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COMPUTERS AT STANFORD : AN OVERVIEW

Patrick SUPPES
Stanford University, USA

My objective in this paper is to give an overview of the many
different ways in which computers are now being used in universities,
and also to give some projecticns for the future. I hzsten to add that
the sense of overview here is not a statistical one. I shall, in fact, not
make eny effort to collate data from a variety of universities,
but rather will examine in some detail the highly pluralistic use of
computers at Stanford, my own university. It is generally recognized
that in the United States, Stanford is among the research universities
making the most extensive use of computers. The other two examples
that immediately come to mind are the Massachusetts Institute of
Technology (MIT) and Carnegie Mellon University in Pittsburgh, but
the overall scene in the United States is complicated and highly plura-
listic. No single university is doing the most in every direction. There
cre important and pioneering efforts that are not duplicated elsewhere
in any one of 25 or 30 majcr univerzities in the country.

I have organized this paper in the following way : the next sec-
tion gives a broad overview of the ways in which computers are insti-
tutionally organized @t Stanford. The [cllowing section, Section 2, dis-
cusses the special role of networking and some of the problems that
have been encountered i implementing a satisfactory network at a
place like Stanford. Section 3 gives a survey of some of the different
instructional uses of conrputens at Stanford. In Section 4 I treat in
somewhat more detail my own years of experience in computer-assisted
instruction at Stanford and also, but to a lesser extent, my experience
in American secondary schools. The final section makes some projec-
tions about the future based on my current impressions of develop-
inents that are taking plece in the United Staites and other parts of the
world at the present time.

1. Overview of Computers at Stanford
To the visitor coming in from the outside, the main administrative

unit in charge of computers at Stanford that he would perhaps first en-
counter would be the Information Technology Services (ITS). ITS is
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primarily responsible for the administrative use of computers which in-
cludes cvervthing from pavroll lo course registration. ITS is a large
organization and consequently has divided itseif into a number of sub-
units, the titles of which will give a sensc of the kind of work 1TS
does :

Director's Office

Administrative Information Services
Communications Services
Communication Information Resources
Computer Operations

Data Resources Group

Graphics wnd Computer Systems
Mailing Services

Administrative Services

Financial Services

I will not try to describe cach of these subunits — their titles are
reasonably self-explanatory — but the main reasen is thal ITS is just the
beginning. ITS mainly uses large IBM mainframes.

The next unit to mention is Academic Computing and Information
Systems (ACIS). The mission of ACIS i clear from the title: it is to
facilitate academic computing. ACIS uscs a great vartely of computes
equipment. 1 will say more about each ol its subunits here becausc they
are less self-explanatory. The fingt is Instruction and Research Informa-
tion Systems (IRIS). IRIS's role within ACIS is to provide help to faculty
who wanl to get into the use of computers for instruction, but do not
hav¢ much in the way of computing facilities or experience. The second
and major activity is Low Overhead Time Sharing Computer Facilitv
(LOTS), which is a facility that has had major impact on the campus.
LOTS provides free computer time to students., It hsas been an impor-
tant experiment in making computer [acilities available on u broad ba-
5is to undergraduates. [t continues to be a major force in the use of
computers by undergraduates al Stanford. Siudents use phe LOTS
facilities for doing problam sets in mathematics, science and engineer-
ing, for writing papers in almost any subject, und for conducting various
research projects under some faculty supervision or often without such
supervision. The third component of ACIS 1s networking svstems, which
has the respensibility for the Stanford University network about whicii
I will have mmore to sav later. Finally, the fourch subunn of ACLS
is the Video Education System, which provides video tacilities for fa-
culty use in the prepuaration of mnstiuctional nmaioriuls.,

