket is then encrypted in a key known only to the
ticket-granting service and Kerberos. This encrypted ticket is ap-
pended to the session key for the ticket-granting service, and the
entire message 1s then encrypted in the user key. This message is sent
to the user’s workstation. Note that the user key (derived from the
password) is not sent over the net.

At the workstation the message is decrypted, using the password
submitted by the user. If decryption is successtul, the identity of the
user is verified. In addition, the session key for the tickct-granting
service i1s now available to the workstation because it is outside the
ticket. At this point a “secret” is shared between the user workstation
and the ticket-granting scrvice: the ticket-granting service session
key. This shared knowledge is the basis of authentication, as with
any other service.

The ticket and session key are stored for later use. The password
and derived user key are deleted. All tickets are deleted on log out.

Ticket-Granting Service The ucket-granting scrvice avoids the
sccurity problems associated with storing the chient’s plaintext key
on the workstation, yet avoids the requirement that the user type the
key for each new service connection. With a ticket-granting service,
the user can obtain at log in a credential that will be useful for sub-
sequent service requests. That credential is a sharply bounded sccu-
rity risk, representing a limited authority and a hmited time from a
single client site, but its possession also removes the otherwise oner-
ous necessity of rekeying a password at the time of cach service
request. (One exception is that, if the user wishes to change the
password, the old password must be entered again.)

After log in, the ticket-granting ticket held by the workstation
has the (encrypted) session key for the ticket-granting service. This
ticket can therefore be used to obtain tickets for other network ser-
vices for the life of the ticket-granting ticket, generally cight hours.
The procedure for getting other tickets from the ticket-granting ser-
vice is the same as accessing other network services.

Authentication for Service Delivery Initially, we assume that the
uscr already has a ticket for the desired service. Figure 6.6 shows the
nature of the transaction for a client requesting a service and provid-
ing proot of identity as part of the service request. The client prepares
a message to the desired service, consisting of the ticket and an au-
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Kerberos

3. Ticket 2. Username

5. Service

4. Ticket authenticator

1. Username
password Note: Ticket contains encrypted

Client name

Time

Duration of ticket
Client IP address
Session key

Figure 6.6 Kecrbceros service request.

thenticator. The authenticator is encrypted in the session key for that
service received with the ticket and combined with the ticket. The
client then forwards the ticket and authenticator to the service. The
authenticator contains duplicate information to that side the ncket.

The service decrypts the ticket with its private service key and
recovers the session key. It uses the session key to decrypt the au-
thenticator. It then verifies that the contents of the authenticator and
the ticket match. If they match, the service and the client are each
and jointly known to Kerberos, and the service can be satisfied that
the client has the claimed idenuty. In addition, both the chent and
the server share a session key, unknown to all other principals on the
nctwork.

If the client wants to verify the identity of the service, say, prior
to providing sccurity-rclated data to that service, the client can re-
quest that the server provide something in return that accomplishes
that goal. Although numecrous methods are possible. the implemen-
tation used in Kerberos takes the timestamp from the ticket, adds 1,
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encrypts the result in the session key, and returns it to the client. The
client, using its copy of session key, is able to verify that only a server
in posscssion of the private service key could obtain the session key,
and hence the server is its claimed identity, as well.

A ticket and its associated session key are valid for only onc kind
of network service (c.g., file access). Authenticated tickets for other
types of services (e.g., printing) can be obtained from the ticket-
granting service by the mechanism just described. If the user doces
not have a ticket for the desired service, he or she must obtain one.
The client sends an in-the-clear request for a ticket for the desired
service, an authenticator, and the ticket-granting ticket to the ticket-
granting service. A ticket 1s returned to the client for the requested
service, and operation proceeds as described.

Kerberos Database

Kerberos maintains a replicated database to ensure availability. Up-
dates are made only to the master database; slave copies are read-
only. The use of Kerberos for network authentication service, as
described, requires only read access to the Kerberos database, and
therefore slave copies are entirely satistactory. To maintain synchro-
nization of the master with the slaves, the master database 1s sent, in
its entirety, to the slaves at regular intervals. The database is en-
crypted for transmission in a key that both the master and slave
machines possess. Read/write transactions to the master are from
administrators adding new users to the system and from users chang-
ing their passwords. The Kerberos servers must be physically se-
cured.

Modifying Applications for Authentication

Modifying an application to incorporate authentication is quite casy
and involves only a few lines of code. The application calls a subrou-
tine that generates a message for the server desired. The application
then sends that message to the server along with the service request.
The server calls another library routine with the message as an ar-
gument that returns the decision about the user identity.

Application programs and servers that have been moditied to use
Kerberos include

m  Berkeley “r” command series (rlogin, rsh, etc.);
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Ipr line printing system;

Post Otfice Protocol mail delivery;
New user account generation;
Password-changing service;
Zephyr notification system;

Remote Virtual Disk block server;
Andrew File System;

Network File System; and

Discuss conferencing system.

The password-changing service 1s one of the tew applications that
uses the session kev ot a completely encrvpted transaction. Kerberos
became available for system users in September 1986.

Name Service

Various files must be maintained on any Unix system. These files
include, for example, passwords, hardware configuration, commu-
nications, and system software. In a network of a few systems, sim-
plyv replicaning these files 1s teasible. This replication approach does
not work well in larger networks, however, and is simply not fca-
sible for networks of hundreds to thousands of workstation sys-
tems. Even if the storage cost were acceptable (which is unlikely),
management of the replicated data quickly becomes impossible.
Consider. for example. the task of mamtainig the hardware contig-
uration tables individually on 10,000 workstations in an environment
of constantly changing hardware configuration.

Rather than replicating this information, Athena chose to retrieve
it from a network name server called Hesiod [Dyer 88]. Other ex-
amples of network name servers are the Xerox Clearinghouse
[Xerox 84], the Sun Yellow Pages [Sun 86], and Internet Domain
Name Server [Mockapetris 87]. Hesiod 1s based on the Berkeley In-
ternet Domain Name Server bind. Hesiod. through bind, provides a
hierarchical name space with the ability to delegate authority to sub-
sidiary name servers and to provide local caching. Hesiod uses a thin
layer of code in front of bind, which extends the capability ot bind to
allow translations of logical names to strings.

The basic function ot Hesiod is to provide a table lookup tunc-
tion on its database. In this regard it can be thought of as a service-to-
server translation mechanism or a high speed front end to the Moira
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service management system. It does not perform any processing or
interpretation of the data. It simply does the lookup, accepting as
mput one ASCII string and returning another. It is designed to re-
tricve quickly small amounts of data that change infrequently (less
than one change per day per data item). A query can have multiple
matches of the key in the database; when this situation occurs, all the
matches are returned.

The maximum record length that can be exchanged by Hesiod
and a client 1s 512 bytes, a limit of the UDP datagram protocol used
tor communications. If there are multiple matches, all matches must
fit in the 512 byte limit. The Hesiod databasc 1s updated several times
a day by the Moira system management server.

A query consists of two arguments: the name (of the object) and
the type (of the object). Hestod returns a network address ot an ob-
ject based on the arguments. The torm of the name 1s a left-hand side
and a right-hand side separated by an @ symbol, as represented by:

<left-hand-side>@<right-hand-side>

A sct of library routines accepts the name and type as arguments and
converts them to a tully qualified domain name that can be supplied
to bind. The bind library is then called with the domaim name as an
argument, and a network address is returned.

A new object name or type can come into existence simply by
being used by the system and supplied as an update to the databasc.
No change in Hesiod is required, becausc it has no knowledge of the
meaning of the data that it stores.

Valid (and actual) names include

default-printer;
default-printer(@SIPB;
(@heracles. MIT.edu; and
kerberos@Berkeley. MIT.edu.

Hesiod transtorms such names into valid bind names. [Dyer 88| pro-
vides the algorithm for this transformation. Typical object names
used in Athena include

username;
workstation name;
fileserver name;
printer name; and
group name.
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Typical Athena object types include

cluster;
pobox;

filsys;
password; and
group.

Athena Uses of Hesiod

The login program uses the username as a name to find the password
and group authorization mftormation. Login also querics Hesiod to
find which Kerberos server to use for authentication of that individ-
ual. Login then runs attach using the username to mount the user’s
home directory. Login uses Hesiod to obtain a “passwd” record, but
that record contains neither password nor authorization information.
It is merely the Unix name for a record that has the user telephone
and office numbers, nickname, and the name of the shell to be used.
This record 1s sometimes called the “finger™ record, as it s displayed
by the finger command.

The attach program uses Hesiod to find the file server for a given
username, and then authenticates and attaches the files to the local
directory tor that individual. It the primary file server for an RV
server (which is replicated) is unavailable, Hesiod can point to the
backup.

The network mail program queries Hesiod to find the post ottice
for cach individual. The [pr program queries Hesiod to tind the net
address of a printer logical name.

Given the workstation name, Hesiod provides the cluster name.
Given the file system name, Hesiod provides the file server it exists
on. Given a username, Hesiod tfinds which password and post ottice
to usc.

Current Hesiod Status

Hesiod currently supports a database ot 3 Mbytes and 35,000 table
entries. These include about 10,000 password entries, 10,000 group
entries, 7000 file system entries, and 9000 post office entrics. It is
replicated in three servers to provide adequate pertormance and
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availability. Response time to a query is usually only a few milliscc-
onds. The three copies are updated by the Moira server management
system four times a day.

Service Management System

The purpose of the Moira service management system [Rosenstein
88] 1s to provide a single master copy of information about the Ath-
cna system and to distribute that information to specialized replicated
subset copies around the system. Moira provides centralized data
administration and update, which greatly reduces the labor required
to maintain the system’s data resources and therefore of the system
itself.

Moira consists of a centralized database, a means of updating that
database, and a mcans of distributing sclected portions ot the data-
base to servers such as the Hesiod name server and mailing lists,
access control lists, and group memberships. Moira provides update
services for the following types of servers.

®  Hesiod name server, to update the database. Each server requires
nine separate files, but the files are identical on all servers.

®  Network File System, to provide quota-based resource allocation
and load balancing. Each NFS server requires two files, one in
common and one unique.

®  Mail, to allocate individual post oftice boxes to post ottice serv-
ers, and build the control file used on the central mail hub. The
hub requires one unique file.

= Remote Virtual Disk, to provide access control lists and server
configuration files. Each RVD file is unique.

More than 50 separate files are required to supply and control these
services.

Because of its importance, Moira is frequently backed up. A rep-
licated copy can operate while the master is being updated. After a
server 1s updated, tests are run to verify the operational status betore
it is put back into service. In those cases where replicated server
data exists, updates are provided sequentially so that service is not
interrupted.

Moira clients do not access the internal database directly. This
restriction shields clients from the internal details of the database so
that it can be changed if necessarys; it also helps to guarantee internal
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consistency. Instead, clients access the database through a set of
Moira library functions. The library imposes the consistency re-
quirements and also provides a sct of consistency verification rou-
tines. Access to the Moira library is authenticated by Kerberos.

Each server obtains the data it needs in the format needed from
the global Moira database. The data control manager sclects the ap-
propriate data subsct from the global database and converts it to the
specific format required by the server. Therefore, when a new service
needs to be supported, the internal structure and data control man-
ager can be moditied in an 1solated manner without unwanted side
effects.

Transaction pertormance is not particularly important in Moira,
because Hestod acts as a high-speed front end tor queries. Therefore
Moira supports only relatively simple queries.

To obtain updates, a client sends requests via TCP/IP for data to
Moira and receives replies. Requests can be of the form of queries or
accesses. Queries are available as a limited set of predefined, named
queries, allowing close control ot databasc access. Queries exist n
the categories ot retrieve, update, delete, and append. Within these
four classes are about 100 unique query types, such as

get NFS quotas;

get user information;
add machine; and
delete filesystem.

The database currently used i Moira 1s RTI Ingres. As Moira
does not depend on any features of this database, it could be casily
replaced by another relational database. The database contains
several types of objects, with each object having an associated
access control list [Rosenstein 88]. An audit trail 1s retained tor all
modifications.

All updates to servers are initiated by Moira. The system is de-
signed so that partially completed updates do not cause loss of syn-
chronization. Updates that fail are simply rescheduled.

If Moira is out of service, the system can continue to operate but
cannot be changed. Because Moira is not needed tor system opera-
tion, continuous availability 1s not too important. Mamtamning data-
base integrity in terms of retained data and internal consistency s
important. Mceting this requirement calls for a database backup and
recovery system to maximize recoverability.

Cron (a Unix facility that invokes programs at specific times) is
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uscd to run a data distribution program at scheduled intervals; cach
server has a difterent update schedule. When the data distribution
manager runs, it scans the database to determine the servers that need
updating. Only those servers that require updating are actually up-
dated. A server-specific program (named in the database) is used to
extract the necessary information and format it into the server-
specific structure.

User Account Generation

Twice cach year, the MIT’s Registrar provides a tape of all registered
students to Moira, Athena’s service management system, which en-
ters students not previously registered nto a database of prospective
uscrs. The user services staft enters the names of interested faculty
into this same database by hand. A new user can sct up an Athcna
account without any statt intervention. When a prospective user de-
cides to become a real user, the procedure is quite simple. The stu-
dent can create an account by going to any workstation and logging
in by clicking the “register” button on the log-in screen shown in
Figure 6.7.

Figure 6.7 Athcna log-in screen with registration button.

Welcome to Project Athena

Username: I.

Password:

[ Login Options [E) Other Options

IRegister for an Account ]
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This action initiates a simple question-and-answer session that
scts up the account with the necessary information. The student is
prompted for a username, which is checked for uniquencss betore it
is accepted. Upon successful entry of a username, a home direc-
tory 1s allocated on the least heavily loaded file server, an initial disk
quota is established, and a post oftice entry is established on the least
heavily loaded pest office server. An imtial password 1s then solic-
ited. Moira propagates these updates to the Hesiod name server, the
mail hub, and the user’s home file server. These updates can take up
to 24 hours to become ettective with the present update trequency.

The only communication between Kerberos and another service
takes place at account creation time. The registration program checks
with Moira to verity that the user’s proposed log-in name 15 unique,
and tentatively reserves it Then the registration program tries to use
the log-in name in a transaction with Kerberos, being prepared to
back out ot the Moira request if Kerberos idicates that the name 1s
in use. Upon confirming that the log-in name is acceptable in both
places, it passes the user’s requested name and password to Kerberos,
unseen by Moira. Meanwhile, Moira complctes the rest of the ac-
count creation process.

Current Status

Moira currently manages about 15,000 user accounts, ot which some
10,000 are active, and about 1300 workstations and some 100 net-
work servers. It also manages the resource directories, such as the
location of file servers and printers, and the data for system control,
such as disk quotas. The current size of the Moira database is about
15 Mbytes.

Notification Server
The Zephyr notification server [Della Fera 88] provides a real aime
network-based notification service. In broad concept, a notification
server bears some resemblance to clectronic mail in that they both
transmit messages from a sender to a recipient. In detail, however,
they are very different. Whereas mail (specifically sendmail in the
Unix system) is a batch operation with no notion of time, Zephyr
transmits messages immediately. Whercas mail requires astaue ad-
dress for the recipient, Zephyr will determine whether the recipient
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is logged on anywhere in the system. Whereas the recipient must
actively “read” mail, Zephyr delivers its message actively and with-
out recipient intervention. When mail broadcasts a message to a large
number of recipients, a separate copy is generated for each recipient.
Zcephyr generates only one copy of the message in the file system
independent of the number of recipients. Whercas mail retains a mes-
sage until read, Zephyr discards a message if it cannot be immedi-
ately delivered. Finally, in mail the sender determines who will
receive a message. In Zephyr, the recipient determines who will re-
ceive messages based on the subscription service.

Because of these major difterences, the appropriate kind ot in-
tormation sent using Zephyr is quite ditferent from the appropriate
kind of message sent by mail. Zephyr is designed to send time-
sensitive messages, such as

the printer in room E40-367 is now available for usc;
you have new mail;

print queue status;

message of the day delivery (MOTD), systemwide or user
specific;

on-line consulting;

host status service;

user location service (rwho);

talk or phone service;

emergency notification to individuals or broadcast; and
message service (write).

Because of the class of messages intended for Zephyr, other
changes have been made in its characteristics relative to mail. Be-
causc the messages are time sensitive. no queucing is provided. It the
target recipient is not logged in, the message 1s discarded on the as-
sumption that the time sensitivity of the message will quickly make
it obsolete. Zephyr should be limited to messages of short, tixed
length, preterably under 800 characters. Mail, however, is often used
to send long messages of tens of thousands of characters.

Zephyr's architecture is similar to that of other Athena services.
A Zcephyr chient library is provided; it supports the necessary services
to client programs in terms of a reliable, authenticated (by Kerberos)
notice transmission protocol. The library invokes a set of servers that
control routing, queueing, and dispatching.

A notice from a client consists of routing information and a mes-
sage. The Zephyr server creates a list of recipients based on routing
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attributes. The attributes can designate a single individual, or they
can be based on a capability known as subscription multicasting. Each
user can create a “subscription list” identifving the tvpes of messavcs
that are of interest. Attributes of messages to be sent are compared
to attributes in the subscription list of each user. If there i1s a match.
the message is sent to that user: if there is not a match the message
is not sent to that user. This method can theretore be considered a
“passive” mailing hist in that only users who specifically request the
message will receive it. In contrast an “active” mailing list 1s used by
conventional list-based mailers. such as sendmail, that send messawres
to users whether thev request them or not.

In all cases, the message is not interpreted by Zephyvr. It mav be
in anyv formart or character set and may even be encrvpted. Interpre-
tation of the message 1s the responsibility of the recipient.

Zephyr uses the Universal Datagram Protocol (UDP) of IP. Be-
cause of the limited capability but high performance ot UDP. Zephvr
clients must be able to suppress or accept duplicate packets. handle
out-of-order packets, provide tlow control. and provide relable
delivery.

Zephyr maintains a dynamic database to show the current loca-
tion of all users logged in and also makes these data available to 1ts
clients. In order to protect privacy. a user may choose not to make
log-in information publicly available. The user can also make log-in
intormation available only to the system operations statt. It a work-
station crashes. the log-in data mayv be temporarily invahd. remain-
ing so until somecone notices workstation unavailability or the user
reboots the workstation.

Zephvr clients all run on the workstation and use the client li-
brary to send and receive messages. Thev communicate with a
Zephvr server allocated at the time the workstation 1s booted.

Palladium Print System

The print spooler used in Berkeley Unix was developed tor a cen-
tralized system and has many shortcomings in a distributed environ-
ment. The additional teatures desired in a distributed environment
include

» the ability to place printers. users. and spool queucs all on ditter-
ent machines:
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®  support of centralized management and logging for all worksta-
tions and printers;

use of name service;

authentication by an authentication server;

support of printers that return information; and

performance tradeoffs in favor of processors with large memo-
ries.

Although the Berkeley spooler [Campbell 83] had served Athena
well for several years, the system’s growth to some 1000 worksta-
tions and 80 printers made development of a new print server desir-
able. In addition, Athena needed to implement print accounting in
order to allocate resources to students properly. The Palladium print
system [Handspicker 89] was developed to meet this need.

Palladium was developed by a multicompany group to meet
Athena’s requirements and to operate in its environment. The goals
of the Palladium project were to support a distributed workstation
environment by using the client—server model, that is, the Kerberos
authentication service, the Hesiod name server, and the Moira ser-
vice management system. Palladium was also designed to contorm
to the Europcan Computer Manutacturers Association (ECMA)
printing standard [ECMA 88| that was then cevolving. Indeed, the
Athena requirements had a substantial influence on the ECMA
standard.

The remote procedure call (RPC) paradigm was used to provide
a simple interface to distributed services. The software chosen for
the RPC was the HRPC package trom the University of Washmgton
[Sanislo 88]. This package is a common interface to a number of
RPC systems. It provides a generic interface for remote procedure
calls, and it keeps Palladium independent of the underlying com-
munications protocols. Figure 6.8 shows the overall information
flow in Palladium (from [Handspicker 89]).

The information in the Palladium database consists of two gen-
cral categories: static and dynamic. The static information describes
the capabilities and contigurations of the printers, in a manner similar
to tty and getty for terminals in Unix. Each server and supervisor
reads the configuration file at startup and whenever commanded.
The static information in the database is normally generated by the
Moira service management system. The dynamic information in the
database consists of the print-job request information stored by the
server in the spool directory. The server is a set of library routines.
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The sequence of events within Palladium is as follows. Upon
receipt of a print command from the user, the print client contacts
the name server to find an appropriate printer server (the print serv-
ers having previously “advertised” their presence, location, and
functionality in the name server). The name server tells the client
where to find the print servers (their IP addresses) that mect the
user’s request.

The client program creates a print task that 1s communicated to
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the Palladium server by an RPC. The task is entered into the server
databasc. The job scheduler matches the job requirements with the
capabilities of the printers managed by this server. Thus the server
can support a broad range of file types and printer types.

The server databasce stores all queued print jobs. The scheduler
passes responsibility for the job off to a specialized process called a
“printer supervisor.” The printer supervisor takes responsibility for
printing a single job, using a single format specification on a single
(type of) printer.

The print server tasking system allows multiple clients to make
requests at the same time. As the name server may return more than
onc printer that meets the user needs, the application program must
select among the responses.

The job scheduler schedules the job on the correct printer and
tracks the progress of the job. The server reports status and signifi-
cant events to the user and also logs the status information.

File Servers
As indicated carlier, keeping private files or extensive system files on
the workstation is inappropriate. Alternative network file service can
be cither a global file system visible to all users at all umes (such as
the Andrew File System) or a large sct of separately exported file
systems advertised through an intermediate service, such as a name
service. The Network File System conforms to the latter model.

To meet the various needs of the Athena system, three types of
nctwork file services are provided. These are the Network File Sys-
tem (NFS) [Sandberg 85, Sun 87] developed and licensed by Sun
Microsystems, the Remote Virtual Disk (RVD) [Greenwald 86| de-
veloped by MIT, and the Andrew File System (AFS) [Satyanaray-
anan 85, Mauro 89] developed at Carnegie-Mellon University.

NFS

NFS is a distributed network file system for sharing files in a heter-
ogencous network of operating systems and workstations. Files that
arc physically remote can be “attached” to a local directory. There-
after, all references to the directory and file appear to be local. Shar-
ing is accomplished by logically attaching the remote file system to
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a local directory and then reading and writing files in place. Thus
only one copy of the file exists for all users. All storage and files in
the workstation network can be considered as part of a single pool
of storage. As with the Athena design, NFS is implemented as a
network service accessed through a specified protocol, not as part of
a distributed operating system. This implementation as a network
service avoids requiring the same operating system on all worksta-
t1ons.

In the Athena environment, NFS is accessed through the attach
command. Attach performs a Hesiod lookup on the file system
name. It then calls the NFS mount command, which forms the logical
linkage of the remote file or directory to a mount point in the user
directory. Before a file can be mounted, it must be exported to make
it available for mounting. This step is required to control access to
the file. Access control is granted for read/write to authorized ma-
chine names.

NFS uses a stateless protocol that does not retain information
between accesses, which greatly simplifies recovery. Locking for ex-
clusive write access is not part of NFS; instead, it is part of an exter-
nal network lock manager.

NFS can communicate with incompatible systems through the
External Data Representation (XDR) protocol. This protocol per-
forms representation conversion for transmitted data. Access to re-
mote files is accomplished through a Remote Procedure Call (RPC)
to the remote NFS.

Although Athena uses NFS for storage of private files, it has a
number of shortcomings. NFS categorizes all workstations as cither
“trusted” or “untrusted.” Untrusted workstations cannot access any
files. Trusted workstations are completely trusted, can masquerade
as any valid user. and can therefore get access to almost any file,
except those owned by root.

The version of NFS used by Athena had been ported to the VAX
and modified at the University of Wisconsin, but further modifica-
tions were required. In the Athena modification, the NFS server ob-
tains authenticated information from Kerberos at mount time. On
cach transaction, the user IP address and user identity from the scr-
vice request are compared to information cstablished at mount ume.
If it is the same, access is granted; if different, the access rights are
sct to be “no privileged access.” At unmount time, the authentication
information 1s deleted.
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The addition of Kerberos authentication to NFS requires state
mtormation. Fortunately, this is state information that the client can
casily recover should it be lost (for example in a server crash). There-
tore recovery 1s not much more complicated than recovery without
Kerberos. If an NFS server crashes, users have to issue an nfsid com-
mand or must log out and log in again.

This approach is not completely secure, because the control in-
formation is sent in clear text and could be forged. However, an
attack can only be mounted while the user is logged on; no unau-
thorized access can take place when the user is logged off.

RVD

RVD was originally developed at the MIT Laboratory tor Computer
Science and subsequently enhanced at Athena. RVD provides the
services of a remote disk server, which appear to be local to the
workstation. All file system intormation is maintained by the
workstation, and the RVD servers simply deliver requested disk
blocks. An RVD pack may be used by many workstations in a
rcad-only mode or by a single workstation in an exclusive read/
write mode.

Because of its lower overhead, RVD offers significantly higher
pertormance than NFES. It provides access to the Athena system soft-
ware library and to some ot the apphcations sottware. As with NFS.
RVD has been moditied to provide authentication.

AFS

AFS is a distributed file svstem that uses a single root node tor the
entire directory hierarchy. The system is designed to be used nation-
wide or cven worldwide over a wide area network. When a file that
is not local is accessed, extensive caching is provided to improve
performance. If write access is requested, locks are provided to syn-
chronize updates. The logical file locations remain consistent regard-
less of the files’ physical location or the platform on which they
reside.

The AFS file hierarchy is decomposed into nodes. with cach node
being a local site. Each cell can be administered independently and
can link to other (possibly remote) nodes automatically. Seven indi-
vidual server processes comprise AFS.
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m  File Server. Delivers files to clients and stores files received from
clients on demand.

®  Authentication Server. Verifics uscr identity at log in and when
requested in transactions.

®  Protection Server. Provides access control to directories and their
files.

m  Volume Server. Aggregates files into logical units for casicr man-
agement.

& Volume Location Server. Provides dircctory server for location of
volumes.

m  Update Server. Distributes new versions of server software to
maintain configuration integrity.

®  Basic Overseer Server. Assists in system administration of servers.

Because Authentication Server is compatible with Kerberos, and
very similar to it, we do not discuss it further.

AFS extends Unix security in a number of ways. Rights of access
are granted at the directory level, not the file level. Rights can be
granted to individuals or groups. and ditterent rights can be granted
to every individual and to every group. The rights of access can be
any or all of

read;

write;

lookup (obtain status information about files in a directory);
dcelete;

insert (add new files to a directory);

lock (obtain exclusive use of a file); and

administer (change rights for the access control list).

The software for all servers is installed on every file server. How-
ever, only the File Server, Volume Server, Basic Overscer Server,
and the client portion of the Update Server run on every file server.
The other servers need only run on two or three file servers in any
complex to provide services for all workstations. These other file
servers maintain the replicated databases for the distributed system,
namely, the Authenucation Database. the Protecunion Database, and
the Volume Location Database. Synchrony among the replicated
databascs 1s maintained by the Ubik uthity 1 the database manage-
ment library.
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In order to reduce the amount of network communications, file
caching is provided at the user’s workstation by the Andrew Cache
Manager. When a file 1s requested, the request first goes to the cache
manager. If the tile exists locally, it is delivered to the user program.
It the tile does not exist locally, the Cache Manager translates the
request mto remote procedure calls to the File Server. The File Server
sends the requested file to the Cache Manager, which stores it in its
own local cache before delivery to the user program. In order to
synchronize the (now replicated) tiles, the File Server sends a callback
to the Cache Manager along with the file it write access is requested.
The using workstation is guaranteed exclusive access to the file un-
less the callback is broken.

Volumes can be moved from one File Server to another to bal-
ance loads. The location of a volume at any time is maintained by a
directory accessed by the Volume Location Server.

A volume usually contains all of the files for a single user; the
volume usually contains all ot the tiles and subdirectorices tor a single
directory. Volumes may be readwrite or readonly. There is only one
copy of a readwrite volume, but there may be several (replicated)
copics of a readonly volume, each located on a difterent File Server.
The third type of volume is backup, for purposes of recovery.

Athena is currently evaluating AFS as a possible replacement for
NFS. All Athena statt members have been moved to AFS. It appears
to satisty better than NFS the system’s requirements for security,
growth capability, and management.

The Andrew system at CMU was not only the first AFS cell,
but it is also the largest in current usc. It has 24 file servers, 1500
client systems, 8500 user accounts, and 27 Gbytes of data. Of the
1500 client systems, about 800 are workstations running the cache
managers, and the remainder are personal computers. Andrew has
developed a set of protocol sottware tor allowing both industry stan-
dard and proprietary personal computers to access the AFS file trec,
primarily for mail and bulletin boards. All incoming freshmen at
CMU receive AFS accounts.

Dial-Up Service
Dial-up service has proven to be very popular with Athena uscrs.

Service is available from both analog phones (up to 2400 baud) and
digital phones (DX25 service). The initial connection is made to a
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protocol translator. At that point, available commands include con-
nect/disconnect, exit/quit, lock, rlogin, and telnet. Using these com-
mands the user can log into an Athena time-sharing system. Pres-
ently cight Athena tuime-sharing systems are available on a hunt
group. Each system 1s capable of supporting several users simulta-
ncously. The system provides output suitable for character terminals.






SEVEN

The Athena Multimedia
Workstation Projeect

Not long after initiation of Project Athena, it became evident that
many subjects, primarily those outside of engincering, could not be
adequately taught with only text, or even with text and graphics.
Support of 1mage, live video, and in most cases sound was required.

A multimedia workstation 1s one that provides substantially more
sensory content in the human interface than do traditional worksta-
tions. This increased sensory content includes the use of stll image,
motion video, color, increased resolution, and audio. People are well
endowed to obtain intormation etticiently from such a sensorv en-
vironment, with about 40 percent of the brain cells devoted to vision
alone. Traditional human interfaces to computer systems arc “sen-
sory deprived™ in comparison to users’ inherent capability, and there-
fore multimedia interfaces are able to deliver much more intormation
much more efficiently than are traditional systems.

The sensory content of the human interface has been increasing
since the development of interactive computing, begmning with
low-speed hardcopy terminals and proceeding to ASCIH video ter-
minals, color, high-resolution displays, and sound. Multimedia
workstations represent the next logical step in this evolution.

147
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THE ATHENA MULTIMEDIA WORKSTATION PROJECT

The Beginning

Early in Project Athena, several members of the MIT faculty, in-
cluding Janct Murray (language), Steve Wertheim (medical), Patrick
Purcell and Gloriana Davenport (Media Lab), Merrill Smith (archi-
tecture), Sheldon Penman (biology), Herbert Einstein (geology), and
David Wilson (mechanical engineering) approached Athena and
asked that multimedia support be provided.

In 1985, MIT faculty began using Digital’s Interactive Video
Information System (IVIS), supplied by Athena’s applications devel-
opment group. IVIS proved to be too limited to support the func-
tions desired because of 1ts analog video design. Athena brought Rus
Gant in as a media consultant carly in 1986 and added several other
staff members late in 1986. A few months later, the Athena staft
found a third-party board product that provided a digital approach
to interactive video and that supported both Digital and IBM work-
stations. The advent of digital technology signaled the start of a se-
rious multimedia program because of the substantially increased
functionality.

By 1987, the people who had become involved with the video
cffort formed a group to look at the emerging issuces, in consultation
with interested faculty members. The particular form of the mulu-
media workstation developed at Athena is called the *Visual Work-
station.” The group implementing the project 1s called the Visual
Computing Group (VCG) and 1s managed by Ben 1Javis. The VCG
supports faculty members in the design of educational sottware in-
volving audio and video materials as part of the content. The group
offers expertise both in producing audiovisual materials and i de-
veloping the controlling software applications. Digital also supplics
usc of its professional corporate video studio for mastering video
disks produced by VCG.

Based on the requirements identified during development of
multimedia instructional modules, tools are developed to 1mprove
the efticiency and quality of the instructional materials. The MUSE
authoring environment (described later) is one group of thesc tools.

To create an experimental delivery system to replace IVIS, the
group modified a standard Athena workstation to support 256 color
graphics as well as full-motion digitized video. The visual work-
station uscs either an IBM PC-RT or DEC MicroVax II worksta-
tion as a base, with a Parallax Graphics board added as the display
subsystem.



VISUAL COMPUTING MODULES 149

Visual Computing Modules

Once a suitable hardware platform became available, work on mul-
timedia course modules began. At present, some 2() applications us-
ing interactive video are in development, use, or both.

The largest visual computing project is a collection of three lan-
guage teaching modules under Janet Murrav’s overall direction. The
languages are French, Spanish, and Japanese. Major funding was
provided by The Annenberg CPB Project. The general approach
taken is that of “artificial reality,” in this case a novella where the user
becomes an itegral part of the action. Each of the language modules
tests a ditterent pedagogical approach. In the Spanish module. nodes
represent scenes in the directed graph. User input navigates the user
among scenes. In the French module. nodes represent still images,
and navigation takes place among them.

In the language applications, one or more text streams can be
synchronized to the video to provide subtitles for the video, as the
student often 1s not able to understand the spoken material. A num-
ber of text streams can be used: One stream might be full text; a
second, only key words; a third, in a different language: a fourth,
annotations for editing. The user may pick which media (in this case
text) strcam to be displayed or to invoke all of them to be displayed.
Ditferent viewers can each have their own text streams.

The French language project, entitled “Direction Paris,” is di-
rected by Gilberte Furstenberg. The first segment, called “A la Ren-
contre de Philippe,” is a fictional story about a young French writer
who must solve his romantic problems or find a new apartment in
Paris. Filmed on location, the story features numerous options for
action and opportunities to use maps, answer phones, and use movie
maps of authentic Paris apartments. Segments 2 and 3, “Dans lc
Quartier St. Gervais.” provide an interactive video documentary ot
real French speakers in the actual neighborhood where the fictional
story takes place.

The Spanish module, entitled “No Recuerdo” (“I do not remem-
ber”), is directed by Douglas Morgenstern. No Recuerdo 1s the tic-
tional story of Gonzalo, a Colombian scientist who loses his memory
while working on a secret biological material. The adventure was
videotaped in Bogota and features a mazelike series of plots and sim-
ulations for the student to help Gonzalo get his memory back before
the amnesia plague hits.

The third module, used to teach Japanese, 1s an interactive broad-



150

THE ATHENA MULTIMEDIA WORKSTATION PROJECT

cast program directed by Michio Tsutsui. “Goodbye This Year’s
Love” 1s a video drama taken directly from Tokyo broadcast televi-
ston and re-edited into segments for comprehension exercises. It in-
cludes slide files of cultural events, maps, and art.

Another application is the Neuroanatomy Lecarning Environ-
ment project, directed by Steven Wertheim. This is a tlexible learn-
g environment for exploring the anatomy ot the human brain de-
signed for Medical and Neuroscience students. The four major
components ot the program are: an illustrated glossary, a 3-1> model
of the brain, a shide browser, and a brain dissection. This project uses
1400 text documents, images, and video segments of the brain. The
various media documents are cross referenced to cach other and to
images and video. The application also closely couples image and
text, allowing the student to ask questions about specitic spatial arcas
ot the 1mages. Video segments and image libraries also provide ex-
pository information.

In Engineering, David Wilson and Seichi Tsutsumi directed de-
velopment of a project entitled “Mechanical Design.” This is an in-
troductory course in mechanical engineering covering principles and
concepts of mechanical bearings. The vidco disk contains anima-
tions, motion segments, and a still-frame library. The general pro-
gram is planned to include an expert system front end tor teaching
bearing selection.

Three projects have been implemented by the School of Archi-
tecture: the “Boston Architecture Collection,” the “Image Delivery
System,” and the “New Orleans: A City in Transition” study. Mer-
rill Smith directed development of a multimedia presentation entitled
“Boston Architecture Collection; Rotch Library Project.” About
6000 images trom the Boston Architecture Collection of 30,000 1m-
ages from 1620 to the present were indexed and put on video disk.
This image collection is now far more accessible than it was in hard-
copy form. Images can be obtained in response to a database query,
and all of the relevant images can be collected onto a “light table™ or
in a “picture book.” This video disk and database provide excellent
rescarch tools for in-depth study of city planning, architecture, and
transitional images from 1620 to the present.

Another project, the “Image Delivery System,” is directed by
Patrick Purcell of the MIT Media Lab. Using the material developed
by Smith’s group as a visual database, this system is being designed
to deliver analog images to the workstation via MIT cable TV. A
student can call for still video images from the Rotch Library by
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using the MIT cable TV system, which is connected to each multi-
media workstation, and can associate the image with an on-line text
database.

Gloriana Davenport of the MIT Media Lab directed the project
“New Orleans: A City in Transition.” Her group designed a video
disk for tcaching film and video cditing concepts. Based on docu-
mentary footage of changes in the architecture of New Orleans dur-
ing the World's Fair, this project has a visual database of more than
five hours of still and moving imagery concerned with urban plan-
ning, design, and implementation of changes during a time of
change. The module’s display method is a high-level, video-disk-
based editing system. The visual materials are used in a variety of
projects related to urban planning and social policy, as well as for
teaching the fundamentals of film editing techniques.

The Biology Department has implemented a multimedia tcach-
g module entitled “Introduction to Cell Biology.™ directed by Shel-
don Penman. This module 1s a set ot basic biology learning aids writ-
ten around existing video disks ot biologic subject matter. Designed
for first and second year biology students, the module takes advan-
tage of still-frame and motion storage of visual molecular biology
materials on commercially available video disks.

The Geology Department has implemented a multimedia teach-
g module enutled “Geology Engineering Educator.”™ directed by
Professor Herbert Einstein of the Civil Engineering Department.
This project 1s an electronic book consisting of 250 short text docu-
ments and 500 photographic images that describe geologic teatures
relevant to an introductory course for civil engineering students. All
documents are indexed and cross reterenced through hypertext-hke
linkages. These linkages allow students to traverse the pages by se-
lecting words with the mouse and following the link to view a ret-
erence. The book is equipped with a table of contents and an index,
both of which serve as conventional entry points and usc the same
point-and-click interface to traverse the network.

A companion “workbook” generates exercises that present im-
ages and ask students to identity geological teatures by name. Tt also
asks them to locate teatures in the images by drawimyg closed polveoen
outlines directly on the image. These outlines are then compared
with the ranges provided by the professor. The entire workbook is
indexed to a reference manual, so that students can ask questions in
the context of the workbook and immediately traverse to the appro-
priate manual page.
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The “Navigation Learning Environment,” developed initially by
Digital, i1s an experiment in tcaching ocean navigation by using in-
teractive video disk technology. The context is a two-squarc-mile
region along the Maine coast and utilizes a library of 10,000 images
to represent the environment. The training is done in the context of
an clectronic document with seven variables representing boat head-
ing, speed, compass reading, and the viewing angle. The user can
direct the boat through an “artificial reality” using mouse manipu-
lation of graphic controls on the display.

Another application is that of video editing. Markers can be time
synchronized with the video to mark the beginning and end of scg-
ments. The various segments can be managed by MUSE. For this
purposc, the metaphor of the “photo album™ is used. The video ed-
itor can sclect pieces of video and then save them in miniature in the
photo album for organization and annotation.

The album provides space for display of scveral images on a
page. The pictures in the album are not hmited to sull images; they
include video as well. The video can include all the sensory richness
ot the normal MUSE display, including text, graphics, and animated
control devices such as scroll bars. The images can come from a
number of electronic documents. The video editor can then combine
the segments from the photo album mnto the new clectronie docu-
ment.

Hardware

Onc of Athena’s rules is that all applications must run on the hard-
warc of both sponsors. The project was fortunate in locating a board
sct that supported the desired functionality in image and video and
that was available for both the VAXstation Il (QQ bus) and the IBM
RT (PC/AT bus). The product, the Parallax Graphics board from
Parallax Corporation, contains a high-speed trame grabber that dig-
itizes a standard NTSC video signal at 30 frames per second. The
workstation platform for Digital consisted of a VAXstation II. The
Parallax boards replace the graphics processor and frame buffer
boards in the VAXstation. The Parallax boards provide a 2048 by
2048 pixel frame bufter, which may be purchased m depths ot 8, 16,
and 24 bits. Athena used the 8-bit (256-color) version. Two color
lookup tables are provided: one is a standard RGB table, and the
other is a compression/decompression table for using 8-bit color
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with motion video. Switching between the lookup tables is con-
trolled by a special bit pianc and is switchable on a per-pixel basis.
The monitor supported by the system provides a resolution of 1280
by 1024. The video 1mage with a resolution of 640 by 480 occupics
about onc fourth of the screen. The ott-screen part of the frame buf-
fer can be used tor storing images for quick recall. Figure 7.1 shows
a diagram of the Athena visual workstation.

Using the digitzed approach to video in the workstation ofters
significant advantages over the analog approach used in carlier sys-
tems because of the additional tlexibility. Once the image has been
digitized it can be stored and retrieved from any digital storage de-
vice. Single images can be taken trom the video stream and displayed
elsewhere on the screen or stored for later use. The Parallax boards
also provided a high performance graphics processor, but relatively
little use was made of this hardware.

Figure 7.1 Athena visual workstation diagram.

Display
1280 x 1024 Video disk player
WORM drive Tuner
Processor
4-way ANV switch

Parallax
board set

Keyboard Mouse

Speaker



154 THE ATHENA MULTIMEDIA WORKSTATION PROJECT

Athena developed software to present this digitized video in an
X.11 window. The video window can be translated, scaled, and
clipped as can any other X window. The system currently allows
one window of full-motion digital video, but hundreds of windows
can be created containing still images “grabbed” from the video
source. The image facility can support sophisticated multi-image dis-
plays of a visual database.

Any NTSC video source can be used, but most applications uti-
lize an optical video disk player with 12-inch media to obtain inter-
activity. Other sources used include cable TV, a vidco tape recorder,
and a video camera. Extensive use is made of an analog writc-once
optical disk in conjunction with the visual workstation. The write-
once disk uses 8-inch media and can hold 24,000 still frames or 13
minutes of motion video. It can also hold two channels of audio.
This device 1s used to prototype applications that will ultimately be
mastered on the 12-inch media and has about one fourth of the 12-
inch media capacity. The fact that the write-once media can be writ-
ten on-line is a significant advantage.

Source material comes from many places. Consumer-quality
VHS camcorders are used to record meetings. interviews, and pre-
sentations at negligible cost. A 35-mm camera 1s used to capture im-
ages of documents, illustrations, overheads, and photographs, which
then can be moved to the writc-once optical disk and made imme-
diately available on the workstation.

MUSE
One of the major problems that emerged in Athena was the lack of
adequate tools for development of instructional software. Although
some people anticipated this problem from the outset, its magnitude
proved to be much larger than most realized. The only develop-
mental tools available were those that system software developers
used: Unix and C. Although these tools were very powerful (i.e.,
primitive), the development of instructional software using them
was extremely time-consuming and required a high degree of skill.
The resulting cost was not acceptable to many faculty members.
Various developmental systems were evaluated, but nonc was suit-
able. Although it became evident that there was nothing particularly
unique about requirements for developmental environments for in-
structional software, still nothing was found. All of the develop-
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mental problems experienced were magnified on the visual worksta-
tion with its interactive video and image capability.

The Authoring Environment

After an extensive survey of existing and planned authoring systems,
the VCG initiated design of an “authoring environment™ called
ATHENA MUSE (hereatter. called MUSE) that would meet the
needs of the MIT instructional software developers. The dozen or so
vidco and image applications already in development had special
priority, but others expressed interest in more general applications.
Initiated in mid-1987 by Matt Hodges and Russell Sasnet, this proj-
cct developed a prototype during the following year. The objective
of MUSE is to substantially reduce the time and skill level needed to
support the development of instructional software systems, espe-
cially those involving interactive video.

MUSE provides support for the creation of applications includ-
ing text, image, graphics, video. and sound using an “clectronic doc-
ument” metaphor. It supports (at least) three different pedagogical
approaches [Hodges 89|:

® interactive prescntations;
®  simulation; and
m reference facilities.

MIT heavily based 1ts pedagogical approach on exposition and
simulation. The exposition, cither lincar or branching, torms the ba-
sis for explaimning the physical world to the student. Simulations al-
low the student to set up and control experiments quickly, with the
power ot the computer handling mput and output intormation
quickly. It also allows the students to test various trial situations
quickly, mexpensively, and safely. Reterence tacihties make large
amounts of information, especially graphic or image, available
quickly and inexpensively. Initial work is in process to provide
embedded tools that allow the student to combine and integrate these
resources into a single electronic document.

Functionality

The design of MUSE started with the human mtertace, and pro-
ceeded to lower levels of abstraction. In order to maximize existing
functionality of available software, MUSE is layered on the X
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Window System and the X Toolkit. Figure 7.2 shows a schematic
diagram of MUSE.

The screen layout and semantics of active objects of human in-
terface are detined by a text file called an Object Script, created by the
human interface designer. This file also links the active objects to the
appropriate procedures and/or data structures. MUSE supports the
object-oriented paradigm of combined procedures and data. A

Figure 7.2 MUSE schematic diagram.
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MUSE data model may include multiple media forms and link the
various media forms mto a compound clectronic document. MUSE
also supports a limited set of editors for creating objects which in-
clude the various torms of media. Hypertext and hypermedia struc-
tures are supported as subsets of the object-oriented capability.

One of the major problems in developing multimedia authoring
environments is that of representing relationships among the media.
Atter considerable study, the MUSE developers decided that four
distinct methods of representing relationships were required:

directed graphs;

multidimensional spatial frameworks;
declarative constraints; and
procedural languages.

These four representational approaches are integrated so that an ap-
plication developer can use any or all of them.

Directed graphs arc used in two ways: to cstablish linkages
among scts of multimedia documents (which may contain text,
vidco, audio, and/or image) and to control the flow of control for
user navigation. The Intermedia project at Brown University
[Yankclovitch 88] cstablished the value of nonlincar navigation
through clectronic documents, using the concept of hypertext and
hypermedia. The hypermedia model of navigation is supported in
MUSE as a subsct of directed graph control.

The representation of multidimensional information is an impor-
tant mechanism in MUSE. The dimensions are abstract and can rep-
resent any changing independent variable, including space and time.
In the one-dimensional case, an abstract scale of dimension can be
created (c.g., cither time or space). Other variables may then be
slaved to the independent dimension. For example, both video and
text may be slaved to time in order to synchronize text to video. The
number of dependent variables that can be linked to the independent
variable 1s not limited, so a graphics object, such as a scroll bar, may
be linked as well and synchronized to both the text and video.

In the two-dimensional case, images and video can be conve-
niently manipulated (for example, to perform pan and zoom). Be-
causc MUSE defines the image in a virtual space, it can automatically
scale and translate the image appropriate to the user mput. Text,
graphics, and interface control mechanisms may be added as anno-
tations as desired. Dimensionality beyond two can be supported:
MUSE does not limit the number ot dimensions that mav be created.
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Declarative constraints can imposc relationships on variables. In
MUSE, only two-way equality constraints can be imposed. The
two-way constraint can be very useful, allowing, for example, the
user to “grab™ a scroll bar and drag it forward or backward to control
the dimensions, such as video or text subtitles, linked to it.

MUSE is designed to minimize the use of procedural code, the
use of which, however, is unavoidable at times. Therefore MUSE
designers developed an interpreted language called Event Script. This
language allows the developer to create and attach special purpose
behaviors to display elements. The language is a simplified object-
oriented system used to create event handlers for human interfaces,
somewhat similar to Hypertalk.

Sample Capabilities

MUSE’s tunctionality gives rise to several useful paradigms tor or-
ganizing and presenting information. For example, synchromzation
of dimensions allows a scroll bar (graphical object) to be synchro-
nized with live video. The scroll bar is useful in showing the frac-
tional amount ot a video segment that has been played. Because the
video may be defined as slaved to the scroll bar, the user can “grab”
the scroll bar with the mouse (assuming that it 1s suitably detined)
and drag the scroll bar to a new location, and the video will also go
to the new location (in time) automatically. If text were also slaved
to the scroll bar, it would be dragged to the new location in time
and would retain synchronization with the video. Similarly,
a mouse-sensitive video control pancl can be created with the de-
sired user controls, say, play, stop, rewind, and double-spced but-
tons. With controls such as these, the user can solve an important
problem in clectronic documents, namely, moving through them
casily.

A second and more serious problem is locating information in an
clectronic document. By its very nature, video information is diffi-
cult to scarch, because there is no concise way to represent objects in
an image in symbolic form. Thus video cannot be searched for
matches in the same way that databases or files can be searched. The
preferred solution to this problem in MUSE is to use time as an
independent dimension and slave other variables to it. Searches can
now be carried out on other dimensions, such as text. Alternatively,
the video can be annotated with text or numeric markers to assist in
scarching. In any event, moving the time line will cause all depen-
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dent media streams to move mn synchronization with it and with cach
other.

Human Interface Benefits

Based on experience so far with the multimedia workstation, the
following human interface benetits have emerged.

m  Combines visual, spoken, and written language. These diverse forms
of language have very different communication characteristics,
and cach has advantages in certain circumstances. They can also
be etfectively used in combination to improve speed or intelli-
gibility.

m  Uses the expressive power of video. Certain kinds of information,
primarily spatial or temporal, can be presented by video more
cttectively than by any other means. Video is also very ettective
at including context information along with the main message.
The video medium is also valuable in that 1t can be speeded up,
slowed down. or used with freeze trames.

m  Speeds generation. Video can be generated far faster than highly
encoded communication such as text. This capability 1s very im-
portant where the time value of information 1s high.

®  Improves access. Currently, access and playback of video are
slower than with text. A stream of video, or even a single image,
cannot be scarched for a pattern as text can. MUSE provides a
partial solution to this problem by synchronizing text and video
so that indexing and text search techniques can be used with an-
notated video.

m  Provides a more powerful technique to insert geometric tags. Usc of
tags, such as points and bounding polvgons overlaid on the im-
age, allows utilization of the search techniques from graphics to
be used nan image and video environment. Again. technology
will likely provide the solution in the form of powertul image
processing capability.

Current Status and Future Plans

A cluster ot 12 multimedia workstations has been mstalled and s
available for public access. It is being used by several taculty appli-
cation devcelopers and rescarchers and for course delivery.
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Project Athena has also been involved in a joint proposal to create
a collection image system for the Native American Collections at the
National Muscum of Natural History at the Smithsonian Institution
in Washington, 12.C. This project (MITSI) will ininally provide vi-
sual workstation support for curators and researchers using the
Southwest Collections. Other prototypes involving curatorial and
cxhibition support are “Man Ray’s Paris 1921-39,” “Seeds of
Change,” “Flight of the Daedalus,” “History ot Technology,”™ “As-
pects of Visualization,” and “Coastal Ecology.”

The Visual Computing Group also works with MIT’s Center for
Space Research Man Vehicle Laboratory “telescience™ experiments.
By adapting the visual workstation to receive digital data, voice, and
live satellite video links to the Kennedy Space Center, faculty and
students will be able to monitor real nme experiments anticipating
the use of the multimedia workstation as a NASA system link to the
Spacelab and Space Shuttle.

Other areas of interest include the use of image capture and stor-
age devices, such as Write Once Read Many (WORM) opucal media,
CD-ROM databases, digital video camera mput, networkig of dig-
ital imagery, “jukebox™ (video disk, WORM, and CH-ROM) deliv-
ery systems, digital imagery file systems, digital audio, and high-
resolution graphics. Research is also under way to create a smaller,
lower cost platform for the visual workstation.
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EIGHT

Workstations in
Student Housing

Part ot the original plan to make Athena access casily available was
to deploy workstations in most or all student housing facilitics, such
as dormitories, traternities, sororities, and independent student resi-
dences. To date workstations have been placed in five such facilities.
This description of that process and its results draws on a report
commussioned by the MIT Project Athena study group. The study
was managed by the Dean tor Undergraduate Education and written
by Gregory Jackson ot MIT [Jackson 87, 88]. Material from the
Athena specitications tor hving group mstallations [Erickson 87] also
is used.

At first Athena provided only dial-up access to users that were
ott campus. Thus the beneiits of workstations were not available to
these users. Early in 1985, Athena developed guidelines and sohicited
proposals from the 39 student living groups at MIT for mstallation
of Athena workstations, which would provide for greater student
access to workstations. Athena ottered to provide workstations, net-
work conncections, operating systems, and maintenance, it the living
groups would provide space, power, and an orgamizational structure
meeting Athena requirements.

This request for proposal generated considerable controversy.
Somic groups were concerned that thosce that got workstations would
have an unfair advantage in attracting students. Others were con-
cerned that workstations would upset the balance between dormi-
torics and fraternities. Nevertheless, about half of the student living
groups submitted proposals.
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Groups had the option of installing workstations in a common
arca (called a “cluster™) or putung them in the bedrooms (called the
“intensive” installation). Generally, the physical arrangement of the
building strongly encouraged one or the other of these options.
(Other campuses make extensive use of living-group workstation
access tor education. Dartmouth’s approach, tor example. is to have
a network access port “for every pillow.” Dartmouth primarily uscs
personal computers purchased by students tor educational comput-
ing.)

On-campus living groups were to receive direct access to the net-
work with tull performance. called an “on-campus™ link. Thosc that
were too far away for an on-campus line were to receive 14.4 Kb/
sec access, called the “remote” link. In order to provide good re-
sponse time, the remote sites were also to receive their own file serv-
ers and local network. In all cases, at least two printers were to be
provided with the workstations. The servers provided to remote lo-
cations were to be adequate for them to operate in a stand-alone
mode. The 14.4 kb/sec link was to provide a “trickle-path” between
their net and the rest of the campus net. Workstavion mstallation was
to be funded by a special grant from the Provost’s oftice.

The request for proposal guidelines also called for cach living
group to create an Athena committee of at least 3—4 people. One of
the committee members was to be designated as the hiving group’s
contact person for Athena. Similarly, Athena was to designate a per-
son as the contact with cach living group. Another person from the
living group, to be designated “cluster manager,” would be a tech-
nical expert on running the system. The living-group committee was
to be responsible for all contacts with Athena, as well as enforcing
house rules regarding cleaning and security.

Upon system installation, the cluster manager was to be in reg-
ular contact with the Athena operations group (through its desig-
nated droog) and the Athena svstems development organization. The
cluster manager also was to be responsible for installing new cle-
ments released and notitfying Athena of any system customization.