ITS and ACIS are the two universitv-wide organizations, bul per-
haps the most important single lesson administratively about Sionford's
use of computers iz thet thas use is not in anv sense organized cen-
trally, 11 is a blooming chaos of pluralism and 1 think most faculty
verv much want it to be that wayv. Let me jusl review somwe of the
other main university organizations that have major computer {aicilities
independent of ITS and ACIS. First on this list is the Stanford Linear
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Accelerator Center (SLAC) which has very large computers as part of
its facilities for research in elementary particle physics. SLAC mainly
uses large IBM mainframes, The computing facilities available at SLAC
would alone exceed that at probably 75 to 859, and possibly more of
American universities. Secondly, -there is the Department of Compuler
Science "which has major facilities available, especially for research in
artificial intelligence. These facilities are run as a separate facility in
the Depamtment of Computer Science. The Department of Computer
Science has a variety of equipment. Until recently, it has extensivels
used DEC equipment, but is moving increasingly lo a variety of recent
machines, especially those well suited to efficient cxecution of LISP
programs. The Department of Computer Science is now a part of the
School of Engineering, but I also list the variety of facilities available
in the School of Engineering which azre separate from the Department
of Computer Science. It is important, however, to emphasize that the
variety of computing in the School of Engineering is even at this levei,
not organized in the Dean’s Office, that is, centrally in the school, but
is decentralized to wvarious departments of the School of Engineering.
These decentralized facilities in the various departments of the School
of Engineering are used both for instruction and research. It is fair
to say however, that there is some tendency for the instructional faci-
lities to be more centralized at the school level than the research faci-
lities. The variety of computer equipment in the various departments
of the School of Engineering is too great to survey, but there has been
a4 very strong move to having a large number of personal computers
available both for faculty and students. l

Next in size is the School of Medicine, which has extensive com-
puter facilities primarily for research purposes. Many readers probably
have heard of the artificial intelligence programs developed at the
Medical School for Medical Diagnosis such as MYCIN, but there are
also extensive use of computer facilities for data analysis and a varicty
of other purposes. Again these facilities are independent of other
administrations in the university. The School of Medicine has in the
past used IBM mainframes mainly for data analysis and DEC 36-bit
word machines, originally PDP10s and later PDP20s, for the work in
artificial intelligence. Given that DEC has terminated its line of 36-bit
machines, the future is less clear but undoubtedly the work in artificial
intelligence will move in the same direction from the standpoint of
computer facilities as that in the Department of Computer Science.

The School of Business has a centralized facility as part of the
school with a staff to run computer facilities, but I emphasize again
that this facility runs at a decentralized level from the standpoint of
the entire university. The School of Business is essentially responsible
independently and without further consultation for the way in which
this computer facility is run. The facilities are used for both research
and instruction. The School of Business is encouraging every student
to have a personal computer. The use of personal computers is extensive.

In addition, the central computing facility of the school runs two DEC
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2060s plus somme other equipment. Again, as in other cases mentioned,
transiilon to new equipment is now heing actively discussed, 1n view
of DEC's termination of the 2060 line.

There are may other places that have an independent use of
computers in the university. I mention here only various research
institutes of which my own Institute for Mathematical Studies in the
Social Sciences is ain example. I have been running independent
computer facilities at 1MSSS since 1963. These facilities are modest
in comparison with SLAC or the Department of Computer Science, but
what 1s important is the long history of research and development
conducted within these facilities on a continuous basis and again with
responsibility for theiwr development being entirely decentralized. No
university tunds have been used for the purchase of any of the
equipment in IMSS5S and this is true of much of other parts of the
University, once ITS and ACIS are excluded.

There is an umportant second generalization that goes with the
decentralizaticn, namely, as research 1s organized in the United States,
most groups have responsibility for raising theirr own funds for
computing facilities external to the university. There are only limited
funds from the university budget that flow directly into research. The
computing facilities used for research are almost entirely funded by
grants from the federal government, although there is beginning to be
a certain amount of funding from private indusiry.

To those readers entirely familiar with this pattern of funding, I
should mention that froin 4 legal standpoint the contracts or grants for
research are between wvarious agencies of the federal government and
Stanford University but, in actual fact, the research proposals that
constitute the substantive basis for the granting of the research are
made by individual investigators, and these individual investigators
really have the responsibility for raising the research funds by making
proposals to granting agencies, and also for managing the use of the
funds once they are granted. The university has a fiduciary respon-
sibility, but not a substantive research responsibility at the central
level, in the use of the funds.