The following environmental specifications were established:

Space 28 square feet per workstation

Table 3 feet by 4 teet

Power 7 amps per workstation and 5 amps per printer
Phone A phone must be in the cluster

Air-conditioning 1500 BTU per workstation or 3000 BTU per server
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Carpet Should be antistatic

Windows Must be closed to minimize dust

Cleanliness Room must be dusted and vacuumed once a week

Security Room must be lockable

Liability Individual and/or living group is liable for breakage, loss,
and theft

Accidents Covered by field service contract and Institute insurance

Access Must be available to tield service personnel on a reasonable
basis.

The proposals were to be evaluated initially with respect to ade-
quacy in mecting basic Athena requirements. Those mecting these
basic requirements (the “short list”) were then to be evaluated on the
proposcd set ot applications and general creativity. Because the resi-
dences at MIT have strong individual cultures, various reactions to
the type of workstation installation were expected. Thus an attempt
was made to get some diversity in kecping with the concept of the
installations as an experiment.

Proposals were due in December 1985. Ultimately, 19 living
groups submitted proposals, and five of them were selected to re-
ceive equipment:

Delta Upsilon, a fraternity (cluster, off-campus link);

pika, an independent living group (cluster, on-campus link);
Theta Delta Chi, a fraternity (intensive, on-campus link);
Zcta Beta Tau, a fraternity (cluster, off-campus link); and
500 Memorial Drive, a dormitory (cluster, on-campus link).

Theta Delta Chi and 500 Memoral Drive are on the MIT campus m
Cambridge. The pika residence 1s in Cambridgeport, about one mile
west of the campus. Delta Upsilon 1s in Boston, immediately across
the Charles River from the campus. Zeta Beta Tau, also across the
Charles River but in Brookline, about 2.5 miles from campus, 1s
MIT’s most distant living group.

The Athena staft originally planned to prepare space and install
the systems in the summer of 1986. However, many delays in space
preparation, network installation, software, and hardware delivery
occurred, which were relatively frustrating to all partics. The delays
created some negative attitudes on the part of the living groups. be-
cause they had put considerable time and encergy into developing the
proposals and because a high level of expectation had been built up
about getting the “advanced technology.”
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Workstations were installed in May 1987 (nine months late) in
Theta Delta Chi, 500 Memorial Drive, and Zeta Beta Tau. Worksta-
nons were nstalled in pika and Delta Upsilon in December 1987, or
about 15 months later than expected.

The living-group contact person was put on appropriatc mailing
lists. The contact 1s responsible for attending periodic meetings, cre-
ating mailing lists for the hving group, and disseminating informa-
tion trom Athena to the living group. The contact is the “keeper of
the keys,” if there 1s a cluster installation, and is responsible for ar-
ranging tor access to cquipment by maintenance personnel. The con-
tact 15 also responsible tor maintaining supplics ot expendibles such
as documentation, paper, and toner.

Athena’s Impact on Living-Group Life
At MIT cach living group has a distinct identity, and lifestyles vary
widely among them. Thus the response to Athena has varied consid-
crably among the living groups that have received workstations.

Local modifications to make the system conform to the desires
of the group were made sometimes. Although such modifications
probably did improve usability ot the system, they also caused many
problems for installation of newer versions of system software.

The workstation clusters often became locations of social inter-
action. The new technology was a favorite topic of conversation,
including how to use it and how to deteat its imitations. The clusters
also attracted house “alumni” as well, who would return to sec how
the workstations were being used and would stay to talk mn general.

Jackson summarized Athena’s impact on hving-group hte in the
following ways.

®  Residence as academic environment. The workstations appeared to
bridge the gap between academic life and residential life.

®  Athena as an integrator. Athena seems to promote social integra-
tion of the members of the living group.

®  Group cost versus individual benefits. The living group incurred the
cost of installing the workstations, but the benefits went to spe-
cific individuals who made use of the system.

®  Cultural variations. Tailored approaches unique to cach group arc
required for success.
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Let’s take a brief look at the system’s impact on the living groups
that received the last three installations and then at the general ex-
perience with the system.

Theta Delta Chi

Theta Delta Chi fraternity has about 40 malec members. The mem-
bers arc generally regarded as “well rounded,” not, for example, as
computer hackers. The rooms are largely doubles and triples. Work-
stations were installed in about 30 bedrooms, requiring that a cable
be run to each of those rooms. In addition, three workstations were
placed in the fourth floor library. Two printers were also installed.
The system was connected to the campus spine and had full access
to network services. Training was largely informal. Documentation
played a minor role in training because it was often out of date. By
the fall of 1987 the workstations had become a part of normal life,
and they got considerable use.

The living-group workstations made course-related computing
much more accessible than before, when members had to go to pub-
lic clusters. Several individuals reached levels of workstation com-
petence that they otherwise would not have attained. The younger
members tended to take the workstations more tor granted than did
the older members. The planning and mstallation process generated
considerable social interaction among house members, but overall
impact on academic performance was modest.

500 Memorial Drive

This dormitory is the farthest from the academic buildings. It re-
ceived a cluster ot cight workstations tor 390 student residents. Most
rooms are doubles. Many delavs occurred in mstallavion, primarily
for air-conditioning and nctworking. The cluster became operational
in the fall of 1987. As demand for workstation access greatly ex-
ceeded supply, a signup system was installed. Documentation was
largely inadequate, and most training was by word ot mouth or pro-
vided by one of the house hackers.

The system was heavily used by a few individuals, and some
never used it. Those who used the system appreciated its conve-
nience. Academic impact was modest but positive. The inadequate
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number ot workstations tor the building population led to consid-
erable frustration.

pika

Seven workstations, two file servers, and a laser printer arrived late
in the fall of 1986. As with the others, long delays in installation
generated considerable frustration. However, atter installation, most
residents came to use the workstations cttectively. The workstation
room became a kind of academic common space.

The pikans chose the basement cluster approach rather than the
mtensive approach to avoid the possibility that freshmen would pick
pika for its computer access rather than for the people who lived
there. A strong motivation for accepting the computers was the
saving of the 20-minute walk to campus. This benefit was greatly
appreciated.

General Experience

At the beginning of the cxperiment, considerable controversy de-
veloped over whether Athena would act as an integrator of residen-
tial ite with academic lite. Some students wanted mcreased integra-
tion, but others wanted to preserve a separation between residential
life and academic life, perhaps as a shicld against the pressure of
coursework.

Jackson reports that the workstation clusters did in fact increase
the integration of residential life and academic life and that it was
generally viewed as positive. Members are now able to do work at
the residence that would have required a trip to a campus worksta-
tion cluster. As a result, residents gained more workstation access
and computing literacy. Few complained about academic encroach-
ment on the residence refuge.

Workstation benefits were not evenly distributed among resi-
dents. The tew who became heavily involved benetited signiticantly,
especially those who acted as system managers or operators. Many
benefited to some extent, and those who chose not to become in-
volved received no benefits.

The acquisition and presence of workstations increased interac-
tion among residents—initially in the planning and installation phasc



FUTURE PLANS 169

and later n using the workstations. The increased interaction was
technical, academic, and social.

In those residences that installed clusters—and where there was a
ratio of no more than five students per workstation—the impact
scems to have been quite tavorable. The workstation room emerged
as a focus of informal academic interaction among students. At 500
Memorial Drive, the ratie of 45 students per workstation, among
other factors, scems to allow littie ttme for sharing experiences with
other students. The signup system also restricted casual interaction
among students. At Theta Delta Chi, the intensive installation model
encouraged virtually all students to become involved with the work-
stations. The miual frustration at delays in getting the workstations
faded when the systems were received.

The final score card reported by Jackson for the five installa-
tions 1s

Theta Delta Chi—highly effective;
pika—generally effective;

Delta Upsilon—gencrally eftective;

Zcta Beta Tau—gencrally effective; and
500 Memorial Drive—generally ineftective.

The cluster model appears to be more successful than the inten-
sive model primarily because of the mncreased interaction among res-
idents in several ways. Most of the residents at all five sites reported
some beneticial workstation experience. Jackson concluded that the
kev factors to success in utilizing workstations in a living-group cn-
vironment are reasonable access to the workstations and some degree
of commitment of members to use that access.

Future Plans

Although as late as July 1987 the plan was sull to provide worksta-
tions to all student housing tacilitics, further installations were put
on hold. Athena management decided to evaluate more tully the re-
sults of the first five installations before continuing. Wath the new
campuswide twisted pair cable in place, planning tor additional hv-
ing-group installations resumed in the spring of 1989. Howcver,
nonc has been made, partly because of the considerable logistics
problems and cost.
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One of the major lessons learned from the living-group installa-
tions is that the effort required to plan, deploy, and maintain work-
stations 1n a student housing area is much greater than that required
to provide the same services in classrooms. Moreover, off-campus
locations require extra technical work and expenditures to configure
a stand-alone system and the remote network connection.



NINE

Finance and
Organization

In this chapter we describe the finance and organization of Athena.
Financing was crucial to inmtiation of the project—and to its contin-
uation. Later, organization was the key to its eventual success.

Finance

The mmnial estimate of the cost of development and installation of the
Athena system was 870 million. Athena’s supporters believed that
this tunding level would carry the project through five years ot de-
velopment to completion. The plan was then to integrate the system
and support into MIT’s normal administrative structure. Each ot the
two major sponsors, Digital and IBM, commutted about $25 nullion
in cquipment, personnel, maintenance, and cash. In addinon to the
$50 million from the two primary sponsors, MI'T agreed to raise $20
million from other sources. A list of these other sources is given in
Appendix V.

At the end of five years, the project was far from complete. Sys-
tem development was only approaching completion, and instruc-
tional software development was still under way. However, the sys-
tem appeared to be close to living up to expectations, and the
sponsors had benetited signiticantly. Therctore both ot the sponsors
and MIT agreed to a three-vear funding extension. Support annually
by the sponsors would be approximately the same as tor the tirst five
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years, bringing the total amount of support for the project from all
sources including MIT to over $100 million for the eight years of
development.

MIT realized prior to the start of the project that development of
instructional software required a major cffort. Very little instruc-
tional software existed at the start of the project, and little of what
existed was based on workstations and Unix. The bulk of the in-
structional software had been written for personal computers or
character-oriented time-sharing. Thercfore MIT made $8.5 million
available to the faculty to develop instructional software.

In some cases, the sponsors contributed additional moncey to the
project. As the success of the project became known throughout the
academic community, the project began to have many visitors.
Throughout the extension period, 4 to 8 groups per week, averaging
3000—-4000 visitors per year, visited the project. Because about one
third ot the visiting groups were Digital customers or employees,
Digital contributed half the cost of a person to organize visits and
make presentations. The other half of the funding tor this position
was provided by the MIT Industrial Liaison Program.

Resource Allocation

Because of the strategic importance of the Athena project in setting
the model for campus computing for the next generation of sys-
tems, funding the project adequately was vital. This one-time funding
of a leadership project could then be followed by deployment of the
system to other institutions to assist them in using this technol-
ogy. However, the scale of the Athena tunding would not have to
be repeated.

Digital provided a significant portion of the budget in the form
of a grant that included hardware, software, cquipment mamtenance,
and on-site services. These services were provided by software en-
gincers who assisted in the development of the Athena system and
application software.

The Digital hardware grant funds were allocated as follows:

File servers and peripherals 42 percent
Workstations 34 percent
Minicomputers 8 percent
Terminals 7 percent

Communications 4 percent
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Printers 3 percent

Miscellaneous 2 percent

Although this allocation is reasonably accurate for the entire project.
it 1s somewhat distorted by the acquisition of the initial time-sharing
system. Later in the project, a rule of thumb was established that
every dollar spent on workstations required about $0.80 to be spent
in support equipment, including file servers, print servers, and
communications.

Organization

The organization of Athena involved establishing and maintaining
the following groups.

®  Athcna project staff: to carry out development and deployment.

®  Athcna Executive Committece: to set overall policy and provide
oversight.

®  Resource allocation committees: to fund pedagogical projects.

Athena Study Committee: to evaluate project results.

s Athena Users and Developers Group: to improve communica-
tion between the project and the users and developers about new
system capabilities.

®  Athena sponsors: to ensure their full participation.

Although cach group had its own mission, they interacted to a con-
siderable extent.

Project Staff

When Athena began, two alternatives existed for its placement in the
MIT organization. One alternative was to make it part of the Infor-
mation Systems Department, and the other was to make it an inde-
pendent project. The Information Systems Department alrcady
existed on campus and reported to Vice President James Bruce. This
department was responsible for all administrative computing and
central time-sharing services. It also was responsible for all campus
communications systems, including the telephone system and local
arca networks. Morcover, at that time the department was absorbed
in integrating several formerly independent computing svstems.
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However, the characteristics envisioned for Athena were unique
and did not fit neatly into any existing MIT organizational frame-
work. That is,

s nontraditional skills were required in Unix, C, workstations,
graphics, and distributed computing;

s large cquipment donations from the sponsors had to be kept sep-
arate from other computing operations;

m  the project was temporary;

m  the time scale of the project was relatively short compared to the
size of the task to be done, requiring the ability to use expedited
procedures; and

m  the project was so large that it could benefit from being a separate
organization.

These characteristics led to Athena’s establishment as an indepen-
dent project. Steve Lerman ot the MIT Civil Engineering Depart-
ment was appointed Project Director. His first task was to develop
an organization. The Dean of Engincering had overall responsibility
for the project and in turn was responsible to the Provost.

The inital project organization was tairly conventional, although
the developmental aspects of the task, which were high priority at
the time, were emphasized. The mninal organization included a tech-
nical committee to design the system. This committee was adequate
for the time-sharing system design but proved to be inadequate for
the workstation system design. Theretore, 18 months into the proj-
ect, a Technical Director was appointed to be responsible for the
technical integrity of the system. The carly organization also in-
cluded a Manager of Systems Development.

When the project matured, emphasis shifted to operations. An
Executive Director was appointed to handle day-to-day internal
opcrations, while the Project Director handled strategic issues and
external relations. Software development was merged with opcera-
tions. Figure 9.1 shows the current organization, with its empha-
sis on operations and maintenance, which is quite difterent trom the
initial organization and its emphasis on design and development.

An carly decision was made not to develop a separate Athena
networking capability but, instcad, to purchase those services from
the existing campus Telecommunications Department. To cnsure
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close cooperation between that department and Athena, networking
personnel were colocated with Athena project personnel.

The MIT Athena staff increased in size over the life of the proj-
cct, eventually reaching its current size: a total of about 85 full-time
cquivalent MIT people. In addition, cach sponsor provided up to five
software engineers on site. MIT retained veto power over sponsor
personnel assigned to the project in order to maintain appropriate
standards.

The Digital and IBM software enginceers were assigned to MIT
supervisors and were treated exactly the same as MIT personnel.
Each sponsor also provided an on-site manager, who was responsible
for meeting the stafting commitments for that company, for making
surc that the appropriate contracts and other legal matters were taken
carc of, and for ensuring that technology transter took place in both
directions. The sponsor managers also assisted in sclecting the ap-
propriate products from the parent company and in making surc that
orders were processed properly. In some cases the managers had
strong technical skills and made significant technical contributions to
the project.

All personnel from the sponsor companies arc given appoint-
ments as Visiting Scientists or Visiting Engincers at MIT. In ad-
dition, the managers from the sponsoring companies are given
appointments as Associate Directors. They participate in the day-
to-day management ot the project, along with the Project Director,
Executive Director, and Manager of Operations. The MIT Vice
President of Information Systems also participates in the day-to-day
management ot the project. He 1s able to bring campus MIS expertise
to the project, and is able to coordinate Athena with other MIS ac-
tivity on campus.

Ininially there had been apprehension about comingling person-
nel from two competitors on a single team. In practice, there was
never the slightest indication of competition or triction between per-
sonnel of the two sponsors. Indeed, 1t was ditticult or impossible to
tell which individual belonged to which company, as they all had the
same objectives. These individuals approached their work objec-
tively, and it was not unusual for a person to argue against the best
competitive interests of his or her company and tor the best interests
of the project. (In this regard, the Athena experience is the same as
that of the Microclectronics and Computer Technology Corporation
(MCC) where members of competing companies often worked on
the same technical teams.)
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Athena Executive Committee

A high-level group was needed to establish project objectives from
the MIT standpoint, generally oversce staft operations, set policy,
represent the system users, and act as a board of directors. The
Athena Executive Committee, chaired by the Dern of Engineering,
was cstablished to meet these needs. Although the membership
changed from time to time, it generally included the

Decan of Engineering;

Director of Athena;

Executive Director of Athena;

Associate Director of Athena/IBM;

Associate Director of Athena/Digital;

Dean of Undergraduate Education;

Dean of Humanities and Social Sciences;

Vice President of Information Systems;

Department Chairman ot Electrical Engineering and Computer
Science;

Director of the Laboratory for Computer Science;
chairpersons of the resource allocation committees (2); and
m  scveral faculty members on a rotating basis.

The Executive Committee meets approximately quarterly. It
usually recetves a status and plans report from the Director ot Athena
and then considers other business brought it.

Resource Allocation Committees

In order to allocate the funds for instructional software, two resource
allocation committees were established, one tor Digital cquipment
tor the School of Enginecring and one for IBM cquipment tor the
other schools. The two committees had similar functions but oper-
ated somewhat differently.

Initially, the participants felt that partitioning the campus be-
tween the two sponsors was important. Later, it became evident that
separation was not needed, and equipment from the two sponsors
was comingled to a large cxtent.

Procedures were established for faculty members to submit pro-
posals to obuain tunds and cquipment tor the development ot mstruc-
tional software. The proposals were to present the scope and benetits
of the intended instructional development, the amount ot tunds



178

FINANCE AND ORGANIZATION

needed, and the types and amount of hardware required. The funds
supported faculty release time for the developmental effort, and stu-
dents and professional staff to perform the programming.

The chairman of the Digital Resource Allocation Committec was
selected from the faculty of the School of Engineering, as were the
members. The Digital manager at Athena was a member of this
committee. The chairman and members of the IBM Resource Allo-
cation Committee were selected from other schools. The IBM man-
ager at Athena was a member of this committee.

Project Athena Study Group

One of Athena’s initial objectives was to provide information to sup-
port a decision on the MIT approach to educational computing atter
Athcna. In order to provide a faculty evaluation of the project, the
Project Athena Study Group was established during the summer of
1985. The group was chaired by Professor Jean DeMonchaux, Dean
of Architecture and Planning. Membership was drawn from the fac-
ulty and Athena management. Funding was provided by the MIT
Provost for a number of evaluation studies.

Athena Users and Developers Group

For the project, 1987 was a very hectic year. In order to obtain the
functionality required, much of the new system’s software had to be
developed. At the same time, a large number of applications devel-
opers and system users were using it in a production environment
and needed a stable interface. These two modes of use conflicted
dircctly with cach other, and the more the system developers im-
proved the system, the more the interfaces changed, making existing
software inoperable.

In order to resolve this conflict, at least to some extent, an infor-
mal group was created, called the “Athena Users and Developers
Group.” It held a scries of mectings to inform users and developers
of upcoming changes to the systems. With this information thosc
affected could prepare for the changes. Morcover, they could com-
ment on the relative value of changes compared to the cost in terms
of additional application maintenance effort. The mectings werce
largely successful in resolving conflicts during the critical period un-
til the system stabilized in 1988.
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Faculty Registration and Deployment

All students are cligible for Athena accounts as a matter of policy.
Any faculty member may register as an Athena user by calling the
Athena Faculty Liaison office, followed by a registration session at a
workstation. In addition, it a faculty member waits to set up a class
locker for delivery of homework sets, programs, data, or what-
cever, a call to that same office can obtain a disk storage locker for
that purposc. A project that involves development of new soft-
ware usually receives a separate allocation of storage space for that
development.

Many faculty members have also found it uscful to request that
their departments pay the cost of installation and network fees for
an Athcena-granted workstation for themselves or their tcaching as-
sistants. Such installations are subject to equipment and network
availability. Proposing creation of a departmental facility may en-
counter fewer obstacles and lower total cost than proposing instal-
lation of several isolated workstations.

Restrictions on Use

By contract and by policy, Athena facilities are for educational use.
As with most MIT policies, that policy is broadly interpreted. Stu-
dents are encouraged to make usc of the facilities in both curricular
and cxtracurricular applications, within the general guidelines of a
statement of “Principles of Responsible Use,” which is posted at
public workstation clusters and on-line. This document is repro-
duced in its entirety in Appendix IV. Faculty users are expected to
follow the same general guidelines and to respect the boundary be-
tween tcaching applications and research, administrative, and per-
sonal applications. Finally, faculty members are made aware that the
security of the Athena network storage facilities is not adequate to
maintain privacy of sensitive information, such as class grades and
letters of recommendation.

Contracts
Two sceparate contractual arrangements were made in support ot the
project. One agreement was between Digital and MIT, and the other
agreement was between IBM and MIT. This arrangement avorded
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the problem ot having IBM and Digital contractually obligated to
cach other. The two agreements were based on similar principles but
ditfered in detail, with each reflecting the interests of the contracting
parties.

The agreement between Digital and MIT was split into two scp-
arate contracts. One contract covered the donation of equipment,
software, maintenance, and on-site manpower. This was an outright
donation, with nothing requested in return. The other contract cov-
cred the cash donation. In this case, Digital reccived certain nonex-
clusive rights to software developed at Athena. The IBM agreement
was structured as a single contract, consisting of a donation.

MIT retains ownership of all intellectual property developed by
Athena. However, because the primary objective of Athena is the
improvement of higher education, all system software developed
with Athena funding is made available to the public for a nominal
media charge or at no cost, provided that the MIT copyright notice
1s retained. The X Window System Consortium has implemented
this same policy.

The nature of the contractual arrangements between MIT and the
two sponsors was crucial to the success of the project, in large mea-
sure because of the early decision that MIT would own all intellectual
property developed by the project. Such ownership made 1t clear to
the sponsors’ employees on site that they were really working on an
MIT project. This decision led in large measure to the climmation of
corporate friction. This decision also allowed MIT to make the soft-
ware generally available on extremely tavorable licensing terms
without consulting the sponsors’ lawyers. As a result, developments
such as the X Window System, X Toolkit, and Kerberos had a sub-
stantial advantage in the marketplace compared to competitive pro-
prictary developments. This advantage ultimately benefited all par-
ticipants in the form of industry acceptance and software portability.

System Cost

The original objective for the total steady-state cost of Athena, in-
cluding operations, depreciation, workstation purchase (by the stu-
dent), and maintenance was set at 2 maximum of 10 percent of tui-
tion. Although sclected somewhat arbitrarily, this cost was believed
to be the maximum affordable by the students. Tuition at MIT 1is
presently about $15,000 per year, or 860,000 over four years, and 10
percent of this total would be $6000.
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An economic model of the project was developed in 1987, in
which the best allocation of funds seemed to be about half this
amount for the purchase ot a personal workstation and about halt tor
support of the infrastructure, including statt, depreciation of Insti-
tute-owned equipment, maintenance, and software. Thus worksta-
tion purchase would be 5 percent of tuition and all other costs would
be 5 percent of tuition.

The initial startup of Athena is now over, and the annual cost is
about $3.5 million, or about $400 per student. Ot this amount, $2.5
million goes for operations and $1 million goes tor development.
Not mcluded mn this amount is overhead, equipment depreciation,
and free mamtenance provided by the sponsors. The total annual cost
of the project on an ongoing basis 1s estimated at $6 million to $8
million, not including private workstation purchase but includ-
ing public workstation and server depreciation. This amount is
about 5 percent of tuition. Project costs based on current experi-
ences are theretore meeting the original objective for itrastructure
cost.

Purchase of a workstation mecting the MIT specifications for
$3000 1s not now possible, as indicated by the cconomic model. Re-
cent product developments have used technological improvements
to obtain higher performance rather than to lower cost. However, a
workstation meeting the MIT requirements should not be much
morce expensive than a personal computer. Personal computers may
be purchased for less than $2000, so 1t 1s possible that workstations
meeting the MIT objective could be available for under $3000 in the
near future (assuming an educational discount of 40 percent to 50
percent).

Economic Model

Steven Lerman developed the following cconomic modcl (updated
with more recent information) to approximate the steady-state
Athena costs to the user. All cost estimates arc in constant 1990
dollars.

Capital Cost per Workstation

Basic workstation $3000 Includes monochrome hardware and one
nctwork interface, system software, and
documentation

Sales cost 300 10%
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Annual Cost per User

Maintenance contract $200

Network connect 200 Operating cost only

Support 250 Includes training, consulting, software updates,
and servers

Printing 25 Cost per page $0.05

Backup tbd Cost recovery

The assumed workstation cost of $3000 is the cost to the insti-
tution for 1000 units. The sales cost of 10 percent represents the
markup of the campus computer store. As with textbooks, most of
the purchases will be made in September, and the organization must
be prepared to cope with this highly peaked activity.

Cost to Institution

The cost of providing the educational computing service at an insti-
tution will vary widely, depending on the type of service provided,
the distribution of costs, and the local cost rates. The tollowing s an
approximation of the costs projected at MIT for the service just de-
scribed on a per user per year basis in 1990 dollars. The costs assume
that there are about 10,000 users and are not necessarily lincar for
much smaller or much larger user populations. These costs are ap-
proximate and will vary significantly by institution.

Networking labor $ 60
Operations labor 80 Includes hotline support
System software 70
User services 60 Includes training, documentation, consulting
Administration _ 50
$320 Per user per year, or $3.2 million per ycar for

10,000 users

The Athena experience is that an Ethernet network drop averages
about $1000. The cost of installing an Institutc-owned workstation
has averaged $2000-$2500), including renovation of space, turniture,
light, power, security cquipment, and labor. This cost is dropping
substantially as the size of the network has increased and as worksta-
tion power consumption has decreased.

These costs do not include the capital or maintenance costs of the
servers or network. As a first approximation, these capital costs will
be somewhat larger than the workstation hardware cost.
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Assessment

Assessment of a project such as Athena is ditticult, because there 1s
no generally accepted standard against which to judge it. The tollow-
ing qualitative assessment 1s based on discussions with pcople
mvolved with Athena, such as system developers, application devel-
opers, and users.

Assessment of Athena began shortly after the project was initi-
ated and has been carried out, otticially and unothicially, by many
organizations. The Project Athena Study Group (PASG) was estab-
lished during the summer of 1985. It was a faculty committee ap-
pointed by the Provost and chaired by Jean DeMonchaux, Dean of
the School of Architecture and Planning. The primary question to
be answered by the study group was: What should be the MIT ap-
proach to educational computing after the Athena experiment and 1ts
external funding ended? The PASG reports included the iving-group
asscssments by Jackson [Jackson 87, 88| and the teaching/learning
impact assessment by Turkle [Turkle 88].

Athena also carried out its own assessment, although for differ-
ent purposes. Rather than trying to establish a strategy tor the post—
Athena period, project management wanted to assess and improve
its ongoing operations. Toward this end, Athena carried out ninc
semiannual studies, using anonymous surveys by Karen Cohen.

The Cohen studies [Cohen 87] showed that 95 percent ot incom-
ing MIT students have had prior computer experience, which in
most cases is extensive. About half of MIT students have personal
computers. Halt ot the personal computers run DOS and the rest are

183



184 ASSESSMENT

Apple Macintoshes. About onc third of the personal computers have
modems. Most of the DOS computers were purchased before the
students came to MIT, whercas most of the Apple systems were pur-
chased from the MIT Microcomputer Center after the students ar-
rived on campus.

The usage patterns of Athena closely approximates student pop-
ulations with regard to gender, class year, school, and residence. The
most common uscs of the workstations, in percentage of time spent
each wecek, are:

Word processing 27 percent
Programming 19 percent
Problem sets 18 percent
Mail 12 percent
Data storage 7 percent

The most positive aspects of Athena reported by students were
the ability to visualize abstract concepts, such as cquations, and to
be able to use the computational power of the computer for simu-
lation and other calculations. Students also reported positive educa-
tional impact from the ability to explore “what if” situations with
computer simulations.

The most negative factors reported by students [Cohen 88] were:

®  printers not working;

®  waiting for access to a workstation (required 24 percent of the
time) (Note: Waiting time was reduced to a negligible amount a
year later when an adequate number of workstations were de-
ployed.);

m  problems with the system (crashes, hard to use); and

®  inadequate storage space (then limited to 600 K byte per student,
but now 1.2 Mbyte).

Surprises

Many of Athena’s results could be predicted once 1t became clear that
the project was going to successfully reach its system objectives.
However, there were some outcomes that no one expected. These
included the impact of cluster size on student use and the impact ot
the Zephyr real time message system.

The largest Athena cluster is in the Stratton Student Center,
which presently has 120 workstations and six printers. This cluster
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is the most heavily used (on a percentage basis) of all clusters. The
reason is that a large cluster fits student needs better than a small
cluster. People are always around to help in case someone runs into
problems, printer service can be relied on, and workstations are al-
ways available. Floor spact is adequate tor sleepirg, and food service
is rcadily available. The cluster is busy much of the day, even at 3:00
A.M. The popularity of this cluster was unexpected.

The other surprise is the impact of the Zephyr real time message
system on students and statt. The system creates an “artificial reality”
for those who use it intensively, making it seem that they are in the
same “room’” with the other person, even though they are physically
separated.

Zephyr at its simplest may be thought of as a type of electronic
mail, sending messages from one user to another. However, the abil-
ity to send messages in real time and to subscribe to “classes” and
“instances” of messages (analogous, basically, to a set ot hierarchical
mailing lists), has proven to be far more valuable and interesting. For
example, consider the “consult™ instance. Anyone subscribing to this
mstance receives all messages sent to it. Its purpose is to provide a
channel tor Athena’s student consultants to communicate with cach
other as a group when trying to answer a user’s question or to inform
cach other that something of interest happens (e.g., a file server is
down). The instance becomes a party line, or a form of electronic
conferencing. In addition to the consultants, though, a great many
users listen to it to pick up interesting tidbits or just to keep abreast
of system events.

The interesting thing that has occurred is that some instances
spontancously come into being, last tor a while (sometimes a long
time), and then disappear. A number of (admittedly masochistic, or
bored) users listen to all nonpersonal messages on all instances. If
someone creates a new instance, these users will notice and may start
a conversation over that instance. If there are enough users, the in-
stance may stay around, forming a small community. The “com-
munities” come complete with their own codes of cthics, and the
group will often “gang up” on users who prove too obnoxious or
tircsome, chastising them in public (over the mstance) tor transgres-
sions. The most avid Zephyr “talkers” arc often those who are tra-
ditionally considered the least “sociable™ of MIT types: the hackers.
The hackers have, in fact, been very social in their own forums (typ-
ically electronic, such as the Usenet, or any number of computer
bulletin boards), and Zephyr has provided a real nme, tlexible torum
for discussions.
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The sense of community extends not only to particular instances,
but also in some ways to all of Athena. Someone tells a joke, and
people all over campus laugh; a system goes down, and suddenly a
dozen pcople send messages informing the operations staff that
something 1s wrong. (A resultant problem, of course, is that sudden
deluges of messages can make an instance impossible to keep up
with!) With news of the carthquake in California in October 1989, a
“quake” instance appeared, and any and all updates and news bits
were posted as they were heard.

Many people have questioned the benefit of networking in in-
structional computing. They maintain that instructional software can
be casily distributed on floppy disks and that the other benefits of
communications systems are not worth the cost. Those who feel that
communications have value in instructional computing point to
Zephyr as a system that is heavily used and that has greatly increased
peer help and the interaction within informal groups.

Assessment by Accreditation Committee

During the spring of 1990, MIT was visited by an accreditation com-
mittee to review curriculum quality. The committee devoted a sub-
stantial portion of its report to a review of the Athena project.
Among its findings were the following.

Athena’s goals apparently were achieved or approached in a number of courses
by devoted instructors who rethought their subjects and then translated their
new conceptions into courseware that cnabled them to project their ideas in
more powerful and efficient ways. We saw, and were impressed by, the creativ-
ity of newly designed instructional software employed in courses on physiol-
ogy and biophysics, the writing program, and a course on dynamic systems in
mechanical engineering. We were equally impressed that undergraduate stu-
dents in the Department of Electrical Engincering and Computer Science had
been deeply involved in the development of this software. Although not part
of its original goals, Athena had provided a group of gifted undergraduates with
an invaluable opportunity to work on challenging and creative problems.

Athena, when viewed as a campus-wide experiment, can claim success of var-
ious kinds. It gained or regained for MIT its reputation as a leader in computer
design and applications to education, giving to its participants, both faculty and
students, a sense of pride in being associated with a major innovative cffort in
the field. It also heightened the aspirations of those who worked with it, in
some cases forcing them to rethink their subjects and pedagogy. It permitted
the exchange of ideas about the use of electronic media in the curriculum, and
strengthened those shared software design skills.
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But we also recognized, as many within the MIT community already have,
that the ambitious goals of Athena had been approximated for only a small
scgment of the undergraduate community. Perhaps 30 or 40 courses have been
designed or redesigned to use the special resources of the Athena system; some-
what more have used its interactive capacities without much change in the basic
design of the course. The broad availability of the workstations was welcomed
by students, who used them for the most part as they would have used any
networked consoles for word processing, electronic mail, and games. Impor-
tant technical improvements were made to the system over time, some of
which will have continuing application beyond the Athena system, but this
continual tinkering often made the system more difficult to use.

Moreover, large segments of the campus, including the science departments
and management programs, tended not to adapt their courses to Athena. Oth-
ers, in a variety of subjects, developed sophisticated forms of educational com-
puting outside Athena, sometimes because Athena was not adaptable to the
special needs of the course (as, for example, a course on music and music the-
ory) or for other reasons.

The accreditation report then discusses the CACY0 report and its
recommendations.

CACIY0 Assessment

In the summer of 1989, the MIT Provost convened the “Committec
on Academic Computing in the 90s and Beyond,” abbreviated as
CAC90. The charter of this committee, chaired by the Dean of
Undergraduate Education, was to “take a comprehensive look at the
cducational computing needs and possibilities for MIT’s undergrad-
uate and graduate students and faculty, establish objectives for MIT s
cducational computing, assess the technology which will be available
in the 1990s, consider the costs and management of educational com-
puting at MIT, and recommend options to the Provost.”™ The ulti-
mate objective of the committee 1s to develop the strategic direction
for academic computig at MIT for the decade of the 1990s and then
to recommend a set of options at differing levels of resources and
capabilitics that MIT can pursue. In conducting the study, the com-
mittce considered the likely evolution of computers and mtormation
technologics, academic computing at other leading colleges and uni-
versities, academic computing at MIT, and the balance between
common and individualized academic computing environments.
The committee formulated a sct of issues and objectives to
be considered in instructional computing after 1991, in which
cost played a major role. The committee surveyed instructional
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computing at other institutions, including Brown, Carnegie-Mcllon,
Stanford, Dartmouth, Drexel, and the University of Michigan. It
also assessed the results of Athena at MIT. Finally, the committee
formulated instructional computing options for MIT to pursuc in the
1990s and beyond, with the likely costs and benefits of cach. The
Provost, in consultation with the faculty, selected from among these
strategies in charting MIT’s course for the decade.

We describe the CAC90 recommendations for the future of com-
puting at MIT in Chapter 11. However, we present here that part of
CAC90’s findings related to an assessment of Athena’s results.

CACY0 Findings

The 1979 estimate of the cost of computing resources likely to be in
place in 1989 was $18.8 million (in 1989 dollars). The actual valuc of
computing resources in place in 1989 was estimated by CAC90
[CACY0 90] at $101.3 million, or five times the estimate made ten
years earlier.

The CAC90 report provides a census of computing resources
available at MIT in carly 1990. It shows a total of about 13,000 com-
puters ot all types, including about 10,100 personal computers, 2800
workstations (including 1100 Athena), 93 minicomputers, 6 main
frames, and one supcrcomputer. In 1989 the Microcomputer Center
sold 2400 microcomputer systems, ot which about 90 percent were
proprietary personal computers.

The CAC90 report defined academic computing to consist of

m research, to develop and explore new ideas without regard to
specific applications;

8 development, to translate ideas into useful devices or software
packages;

m  service delivery, to operate systems and facilities;

® user support, to provide technical assistance to users and devel-
opers; and

®  assessment and planning, to provide high-level studies and long-
range planning for the above.

The report’s summary of Athena results development to date
stated that the system

®  has morc than 1000 workstations and supporting infrastructure
in operation;
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®  has been reliable and stable for two academic years;

is based on de tacto industry standards (Unix, X, Motif, Ker-
beros);

can accommodate multiple vendor hardware;

is Cray 2 accessible and compatible;

has a core of supported applications; and

is heavily used by students (over 90 percent).

The committee also found that an effective infrastructure was in
place tor training, documentation, consultation, and interaction with
the faculty. Tools were also available for sclf=registration and on-line
consulting.

The committee further found that more than 100 faculty mem-
bers were involved in educational computing and that substantial
sharing of software was occurring on campus. About two thirds of
the departments had departmental clusters and good progress was
being made in installing workstations in the offices of faculty mem-
bers who wanted them.

Technical Assessment

Development of the system software must be considered a major
success from a technical standpoint. Athena successfully created a
high-quahity layer of sottware on top ot Unix that corrects its major
shortcomings in a distributed workstation environment.

Athena’s functionality remains that of Unix with the addition of
a portable standard interface to the display (X Window System),
augmented by third-party software and instructional software de-
veloped locally. A major shortcoming i tunctionality 1s the lack ot
tools to develop interactive applications. Work is under way to im-
prove this situation, but today it remains a scrious impediment to
the development of instructional software. Another shortcoming
Athena shares with all Unix-based systems is that the system’s hu-
man interface is hard to learn and difticult to use. The planned so-
lution to this problem is to use the graphic human interface software
developed by the Open Sottware Foundation, to which both major
sponsors belong.

The Athena system is presently operational and provides good
service to its users. Over its life, concerns have always been ex-
pressed about various aspects of the project. In 1987, the concerns
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were about tunctionality; in 1988, about reliability; in 1989, about
stability ot the application programming interface; in 1990, about
support of personal computers.

Several arcas have been identified as requiring improvement.
Some ot the needed improvements come from experience with the
system. Others come from the significant advances that have been
made in technology.

Cost of Operation

Currently, Athena’s operations cost is low in comparison to other
similar systems but 1s high enough that it remains a burden. How-
ever, this cost 1s expected to decline as maintenance tools and skills
improve, as the installed hardware base 1s updated, and as more users
are added to the system.

Opportunities tor great reductions in personnel and skill require-
ments in any one area are not apparent, but many opportunities for
smaller reductions are available. Advances will be made in reducing
Athena’s operations labor requirement n certain arcas as part of on-
going maintenance. One arca in which cost reduction 1s possible 15
in automating backup. The present method of backup 1s to write the
files to a second disk over the net, tollowing by copying that disk to
a tape, which 1s labor intensive. An automated backup operation to
an optical jukcbox would require less staft at lower cost, or a larger
quantity of storage could be managed by the same staff.

Tight Network Coupling

Athena is completely dependent on connection to the network tor
operation. If the network stops, the workstation stops. Unfortu-
nately, the network is not completely reliable, and when 1t stops sev-
cral hundred irate users are on the telephone almost simultancously.
While tight coupling may be appropriate for public workstations, it
1s of marginal benefit for an individual’s workstations, such as that
on a faculty member’s desk. Presently, public and private worksta-
tions are managed in exactly the same way to conserve labor.
Workstations can now be obtained economically with enough
local mass storage to store much of the system and most private files.
Therefore the network connection might be used only as required
for access to mail and infrequently accessed files. Similarly, kernel
updates are now virtually simultancous on all workstations. If a pri-
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vate workstation could store its own operating system, updating
could be done at the user’s convenience rather than as mandated by
the operations group.

Support of Personal Computers

Coherence has greatly simplified the task of application develop-
ment, including instructional sottware. Unfortunately. it makes the
support of personal computers difficult—and just when personal
computers ot several ditterent architectures are becoming very pop-
ular because of their low price. The system must support personal
computers in some manner. The present plan is for Athena servers
to interoperate with personal computers i file storage and transter,
printing, mail, and communications, but not to try to achieve full
coherence (i.c., support workstation instructional software on PCs).

Human Interface and the Cost of
Applications Software Development

The cost ot developing application sottware. especially instructional
software, 1s so great in terms of labor, skills, and money that it is
seriously hindering tull achievement ot the project’s pedagogical ob-
jJectives. Despite the large amount of cttort used in developing the
human intertaces ot applications, the results tall short ot those de-
sired. Consistency among applications 1s inadequate. and the quality
of results varies considerably.

Problems also exist in the human interface to the system. The
user interface to Unix at Athena is the C shell csh. As is well known,
this intertace 1s ditficult to learn. 1s error prone, and imposes a large
memory burden on the user. It is, of course, very powerful in the
hands of the expert user, but most of the users of Athena are not
expert. Athena users, however, cven in departments far removed
from computer science, become moderately expert users of pro-
grams such as ¢/ and emacs. Whether this 1s good or bad 1s the sub-
ject of debate.

The Athena distributed services are largely transparent to the
user, and when they are tully operational and used properly, the need
for a human interface is not great. However, when the services
“break™ or arc used improperly, the user has great ditticulty coping
with the problem because of the hidden mechanisms ot the system.

Although these problems are not directly related to distributed
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aspects ot Athena, they remain a serious impediment to further ex-
pansion of use. The current plan tor solution is to import the Morif
user environment component trom the Open Software Foundation
to provide a de facto standard and more powerful tool set for the
development ot human intertaces. Beyond that, the MUSE author-
ing environment is under development to reduce the cost and
skills required tor development of applications having good uscer
interfaces.

Printing

A decision was made carly in the project to provide high-quality
laser printing at no cost to the user, which encouraged, to some ex-
tent, excessive printing. The project has now installed a cost-recov-
ery svstem tor printing to make sure that it is used responsibly. Each
user receives a quota of 1200 pages of free printing per year, but
printing bevond this point requires payment ot a tee. The quota sys-
tem 1s supported by the Palladium distributed print system [Hart 89,
developed tor Athena by an intormal group ot leading computer
manufacturers.

Large versus Small Clusters

The Athena experience is that supporting workstations in a few large
clusters is much casier than supportung many small clusters. Large
clusters are casier to maintain and simplity provision ot printing and
consulting services. Unfortunately, space for clusters has always
been scarce and is now a seriously limiting factor in deployment of
additional clusters ot any size. Installing a modern network m buld-
ings that are nearly 100 years old is also very difticult.

Backup

Backup of user files remains ditticult simply because the tiles are so
large. The solution has been to dump to tape, but time to dump and
logistics of handling 15 G bytes of tape are quite difficult. These
problems are getting worse as the capacity of disks continues to in-
crease rapidly. Morcover, they are compounded because Athena tile
servers are physically distributed.
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Implementation

The computer industry has a 40-ycar history leading to a sct of well-
known procedures for implementing a large MIS project success-
fully. Athena’s supporters inirally viewed it as a simple turnkey in-
stallation of oft-the-shelf hardware and sottware Fy a single vendor.
This scope gradually grew (because of external influences) into a far
larger and more complex project, requiring extensive development
of mnovative software. At some point the project should have been
treated as a large MIS implementation, and the traditional tools and
management skills ot the MIS discipline should have been used. The
magnitude of the task was not recognized until three years into
the project, at which point the problems were very difficult to
solve.

A tangible shortcoming 1s in the number of public workstations
deployed. Imitial plans were to deploy about 3000 public worksta-
tions, but the goal was continually reduced over the life of the project
to 2000 1985, 1500 in 1986, and 1000 mn 1987. The actual number
deployed at the end of the first five years was 750, of which 500 were
for students and 250 were for developers. It is important to ask
whether 3000 workstations was ever the correct number. A major
problem was msutticient space (always in short supply at any insti-
tution). Thus cver installing many more than 1500 public worksta-
tions now scems impractical. Indeed, whether depreciation on 3000
public workstations could have been afforded is now questionable.
The new strategy 1s to limit the number of public workstations to
about 1500. The present deployment of 1300 workstations scems to
be adequate, except during the peak load on the last few days of
spring semester. Quite possibly, 1500 workstations always was the
right number.

Use of Athena by Others

One measure of the success of the project is the extent to which it 1s
used by others. To date, Athena has been installed at several other
locations, in some cascs for testing and cvaluation and m other cases
for operaticnal use. Athena’s use by other organizations is described

in Appendix L.
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Relationship with the Faculty

The MIT taculty was initially oversold on the implementation sched-
ule and capability of the system. The inevitable disillusionment set
in initially when schedules slipped by years and intensified when the
system failed to meet tool, stability, and reliability expectations. Fur-
ther, the faculty saw the project as being too autonomous, pursuing
“technical goodies™ for their own sake rather than doing things of
value to the faculty.

The faculty was (and to a lesser extent still is) far from agreecment
in its view of the proper role of computing in higher education. At
one extreme, some are skeptical of any substantial role of computing
in education, preferring analytic solutions to numeric approaches.
Many wanted only to use PCs or Macs to do simple things simply.
Perhaps many believed the early claims about the power and func-
tionality of the system and were expecting an ideal solution. A few
understood the magnitude of the difficulties faced and were willing
continually to strive to develop etfective software on the system tor
their classes despite repeated and long-term problems. In the end,
this last group was successtul and made an essential contribution to
the Institute, but the cost was high. Now that the system 1s stable
and reliable, wooing the disillusioned faculty back 1s proving difti-
cult. Given Athena’s scope and the innovations required, some of
these problems were inevitable, even with highly experienced and
skilled personnel.

Benefit to Sponsors

Both IBM and Digital believe that they obtained significant benefits
from participating in Athena. It was the flagship external rescarch
project for Digital, much as Andrew was the flagship project for
IBM. Digital’s top management has historically had close ties to
MIT, and most of Digital’s central engineering and central rescarch
arc located within 40 miles from MIT. The benefits to Digital

included

s development of product prototype;

m  development of product requirements;
m testbed for product evaluation;

m testbed for concept evaluation;
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®  showecase account; and
m  developer of people.

IBM obtained similar benefits. In some instances, the technologics
were prototyped at Athena and then developed into products clse-
where. In other cases, the concepts were stimulaied by activities at
Athena and prototypes were developed elsewhere. Athena developed
pcople—both new hires and those on rotation—and built consen-
sus—both intracompany and intercompany. The X Window System,
X Toolkit, 3-D extension to X (PEX), video extension to X (VEX),
and Palladium distributed printing software are all examples of in-
tercompany cooperation that Athena fostered.

Pedagogical Assessment

Ideally, we would assess the pedagogical success of Athena by car-
ryving out a controlled experiment. A course would be taught to two
matched groups ot students with all variables controlled, except that
one group would be taught with Athena and the other without Ath-
ena. The results would then be compared. This type of evaluation is
not likely to be done for funding and ethical reasons.

The best assessment is that likely to come from the experience of
the faculty in aggregate. Many faculty members have taught the
same course with and without Athena. Although this kind ot assess-
ment is much less satisfactory than a controlled experiment, it does
provide some data. Some faculty members believe that they can
teach more effectively with Athena than without it. At least one fac-
ulty member states that he can cover about 30 percent more material
with Athena than without it.

When evaluated against its major goals, Project Athena must be
judged successful. In considerable contrast to the situation in 1983,
the use ot high-quality cducational computing today at MIT 15 wide-
spread. Students are now graduating who have never known life at
MIT without Athcena and (based on student mterviews) cannot imag-
ine life at MIT without it. About 96 percent of the undergraduate
students and 70 percent of the graduate students use Athena.
The system is stable, documented, reliable, and aftordable. Athena
software provides a coherent and logically integrated computing
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environment campuswide, despite a high degree of physical distri-
bution and heterogeneity of equipment.

However, Athena has been much more successful technically
than pedagogically. Although anecdotal evidence that Athena has
improved the quality of education at MIT is substantial, the im-
provement is far from uniform and has yet to be documented. Until
pedagogical improvements become more generally available and
documented, final judgment on the pedagogical success must be

withheld.



ELEVEN

Quo Vadis Athena

In this chapter we describe the future of Athena in three respects:

continuing and new initiatives based on current plans;
desired future workstation characteristics;
reccommendations ot the Committee on Academic Computing in

the 1990s (CAC90) for MIT.

In order to place the tuture educational computing objectives of MIT
in perspective, we also compare them to CMU future computing
objectives.

Continuing and New Initiatives

Initiatives facing Athcna are the following.

Continue deployment of public workstations. The 1300 workstations
that arc in place are not an adequate number, as students often
must wait for access. Morcover, the better the system gets in
terms of stability and function, the more demand there is for
access. The current strategy is to extend twisted pair Ethernet
throughout buildings and to continue the installation of public
workstations. More emphasis is being given to working with
departments to cstablish department clusters.

Improve the human interface. The C shell 1s not an appropriate in-
terface for the students to usc with the operating system. It 1s

197
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simply too hard to learn and too complex to remember. More
importantly, development of instructional software is very costly
in terms of personnel and skill level because of the lack of appro-
priate tools. This problem is so serious that faculty developers
cannot make the investment needed to use the system widely for
education. The current strategy is to use the Open Software
Foundation Motif human interface development environment as
the standard instructional environment. The use of Motif will
provide a more powerful and de facto industry standard devel-
opment environment. This use is additionally attractive because
both Athena sponsors belong to the Open Sottware Foundation.
Thosc involved hope that the use of a standard development en-
vironment will promote the ability to import and export instruc-
tional software at MIT.

Continue instructional software development. Additional funding
needs to be found to continue this essential activity.

Move to private ownership model. To date, all Athena workstations
arc owned by MIT and are made available to students and taculty
at no cost. When prices for a workstation mecting Athena stan-
dards drop to an appropriate level (currently seen as $3000), MIT
will sell workstations to students and faculty members through
the Microcomputer Center. Eventually the number of worksta-
tions supported (primarily privately owned) will approach
10,000. The network, servers, and infrastructurc must be pro-
vided in accordance with the number of workstations in a trans-
parent manner.

Shift to vendor-supported software. The strategy of Athena is to
move away from the Berkeley Unix to a vendor-supported
Unix. The reason for this strategy is to gain better access to ap-
plications. As both major sponsors belong to the Open Sottware
Foundation, the use of the OSF/1 operating system looks attrac-
tive. (Athena also belongs to the Open Software Foundation and
has a research grant relationship with it.)

Support automatic software update and integrity check. Installation of
a major new version of the system software is a major undertak-
ing, because it requires a visit to every workstation. Tools are
now being developed to allow installation of a new version of
the system software over the network and verification of its in-
tegrity after installation.

Reconfigure networks dynamically. One of the most common cur-
rent problems for Athena workstation installation is that of an
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incorrect Internet address. Experiments are under way to assign
this address at boot time. In addition, when Athena begins to
allow privately owned workstations, it must be possible for a
user to unplug from one network connection and reconnect at a
new location without notifying the network administration.
Work on dynamic reconfiguration is also in process.

Support personal computers. The widespread availability of per-
sonal computers with screen resolution of 300,000 pixels makes
their support attractive. A project to provide Athena services
to personal computers, both open system and proprictary, is
under way.

Support public databases. Publicly available databases are believed
to have great value on campus, providing access to librarics,
course catalogs, resecarch descriptions, and schedule information.
A first step has been taken in this direction through the devel-
opment of Techlnfo, a new on-line information system available
via the campus network. Information presently available on
TechInfo includes

academic schedules;

weekly campus events;

lab supplics catalog;

information systems articles; and

wecekly job postings from Personnel.

Establish a courseware development resource center. A high-priority
task is to provide faculty developers with well-publicized and
casily obtainable information about ongoing activities in course-
ware development and to encourage the sharing of code, exper-
tise, and resources. To facilitate this task, plans are now being
made to create a centralized group to develop the following.
Developers’ kit, to be mailed out on request, containing
reading material describing alternative approaches to course-
ware development.
Clearinghouse for up-to-date information on projects, n-
cluding principal investigator, contact person, and project
descriptions.
Programs that may be shared, including source and cxccut-
able files and documentation.

Information on relevant third-party softwarec.
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A developers’ database, containing information such as sam-
ple makefiles, reusable code, and on-line documentation.

On-line users’ group and mailing lists.
Pool of student programmers for hire.
Sample courseware modules.
Advanced topics.

®  Deploy to other institutions. Part of the vision for Athena was to
make it available at no cost to other research labs and universities
once it was fully operational. Late in 1988, part of the system
was installed at Digital’s Cambridge Research Lab. During carly
1989, the entire distributed system was installed at Bond Uni-
versity, a new, private university in Australia. Since then, the
system has been installed at additional locations, as described in
Appendix I, and more are planned.

Desired Workstation Characteristies

Based on the experience gained in developing the Athena system,
minimum characteristics are envisioned for the next generation of
workstations at MIT. Two ditterent workstation contigurations are
required: monochrome and color. Thus monochrome configurations
do not have to be upgradable to color ones. Little or no documen-
tation in paper torm is assumed; thatis, all documentation other than
for installation is to be in electronic form.

Monochrome Workstation Specifications

The minimum desired specitications for workstations at MIT in the
1990s are as follows.

Processor performance 3 MIPS

Screen resolution 800 K pixcls

Screen size 15 inch

Chromatic resolution 4 bit pixels

Main storage 6 Mbytes, expandable to 16
Communications 1 RS-232 port

Input Keyboard and mouse

Floppy disk 1.4 MB industry standard format
Hard disk 70 MB (preferably 3.5 inch)

Extcrnal interface SCSI (two ports minimum)
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The unit does not need a bus with plug-in slots for adapter cards.
However. having a bus connector port available with an optional bus
expansion unit and related power supply and board slots would be
desirable. (The preferred tvpe of external interface is still under re-
View.)

The hard disk is used for the root file system, swap space, and
temporary and private storage. The operating svstem. utilities. and
productivity software modules are stored on the file servers or an
optional CD-ROM.

The available plug ins for the SCSI interface should be

Ethernet;

token ring;

CD-ROM player: and
70 or 140 MB disk.

All documentation should be obtained clectronically over the
network or from the CD-ROM player. An optional modem or
printer can be attached to the RS-232 port or SCSI port.

The system should be usable in two ways: on net (usually on
campus) and off net (usually off campus). In the on-net case, the
SCSI ntertace 15 used to support the LAN intertace. cither Etherncet
or token ring. In the otf-net case the SCSI would normally plug into
the CD-RONM plaver to provide large amounts ot read-only storage.
Some form of caching method will usually be needed to kecp as
much data as possible on the hard disk.