2. The Stanford Ethernet *

An important problem for a university camipus on which there is
extensive computer usage is how various computers and terminals are
to be connected. Fifteen or twenty vears ago the matier was simple ;
there were a relatively small number of computers with each computer
supporting a number of terminals. On occasion an effort was made to
establisli direct communication between computers, but no general net-
work was put in place. Not only on campuses but throughout the world,
perhaps the central technical hardware and software problem of data

* I have benefited from discussion with William Yundt, Director of the Stan-
ford Networking Staff, and Ron Roberts, a member of that staff with whom
I have worked for many years.
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processing managers at the present time is establishing an cfficient and
reliable network.

The Stanford network has grown up in a different way than many
that are being installed at the present time, for it has evolved in a
piece-meal fashion. The first ethernet networks were based on cxperi-
mental 3-megabit ethernet hardware and software given by XEROX to
Stanford. It was realized quite early that the expansion of the ecthernet
as such to the entire campus would not be feasible. There were two
reasons for this view of the matter : first, the ethernet hardware did
not work well at distances longer than about 2 kilometers; second, the
ethernet was subject to various kinds of failure. These local failures
nceded to be isolated so as not to disturb other parts of the network.

What Stanford did was to introduce a gateway technology. In grin-
ciple — though in practice a little diffcrent —, each building addresses
the main network through a gateway. This guteway protects the main
network from points of failure in the local ethernet in a given building.

The Stanford Gateway is a packet-routing device but the hardware
and software were specially designed «t Stunford. .\ guleway is capable
of interconnecting up to tour cthiernets, which consist of cxperimental
3-megabit ethernets or standard 10-megabit ethernets. There is, in
principle, no limit to the distance between gateways.

At the present time, the total number of gateways is 31 and the
total number of subnets is 53, but it is evident the network will
continue to expand. Also, by this time, most of the local ethernets arc
standard 10 megabits.

Another feature of the net are TIPs for terminals, where TIP
stands for Terminal Interface Processor. TIPs are built at Stanforn
with the same hardware components as the gateways. A TIP uses
Telnet protocol software to establish communication between standard
ASCI-IT terminals connected to the TIP and computers attached to the
network. The Stanford TIPs are widely used. For cxample, many ot
the timeshuring computers do not interface any terminals directly, but
only through thc ethernet at TIPs. There are approximately 2,00C
terminals connected to the ethernet by way of TIPs and well over 300
different computers, with that number continuing to expand as a
varicty of personal computers are added.

Stanford has been the recipient of a large IBM grant of equipment,
the impect of which I will discuss in more detail in the next section,
but it is worth remarking that the IBM PC family is supported on the
network by the fact that the network supports the 3-Comm ethernet
board which costs something like $ 500. The software supports both
file transfers and protocols for remote terminal access. In the latter
case, it uses IP'TCP which is the standard ARPA net protocol. How-
ever, most of the PCs are actually interconnected on a local n=t
which uses the same board.

A natural question about networks is the same question that arises
about large numbers of terminals on timesharing computers in the
recent past. What about saturation? Thus far the operational ex-
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perience, which has not been studied carefully statistically as yet, is
that no part of the network is utilized for more than 209/, of capacity.
Usually 5 to 109, of capacity represents the maximum use in any given
day. It should be mentioned, of course, that a network of this kind
cannot really operate effectively at 1009, of capacity ; the service
begins to degrade once something like 509, of capacity is reached.

It was mentioned eerlier that one of the reasons for gateways was
to increase reliability. It should also be emphasized that a feature of
the network that will increase the reliability still further is to have
between any two gateways alternative routes so that if a given gateway
fails, it does not bring down communication between other gateways.

Let me mention some problems from an operational standpoint.
Perhaps the most obvious one is that the network is not an effective
way for dealing with character-by-character interaction from a remote
terminal to a timesharing computer. I have had personal experience
with this because we access from a computer-based classroom an IBM
14381. One of the prime uses of this classroom is to run the computer-
based logic course which I discuss below. In this logic course, there 15
very rapid interaction ‘between the student at the terminal and the
program. The student has a control language that is based on single
key or small number of multiple-key entries. The network is not
oriented toward this kind of interaction, so what we have is a special
fiber-optics connection between the IBM 4381 and the 20 terminals
dedicated to the course. The existence of such a dedicated fiber-optics
connection is just one example of the fact that not all the communica-
tion will be on the network, although most of it on the campu-
now is.

The second problem is that if one wanted to do system backup on
a computer from a remote site, it is not really going to be feasible,
apart from the fact that the softwarc for doing such backups does not
exist. The network would soon be overloaded if backups on very many
svstems were done in this fashion. This is becatise after protocols are
taken account of, the effective maximum rate on the network is ap-
proximately 2 megabits, although even this number is probably some-
what high,

Although there are problems with the network, it is clear that it
is by ond large quite successful and is meeting an important requirement
for computing on the Stanford campus. The overview I have given 1s
from a technical standpoint superficial, but I hope I have given a
broad sense of how the network looks frem the user’s standpoint.

It is Yundt's estimate that Stanford currently runs the largest
high-speed network of any university in the world. He forecasts the
following developments over the next few years “During the period
1985—88, we will gradually saturate the current broad-band network,
including the new physical capabilities for handling video as well as
computer communication. After 1988, there will probably be, over a
4~ or b5-year period, a widespread installation of fiber optics to provid:
at least 100 megabits of communication capability”.
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3. Survey of Instructional Uses of Computers at Stanford

This survey will necessarily be superficial and not in any sense
statistical. The widespread different uses of computers are so extensive
in nature that 1 can only describe them in a general way. I have also
excluded any attempt to describe the rescarch use of computers which,
it seems to me, is in any case much better known from the scientific
literature. To a fair extent, the survey will be based upon uses that are
being made of the extensive equipment grant made by IBM to Stanford,
but there is also extensive usc of other computer cquipment. In fact,
~ome of the uses described commingle equipment from various manu-
facturers. In anv case, my central point is to stress the instructional
upplications.

I have organized this survey in terms of the various schools at Stan-
ford, which constitute the main administrative organization of the
university for instructional purposes. I hiave organized the presentation
in terms of decreasing conrollment: the largest school. the School of
Humanities and Sciences, comprises 27 academic departments and 26
separate programs.

The School of Humanities and Sciences

I begin with the Economics Department which has under way an
intensive development program for the use of computers in large en-
rollment undergraduate courses. Most of the work consists of quan-
titative analysis including use of simulations. There are also a4 number
of linear programming and other cconometric statistical packages used
by students in the analysis of data. The Economics Department and its
students use cssentially 10007y capacity of the IBM 4381, although there
are other uscrs on the system. I mean that 1009, of the cycles are
being used 24 hours a day, 7 days a week. Tlie Departments of Political
Science and Sociology have a similar large-scale use. Students are doing
studies of various social phenomcena based upon large-scale data files
available from the U.S. Census and other sources. In contrast, the
Department of Communications is using computer facilities to improve
video-editing techniques and also has an cxtensive use of microcom-
puters by students for electronics story board programs for film and
television and for data analvsis. The Department of Psychology has an
extensive use of computers for individuatized instruction, especiallv for
demonstration and simulation of well-known psychological phenomena.

It should also be mentioned that for all of these departments, the
use of microcomputers for word processing is important for large num-
bers of students, both undergraduate and graduate.