The CD-ROM allows workstations to be used at home and is
essential to obtaining a significant number of off-net users. A pre-
ferred method of delivering third-party software to the user 1s to
have all available sottware on the disk. whether 1t has been purchased
or not. The user would receive a decryption key when the software
1s purchased.

Power consumption, heat dissipation, noise levels, RF emis-
sions. and temperature levels must be consistent with deplovmentm
closed offices. dormitories, and homes. Some means of providing
physical security is required. The workstation should be casily at-
tachable to a table or wall bracket.

Color Workstation Specifications

The requirements for color workstations are the same as those
for the monochrome model, but with 800 K pixels ot 8 bits cach
on a 15-inch monitor. At MIT, only about 10 percent of the public
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workstations will be color. At other colleges and universities, the
proportion may be much different.

Software

Independent of the hardware utilized, the following softwarc must
be provided, either by the manufacturer or by third-party software
suppliers.

®  System software
®  Operating system, Posix compatible
C, FORTRAN, Common Lisp compilers
X windows version 11
EMACS
Andrew File System
NES
®  Productivity software
Numerical library
Spreadsheet

WYSIWYG editor for text, image, and graphics with Post-
script output

Mathematics symbolic manipulation package
Database system
Electronic mail

The server software described in Chapter 6 will be supplied by the
Institute.

Future of Instructional Computing at CMU

We describe the future of instructional computing at MIT in the next
scction. Before that, let’s examine the future of computing at CMU
for purposes of comparison.

In November 1988, with Andrew fully functional and an integral
part of the campus infrastructure, CMU President Cyert cstablished
a ncw “Computer and Network Planning Committee” to review
past accomplishments and current status, and to recommend future
approaches. That review [Eddy 89] showed that most of the objec-
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tives established mn the 1982 Newell report had been accomplished.
Computing had become both widespread and deeply ingrained in the
educational process. The great diversity of computation forecasted
had indced occurred, but this diversity had created a fundamental
dilemma for both students and faculty. Difterent user groups had
widely differing expectations of computing, and thesc expectations
often did not match the widely varying resources available.

The report theretore recommended that steps be taken to reduce
this diversity. To do so required establishing a minimal computation
resource that would be available to all students, regardless of depart-
ment affiliation. Students would be encouraged, but not required, to
own private microcomputer systems. The administration was en-
couraged to provide all faculty members with desktop workstations
suited to the needs of their disciplines. Also recommended was cre-
ation of a sct of standards that would be mandatory for all computer
systems acquired or reccommended by CMU, in order to maximize
integration with research activities. An important management rec-
ommendation was that the university should continue to encourage
decentralized management of the campus system. In spite of the rec-
ommendation of decentralized management, the report favors an in-
tegrated computing environment for administration, rescarch, and
cducation. Whereas the 1982 report proposed universal access to
computing provided by “3M™ class workstations, the 1989 report
identified the current and tuture challenges to be “distributed re-
sources, diverse applications, and decentralized management,” or the

“3D” model.

Imstructional Computing at MIT after 1991

We described the charter, objectives, and assessment of CACY0 in
Chapter 10. Here we summarize the rest of the CAC90 report
[CAC90 90|, first describing the findings and then presenting the
recommendations.

The Committee found that attitudes toward academic comput-
ing vary greatly at MIT. These differences exist among and within
the major constituent groups of faculty, students, and sponsors. At-
titudes within the faculty varied from some who wanted much more
academic computing to others who wanted much less. 'The actual or
intended usc of academic computing also varies widely among tac-
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ulty members. Some use it for analytic tools, some for simulation,
some for computer-based instruction, some for database access,
some ftor personal productivity tools, and some for presentation of
information.

Organizationally, some faculty members prefer leaving academic
computing to individuals or departments; others prefer various de-
grees of centralization. Technically, some faculty members prefer
the sophisticated networked capability of Unix workstations and
supercomputers; others prefer the simpler environment of isolated
PCs.

Attitudes toward academic computing vary significantly by
school. The School of Engineering supports academic computing
morc generally than their colleagues in the other schools. It believes
that an advanced academic computing environment supports MIT’s
preeminence in higher education and 1s a necessary prerequisite tor
engineering cducation. The school strongly supports the present
Athena design and coherence.

The School of Architecture and Planning has aggressively uti-
lized Athena as part of a larger heterogencous computing commu-
nity. It would like to sce greater decentralization of academic com-
puting to assist it in initiating future computing initiatives. The
school is also very supportive of heterogeneous environments and
more curriculum development projects.

The School of Humanities and Social Science has had little in-
volvement with Athena, although some of its projects (c.g., lan-
guage instruction and Educational On-line System) have been
among the most innovative. Many of its faculty members believe
that Athena is a major failure and that the money spent has been
wasted. The School of Management (Sloan) has had minimal in-
volvement with Athena but would like to become active.

The School of Science has had some involvement with Athena,
and its taculty members use computers extensively i rescarch. Most
of the faculty believe that computers contribute little to undergrad-
uate education beyond routine calculation. They also believe that ed-
ucational computing should be used to improve research skills of
students in the junior and senior classes and beyond. Many belicve
that students should be required to provide their own computing
resources and skaills.

The committee learned that undergraduates want simpler access
to Athcr.a network services, and that they value free, powerful com-
puting. Graduate students have only recently been given access to
Athcna and continue to use other sources of computing, especially
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resecarch and laboratory computers. In addition, the committee
found the following.

1. Athcna has met many of the expectations of its founders and
supporters. The project has developed a successful, large-scale,
distributed workstation network that leads the field and is in-
creasingly copied. It has developed award-winning instructional
software.

The academic compuring environment at MIT is heterogencous.

Almost all faculty members have office computers, mostly

DOS-based PCs. About half the students own computers,

evenly divided between DOS and MAC/OS systems.

3. Students use Athcna for many purposes, some requiring net-
worked workstations and others not. Students use Athena about
one third of the time for word processing, one third for subject
courseware or technical tools and programs, and the remaining
third for communication. Two thirds of students’ personal com-
puter use is for word processing.

4. MIT experience with academic computing is consistent with ex-
perience elsewhere. The patterns of use experienced at MIT are
similar to those found at Dartmouth, Brown, and CMU.

19

MIT Spending Compared to Other Organizations

Much ot the report is devoted to cost analysis. As part of its findings,
the report compares expenditures on academic computing at MI'T
with those of pcer organizations. Current spending on academic
computing at MIT from all sources was about 0.6 percent of total
budget. This level compares to a typical expenditure level by tor-
mation-intensive organizations of 2 percent to 4 percent for activities
comparable to academic computing. The current budget tor the MI'H
library system is about double that ot academic computing. The av-
crage spending level by peer institutions is about $332 per student
per year. Specitic examples are Stanford at $406 and CMU at 8384,
compared to MIT at $231. MIT has been able to spend mimimally
on academic computing because of Athena sponsor generosity.

Recommendations

The report proposed two simultancous strategios. which overlap and
complement cach other but which address ditterens objecuves. The
first is to make a set of basic educational scrvices and tools available
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throughout the MIT community. The second is to support the de-
velopment of a set of educational development projects. Closely re-
lated to the second strategy is a plan to provide strong user support
services.

Basic Educational Services and Tools Basic educational services
and tools include the Athena services described earlier but extended
to personal computers running DOS and MAC/OS. This extension
requires less coherence than for the workstations. Coherence with
workstations provides a sct of applications and services that run on
every system, with the ability to interchange programs and data.
This level of coherence is to be retained for the workstations after
the personal computers are added to the system. The personal com-
puters would utilize the Athena services of

printing;

file access;

communications;

mail;

on-line consulting;

on-line teaching assistants;

bulletin boards;

access to databases;

real time notification; and

registration.

They would also be able to interchange text data. They would run
the X Window System and TCP/IP, including rlogin, telnet, and re-
lated services. They would not be able to run the workstation applhi-
cations locally. Instead, they are able to run the large number of
“shrink wrapped” software packages available for personal com-
puters. The personal computers could run instructional software that
has been ported to them and that has been moditied to work with
the lower resolution screen. One way to get access to workstation
applications and instructional software would be to run them on a
workstation client and use the personal computer as an X terminal
server.

Athena services for personal computers would be supported within
the context of the personal computer user interface to the extent pos-
sible. For example, in a DOS system the network files would be sup-
ported as additional “disk drives,” and Athena printers would be
supported as virtual local printers in DOS. The services would be pro-
vided using the Athena authentication service and name service.
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Educational Development Projeets Educational development
projects would develop tools and software modules for teaching spe-
cific courses.

Investment Options

CACY0 proposed three different options for academic computing,
depending on availability of funds. These are, in order of decreasing
cost: the “target option,” which was strongly recommended by the
report; the “first-step option,” which should be considered only as a
transition to the target option; and the “retrcat option,” which pro-
vides only minimal academic computing.

The committee recommended several principles that would ap-
ply to all three options. Academic computing should be oftered on
the three or tour most common platforms in use at MIT. Commer-
cial sottware and software developed elsewhere should be used wher-
ever possible to minimize the need tor development. User support
staff should be deployed along with the hardware to help taculty
members and students. The organizational structure for academic
computing should parallel other academic activities, primarily along
departmental and school lines, except where centralization can pro-
duce clear benefits.

The target option embraces all the committee’s recommendations.
In brief, it would continue Athena as it now exists and add support for
DOS and MAC/OS, support tor instructional software development,
and funds for more user support. This option would provide

® 904 workstations in all locations, or equal to the current number
of public Athena workstations deployed;

300 personal computers in public clusters;

a full set of basic educational services and tools;

support for 40 ongoing educational development projects;
extension of the network to 4600 ports in clusters and student
housing; and

® 2 user support staff of 44 pcople.

The cost of this option is about double the current cost of
Athena, including central expense and excluding related departmen-
tal costs. This option responds fully to the diverse needs tor academic
computing at MIT and should mamtain the Institute’s preeminence
in academic computing.

The desired workstation for this environmentis a 10 MIPS, T nnllion
pixel system with a 70 million byte disk and local arca net connection,
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The two other platforms to be supported are DOS and MAC/OS com-
puters. It tunds are insufficient to support the entire option. the edu-
cational development projects should receive lower priority.

It tunds are not immediately available to implement the target
option when Athena external funding terminates, the committee rec-
ommended the first-step option as a transition to the target option.
The first step option provides

a subset of the basic educational services and tools;
about 12 ongoing educational development projects;
210 personal computers;

266 workstations;

3000 ports; and

36 user support people.

The cost of this option is about the same as current Athena cost.
However, it reallocates funds from workstations and educational de-
velopment projects to basic educational services and tools and per-
sonal computers.

Below the first-step option, serious retrenchment would occur.
The retreat option would support

100 personal computers;

70 workstations;

a few tools and services;

10 ongoing educational experiments; and
21 user support staff.

This option would cost about 40 percent of current Athena cost.
The three options are compared with current Athena in the fol-
lowing table.

Component Athena Target First Step Retreat
Public workstations 904* 904* 266 70
Personal computers 50 300 210 100
BEST projects 1 15 11 5
EDP projects I 40 12 10
Student net ports 715 4634 2876 170
User staff 24 44 36 21

*Does not include 400 private workstations.

+Athena ported its services to DOS and MAC/OS systems in the final months of the
project. )

tAthena funded the development of 125 EDP projects early in the project but none dur-
ing the last two years.



INSTRUCTIONAL COMPUTING AT MIT AFTER 1991 209

Organization

CAC90 recommended that Athena be broken up and its functions
allocated to existing and new organizational units. It reccommended
that management ot the workstations and personal computers be
taken over by the existing Information Systems group. Faculty
members would imtiate and implement cducational development
projects, assisted by graduate students and support statf. An existing
administrative unit {not named) would implement the basic educa-
tional services and tools. Rescarch would be carried out by existing
research groups using external funding.

The committee reccommended that the following new organiza-
tions be created.

8 An academic computing directorate, reporting to the Provost to
coordinate academic computing across departments and schools
to minimize redundancy and inconsistency. It would coordinate
fund-raising and advise the Provost on academic computing
policy.

8 A sct of panels to bring together MIT individuals who share
common interests in academic computing. Panels might exist for
tund-raising, network-related distributed services, intercollegiate
cooperation, and to critique policics.

m A council on academic computing to provide feedback from
uscrs.

®  An external review group appointed by the Provost to visit MIT
periodically and appraise academic computing. It would tunction
more as an accreditation team than a visiting committee.

Detailed Recommendations

Within the major themes described, the committee formulated sev-
cral strategic principles [CACY0 90a], which 1t grouped under the
categorics of educational focus, mtellectual community, and imple-
mentation and organization. These recommendations stated that

®  cducational computation should advance innovative ceducational
practice, especially where current practices are unsatisfactory;

®  access to computing should be ubiquitous;

commercial software is preferred to in-house development;

®  work on advanced systems should be done outside the academic
computing organization by rescarch groups and with external
funding;
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® the Institute should provide a basic level of computing resources
and that departments needing additional resources should be re-
sponsible for providing them;

® the network should be enhanced to provide access from student
housing, local homes, and faculty residences, but at perhaps a
slower speed;

m  MIT should encourage students to own personal computers or
workstations; and

® resources should be made available for rescarch in computer-
intensive learning environments.

The Decision

The Institute selected the first-step option as a guaranteed minimum
level of academic computing to be supported by internal funds.
Every effort is being made to go beyond this level toward the target
option by raising funds externally.

Somewhat independent of the future of academic computing at
MIT, many colleges and universities are adopting the Athena archi-
tecture of combining workstations and personal computers tor edu-
cational computing. They are doing so for the same reasons as MIT,
whether starting from personal computers and moving toward
workstations, or the reverse. The only real question to be decided s
the degree of coherence desired.

In the long term, the MIT model of educational computing is
expected to become the model for implementation around the
world. Thus the CAC90 report is of considerable import in shaping
not only the future of educational computing at MIT, but also edu-
cational computing in general around the world.

Comparing the Futures of Athena and Andrew

The strategies adopted by MIT are both similar and difterent in sev-
cral important respects to the strategies adopted by CMU. The sim-
ilarities include the goals of providing ubiquitous access to high-
quality computing for students and faculty. Both provide a basic
level of computing resource for the entire campus, with departments
encouraged to supply additional and more specialized resources as
appropriate. Both systems include a mixture of workstations and
personal computers, linked by a local area network and supported
by a variety of network services.
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The differences between the two strategies include the following.

Strategic area CMU MIT
System management Decentralized Centralized
Integration of Yes No

administration, research,
and education

Diversity of computing  High Medium

resources

Concluding Remarks

Most of the issues in educational computing outlined at the begin-
ning of Athena remain unresolved. Athena has been forced to take a
position on most of them, but there is little, if any, better consensus
as to the “correct” position now than there was then. However,
progress has been made in understanding the context and tradcofts
available so that the 1ssues now are much more sharply focused. Per-
haps because of this sharper focus, attitudes scem to be more polar-
ized now than at the beginning of the project.

The proper role of computing in education remains a topic of
debate. The question of whether there 1s a “sacred inner core” of
science that should not be relegated to computers remains unre-
solved. Alternative pedagogical models of teaching with computers
arc not well understood, and the relationship of course content and
computer support remains an open question. In spite of the great
faculty interest and ettort in developing cducational sottware tor
their courses, the relationship of such activities to tenure continucs
unresolved.

In the area of workstations in student housing, the Athena cx-
periment has provided some answers. Workstations can be ettective
in student housing under the proper circumstances and do not appear
to be an unwelcome intrusion into student housing as a bastion
against academic life.

Despite the unanswered questions, education at MIT has been
changed forever. Workstation computing 1s ubiquitous on campus.
Most students use and like Athena, and many say that they cannot
imagine education at MIT without it. Students are now graduating
who have never known MIT without Athena.

Some lessons from Athena are clear. Long-term partnerships be-
tween academia and industry can work, even in high-pressure de-
velopmental situations.  Conflict between  competiuive mdustrial



212

QUO VADIS ATHENA

partners need not be a problem, as proven by experience at both
Athena and MCC. In addition to the two main sponsors, Athena
has significant relationships with Hewlett-Packard/Apollo, Apple,
GTE, Parallax, and several other firms. Given the magnitude of cur-
rent research projects, partnerships may be the only viable approach
to making significant progress. The policy established at Athena that
MIT owns all intellectual property from the project also scems to
work, as indicated by the success of the X Window System, X
Toolkit, Kerberos, and the overall Athena system itself. The policy
of making software available at no cost and with minimal licensing
requirements also scems to work, both for the academic institution
and the industrial partners.

Some of the assumptions made by Athena probably were wrong
or at lcast premature. Workstations meeting the MIT price objective
arc not yet available. The personal computer has become very pop-
ular, as has DOS. Application programs and sottwarce development
tools have emerged first on personal computers and are only now
slowly finding their way into workstation systems. DOS has
emerged as the de facto standard for much instructional sottware.
Nevertheless, there are those who continue to belicve that worksta-
tions and Unix are the right plattorms tor MIT, regardless of other
considerations. They also believe that the next few years will prove
them right as Unix replaces DOS.

Human interface issues have proven to be much more important
and ditficult than ininally realized. Athena remains a hostle and tor-
midable system tor some students and taculty. Although progress is
being made, 1t is too slow. The objective ot network transparency 1s
laudable and valuable so long as the system works. However, when
the system breaks, transparency breaks. Provision must be made tor
users to cope with system problems when transparency vanishes.
Nevertheless, progress has been made. It 1s important to realize that
as system capability rises, expectations also rise. Generally expecta-
tions rise faster than system capability.

Ubiquity of computing access has proven to be very important.
The tact that the taculty knows that all students have access to work-
stations has made a substantial ditterence in taculty use ot the system.
Indeed, ubiquity has proven to be more important than perfor-
mance. Centralized management also works very well, giving high-
quality scrvice at relatively low cost. Some departments at MIT that
have their own computer systems are evaluating their support cost
and aggravations against those of Athena. In several cases Athenais
adequate for the purpose—and at much lower cost.
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New technology can be very seductive. Often it falls short of
casily solving the problems tor which it 1s intended. As Jerry Saltzer
says, “There 1s no such thing as tree sottware.” Extending old tech-
nology into new arcas is very risky as evidenced by the effort of
Athena to use time-sharing Unix in workstation networks. The
Athena experience 1s that new technology can indeed solve impor-
tant problems—but at great cost.

MIT students, while being very critical of the system, were al-
ways able to cope with complexity and change. Students gencrally
telt that learning the system was part of the educational experience.
However, the faculty had very difterent expectations of and attitudes
toward the system. They had great dithiculty in coping with the in-
herent contlict in Athena’s twin goals of rapid development and pro-
duction service delivery. Some of the taculty became alienated trom
Athena carly in the project and are only now taking a scrious second
look.

A common criticism of Athena is that it represents overkill for
the most common apphcations, such as spreadshects and word pro-
cessing. An alternative view is that Athena is ahead of its time and
that cventually others will catch up. So tar, taculty and students alike
believe that networking has sigmiticant benetits. Workstation prices
and proprictary personal computer prices are converging, and the
MIT objective of a 83000 workstation may be in sight. Time will tell
whether Athena made the right decision.

The technical advances made by Athena appear impressive. The
X Window Svstem. X Toolkit, and Kerberos authentication server
appear to be important technical accomphshments and are becoming
de facto industry standards. However, these advances must be kept
in perspective. Now that a suitable system plattorm is in place, MIT
is positioned to make far greater advances in the next few years in
pedagogical and technical applications than all the benetits achieved
to date. Applications, in the final analysis, deliver visible beneties to
users.

Perhaps the best summary and most concise statement of
Athena’s results is that made by Dean Gerald Wilson, the strongest
supporter and most severe critic of Athena. I his letter to the faculty
of the School of Engincering dated April 5, 1990 he sad. " Although
we (MIT) did not accomplish all of our visions and drcams for this
effort, Project Athena is hailed as the most successtul program of its
kind across the country and internationally.”

As stated at the beginning, the Athena approach to educational
computing is clearly not for everyone. All campusces are highly
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individual, and a system that works well at MIT may fail clsewhere.
At a minimum, the system must be highly specialized in terms of
the particular needs of the installing campus. The installation and use
of Athena at the other campuses described in Appendix 1 will help
provide answers to the question of the gencral applicability of the
Athena approach.

Ten years hence it will be interesting to look back at the Athena
ot 1990 to determine the true value of these accomplishments, which
were obtained at such high cost. Of course, they will look incredibly
primitive. The computing resources available today could be only
dimly foreseen, if at all, in 1979 for a time 10 years hence; because
the pace of development is so much greater today, we are even less
able to forecast the computing resources and information scrvices
that will be available in the year 2000. Regardless of what becomes
available, 1t will be built on carlier efforts, and Athena likely will be
scen as a necessary step m the achievement of the wondertul things
that are to come.

Our best hope is that, as Dan Geer says, “Athena will be the
shoulders on which developers of the future will stand to build their
new systems.” Nevertheless, Athena’s most important accomplish-
ment may be that it provided a successtul model of how industry
and academia can work togcther cftectively to achieve something
that neither can do alone—and in the process change the world of
computing forever.
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Deployment
of Athena

Athcena has been installed in several locations other than at MIT, in
some cases for test and evaluation and in other cases for operational
usc. Test and evaluation installations include those at the University
of Texas at Austin, New York University (NYU), and the Univer-
sity of California at Santa Cruz. Of principal interest is testing and
evaluation of the Kerberos authentication system.

Kerberos by itself is used at several locations and is supported as
product by both IBM and Digital. It is an integral part of the DE-
corum distributed computing environment, developed by Open
Software Foundation, and the Open Network Computing system,
developed by Sun Microsystems. It is being used at CMU as part ot
the Andrew system.

The first installation of Athena for full operational use outside ot
MIT was at Bond University in Australia (ncar Brisbane on the cast
coast) in February 1989, where the system is called “Kowande™ after
an aboriginal hero. This system 1s relatively small, with about 35
workstations and two server systems. Subscquently, much iarger in-
stallations have been made at the University of Massachuscetes at Am-
herst, Stanford, North Carolina State Umversity, lowa State Uni-
versity at Ames, Nanyang Technical Institute m Simgapore, and the
Royal Technical Institute of Sweden (KTH).

In order to make installation at these locations casier, Digital
ported the Athena system to a Digital product environment. This
port included moving the Athena software trom the Berkeley UNIX
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base used at MIT to an Ultrix base, and removing or gencralizing
the MIT-specific elements of the software. The new software system
resulting from this porting process is called “DECathena.” Existing
Athena or DECathena installations are shown in the following table,
along with information on the name, scope, funding source, and in-
stallation.

Comparison of Athena Installations

User System Scope Funding Application Resource
Name Allocation

MIT Athena Campus DEC/IBM Education Athena
research

Bond Kowande Inf. dept. Self Education Inf. dept.
research

UMASS Pilgrim COINS DEC/Mass Research COINS

Stanford SPLICE Campus Self Education Campus

NTI NTI Campus Self Research Campus

NCSU EOS Eng. dept. Student Education Eng. dept.

fees

ISU Vincent Campus U.S. Education Dept. heads
research

KTH Bifrost EE dept. Self Research EE dept.

Note: all but MIT and Stanford have DECathena.

University of Massachusetts/Amherst

During February 1990 the system was ported to the University of
Massachusetts/ Amherst. The system built around Athena there is
called “Project Pilgrim,” as in the definition, “one who travels look-
ing for truth.” Project Pilgrim is a cooperative research relationship
among Digital, the University, and the Commonwealth of Massa-
chusetts. It is expected to significantly build on innovations such as
X Window System and the Athena distributed system environment.
It is a three-year, $6 million project designed to dramatically improve
the quality and accessibility of computers used for education and
research.

Pilgrim is based in the Computer and Information Science
(COINS) department’s research computer facility and the College of
Engincering’s Computer Services facility. It involves the design and
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implementation of a software system that links the two facilitics.
Together, they have a collection of approximately 500 workstations
and 40 multi-user systems. The linkage provides a cohesive com-
puting environment that can be used easily by all 3000 members of
COINS and the College of Engineering, from undergraduates to ad-
vanced researchers. Faculty also use the project as a test system for
rescarch and courseware development. Current work that might
benefit users includes development of “intelligent” computerized tu-
tors; sophisticated three-dimensional graphics tools; and software for
a wide variety of advanced scientific and administrative applications.
Project Pilgrim will develop a unified network of workstations
that could strongly influence how computers are used in the 1990s.
Ulumately more than 3000 engineers, scientists, and students on the
Ambherst campus will have access to this open network from various
manufacturers’ workstations. The University of Massachusetts at
Ambherst is the largest public rescarch university in New England.

Stanford

The Stanford Academic Computing organization installed many of
the Athena modules in late 1989 and achieved operational status in
February 1990. Their system is called SPLICE (Stanford Program tor
Location Independent Computing Environment). The system is
used primarily for education. Presently they have nearly 200 work-
stations running the SPLICE environment or parts of it, with plans
to extend this to several thousand workstations over the next few
years.

Rather than getting their software trom Digital, they obtained
their code directly from MIT. They modified the MIT code substan-
tially to fit within the Stanford environment. They participated in
the development of the Kerberos authentication service, and provided
code for some sections of it. They have ported the SPLICE sottware
to additional platforms for both clients and servers, and have plans
to install a number of additional Athena modules.

The use of the Athena software at Stanford differs in an impor-
tant way from the use of the same software at MIT. At MIT, hard-
ware that exccutes server software is always difterent from hard-
ware that runs client software. In the Stanford environment, clients
and servers often run on the same hardware. This leads to greater
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flexibility and efficiency in operation, but can also lead to more dif-
ficult security problems.

North Carolina State University

In June 1990 Athena was installed in the Engincering Department at
North Carolina State University (NCSU). Figure I.1 shows a system
diagram of the configuration. The name of Athena at NCSU is
“EOS,” after the Greek goddess of the dawn. The project was im-
plemented by the School of Enginecring, and initially only engi-
neering students (including Electrical and Computer Engincering)
use the system. Later, the plan is to extend the system to the entire
campus. There are about 7000 engineering students in a total student
body of 25,000. The first phase 1s an installation of 200 workstations
in four clusters of 50 cach. Three of the clusters are in the same build-
ing. Each cluster 1s on one Ethernet subnet, and cach has system file
servers. Initially the workstations are of a single architecture, but
later other architectures will be added.

The first students to use the system were entering freshmen in
the fall semester of 1990. No students at a higher level will be al-
lowed to use the system. As successive freshmen classes enter the
university they are to be added to the system. All students that use
the system are required to take a two-credit course in using the sys-
tem during their first semester. This course is limited to system and
applications use and does not include programming. An optional
sccond-semester course in programming is offered. All engincering
students pay a system usc fee of $100 per semester. Tuition at NCSU
1s presently $500 per semester, so this represents a 20 percent increase
in cost. Printing in excess of some threshold is an extra cost.

Workstations will be added to the system to maintain a ratio of
10 students per workstation until 750 workstations are available. As
at MIT, the type of work that can be done on the system or the hours
of use are unrestricted. Each student is given 3 MB of disk storage,
and all clusters are staffed. A few high-speed laser printers arc used
instead of many small ones, because the cost per page of expendibles
is far lower.