I turn now to some sample uses from the natural science depart-
ments. In Physies. personal computers arce being used in a theoretical
astrophysics course for new ‘course development. Extensive use by
students for both purposes of simulation and numerical computation
represent a central role for instructional use of computers in physics.
In broad terms the uses are similar in the Department of Chemistry.
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The uses by graduate students include calculation of molecular proces-
ses, infrared absorption processes, and energy transfer in solids. In the
Department of Biology, priority has been given to providing worksta-
1ions for graduate students in the research labs and to make personl
computers available in the undergraduate teaching labs for use by
students in e core biology curriculum. The Department of Statistics
has placed a current priority on graduate students and faculty doing
computing related to the ideas of snrinkage estimation in the computa-
tionally ntensive problems of smoothing and processing of noisy
images. The staiistical techniques involved here have extensive ap-
piications in a number of areas ranging from satellite pictures to CAT
scans in medicine.

In the School of Humanities and Sciences there arce 14 departments
within the Rumanitics division. The most extensive use up to date of
computers has been in work processing. At the present time about
170 of Stanford's 190 faculty in the Humanities use a persenal com-
puter for such purposes. There are a number of other different uses;
for cxample, individuals teaching and doing rescarch in different lan-
guages want to be able to manipulate thesc languages on the screen
and at the kevboard. The most extensive teaching applications of
computers i this respeet have been developed i the Department of
Slavic Language where extensive drill-and-practice routines in Russian
and other Slavie languages have been developed. Because of the very
<mall number of students taking uny of the Slavie languages cxcept
Russian, the Department of Slavic Language is especially anxious to
develop a computer-based course in Polish and some of the other Slavic
languages.

The Department of Music at Stanford is well-known for its extensive
work in computer-gencrated music. At the instructional level, there
is also concern to make music printing available to students for use in
composing and scholarly writing. There is also use of personal com-
puters to support the performance faculty and their teaching duties.
And it goes without saying a number of graduate students are involved
in the extensive work in computer-generated music.

School of Engineering

Here is a summary statement of the various ways in which the
Engineering faculty arc using personal computers for instructicnal pur-
posces :

@ Develop homework problems

® Prepare and give demonstrations in class
® Prepare lectures

@ Evaluate student computer programs

® Keep class records

® Supplement activities in the laboratory
Perform calculations in the laboratory

More generally, the School of Engineering has an intensive effort
now to spread the use of computing facilities throughout the faculty
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and student population. The current rate of change is very high. Even
five years ago there was a fairly limited use of computers for instruc-
tional purposes in Engineering ;: ten years from now it will be found
cverywhere in the curriculum. Here are a few topics either that have
been developed or planned for the immediate future by various faculty :

Classroom demonstration of microwave circuit design

Lecture demonstration of fractures of materials

Interpretation of mass spectra

Interactive use of computers for decision making

Demonstrations of energy-policy models

Simulation of shock-tube experiments

Control laboratory experiments related to composile structures
Interfacing of computers to the operation of advanced sensors
Providing simulation in theimal-science laboratory courses
Developing a computer-aided design facility for VLSI chips

School of Business

The Shool of Busines at Stanford is a Graduale School of Busi-
ness. There are no undergraduate students. The bulk of the students
take an M.B.A. but there is also a significant Ph. D, program. Here are
<ome sample instructional uses that have been developed or are being
developed by faculty :

® Development of case studies of decision-making under uncertainty

® Use of LOTUS 1—2—3 for simulation studies of pricing

8 Use of LOTUS 1—2-—3 and other statistical routines io analyze

personnel data

®Introduction to Electronic Financial Reporting (to replace paper

reports)

® Use of LOTUS 1—2—3 to model corporate cash flow

® Use of various programs for nonlinear time series analysis

® Statistical analysis of future prices and, in particular, applicu-

tions to multi-asset hedging strategies

School of Medicine

There is already extensive use of computers as mentioned above
for research in the School of Medicine. The current rapid change is in
the use of computers also for instructional purposes. There are over
400 medical students currently enrolled, an additional 160 advanced-
degree candidates, and more than 450 post-doctoral scholars, as well
as the regular faculty. As in the case of previous schools, I list here a
number of different projects by brief descriptive titles :