One dormitory was designated “computer dorm.” The students
who live there pay extra and are given special access to computer
facilities in the dorm. They also work on special computer projects
and provide informal consulting services to other students. They
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Primary Athena servers Backup Athena servers
TTT ~ ITT
Router
User System User System User System User System
files files files files files files files files
Print Print Print Print
server server server server

TTTT
afel=l=
TTTT
ODooo
TTTT
Dooo
TTTT
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50 student stations 50 student stations 50 student stations 50 student stations

Figure L.1 System configuration ot North Carolina State University installation.

scem to function somewhat like SIPB at MIT, and they probably will
play some role in system improvements.

Towa State University

Athena was installed at the lowa State University (ISU) at Ames n
June 1990. The name of Athena at ISU is “Vincent,” honoring John
Vincent Atanasoff, who invented the clectronic digital computer at
ISU. Use of Athena at ISU is different from that at MIT: It 1s used
for both research and education, rather than for cducation only.
Morcover, with Vincent all computing resources are allocated to de-
partment heads, and they in turn allocate the resources to rescarch
and education in accordance with department priorities. Figure 1.2
shows the block diagram of the system.

The system includes 350 workstations, all using the reduced
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instruction set architecture. Rather than dedicating one server to cach
service (such as a name server), as Athena does as a matter of policy
to simplify administration, Vincent combines many services on a sin-
gle server. This approach reduces cost and 1s quite feasible because
of the much higher performance of newer systems. Another difter-
ence is that the performance of Athena workstations was relative-
ly uniform, cven though they came from different manufacturers.
The Vincent workstations vary widely in many parameters, in-
cluding processor pertormance, memory and mass storage size,
and color capacity, ranging from 1 bit per pixel to 96 bits per pixel.
This range of pertormance 1s consistent with research-use require-
ments.

The Vincent system is composed of two groups of subnets, with
subnets within cach group bemng quite similar. The first group has
five subnets and supports all server types in the system. Within this
group, onc subnet supports a Moira server, two subnets support Ker-
beros servers, and all subnets support LAT, RVD, and “tull-service”
servers. Each subnet also supports 30-40 workstations. The full-ser-
vice servers support

NES;

post office;

Zephyr notification;

lpr distributed printing;
on-line consulting;

Hesiod naming; and

Discuss network conferencing.

The other group contains seven identical subnets. Each supports an
RVD server and about 25 workstations. All 12 subnets are connected
by a fiber digital data link (FDDI) backbone operating at 100 million
bits per second.

Nanyang Technical Institute

Athcna was installed at Nanyang Technical Institute in July 1990.
This installation was unique in that it was the first time that Athena
was installed on a workstation network in heavy production usc.
The Athena system installation did not disturb ongoing production
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work. Another unique aspect of the mnstallation was that it included
the first support of diskless workstations by Athena.

NES file server software was installed on two VAX 3500s. These
two VAX 3500s supported some 50 VA Xstation 3100 diskless work-
stations. In addition, one server supported the mail hub, post ottice,
and name service. The other server supported notification, authen-
tication, and time services.
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Guidelines for
Athena Installation

These guidelines tor installation of an Athena-like system in an aca-
demic environment are drawn from the experience at MIT and were
developed for Bond University. Bond is a new, private university
built in 1988 in Australia and modeled after MIT 1n many respects.

Requirements

Athena software should only be installed atter 15-25 workstations
are in place and running vendor-supplied Unix. Using the Athena
system to bring up a totally new hardware system 1s not appropriate.

All campuses are different, and the Athena software must be cus-
tomized tor cach specitic environment. This requirement is especially
truec of the Moira system management module, which is highly
adapted to the MIT environment in its present form. Other modules
are more portable. Absolutcly no support 1s provided for the Athena
software by MIT.

What You Get and How to Get It

Athena software can be obtained from MIT layered on Berkeley
Unix or trom Digital layered on Ultrix (DEC-Athena). In either case
it comes as a 6250 BPI magnctic tape or it can be copied over the
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net. To obtain the tape from MIT, contact the Athena Information
Othicer and request the “PANSS” tape. To copy the software over
the net, do an anonymous ffp to node athena-dist.mit.edu. MIT makes
the Athena system software (but not the instructional softwarc)
freely available to all. The only restriction is that the MIT copyright
notice must be retained in the source code.

To obtain the source from Digital, receiving organizations must
show evidence ot a valid Ultrix source license for at least the system
that will be used tor system builds. Valid Berkeley 32V and AT&T
Unix source licenses are also required. A vahid Ingres binary license
is required (from RTI) if the Moira service management system is to
be used. The TRANSCRIPT software must be acquired from Adobe
or elsewhere for use with postscript printers.

The Athena modules provided include

Kerberos authentication service;

Hesiod name service;

network mail system (including POP and XMH);
Zephyr notification service;

Moira scrvice management system;

X Window System and clients, Version 11;

NES modified to work with Kerberos;

RVD Remote Virtual Disk file service for read-only files;
on-line consulting package;

Discuss public bulletin board system; and

Boot service.

Sources for these modules are provided on the tape. The system must
be compiled for the local environment. Tables retlecting the local
hardware configuration and network assignments must also be
developed.

For non—United States locations, the Kerberos authentication
service cannot be provided by MIT because of export restriction
laws. Instead, a replacement for Kerberos, called “Bones,” is pro-
vided, which will allow the system to operate but without the ability
to perform encryption, decryption, or authentication. If there is a
need to print Athena documentation from electronic sources, a
SCRIBE binary license will also be needed. Some public domain
software, such as Gnuemacs, will also be provided.
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Organization
The Executive Committee

Long experience with MIS systems has shown that for a system in-
stallation to be a success, policy and objectives must be set by the
users of the system. In this particular case, the users of the system
are the faculty. It is recommended that a committee of leading faculty
members representing major departments or schools be established.
The policy decisions, and ultimately the support, of this committee
were of crucial importance to the ultimate acceptance and success of
the Athena system.

The Development and Suppeort Organization

In order tor the system to be minally installed and then maintained
at a receiving campus, there must be a resident development and
support group. The leader ot the group should have a title something
like “Director, Workstation Svstem Management.” This position re-
quires someone with tertiary teaching experience so that he or she
can relate well to the taculty. This person must also have traditional
MIS experience in the development (not just operation) of a large
workstation-based computer system, preferably using Unix and
TCP/IP.
The following groups will report to this individual:

Development;
Networking;
Operations; and
User Services

The Development group is responsible for system software,
must consist of “Unix wizards,” and must be experts on the internals
ot the type of Unix that you are using. Unix 1s a very flexible and
complex system and requires a great deal of low-level detail work to
keep it operational. A principal activity of the Unix wizards will be
to customize system management software and to build the entire
system from sources to fit the local environment. A Release Engi-
neering group within the Development group is responsible tor pro-
viding the Operations group with a complete, documented, and
tested system in binary form plus installation kits and instructions.

The Network group designs, installs (or oversees the installation
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by a contractor). and maintains the network. including the assign-
ment ot network addresses. the ongoing monitoring of network per-
tormance. and the planning tor capacity upgrades. This group is also
responsible tor installing and maintaining the modem pool tor dial-
up service. It is assumed that the network supports other svstems on
campus beyond the ones discussed here.

The Operations group 1s responsible for taking orders tor equip-
ment, getting quotes, placing orders, and keeping track of equip-
ment. When equipment is received, the Operations group invento-
ries and warehouses it. The group then installs it, attaches it to the
nerwoerk. loads 1t with svstem sottware (preferably over the net). and
tests it. The necessary configuration tables in the system manage-
ment sottware are moditied to retlect the new hardware. This group
1s responsible for working with Phvsical Plant personnel to obtain
modifications to power, walls, cabling, air-conditioning, etc.

While unattended operation is appropriate for the server hard-
ware, there needs to be an operations office (not in the machine
room) with several workstations on the network. Some of these
workstations (perhaps two) will be dedicated to monitoring network
and server activity, rather than being used by operators as interactive
terminals. There should be a remote temperature sensor tor cach ma-
chine room, with indicators in the operations office. This group
needs access to warehouse space for the equipment received but not
yet installed.

It would be advisable for the Operations group to maintain an
inventory of equipment and spare parts to minimize down time
when failures occur. The group is responsible for ordering service
when a failure occurs. It is advisable that Operations provide space
tor vendor maimtenance people to maintam a small ottice and storage
space for tools, documentation, and parts.

The User Services group delivers training. consulting, documen-
tation, “hot line” support. and notifies the maintenance group when
action 1s required. Athena user documentaton is available from MIT
upon written request. This group also establishes the requirements
tor purchased third-party sottware (editors. text tormatters. spread-
sheets. graphics packages) and evaluates available products. procurces
and supports them. This group also helps new users establish
accounts.

For large systems (i.e., more than 500 workstations), the posi-
tions ot Assistant Director and Technical Director might also be de-
sired. The Assistant Director is responsible for the day-to-day op-
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eration of the staff, freeing the Project Director for more strategic
and externally oriented activities. The Technical Director is respon-
sible for the overall integrity and consistency of svstem architecture.

If a significant number of purchased software packages is to be
used, a position needs to be defined to manage this activity. Based
on Athena experience. this activity could take the full time of an
individual.

A set of position descriptions drawn trom the MIT experience is
included at the end of this section.

Standards

The recommended standards for this system are:

Berkeley compatible Unix with the BIND name server
TCP/1P

X Window System V11
Postscript

GKS (2-D)

C and FORTRAN
Common Lisp

SQL

PHIGS (3-D)

AFS

Ethernet

Configurations

System configuration is ultimately set by the number and type of
users. If there are no privately owned PCs or workstations, a ratio
ot about ten students to each public workstation 1s a good working
minimum, although five students per workstation would be better.
If there are student-owned PCs or workstations, a ratio of 10-20
students per public workstation might be used.

These workstations should be placed in public clusters, along
with printers. The number ot workstations per public cluster might
range from 20 to 200. The MIT experience 1s that large clusters are
much more popular with students than small clusters and that large
clusters are much cheaper to operate than small clusters. Most of the
MIT clusters are unattended.
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If low-speed printers (i.e., eight pages per minute) are used,
about one printer per cight workstations, but at lcast two per public
cluster, should be available. At lcast in theory these low-speed print-
crs can be unattended. However, operational problems arise in this
approach, with students trying to load paper, unjam mechanisms,
and “repair” faults. In any event, at least a nominal charge for print-
ing, cqual to or greater than copying cost, should be made. Experi-
ence at MIT indicates that cach student prints about 500 pages per
year at a materials cost of about $40.

In addition to the low-speed printers, some high-speed printers
capable of about 4() pages per minute for large documents should be
provided. High-speed printers can have much lower cxpendibles
cost (by a factor of two) than slower printers. In all cases, these de-
vices should be in places convenient tor students—tor example near
classrooms, in student unions, or in libraries.

In order for the system to not have single points of failure, at
least two of each of

authentication servers,

name servers (preferably 3 minimum),
system disk servers, and

notification servers

should be provided. These servers may be dual ported (cach disk
subsystem interfaces to two processors) for additional rchabihty.
Dual porting looks very attractive but has not been tested at Athena.

The following assumptions secm reasonable in view of the Ath-
ena experience at MIT for use in sizing the system. Only one type
of workstation—a VAXstation or DEC station with 12 MB main
memory and 100 MB hard disk—would be utihzed. Servers hke Mi-
crovax 3900s, low-speed printers like LNO3s, and high-speed print-
ers like LPS-40s would be provided. (The experience at MIT is that
high-speed printers such as the LPS 40 are not appropriate for direct
student access but instead should be a “behind the counter™ opera-
tion. They are suitable for direct staft access.)

The following storage requirements are based on Athena expe-
rience.

s 1-3 MB private storage per undergraduate student
®  4-8 MB private storage per graduate student
s 8-10 MB private storage per staff member
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s 500 MB system software binaries (includes 50 MB for third-
party software)
s 500 MB instructional software

The following mstrumentation data were obtained on Athena
with regard to disk usage. At the time these data were gathered, the
default disk quota was 1.4 Mbytes, although this quota could be in-
creased upon suitable justification.

m 25 percent of the users use 40 KBytes or less.

m 50 percent of the users use 300 KBytes or less.

8 90 percent of the users use 1100 KBytes or less (95 percent of
quota).

s 95 percent of the users use 1440 KBytes or less (default limit).

® 5 percent of the users use 40 percent of the space (usually staff
members with large quotas).

m 10 percent of the users use 50 percent of the space.

® 50 percent of the users use 93 percent of the space.

A policy of overcommitment of file space is followed. At the
time these data were gathered, the total disk space available was 6.4
Gbytes. However, 10 Gbytes was committed to users via quota. This
approach of overcommitment works relatively well.

The size ot the NFES servers is determined by the amount of space
given to the users for private files in aggregate. Instructional soft-
ware may also be stored in the NFS servers. The RVD servers hold
the system binarics and some instructional software. The RVD
server 1s provided in addition to NFS because it has much higher
performance with read-only files.

No MIT instructional sottware 1s supplicd with the system. In-
structional software must be obtained individually from it taculty
developers.

The LAN communications system should correspond approxi-
mately to the MIT campus communications system. A backbone
link should connect the major buildings and Ethernct subnets pro-
vide intrabuilding communications.

“Firewalls” in the network are important to prevent problems on
onc subnet from propagating and bringing the entire net down. In
particular, the backbone should be protected from cach subnet.

Based on the MIT experience, a good approach would be to
bring all subnets back to a single point. All communications
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cquipment then could be mstalled and maintained in a single room,
along with the servers. This approach would greatly ease installa-
tion, modification, and maintenance.

Subnets with more than a few workstations should have their
own RVD servers. The Athena experience is that these servers are
not compute bound. One RVD server is required for each 100
workstations, and maintaining one RVD server as a hot spare on
cach subnet mayv be advisable. The number ot NFS servers required
is determined by the amount of storage that can be put on cach
server.

Backup on Athena 1s accomplished by copving to disk across the
net at night when the load 1s light and the tiles are relanvely stable.
The next day the backup disk 1s copied to tape during normal work-
ing hours when operators are available. The number of tape drives
required tor backup 1s tlexable. This 1s principally a tunction of sup-
port statt and geographical distribution ot servers. Given wide dis-
tribution and a reasonable statf, having a tape drive on cach NFS
server provides the greatest throughput and greatest sense of sccu-
rity. RVD servers back cach other up. because all the data1s the same
on cach.

A main frame system of at least 3 MIPS, 16 Mbytes of main
memory, and 1.6 Gbyvtes of disk storage should be provided tor sys-
tem builds. This system should also have access to a 6250 BPI tape
drive.

The tollowing table suggests sizes tor the contiguranion based on
the preceding assumptions and recommendations. Sizes are given for

both 3000 and 9000 students.

Students 3000 9000
Workstations 30 900

Subnets 5-10 20-30

RVD servers/subnet 1 1

NEFS servers 15 45
Authentication servers 1 master. 1 slave 1 master. 2 slaves
Mail servers 1 hub. 2 POs 1 hub. 4 POs
Name servers 3 5
Nortitication servers 1 4

Service management servers 1 3

Low-spced printers 25-30 70-90
High-speed printers 2 5
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If there are too many subnets, there will be too many RVD serv-

ers. If there are not enough subnets, there will be too much tratfic
on the subnet and the servers.

Training Users

MIT otters the tollowing training courses in Athena. which are both
necessary and reasonably sutticient. Anyv campus supporting an Ath-
ena-like svstem should consider ottering similar courses. The courses
arc one hour in duration unless otherwise noted.

1.

Introduction to Athena
This course is an introduction to Project Athena and Athena
workstations. It shows how to get started on the system. The
topics presented include

getting an account (authorization to use Athena);
where to find Athena workstations:

logging in;

using files and directories;

using X windows; and

finding help and documentation.

Prerequisites: None
Basic word processing on Athena
An introduction to text processing on Athena:

how to create and change files using the Emacs text editor:

sending electronic mail around the campus, the country. or
the world:

using Zephyr—note passing to other Athena users; and
using Athena’s laser printers.

Prerequisite: Introduction to Athena

3. Advanced word processing

All you need to produce a simple class paper:
the remaining Emacs fundamentals; and

basic text formatting with Scribe.

Prerequisite: Basic word processing
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4. Scribe reports (report)
The Scribe techniques needed to produce a fully formatted re-
port, including
chapter numbering;
footnotes;
tables;
cross-references;
table of contents; and
bibliography.
Prerequisite: Advanced word processing
5. Scribe thesis

How to produce a document that meects all the formatting re-
quirements for an MIT thesis.

Prerequisite: Scribe reports

6. Scribe math
How to include mathematical symbols and expressions in Scribe
documents:

numbered equations;
special symbols;
complicated fractions;
Greek letters; and

superscripts and subscripts.

Prerequisite: Advanced word processing
7. RS/1
An electronic lab notebook that provides facilities for
tables;
x—y plots;
3-D graphs;
data analysis; and
curve titting.
Prerequisite: Basic word processing
8. Programming in C
A six module. video-based course with six 40-minute video

presentations and corresponding programming exercise sets.
Assumes knowledge of at least one other programming lan-

guage.
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Physical Security

The file servers and authentication servers must be kept in locked
rooms with controlled access to prevent tampering. The number of
people with access to the authentcation servers should be kept to a
minimum.

Public clusters should be secured by entrance through a door that
has some sort of lock, perhaps a ten-key pad. Experience with un-
attended operation at MIT has been sanstactory. Telephones should
be available in the cluster rooms to allow calls for hotline assistance.
The logic modules. 1t desktop units. need to be physically attached
to the desk or table by a cable or cage. Loss of unsecured keyboards
and monitors at MIT has not been a problem.

Athena Software

The following is the set of software licenses that Athena has found
usctul. This st mayv not be complete. but at least gives the major items.

Software Available on Athena

Support Category

Cat. 1 = Athena supported

Cat. 2 = Third Party supported (non-SIPB)

Cat. 3 = Not ofticially supported but SIPB will answer questions
Cat. 4 = Beta (evaluation, limited distribution/license)

Cat. 5 = Special development (interim workstations, visual)

Cat. 6 = Unsupported

(Athena supported means the project will make bug fixes and issue new releascs.
Third party means vendor will do this.)

Documentation

A = Athcna (Essential document, in racks, or through on-line-help)

V(1) = Vendor or 3rd party documentation available in the racks
V(2) = Vendor or 3rd party documentation available on-line
V(3) = Vendor or 3rd party documentation available for purchase (send mail to

mwmoor for more information)
H = On-hne help within program only
M = man page only

— = no documentation

continues
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Training—*Yes’ means that this topic is covered in one of our minicourses.

Name Support  Description Documen- Training
Category tation
Languages/Compilers
C (peo) 1 C compiler A Vidco
gee, gdb 2 gnu C compiler V(1)
Saber 2.0 1 C interpreter/debugger A,V(1)
nc (RT’s) 1 C compiler A
dbx 1 debugger A
F77 1 FORTRAN compiler A V()
LISP 4 Allegro Common LISP o
KCL 1 Kyoto Common LISP V(1,2)
Pascal 6 Pascal compiler —
PostScript 2 Page description language V(1)
Prolog 6 Prolog compiler —
Scheme 2 Scheme A
clu 2 —
shell scripting 1 A V(1)
System Utilities
Kerberos 1 Authentication/authoriz. A
sys.
mh 1 Mail handler A V(1) Yes
xmh 1 X version of mh M
mh-mail (motif) 4 Motif version of mh —
Zephyr 1 Notification service A Yes
SMS (Moira) ] Service Management A
system
Discuss 3 Conferencing system A
xdiscuss 3 X version of Discuss —
Turnin/pickup 1 Courseware utilities M
Transcript 1 PostScript utilities
psrev A Yes
enscript M
ps4014 M Yes
X Window system s Window system and V(1) Limited
related util., libs. and enrollment
toolkits
messages (andrew) 5 Mail handler V(2)
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Name Support  Description Documen- Training
Category tation
Productivity Tools
Andrew cz 4 WYSIWYG editor A, V(2) Yes
Andrew table 4 WYSIWYG table/ V(2)
spreadsheet
Andrew zip 4 WYSIWYG drawing V(2)
Andrew cq 4 Equation processor V(2)
Andrew raster 4 Image processor V(2)
20/20 6 Spreadshect V(2)
ditroft 6 Device independent troff M, V(1)
GNU Emacs 1 Text editor A, V(1) Yes
INGRES 4 Relational database V(3)
management system
MACSYMA 1 Symbolic manipulation V(1)
pgm
MatLab 4 Interactive matrix pgm V(3)
MATRIXx 6 Matrix manipulation pgm V(3)
SIMNON 6 Non-linear systems V(3)
analysis
Minitab 4 Statistical package V(3)
NAG 2 Numerical routines V(1,2,3)
library
Scribe 2 Text formatter A Yes
LaTex 3 Text formatter A, V(1)
viewdoc 4 PostScript text previewer — Yes
Xps 3 PostScript previewer —
xdvi 3 TEX previewer —
RS/1 1 Electronic lab notebook A, V(1) Yes
olc 1 Online consulting A
program
olh 1 Online help system A
olta 4 Online course TA —
whatsup (postit, 1 Activitics online listings M
bulkpost)
Graphics
ProChart 1 Prescntation Graphics V(3)

pgm

continuces
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Name Support  Description Documen-
Category tation

GKS 6 Graphics Kernel System  V(3)
2D

IGKS 4 Graphics Kernel System  —

Movie. BYU 4 Graphics 3D modeling —
pkg

Penplot 6 Vector graphics library V(3)

PostScript 2 Page description language V(1)

Hoops 4 3D graphics —

xmath 4 Function plotting package H

xfig 3 General graphics pkg —

idraw 3 General graphics pkg —

ped 6 Picture Editor —

Development Tools

BLOX 5 User interface generation  V(3)
Tools

Andrew Toolkit 4 Interface generator —

Musc 5 Courseware Authoring —

Motif uil/toolkit 4 Intertace generator V(3)
Others

Kermit 6 File transfer A
gctl, galatea 5 Video Soft Switch server A
rrm 3 network news A

Other Considerations

UPS power should be considered for the servers critical to operation,
especially the authentication server and name server.

The annual operating budget should contain a line item for de-
preciation approximately equal to 25 percent ot the replacement cost
of the hardware, including workstations, servers, and printers.

Faculty use of the workstations will be different from that of
students. Faculty patterns of use should be considered in the design.

Interface to the library and administrative system should be con-
sidered.

Personnel, location, and method of dclivering training, docu-
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mentation, trouble-shooting, and consulting need to be considered.
DECwindows, Motif, or some similar graphical interface to
Unix should be used to ease training problems.

Position Desceriptions

The tollowing are position descriptions, including the skills neces-
sary to support Athena on campus. These descriptions are drawn
from the MIT descriptions ot such jobs and retlect MIT's organiza-
tional structure.

System Architeet

Responsibilities. Responsible for overall system architecture, de-
sign, and improvements to an advanced Unix-based distributed
workstation operating environment using the MIT Athena distrib-
uted services software.

Qualifications. Candidate must have 7-10 years experience in sys-
tem design and architecture, with emphasis on Unix-based distrib-
uted workstation systems. Must understand the architecture ot Unix
thoroughly and must be able to develop highly detailed solutions to
difficult problems in operating system opcration. Must be well
versed in the TCP/IP communications protocols and its relationship
to Unix. Must have in-depth knowledge ot the client=server model
ot distributed computing and its implementation in a Unix environ-
ment. Must have some demonstrated understanding of the perfor-
mance issues in distributed workstation computing systems. Must
have detailed knowledge of NFS and related distributed file systems.

Unix Specialist

Responsibilities. Continue development and maintain advanced
Unix-based distributed workstation operating environment using
the MIT Athena distributed services software.

Qualifications. Must have five ycars experience and detailed
knowledge of the internals of Berkeley Unix. Must have a thorough
knowledge of device drivers. Must be able to find difficult bugs in
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Unix operation based on dump analysis or symptom analysis and
must be able to fix the bugs rapidly without introduction of addi-
tional problems. Must be able to design and implement or find bugs
in distributed aspects of Unix operation. Must be proficient in C
language programming. Education requirement is Bachelor’s degree
or cquivalent combination of experience. Must have demonstrated
ability to work with others in integrated tcam. Experience with X11
Window System 1s also desired.

Instructional Software Consultant

Responsibilities. Provide consulting to students and faculty using
standard end user software and on-line consulting tools: provide
teedback to User Services about operations in the tield and technical
training to uscrs. Positions deal with delivery of educational services
and development of traming programs. Will supervise the adminis-
tration of day-to-day operation of on-line consulting tools and cval-
uate prerelease software.

Qualifications. Bachclor’s degree or equivalent combination of
education and experience necessary, as well as two or more years of
cxperience in computer programming or system admimistration and
demonstrated ability to work well with computer users and technical
staff members. Computing experience in a university setting: expe-
ricnce with Unix and with a variety of end-user software, as well as
ability to train other technical staft preferred. Proven supervisory
skills, strong technical skills, extensive experience using Unix utili-
tics, and computing experience in a networked environment desir-

able.

Deployment and Installation Manager

Responsibilities. Develop policies and procedures for the deploy-
ment, installation, and maintenance of workstations in a large dis-
tributed network. Develop budget and accounting procedures tor
cquipment purchase and maintenance of stocking levels for inven-
tory. Perform database development to maintain accurate records of
cquipment configurations and locations. Extract report generation
material from database for management review. Provide manage-
ment to Supervisor of Hotline for all vendor and internal trouble
calls. Maintain two shifts of technicians for repair of hardwarc and
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software. Coordinate installation of workstations with all other in-
volved departments.

Qualifications. Candidate should have five years experience in
project and operations management in telecommunications and/or
with computer vendors. Experience with workstations and net-
working and excellent communications skills are required.

User Support/Administrator

Qualifications. Must have five years experience in user support
and administration in a Unix-based distributed workstation system.
Must have a good appreciation ot user needs and the ability to work
well with people in different situations.

Unix Communications Specialist

Responsibilities. Develop and mamtain TCP/IP communications
environment supporting advanced workstation distributed network
systems.

Qualifications. Must have five years experience in design and im-
plementation ot TCP/IP communications systems on Ethernet in a
Berkeley Unix environment. Must have experience developing Eth-
ernet gateways or bridges, and should understand tradeotts involved
in developing similar technology. Must be able to program m C and
Unix.

Instructional Software Development Programmer

Responsibilities. Assist faculty working on educational software
and implementation—in particular will provide proposal formula-
tion assistance and identification of funding sources tor projects, con-
sult on user interface and application design, and write sottware in
support of courseware development in a Unix environment using
graphic display processors.

Candidate will implement applications programs, standards, and
libraries and maintain contact between the faculty and statt. Will re-
scarch appropriate software and hardware avenues to meet taculty
needs and will provide assistance in resolving technical problems.
Will install and modify applications packages obtained trom vendors.
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Qualifications. Bachelor’s degree or equivalent combination of
education and experience necessary. Also required are good com-
munication skills and one year or more full-time experience with at
least two ot the following: Unix, C, computer graphics in a scientific
environment, and X11 window and toolkit system.

Applications Developer

Responsibilities. Will assist faculty members working on educa-
tional sottware and implementation—in particular, will write deviee
drivers and other system software in support of visual courseware
development in an Unix X11 environment using graphics display
processors such as the Parallax board; implement applications pro-
grams, standards, and libraries; and maintain contact between taculty
and staft. Will rescarch appropriate software and hardware avenues
to meet the needs ot the faculty and will provide assistance in iden-
titving and resolving technical problems users may have. Will pro-
vide conceptual, technical, and standard information to users and
communicate user needs requirements to developers. Will mstall,
document, maintain, and modifty apphcations packages obtained
from vendors or other computing facilities.

Qualifications. Bachelor’s degree or equivalent combination of
cducation and experience necessary. Requires good oral and written
communication skills and good interpersonal skills, and one year or
more full-time experience with at least two of the tollowmng: Unix,
C, interactive computer graphics in a scientific environment, inter-
active videodisc, device drivers, and X11 toolkit. Famiharity with
optical file systems desirable.

Systems Developer

Responsibilities. A Systems Programmer is required for work
with the Systems Development Group. The candidate will be spe-
cifically responsible for development of extensions and modifications
to a distributed operating environment layered on Unix. These ac-
tivitics require a thorough knowledge of C, Unix device drivers, and
kernel internals.

Qualifications. Bachelor’s degree or equivalent combination of
education and experience necessary. Experience with construction



POSITION DESCRIPTIONS 241

and tuning of DMA driven board level processors a plus. Experience
with project leadership and a proven ability to deliver a necessity.
Ability to work with others at all skill levels, both as coworkers and
as clients, a requirement. X11 server experience a definite advantage.

Techniecal Writer

Responsibilities. To write and update documentation; work with
faculty and staft to determine needs; work as member of documen-
tation delivery team; test prerelease sottware; investigate on-line doc-
umentation delivery strategics.

Qualifications. Bachelor’s degree or equivalent experience and
onc year technical writing experience necessary. Strong technical
background, including knowledge ot at least one programming lan-
guage, text editors and formatters, Unix system, and application
arcas. Experience m umversity sctting strongly desired. Writing sam-
ples required.

Svstem Consultant

Responsibilities. To provide consulting to students and faculty us-
g standard end-user software on the Project Athena computer sys-
tem; learn and use standard end-user software and on-line consulting
tools; provide teedback to Athena statt and users about operations in
the field; provide technical leadership and training for the consulting
tecam; prepare and distribute technical information to other members
of the consulting tecam and interested members of the Athena statt;
hire, train, and supervise student consultants; supervise the admin-
istration and day-to-day operation ot on-line consulting toois; design
and implement utility programs, and modity existing programs;
cvaluate prerclease software and monitor changes to the release sys-
tem from the point of view of cnd-users; and work with the docu-
mentation and training statfs to help provide documentation and
training for end users.

Qualifications. Bachelor’s degree or equivalent combination of
education and experience necessary, as well as two or more ycars of
experience in computer programming or system administration, a
strong facility for acquiring and assimilating information about ap-
plication packages and the contiguration of a distributed computer
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system, and a demonstrated ability to work well with computer
users and technical staff members required. Experience with Unix,
computing experience in a university setting, experience with a va-
ricty of end-user software, and evident ability to train other technical
staff preferred. Proven supervisory skills, strong technical writing
skills, extensive experience using Unix utilities, and computing ex-
perience in a networked environment desirable.

End-User Consulting Manager

Responsibilities. Plan, hire, manage, and supervise a staff to pro-
vide consulting to users of Project Athena’s resources. Channel user
feedback to User Services (particularly Faculty/Course Liaison and
Documentation) and Systems Development. Provide status infor-
mation and workarounds to uscers when operational problems occur.
Procure the necessary on-line programs and tools to deliver these
services and provide consulting programs for end users of Athena’s
standard applications and systems software.

Qualifications. Bachelor’s degree in Computer Science. First-
hand experience with Unix and Unix uualities and a varicty of end-
uscr software; familiarity with one or more programming languages;
computing cxperience in a networked or distributed environment.
Experience establishing consulting services; proven supervisory
skills; ability to work well with uscrs, students and other staff, and
to resolve conflicts between them. Excellent communication skills,
both oral and written, required.

Computing experience in a university setting, experience with
large-scale computer systems, systems administration experience,
and systems programming experience on Unix highly desirable. Fa-
miliarity with the design of user interfaces, experience providing di-
rect day-to-day user or customer support, fluency in C and experi-
ence with hardware (including network) maintenance desirable.

Hotline Supervisor

Responsibilities. Coordinate all vendor and internal repairs of
hardwarc/software. Supervise two shifts of technicians for repair of
hardware/software. Supervise the day-to-day operation of an on-line
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hotline database. Provide feedback to Athena users of nonfunction-
ing cquipment. Generate quarterly reports of hotline activities.

Qualifications. Must have at least three years experience within
opcrations/tcleccommunications environment. Ahility to work well
with computer users and technical staff members. Experience with
computers and workstations. Position requires good communication
skills and good interpersonal skills. Experience in Unix helpful.
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Other Issues
in Instructional
Computing —

This section provides additional background information in instruc-
tional computing for higher education in the areas of

m alternative design approaches;
m  alternative ownership models; and
m  role of private industry.

Alternative System Design Approaches

Of the many design approaches that may be taken in the use of
workstations at higher education mstitutions (sce [McCredie 83] tor
further information), those of particular interest here include

workstations versus personal computers;
networked versus not networked;

institution ownership versus private ownership;
disk versus diskless; and

standards versus laissez faire.

These design issues interact strongly with each other: That is, a
decision relative to one strongly intluences the resolution of other
issues. For example, if a university has only mstitution ownership
of workstations and all workstations are on campus (i.c., tughtly
coupled), a diskless approach may be attractive. Conversely, 1t the

248
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university has (mostly) privately owned workstations and if many
are off campus, the diskless approach may be very unattractive.

Resolution of these issues are not mutually exclusive, and in most
cases universities will implement multiple approaches. For example,
a university may have both institution and private ownership of
workstations. It could also have both networked and nonnetworked
workstations. Thus the questions are not which approach is to be
taken, but rather how much of each approach is to be used and how
they are to be integrated.

The advantages and disadvantages of each approach may be rel-
atively complex, but some tradeoffs can be casily described. It the
workstations are networked, the system can support mail, shared
files, public databases, and casy exchange ot all forms of mtorma-
tion. The disadvantage is a substantial cost increment. Of course,
networking can be accomphished by Local Arca Networks (higher
cost and performance) or modems (lower cost and lower perfor-
mance). There are also many intermediate approaches.

Diskless workstations have the advantage of lower cost com-
pared to workstations with disks. Other advantages ot a diskless
configuration tlow from the resulting statelessness of the worksta-
tion: All software distribution is to the servers that provide storage;
library service for the workstation and backup can be handled cen-
trally.

However, diskless workstations put a substantial extra burden on
network channel loading and on server storage. Experience indicates
that no more than about 40 diskless workstations can be supported
by one file server in read—write operation with locking (the normal
casc). More subnets may be required to handle the increased network
traffic.

The mix of choices must be made in a local context. However,
some general interactions of solutions can be discussed.

The question of whether a hard disk should be a required feature
of a workstation is a hotly debated one. In situations where all work-
stations are

B institution owned,
m  centrally administered, and
® required to be attached to a high-performance network,

workstations may be deployed with no hard disk. Whether there 1s
an economic advantage in the smaller physical configuration at the
workstation and a net cconomy of scale from sharing large disks at
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the server 1s a cost-enginecering question that has not been defini-
tively answered. Moreover, the answer changes frequently with
changes in technology.

In any case, there are also environments in which the three con-
ditions just listed do not hold and theretore in which a diskless con-
figuration 1s simply not usable. In particular, when students own
their own workstations they expect them to be useful when standing
alone. One rcason is so that they can take them home over the sum-
mer or contemplate living in an apartment away from the campus
ncetwork. Even for the on-campus student, there is a strong psycho-
logical barrier to laying out a substantial sum of moncey for an object
that 1s usable only when plugged into a system with limited geo-
graphical range and whose services are completely under someone
clse’s control.

Alternative Ownership Models

Models of ownership range from workstations owned by the insti-
tution and provided as part of the educational environment to the
students, to workstations purchased by the students on a voluntary
basis, to workstations purchased by students on a required basis.

Private ownership may be mandatory or voluntary. The institu-
tion may require that purchased workstations contorm to estabhished
standards, or 1t may allow users to purchase any type of workstation
(laissez faire). Centralized servers (file servers, print servers, etc.)
normally are owned by the institution.

If students purchase workstations, the most senior students will
have the oldest equipment. It the institution provides workstations
to students through a lease plan, arrangements can be made to pro-
vide the most senior students with the newest equipment.

Important characteristics of institution ownership arc that the
cost burden is dircetly born by the institution and all students have
access to the facilities. The cost is passed on to the student through
tuition or to the public through taxes. Whether this 1s an advantage
depends on local circumstances. Institution ownership can be estab-
lished as policy, regardless of whether funding is public or private.
With institution ownership, delivery ot education arguably will be
more equitable, because all students can have equal access to com-
puting facilitics regardless of personal budget. However, if all
students are required to purchase workstations upon entry to the
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university (perhaps as part of tuition), comparable equal access could
be achieved.

A likcly long-term ownership model for MIT is that of private
ownership of most workstations, and Institute ownership of scrvers.
There would also be Institute ownership of a significant number
(¢.g., 1500) of publicly available workstations on campus. If the pri-
vate ownership approach were supported in the future, the privately
owned workstations would be purchased by students and staft mem-
bers trom a varicty of sources, including but not limited to the cam-
pus microcomputer store. The number of privately owned worksta-
tions could grow to about 10,000 over time.

Delivery of Required Services

Services required to support delivery ot educational computing
include

sales of hardware and software;
maintenance;

user training;

consulting (both on-line and personal);
documentation;

network installation;

network support; and

workstation installation.

Various colleges and universities have widely dittering needs tor
support ot computing scrvices. At one end of the spectrum, the uni-
versity may be highly selt-sutticient in one or more (perhaps all) ser-
vices. At the other extreme, the university may contract for essen-
tially all services. The two sources of the required services are the
institution and private industry.

of Private Industry

In this context, private industry refers to computer and workstation
manutacturers, and third-party suppliers of products and services,
such as software, maintenance, network services, and consulting.
Private industry must be able to support educational institutions
across the spectrum of computing needs described. In those instances
where the institution is able to provide a service, it normally can do
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so at a much lower cost than can private industry. For example, a
college or university can support the sales tunction with a markup
on the order of 10 percent, whereas private industry needs a much
higher markup. Likewise, the labor rates tor a college or university
to perform maintenance are far lower than they are for private
industry.

In the following scenario, two extreme situations are described:
onc in which the institution ofters essentially no services and onc in
which the institution 1s essentially selt-sutficient. In any real situa-
tion some combination of these extremes would exist. Industry
must have the flexibility to meet such diverse, situation-specific
requircments.

In the case of minimum institutional services, private industry is
required to provide nearly all services. The workstation manutactur-
ers or other marketing organizations open stores on campus to scll
hardware, software, documentation, and maintenance services for
their workstations. Workstation mstallation must be casy cnough
that the purchaser can do it, preferably with no more than one page
ot mstructions and m no more than 15 mmutes. Ideally, the sottware
can be loaded over the network 1t the mstitution has purchased a site
license (and has appropriate servers and networks); otherwise the
software must be loaded locally.

In the casc of a sclf-sufficient institution, a very different situation
exists. Here, the institution is treated as a value-added retailer. The
institution operates the computer store very much as the manufac-
turer does in the preceding case. The store sells a range of products
approved for use on campus. Private industry sells products and ser-
vices, such as hardware, software, repair parts, product brochures,
and other intormation, to the computer store wholesale. Substantial
training services—for example, product training, maintcnance train-
ing, and consulting training—are required by the institution.

The self-sufficient model is very close to the one sclected at MIT
for the post-Athena period.
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Athena Policies

The two documents presented here should be of interest to devel-
opers or administrators of systems such as Athena. They are:

m  Principles of Responsible Use of Project Athena; and
m  Athena Rules of Use.

The Athena staft developed these policies on the basis of experience
gained early in the project. They apply to all users.

Principles of Responsible Use of Project Athena
STEVE LERMAN

Project Athena Director

Project Athena is an cight-year experiment in the use of a large, net-
worked computer system as part of the cducational process at MIT.
Athena’s distributed computer system will open up entirely new
ways for members of the MIT community to share information.
Onc consequence of linking the entire community together, how-
ever, is the potential for improper use of the system, a violation of
MIT’s high standards of honesty and personal conduct.

Intended Use

The hardware granted to Project Athena, and the sottware licensed
for that hardware, are intended only for cducational use by MIT
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community members. Use of Athena resources by anyone outside
MIT requires approval of the Provost, and the sale of such usc is
prohibited. The use of Athena resources for tinancial gain is similarly
prohibited. Use of Project Athena’s facilities for sponsored rescarch
activities that normally would make usc ot other MIT facilities 1s not
permitted, except by permission of the Director.

Privacy and Security

The UNIX (UNIX is a trademark of Bell Laboratories) operating
system used by Project Athena facilitates sharing information and
sottware among its users. Sccurity mechanisms for protecting tor-
mation trom unintended access—trom within the system or trom the
outside—are minimal. These mechanisms, by themscelves, are mad-
cquate tor a communtity the size of MIT's, for whom protection of
mdividual privacy 1s as important as sharing. Users must supplement
the system’s security mechanisms by using the system in a manner
that preserves the privacy of others.

For example, users should not attempt to gain access to the files
or directories of another user without explicit authorization trom
that user (unless that user has itentionally made them available for
public access). Nor should users attempt to intercept any systems
communications, such as electronic mail or terminal dialog. Pro-
grams should not store mtormation about other users without the
uscrs” prior knowledge. Personal information about another individ-
ual, which a user would not otherwise disseminate to the MIT com-
munity, should not be stored or communicated on the syvstem with-
out the other individual’s permission. Such mtormanon includes
grades, cvaluation of students, and their work.

System Integrity

Actions taken by users intentionally to interfere with or to aleer the
integrity of the system cannot be permitted. These include unau-
thorized use of accounts. impersonation of other imndividuals m sys-
tems communications, attempts to crack passwords or encryption,
and destruction or alteration of data or programs belonging to other
uscrs. Equally unacceptable are intentional ctforts to restrict or deny
access by others to any of the resources of the system.
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Intellectual Property Rights

Some software and databases that reside on the system are owned by
uscrs or third parties, and are protected by copyright and other laws,
together with licenses and other contractual agreements. Users must
abide by these restrictions. Such restrictions may include prohibi-
tions against copying programs or data tfor usc on non—Athcena sys-
tems or for distribution outside MIT, against the resale of data or
programs or their use tor noneducational purposcs or for financial
gain, and against public disclosure ot information about programs
(e.g., source code) without the owner’s authorization. It is the re-
sponsibility of the owner ot protected sottware or data to make any
such restrictions known to the user.

Athena Rules of Use

At times, Athena’s computer resources are stretched to their limits.
We need vour help to keep things trom getting out of hand. It s
likely that some Athena tacihues will develop additional local rules
ot use to meet the needs of their tacthtes. We do not intend to police
Athena tacilities to enforce these rules. Instead, we expect voluntary
comphance and group pressure to be the most cttective entorcement
mechanisms.

1. Do not eat or drink in Athena clusters.
Food and drinks can damage equipment.
2. Do not lend your Athena password.

Do not lend your Athena password to anyone, including friends,
or even to members of the Athena staff. Giving somcone else your
password is like lending somecone the key to your house or giving
someone your charge card.

Your Athena username identifies you to the Athena user com-
munity. Anyone who has your Athena password can use your ac-
count and anything they do that affects the system will be traced
back to your username. If your username is used in an abusive man-
ner, you will be held responsible. We have had incidents of misuse
ot the mail svstems involving people using other people’s usernames
to send abusive messages.
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Every student (undergrad and grad) and every faculty member
who wants an account can have one; there’s no need for borrowing.

3. Do not print Athena olh modules.

Athena-written documentation is meant to be read on-line.
Printed copices are available for purchase at the Graphic Arts Quick
Copy center in 11-004.

4. Do not use Athena printers as copy machines.

The Athena printers should be used to print only one copy ot a
document. To make additional copies, please use copy machines.
You can use the copy machines at Graphic Arts for 3 cents a page,
or send your output to the Xerox 9700 printer, which costs about
the same. You pay the fee when you pick up your output.

5. Do not be a printer hog.

Please do not print a large or complicated document which takes
longer than 10 minutes to print on the printers in the public clusters.
Doing so ties up the printer for a long time, and other users won't
be able to get printouts. If you have such a document, either break
it into sections which you print out when the printer doesn’t secem
to be busy, or send it to the “linus” (LPS-40) printer behind the 1.S.
Dispatch Desk in Building 11.

If you have a scribed document and don’t need a printout of all
of it, you can use the psrev command to print just a portion. Sce
directions on psrev in the OLH module on printing trom an Athena
workstation.

6. Do not leave your workstation unattended for more than
20 minutes.

If you are using a workstation in one of the public clusters and
intend to keep using it but must leave it briefly unattended, you
should limit your absence to less than 20 minutes. Please leave a note
on the workstation indicating the tume you lett the machine and vour
intention to return.

If you are gone longer than twenty minutes, another user who
nceds a workstation may log you out or reboot the machine if you
leave a public workstation in a “locked” state.
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7. Observe priorities for the use of workstations.

If a cluster is crowded, the highest priority goes to course-related
work—running or developing course sottware. Middle priority goes
to text processing, sending mail, exploring the system or just hack-
ing. Lowest priority goes to game-playing.

Some clusters have workstations which are reserved for specific
coursc usc or which have special teatures—tor example, color or spe-
cial peripherals such as a videodisk player. It you are using such a
workstation for a purposc other than its special purpose and someone
who needs its unique feature asks you to surrender it, please do so
gracefully.

8. Do not play games if the cluster is busy.

Games are the lowest priority software on the system. Do not
play games if there are only a few workstations free or people are
waiting for workstations.

If a user needs a workstation for higher priority work while you
are playing games, the user can ask you to give up your work-
station.

9. Do not make a lot of noise in the public clusters.

Public clusters are similar to the MIT Libraries in that students
who use these facilities have to be able to concentrate to do their
homework. Please do not play music, shout, or engage in loud con-
versation in the clusters.

10. Do not copy copyrighted software.

Many Athena programs are protected by some kind of copyright
restriction.

11. Do not turn the power off on Athena equipment.

Do not turn the power oft on Athena equipment, such as work-
stations, monitors, or printers. Turning the power off can perma-
nently damage the hardware. The exception to this is if it smells or
looks like it is burning. In that case, please turn it oft and call the
Athena hardware hotline at x3-1410.

12. Do not reconfigure the cluster.

Moving equipment will often break it, and may causc it to be
reported as stolen. If you believe the configuration of a cluster needs
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to be changed, please call the Athena hardware hotline at x3-1410.
In particular, please don’t unplug or move keyboards, as this can
result in permanent damage to the hardware.

13. Do not forward electronic chain letters.

The proliteration of electronic chain letters is an abuse of the mail
system and the network. You may lose your Athena privileges if you
support this abuse by creating or forwarding such letters.

Thank you for your cooperation.
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Athena Donors

The two primary sponsors of Athena are Digital Equipment Cor-
poration and IBM. In addition, many other donors contributed to
the project, providing in aggregate about $16 million. The following
is a list of these donors who did not ask to remain anonymous.

Addison-Wesley Publishing Company
Amoco Foundation

The Annenberg/CPB Project

AT&T Bell Laboratories

Boston Edison Foundation

CBS Publishing Group

Alexander and Brit d’Arbeloff "49 61
Abraham I. Drantz '48

Max E. and Robert J. Gellert 48 ’53
Leopold R. Gellert Family Trust
General Electric Foundation

General Motors Foundation, Inc.
Kenneth J. and Pauline S. Germeshausen ’31
Houghton Mifflin Company

Hughes Aircraft Company

Edward C. Johnson III

Lockheed Leadership Fund
McDonnell Douglas Foundation
Robert M. Metcalfe 68

Harold J. Muckley 39
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Welrose Newhall ’22

A. Neil Pappalardo 64

Stratford Foundation

Westinghouse Educational Foundation

3COM Corp.
Others who contributed technology or resources include:

Adobe Systems, Inc.

Apollo Computer, Incorporated
Apple Computer Inc. (USA)
Bolt Beranck & Newman Inc.
Carnegie-Mellon University
Codex

Franz Manufacturing Co., Inc.
GTE Corporation
Hewlett-Packard Company
Integrated Systems Division of Litton Industries, Inc.
MIT Industrial Liaison Program
Open Softwarc Foundation
QMS, Inc.

Salomon Brothers Incorporated
Tektronix Incorporated
Transarc Corporation
University of Wisconsin

Visix Software, Inc.
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First Athena
Press Release

The tollowing is the tirst Athena press release, provided by the News
Ottice of MIT. given to the press on May 27, 1983. The press contact
at MIT was listed as Eric Johnson, Assistant Dean, School ot Engi-
neering.

MIT Launches Major Experimental Program Teo
Integrate Computers Into Education; Digital Equipment
Corp., IBM Providing Suppeort

Can computers really help undergraduates learn faster and more ct-
fectively? Educators at the Massachusetts Institute of Technology
think so, and to find out how, MIT has launched a major experi-
mental program to integrate the next generation of computers and
interactive graphics into undergraduate education throughout all tive
of its schools.

Digital Equipment Corp. and IBM Corp.—the world’s two larg-
est computer manufacturcrs—are working mdependently with MIT
in what they see as an exciting opportunity to develop ways of tap-
ping the extraordinary tlexibility and power of the computer to help
students gain a deeper understanding of a wide range of academic
disciplines.

The companies are providing a total of ncarly $50 million in
cquipment, software, service, maintenance, support, rescarch grants,
and on-campus personnel over the next five years. DEC’s contribu-
tion 1s the largest single gift it has made in its corporate history. In
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addition, MIT has begun a campaign to raise as much as $20 million
in grants from other organizations and individuals in order to pro-
vide funds to sustain the project.

The unique program, announced today by MIT President Paul
E. Gray, is called Project Athena after the Greek goddess of wisdom.
Project Athena is based on the premise that computers with ad-
vanced computational and graphics capabilities represent a revolu-
tionary new medium for learning.

“This may be the largest step forward in MIT’s long history of
contributions to education” President Gray said. “The Institute has
traditionally played a pioneering role in many areas from curriculum
development to novel approaches to teaching.”

A key MIT goal unique to Project Athena will be to develop
“coherence” among the suppliers’ computers such that all machines
will function with the same operating system interface and use the
same languages. Coherence will enable students and faculty eventu-
ally to move easily from one manufacturer’s equipment to another.

“Athena will integrate computers into the educational environ-
ment in all fields of study through the university in ways which ¢n-
courage new conceptual and intuitive understanding in our students”™
President Gray explained. “Central to the project will be the creation
of an extensive, coherent network of computers that will enable n-
dividuals to share cach others” information and programs, and to
work together on problems and ideas in creative new ways.”

Professor Michael L. Dertouzos, Director of the MIT Laboratory
for Computer Science, added that “Project Athena, with its key no-
tion of coherence, is as big a technical challenge as it is a promise
that our MIT community will use its newest technology mn the ser-
vice of its oldest goal—improving the education of our students.”

President Gray described faculty planners who have been work-
ing on Athena for more than a year as “extraordinarily enthusiastic
and cxcited” about the possibilities of producing sweeping changes
in the teaching of everything from history and literature to engi-
neering and architecture, from foreign languages, political science,
and economics to physics, chemistry, and mathematics.

“Our faith in the success of this experiment is based on the great
strength of the MIT faculty and student body,” according to Jocl
Moscs, Head of the Electrical Engincering and Computer Science
Department. “We are fortunate to have obtained the computer re-
sources and services needed for the project. Now we must begin the
task of translating the vision into reality.”
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In the School of Engincering, for example, professors are plan-
ning to use this new computational and graphics power to develop
new ways to help students grasp abstract concepts. In particular, the
system could improve the effectiveness of tecaching clectromagnetic
field theory. It could mnstill an intuitive or physical feel for structural
behavior. Computer graphics could be useful to help teach fluid me-
chanics and the intricacies of crystal structure, fields which involve
two- and three-dimensional spatial relationships.

“The intensive use of computers is by no means limited to com-
puter specialists or to cngineering majors,” said President Gray.
“Foreign language teachers are alrcady exploring use of personal
computers to make learning a second language taster and casier. And
political scientists, economists, and managers are studying new ways
to use computers to help them visualize dynamic models.”

Project Athena will involve thousands of terminals, including in-
teractive graphics terminals, personal computer stations—many with
color graphics—organized into regional networks around campus.
Supporting these networks will be scores of maintrame computers,
storage devices, and printers, all serving the classroom and home-
work needs of students throughout the Institute.

Digital and IBM will cach independently provide local arca net-
work technology to organize their computers into clusters to be con-
nected with an overall “spine™ network. MIT experts will work with
cach manufacturer to develop the new interface technology needed
to achieve the coherent distributed computing.

“An important point to remember is that this is an experiment”
said Dr. Gerald L. Wilson, Dean of the MIT School ot Engineering.
“We believe we can help students learn by using personal computers
and computer graphics in new ways, but nobody is surc exactly how.
Our experience suggests, however, that computers can aid the teach-
ing of difficult concepts, give new lite to laboratory experiments,
help in developing the skills, knowledge, and insights needed tor
design problems, and especially, help nurture that clusive talent we
call intuition.”

“But just having computers and graphics isn’t the key™ he added.
“If it were, we could put all the material we have on videotape and
give every student a television set. The key is for the student to in-
teract directly with the graphics, to change a component to sce what
happens, and to play ‘what if.” That dircct and personal mteraction
makes this project so exciting.”

Dean Wilson suggested several novel possibihties that may arise
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from this undertaking. such as textbooks with floppy disks inside
the cover, and computers serving as expert aids for tutoring. Such
tutoring could guide the student’s progress according to his or her
interests and abilities, as well as encourage experimentation.

Some 2000 of MIT’s sophomores, juniors, seniors who major in
engineering and all ot the Engineering taculty will use DEC hard-
ware and software. IBM systems will be used in programs for all
first-year students and by faculty and majors in MIT’s Schools of
Science, Architecture and Planning, Management, and Humaniues
and Social Sciences.

Each company will have at least five representatives stationed at
MIT. These representatives will work closely with faculty and stu-
dents to blend computers and graphics into the educational process.
One person from each company will serve on the project’s steering
committee, functioning as an associate director.

Athena will be carried out in two phases—the first two ycars
starting next Fall constututing Phase 10 and the remamimg three vears
Phase II.

During Phase I, DEC will provide MIT with a mix of more than
300 alphanumeric display terminals, personal computers, and ad-
vanced graphic workstations, as well as some 63 VAX 11/750 and
11/730 minicomputers. IBM, during this phase, will provide 500
high function personal computers.

During Phase II, DEC will provide Athena with about 1600 ad-
vanced personal computers and IBM will supply about 500 advanced
single user systems. Precisely what this equipment will be is not yet
known since the specific functional characteristics required will be
strongly influenced by Phase I experience.
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initiatives, 197-200 support personnel, position
intellectual property rights, 253 descriptions, 237-243
lessons learned from, 6667, 211-214 system configuration, 227-231
naming of, 17 training users, 231-232
need for, 4, 7-9 ATHENA MUSE, see MUSE
organization of, 173-178, 209 Athena resource allocation committee, 45
Palladium print system, 137-140 Athena Rules of Use, 251, 253-256
pedagogical success of, 195-196 Athena Study Committee, 173, 178
policies, 251-256 Athena system design, 95-105
press release announcing, 259-262 authentication service, 98-99
private industry and, 248-249 Discuss, 105
as production system, 23-24 electronic mail, 102-104
project staft, 173-176 file service, 99-101
purpose of, 9-10, 12, 37, 251-252 name service, 97-98
restrictions on use, 179 on-line consulting, 104-105
site preparation for, 25-26 printing, 102
sponsors for, 12-17, 257-258 real-time notification, 104
stages of, 27-28 service management system, 97
strategies for, 20-23, 90 system software, 105-107
students and, 23, 32, 72-74, 163-170, Athena Users and Developers Group, 173,
203-205, 211, 213 178
system integrity, 252 Athena Writing Project, 47-50
system requirements, 79-80 Atropos, 97
technical assessment of, 189-192 Attach, 101
technology and, 19-20 accessing NFS through, 141

timeline for, 33 Hesiod and, 131



Authentication, 26, 97, 98-99, 126-128
authorization and, 124
defined, 80, 123
distributed systems and, 88
Kerberos, 92-93, 128
at log-in, 125-126
modifying applications for, 128-129
network services, 123—-128
ticket-granting service, 126
Authentication Scrver, AFS, 143
Authenticators
contents and use of, 125
defined, 99
service delivery and, 126-128

Authoring environment, MUSE, 155-158.

See also MUSE.
Authorization
authentication and, 124
defined, 80
distributed systems and, 88-89

Backbone, 119
Backup
assessment of, 192
configuration, 230
Balkovich, Edward, 9, 25
Barrett, Ed, 47
Basic, faculty preference for, 71
Basic Overseer Server, AFS, 143
BBN, 121
Bell, Gordon, 7, 11-12, 13
Bell Laboratorics, 252
Berkeley bind name server, 98
Berkeley Internet Domain Name Server
bind, 129
Berkeley Unix, 15, 22. See also Unix.
Athena distributed systems model and,
90
movement away from, 198
print spooler, 137-138
selection of, 94
version 4.2, 25
Binary compatibility, 89
Bind, Hesiod, 129-130
Binding a name, 80, 130
Bind library, 130
Bind names, 130
Biology
courses using Athena, 64
multimedia project, 151
Biology Department, MIT, 151
Blackboard, replacing with computers,
41-42
BLOX, for fluid dynamics instruction, 51
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Bond University, Australia, 31-32, 33,

200, 215, 216
installation guidelines developed by,

223-243

Bones, 224

Boot service, obtaining software for, 224

Boston Architecture Collection: Rotch
Library Project, 150

Boston University, 121

Branscomb, Lou, 12

Brown University, Intermedia project, 157

Bruce, James, 6, 173

BSD 4.3, 105

C, 16, 22
for fluid dynamics software, 51
CACY0
assessment of Athena by, 187-189
reccommendations by, 203-205, 207-210
Cache Manager, Andrew, 144
Calendar, 114
Cardiovascular physiology, instructional
software for, 56-57
Carnegic, Andrew, 11
Carnegie-Mcllon University (CMU), 7,
39, 83, 140
Andrew system, 10-12
cost of academic computing at, 205
Digital and, 11-12
distributed file system at, 28
future of instructional computing at,
202-203
Castor, 25
CD-ROM, 201
Centralized file systems, defined, 99-100
CGW, 121
ChaosNet, 118
Charon, 25
Chemical engineering, courses using
Athena, 64
Chemistry, instructional software, 60—61
Chrysostomidis, Chris, 17
Civil engincering
courses using Athena, 62
instructional software, 53-54
Clarkson College, 38
Classroom presentations
Athena for, 46-47
Athena Writing Project and, 48
computers for, 41-42
clectronic seminar room and, 49
Client, defined, 80
Client systems, 24
Clocks, synchronization of, 124
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Clockwork Orange, 27
Cluster managers, 164
Cluster patrol, 27
Clusters, see Workstation clusters
CMU, see Carnegie-Mellon University
Co-axial cable, 119
Cohen, Karen, 183
Coherence, 79, 89, 260
Athena distributed systems model, 90,
93-95
defined, 80
goal of, 9, 20-21, 22
Laboratory Data System and, 61
system software development and, 105
Coherence/Technical Committee, 16
Collision program, for Special Relativity
theory instruction, 59
Color workstation specifications, 200-201
Command structure, Unix, 109-110
Committee on Academic Computing in
the 90s and Beyond, see CAC90
Communications
categories supported at MIT, 121
computers for, 41
equipment configuration, 230
Compatibility, in distributed systems, 89.
See also Coherence.
Compilers, 39
Computer-aided design, 43, 44
Computer Aided Thermodynamics (CAT)
package, 54-55
Computer games
on Athena, 42
rules of use, 255
Computer manufacturers, role of, 248-249
Computer Science department, MIT,
Athena and, 23-24, 63-64
Configuration files, name service and, 97—
98
Configuration management, 97
Control Data Corporation, 42
Corbato, Fernando, 118
Course lockers, 43, 66
Courseware development resource center,
199-200
Cron, 133-134
Cryptography, public key, 88
C shell csh, 191
CSNET, 10
Cyert, R. (President of CMU), 11, 202

DARPA (Defense Advanced Research
Projects Agency), 6

Dartmouth, 38, 39
Dash, 82, 83
Databases
Hesiod, 129-130
Kerberos, 128
Moira, 132-133, 135
Palladium, 138-140
partitioned, 87
public, support of, 199
replicated, 87, 88, 128
Zephyr, 137
Data coherence, 89. See also Coherence.
Data gathering and manipulation,
computers for, 43—44
Davenport, Gloriana, 148, 151
Davis, Ben, 148
Dbrowser, 113
DECathena, 216
DECwindows, 112
Defense Advanced Research Projects
Agency (DARPA), 6
Delta Upsilon, workstation installations
at, 165-166, 169
DeMonchaux, Jean, 178, 183
Departments
central control of computers and, 72
workstation clusters, 32, 72, 75, 92
Deployment and installation manager,
position description, 238-239
Dertouzos, Michael L., 4, 7, 8, 12, 13-14,
16, 17, 24, 260
Dertouzos report (1978), 9
Development group, Athena installation
and, 225
Dial-up service, 144-145
Dagital, 7-8, 9
Athena installation at, 32
Athena project benefits to, 194-195
Cambridge Research Lab, 121, 200
CMU and, 11-12
Interactive Video Information System
(IVIS), 148
MIT and, 12, 179-180
Multimedia Workstation Project and,
152
support of Athena by, 12-18, 24-25,
171, 172-173, 259-262
system software responsibility, 26
Digital Pro 350, student purchase of, 39
Digital Resource Allocation Committee,
177-178
Digital workstations, coherence and, 22
Directed graphs, MUSE, 157



Direction Paris, 149
Discuss, 105, 107
obtaining software for, 224
Diskless workstations, 245-246
Distributed systems, 26, 79-107. See also
Athena distributed systems model.
affordability of, 79, 95
Athena, 85-86, 90-95
categorization of, 99-100
coherency, 79, 93
compatibility, 89
definitions, 80
existing, 28-29, 82-85
heterogeneity, 79, 93-95
interoperability, 93-95
issues in, 86—-89
main frame, 80-82
models of, 80-82, 90-95
naming in, 87
public workstation support, 79, 92
reliability, 79, 92
scalability, 87-88
security, 79, 88-89, 92
unificd, 81
DOD TCP/IP, 119
DOS, 22, 39, 61
Athena support for, 206, 207
popularity of, 71, 212
Drexel, 38-39
Droogs, 27

Earth, atmosphere, and planetary sciences,
courses using Athena, 64
Economics, courses using Athena, 64
Eden, 82, 83, 85
Educational computing, 40-45. See also
Academic computing; Instructional
computing.
approaches to, 37-39
Athena types of, 40-42
campus computing and, 22
data gathering and manipulation, 43-44
faculty concerns about, 73-74
goals for, 20-21
learning problems, 43-44
models for, 40-42
Plato project types of, 42
quality of education and, 37
real-world problems and, 43
software for, 39-40
workstations for, 39-4()
Einstein, Herbert, 148, 151
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Electrical engineering, courses using
Athena, 63-64
Electronic blackboard, 46
Electronic chain letters, rules of use, 256
Electronic conferencing
Discuss, 105
Zephyr, 185
Electronic credentials, 124, 125
Electronic documents, MUSE authoring
environment, 155
Electronic mail, 41, 97, 102-104
vs. notification server, 135-136
sccurity and, 81-82
Zephyr real-time message system, 185—
186
Electronic on-line system (EOS), 47
Electronic seminar room, 47
Athena Writing Project and, 49
success of, 50
Emacs, 16, 25, 45, 48, 94
Emerald, 82, 89
Encryption
keys, 88, 92
of passwords, 88
private key, 124
tickets, 126-127
End-user consulting manager, position
description, 242
Engincering writing, Athena Writing
Project and, 47
Eos, 218-219
EOS (Electronic On-line System), 47
Ethernet, 91, 93, 119, 121
European Computer Manufacturers
Association (ECMA) printing
standard, 138
Exams, take-home, 52-53
Exccution level abstraction, 89
Exccutive Committee, 173, 177, 225
Expository writing, Athena Writing
Project and, 47
External Data Representation (XDR),
protocol, 141
Ez editor, Athena Writing Project and, 48

Faculty, 69-75
academic computing and, 70, 73-74,

203-204
acceptance ot Athena by 75
assessment of Athena bye 1940195

Athcena developmental issues and, 72-74
Athcena project objectives, 72
communications with, 74
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Faculty (continued)
instructional software development by,
72-73
use of Athena by, 179, 212, 233
Failure, 91-92
Fault tolerance, defined, 80
Fiber optic technology, for network spine,
119
File exchange, Athena Writing Project
and, 48
Fi'e servers, 99-101, 140-142
AFS, 143
NFS, 140-142
File systems
centralized, 99-100
local, 99-100
partitioned, 99-100
remote, 99-100
replicated, 99-100
File transfer protocol (FTP), 89, 120
Finance, 171-173
Finger command, 131
Finger record, 131
Fireballs, 229
Fluid dynamics
Athena use for, 50-53
pedagogical objectives and methods,
50-51
Font chooser, 114
Formulas, computers and, 44
FORTRAN, 16
FORTRAN 77
for CAT, 55
for fluid dynamics software, 51
French language teaching module, 149
FTP, 89, 120
Fuller, Samuel, 7, 12, 13, 25
Furstenberg, Gilberte, 149

Games, computer, 42, 255

Gant, Rus, 148

Garfinkel, Simpson, 60

Gateways, 119

Geology Engineering Educator, 151

Gettys, Jim, 110

GKS, 94

Global time synchronization, 124

Gnu Emacs, 16, 25, 45, 48, 94

Gomory, Ralph, 13

Grade, 48

Graduate students, see also Students
academic computing needs of, 203-204
use of Athena by, 32, 72-73, 74

Grapevine, 82, 83, 85-86

Graphic user interface, 112

Gray, Paul E., 4, 16, 260, 261

Greer, Dan, 214

Gremlins, 27

GROWLTIGER program, for civil
engineering, 53-54

Grubbs, Dave, 27

Hackers, use of Zephyr by, 185
Hades, 25
Hard disks, 21, 91, 246-247
Hardware failure, 91-92
Harvard University, 121
HCS, 82, 83-84, 86
Health sciences and technology, courses
using Athena, 65
Helen, 25
Help, 114
Hera, 25
Hesiod, 98, 99, 101, 102, 107, 129-132
Athena uses of, 131
compatibility, 89
current status, 131-132
database update, 130
electronic mail and, 103
functions of, 129-130
login program and, 131
Moira update services for, 132
obtaining software for, 224
Heterogencity
Athena distributed systems model, 90,
93
as system requirement, 79
Hodges, Matt, 155
Hodgkin-Huxley model, for membrane
simulation, 57
Homework, on-line evaluation of, 49-50
Hoops, 45
Hotline, 113
Hotline supervisor, position description,
242-243
HRPC software, for remote procedure call
(RPC), 138
Human interface
assessment of, 189, 191-192, 212
future improvements to, 197-198
multimedia workstations and, 147, 159
Human interface development, 66, 109-
118
Athena, 113-118
Motif, 112-118
Unix, 113



X Window System and, 110-112
Humanities, courses using Athena, 65
Human physiology, instructional software,

56-57
Hypermedia, 157
Hypertext, 157

IBM, 7
applications software responsibility, 26
Athena installation at, 32
Athena project benefits to, 194-195
CMU Andrew system and, 12
MIT and, 12-16, 179-180
Multimedia Workstation Project and,
152
support of Athena by, 17-18, 171, 259—
262
IBM PCs, student ownership of, 39
IBM PC-AT, 61
IBM PC-XT, 61
IBM RT, Multimedia Workstation Project
and, 152
IBM workstations, coherence and, 22
Illinois, University of, 42
Image Delivery System, 150-151
Information delivery systems, computers
for, 40
Infrared spectroscopy, instructional
software, 6061
Installation guidelines, 223-243
Instructional computing. See also
Academic computing; Educational
computing.
at CMU, future of, 202-203
future of, 203-211
issues in, 245-249
at MIT, 7-9, 203-211
Instructional software, 39, 40. See also
Software.
chemistry, infrared spectroscopy, 6061
civil engineering, 53-54
costs of developing, 172
courseware development resource center
and, 199-200
development of, 42-43, 45-47, 6667,
72-74, 154-158, 172
fluid dynamics, 50-53
incentives for developing, 73
initial availability of, 25
LAS, 116-118
membrane simulation, 57-58
MUSE authoring environment, 155-158
physics, special relativity theory, 5860
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physiology, 56-57
resource allocation committees for, 72
thermodynamics, 54-55
use of, 46-47
Instructional software consultant, position
description, 238
Instructional software development
programmer, position description,
239-240
Instruction management, computers for,
42
Intellectual property rights, 253
Intensive workstation installations, for
student housing, 164
Interactive Video Information System
(IVIS), 148
Interface generation, BLOX, 51
Interface, see Human interface
development
Intermedia project, Brown University,
157
Internet Domain Name Server, 129
Internet Protocol (IP), 120
Interoperability, 80, 93-95. See also
Coherence.
Iowa State University, 32, 216, 219-221
IP (Internet Protocol), 120
ISIS, 82, 84
IVIS (Interactive Video Information
System), 148

Jackson, Gregory, 163, 166-169, 183
Japanesc language module, 149-150
Jason, 25

Job scheduler, Palladium, 140
Johnson, Eric, 259

Kerberos, 92-93, 99, 107
applications and servers for, 128-129
Bones replacement for, 224
compatibility, 89
database, network services, 128
Discuss and, 105
electronic mail and, 103
installation at other universities, 215,

217

new accounts and, 135
NEFS and, 142
obtaining software for, 224
operation of, 123-129

Kernel
access to, 81
software update and, 106
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Key, defined, 124

Key distribution server, 88, 124
Klotho, 97

Kowande, 215

Labor
costs, 95
requirements, 91
Laboratory for Computer Science (LCS),
4
Laboratory Data System, 61-62
Laboratory instrumentation, computers
for, 41
Lachesis, 97
Language teaching modules, visual
computing project, 149-150
LAN:sSs, see Local area networks (LANSs)
LAS, 116-118
Laser printers, 192. See also Printers.
LaTEX, 45
LCS, 118, 121
Remote Virtual Disk (RVD), 28
Lecture authoring system (LAS), 116-118
Lerman, Steve, 24, 33, 174, 181, 251
Lincoln Lab, 121
LISP, 16
Local area networks (LANSs), 246
at CMU, 11
communication system, 229
connection to spine, 119
workstation interface requirements, 21
Local file systems, 99-100
Local hard disks, 91
Lockers, 101
Locus, 82, 84, 86
Log-in, Y9
authentication at, 125-126
network services, 125-126
Zephyr database, 137
login files, 101
Login program
authentication and, 125-126
Hesiod and, 131
Loosely coupled networks, 121
Lpr Berkeley print spooler, 102
Lprint, 113

McCredie, John, 12

Mach, 82, 84, 86

Macintosh, see Apple Macintosh
MAC/OS, Athena support for, 206, 207
Macsyma, 45

Mail, Moira update services for, 132

Mailing lists, active and passive, 137
Main frame
configuration, 230
as distributed system model, 80-82
support requirements for, 82
system security and, 81
Maksrv, 106
Massachusetts, University of, Amherst,
deployment of Athena at, 32, 33,
216-217
Massachusetts Institute of Technology
(MIT)
1979 computer needs forecast, 4-6
accreditation committee assessment,
186—187
Acronautics and Astronautics
Department, Fluids Division, 50
Biology Dcpartment, 151
computer nceds, 3-6
Computer Science department, 23-24,
63-64
contractual arrangements, 179-180
costs of Athena to, 182
Engineering Department, 150
founding of, 3
futurc of instructional computing at,
203-211
Geology Department, 151
improving quality of education at, 37
Information Systems Department, 173
Laboratory for Computer Science
(LCS), 4
Microcomputer Center, 10
Occan Engineering Department, 61
ordering software from, 224
press release announcing Athena, 259-
262
Radiation Laboratory, 3
School of Architecture and Planning,
150-151, 204
School of Engincering, 7-9, 13, 15, 16,
45, 204, 261
School of Humanities and Social
Science, 204
School of Science, 204
Sloan School of Management, 204
Massachusetts Microelectronics Center,
121
Mass storage, minimization of, 91
Materials science, courses using Athena,
63
Mathematics, courses using Athena, 65
MatLab, 31, 45



Mechanical Design multimedia project,
150
Mechanical engineering, courses using
Athena, 63
Mcllon, Andrew, 11
Membrane simulation, instructional
software, 57-58
500 Memorial Drive, workstation
installations at, 165-169
Memory, workstation requirements, 21
Message, Zephyr, 136-137
Message security, Kerberos, levels of, 124-
125
MH mail system, 103-104
Microcomputer Center, 10
Microcomputers, for educational
computing, 38. See also Personal
computers.
Microelectronics and Computer
Technology Corporation (MCC), 176
MicroVAX 11, 121
Microworlds approach, 58
Milgram, Jerome, 61
Miller, Steve, 26
MIPS, workstation requirements, 21
Mmail, 113
Modecling toolkit approach, 58
Modem-connected networks, 121, 246
Moira, 97, 107, 132-133
current status, 135
database, 132-133, 135
Hesiod and, 130, 132
installation requirements, 223
obtaining software for, 224
purpose of, 132
queries to, 133
update services, 132-133
user account information, 134-135
Monochrome workstation specifications,
200-201
Morgenstern, Douglas, 149
Moses, Joel, 7, 8, 13-14, 16, 260
Mote in God’s Eye (Niven and Pournell),
27
Motif, 33, 94, 192
future of, 198
human interface development, 112-
118
X Window System and, 112-113
Mrroot, 88
MULTICS, 3, 13, 23
Multidimensional spatial frameworks,
MUSE, 157-158
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Multimedia Workstation Project, 46, 147-
160
future of, 159-160
hardware, 152-154
human interface benefits, 159
MUSE, 154-159
status of, 159-160
Multiplexed Information and Computing
Service System (MULTICS), 3
Murman, Earll, 33
Murray, Janet, 148, 149
MUSE, 148, 152, 154-159
capabilities of, 158
development of, 192

NAG, 45
Name, defined, 80
Name service, 87, 95, 97-98, 129-132
Hesiod, 98, 99, 101, 102, 107, 129-132
Naming, in distributed systems, 87
Nanyang Technical Institute, deployment
of Athena at, 221-222
National Center for Rescarch to Improve
Postsecondary Teaching and Learning,
Educom/NCRIPTAL award, 53, 58
Navigation Learning Project, 152
NEARnet, 123
Neuroanatomy Learning Environment,
150
Needham, R., 92, 123
Nelson, Keith, 60
Network bandwidth, 91
Network File System (NFS), 28-29, 100~
101, 107, 140-142
accessing through attach command, 141
compatibility, 89
Moira update services for, 132
obtaining software for, 224
servers, configuration, 229
Network group, Athena installation and,
225-226
Network mail service
Hesiod and, 131
obtaining software for, 224
Network name service, Hesiod, 129-132
Networks, 9-10
advantages and disadvantages of, 66,
245, 246
Athena, 118-123
design and implementation, 118-123
dynamic reconfiguration of, 198-199
looscly coupled, 121
modem-connected, 121, 246
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Networks (continued)
spine of, 119
tightly coupled, 121, 190-191
Network services, 95-96, 123-129
access to, 81-82
in Athena distributed systems model, 90
authentication, 123-128
coherence and, 93
Kerberos database, 128
log-in, 125-126
modifying applications for
authentication, 128-129
ticket-granting service, 126
Neuman, Cliff, 26
Newell, Allen, 11
New England Academic and Research
Network (NEARnet), 123
New Orleans: City in Transition, 150, 151
Nfsid command, 142
NES, see network file system (NFS)
No Recuerdo, 149
North Carolina State University, 32, 216,
218-219
Notification server
clectronic mail and, 135-136
purpose of, 135
Zcephyr, 135-137
Nuclear engineering, courses using
Athena, 65
NYSERnet, 38

Objects, naming, 80, 87

Object Script, 156

Ocean engineering, courses using Athena,
64

Odysscus, 25

Olc, see On-line consulting (olc)

Olsen, Kenneth, 12

Olea, 105

On-campus links, 164

On-line comments, 48

On-linc consulting (olc), 26, 41, 104-105,
107, 114

obtaining software for, 224

On-line evaluation, of homework, 49-50

On-Line Teaching Assistant (olta), 105

Open Network Computing System, 215

Open Software Foundation (OSF), 33, 66—
67, 94, 112, 113, 121, 192, 198, 215

Operating system, in Athena distributed
systems model, 90

Operating system software, 202

Operations group, Athena installation and,
225, 226

Optical disks, write-once, 154

Orpheus, 25

OSF, 112, 113

Ownership
of personal computers, 38-39, 183184
of workstations, 79, 198, 245-248

Palladium, 102
database, static and dynamic
information in, 138
operation of, 139-140
print system, 137-140, 192
Paradis, James, 47
Parallax Corporation, 152
Parallax Graphics board, 152-153
Panis, 25
Partitioned file systems, 87, 99-100
PASG (Project Athena Study Group), 183
Passive mailing lists, 137
Password-changing service, Kerberos and,
129
Passwords, 126
centralized checking service, 88
encryption of, 88
Hesiod and, 131
root, 88
rules of use, 253-254
user, 88
PC-AT, for Laboratory Data System, 61
PC/RT workstation, 15, 22
PC-XT, for Laboratory Data System, 61
Peakfinder, 6061
Penman, Sheldon, 148, 151
Personal computers. See also
Microcomputers.
for educational computing, 38
future of, 6
increasing use of, 7
instructionally oriented, 7-9
instructional software for, 40
for Laboratory Data System, 60-61
need for compatibility among, 8-9
need for improvements in, 8
popularity of, 212
potential applications for, 8
for special relativity theory instruction,
58-60
student experience with, 183-184
student ownership of, 38-39, 184
support for, 191, 199, 206



Personal productivity software, 39, 40, 45,

202
Photo album video editor, 152
Physics, instructional software, 58-60, 64
Physiology, instructional software, 5657
Pickup, 48
Pika, workstation installations at, 165—
166, 168, 169
Pixel, workstation requirements, 21
Plato, 42, 73
Policies
Athena Rules of Use, 251, 253-256
Principles of Responsible Use of Project
Athena, 251-253
Political science, courses using Athena, 65
Pollux, 25
Post Office Protocol, 103-104
Post offices, 102-103
Presentations, see Classroom presentations
Presenter, Athena Writing Project and. 48
Press release, announcing Athena, 259-
262
Priam, 25
Principal, defined, 123
Principles of Responsible Use of Project
Athena, 251-253
Printers, 107
configuration, 102
laser, 192
location and number of, 227-228, 230
operation costs per student, 228
rules of use for, 254
Printer supervisor, 140
Printing, 97, 102
assessment of, 192
Print queuing, 102
Print spooler
Berkeley, 137-138
features desired in, 137-138
Privacy, policies concerning, 252
Private industry, role of, 248-249
Private key, defined, 124
Private workstations. See also
Workstations.
costs of, 198
network connections, 190-191
ownership of, 79, 198, 245-248
remote services, 92
Procedural languages, MUSE, 157, 158
Programmed instruction, computers for,
40, 42
Project Athena, see Athena
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Project Athena Study Group (PASG),
assessment by, 183
Project Pilgrim, 216-217
Project staft, 173-176
ProNET-10, 118
Protection, Prot_sources and, 106
Protection Server, AFS, 143
Proteon, 118
Protocol level compatibility, 89
Protocols, in Athena distributed systems
model, 90
Prot_sources. 106
Public databases, support of, 199
Public key cryptography, 88
Public workstations. See also Workstation
clusters; Workstations.
Athena distributed systems model, 90,
92
network connections, 190
number of, 193, 197
physical security of, 233
ratio of students to, 227
remote services, 92
sccurity and, 82
support for, as system requircment, 79
Purcell, Patrick, 148, 150
Put/get, 48

Queries, to Moira, 133

Real-time notification, 97, 104
Recreation, computers for, 42, 255
Release engineering group, 30
Reliability
Athena distributed systems model, 90,
91-92
as system requirement, 79
Remote file systems, 99-100
Remote links, 164
Remote procedure call (RPC), 26, 141
HRPC software for, 138
Remote services, 92
Remote Virtual Disk (RVD), 3, 28, 100-
101, 107, 140, 142
Moira update services for, 132
obtaining software for, 224
servers, configuration, 229-230
Replicated databases, 87, 88, 128
Replicated file systems, 87, 88, 99-100
Research, workstations for, 23-24, 39
Research computing, 37
Resolving a name, defined, 80
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Resource allocation committees, 173, 177-

178
for instructional software development,

72

Rmail, 104

Rogers, William Barton, 3

RolodX, 114

Root passwords, 88

Rosenblith, Walter, 4

Router software, CGW, 121

Pouting attributes, Zephyr, 136-137

RPC, see Remote procedure call (RPC)

RS/1, 45

RTI Ingres, 133

RT/PC workstation, 15, 22

Rules of Use, 251, 253-256

Russo, Gilberto, 54

RVD, see Remote Virtual Disk (RVD)

Saltzer, Jerome, 13, 26, 28-29, 213
Sasnet, Russell, 155
Scalability
Athena distributed systems model, 90,
91
in distributed systems, 87-88
as system requirement, 79
Scheifler, Robert, 110
Schmidt, Naomi, 62
Schorr, Herb, 13
Schroeder, M., 92, 123
Scientific writing, Athena Writing Project
and, 47
Scribe, 16, 25, 45
Athena Writing Project and, 48
Security
AFS, 143
Athena and, 81-82, 90, 92-93
defined, 80
in distributed systems, 88-89, 90, 92-93
levels of, 124-125
main frame model and, 81
physical, 233
policies concerning, 252
Server database, Palladium, 138-140
Servers
defined, 80
key distribution, 88
name, 87
Server systems, 24
Maksrv and, 106-107
Service, defined, 80
Service management system, 97, 132-133

Session keys, 99, 126-128
Simple mail transport protocol (SMTP),
120
Simple network maintenance protocol
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