® Use of personal computers in biostatistical analysis

® Use of large-scale medical data bases now on line

® Teaching pharmacokinetics and pharmacodynamics by computer

modeling
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® [se in cardiology of a three-dimensional, computer-based model
of the heart's depolarization, and repolarization scquence, based
on real data rather than simulated data

® Analysis of extensive data on geriatric preventive health care

® Use of a relational data base system in radiology for establishing
a clinical data base and teaching file

School of Education

Currently, of the regular faculty of the school, more than 8u” .
have reguiar access to microcomputers, but not that high percentage
as yet are using computers in instruction. Some sample instructional
projects are the following :

® Graduate training in intcractive cducation technology

® Career simulation project

® Computer-based models for educational planning and man-

agement .

® Simulation of exemplary teaching

® Development of teacher profiles

School of Earth Sciences

The School of Earth Sciences is & small but active group dedicated
to the extensive use of computers in both research and teaching. As in
previous cases, 1 list herc some typical teaching projects :

® Modeling of geochemical thermodynamics

® Simulation and management of groundwater

® Techniques of satellite und aircraft image precessing

® Dynamic simulation of geologic processes

4. My Own Teaching Experience with CAI

I turn now to a more detailed and personual statement about my
own experiences with using computers for instruction (for details see
Suppes. 1981). This experience is largely based on two courses developed
over many vears at Stanford, and also with extensive expericnce in
developing courses for elementary und secondary schools. 1 shall con-
centrate on the university cxperience but begin by sayving a word about
the school experience. In 1963, we began our first work in computer-
assisted instruction by developing courses for elementary-school mathe-
matics and reading. The<e courses were meant to be supplementary to
the regular curriculum ; they were aimed at providing a regime of drill,
practice and review. In the more than 20 years since those courses
began, they have come to be used as a model for a vanety of work.
1 think that such supplementary use of computers also plays an impor-
tant role at the university level. Many of the activities I have mentioncd
in the preceding section would fall under this description.

On the other hand, there is also a more radical use of computers
for instruction and it is this use that I want to discuss here. Since 1972,
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I have offered the-regular course entitled “Introduction to Logic” en-
tirely as a course taught by computers. There are no lectures or quiz
sections, and all information is given to the student at a computer ter-
minal. The course is offered cach term three times a year. We now
have cxperience with thousands of students and I will try to give you
some comments about the course based on this experience. First, the
students reach 4 pass level with on-the-average of 80 hours at the ter-
munal, that is, cach student has about 80 hours of connect time, but
the standard deviation on this meun is very high. Sccondly, the students
tuke another 20 hours or so to do all of the work for an honor’s grade.
I'rom the standpoint of the use of computers, therc are important
feutures about a course like logic. The most important is that we have
great flexibility in handling student responses. For example, when the
students give logical arguments, derivations or procfs, their work is
not matched against a stored ideal rcsult. The program is organized to
accept any valid argument or proof on the part of the student. Anyonec
with any experience on these matters knows that it is a mistake to have
one single format of response when logical arguments are being given —-
nothing can be more stifling to the imagination and inventiveness of
students. We want to encourage problem-solving as an individualized
activity in which many veriant answers are all deemed correct.
Another feature of great importance in the teaching of a course
like logic is that the work is highly interactive. The screen of the
terminal is not used as a page display on which endless amounts of
exposition without any exercises to be daone by the student are shown.
The course c¢mphasizes a high level of interaction and makes available
to the student a simple, easily used control language for making in-
ferences. Here is an example where the student’s input is underlined.

(®) If &> 2z 4 2% then y > 22+ 10

(8) v > 2z 4 2¢
53,8 AA 9 y>=z2+10

Let me mention some additional featurcs. Errors on thé part of the
student are corrected immediately with a message as to why the error
is indeed an error. It is easy to generate individual messages again ticd
to applications of specific rules of inference.

Among the cxercises in the logic course 1 like best the exercises
on the strategy of selecting axioms. It is often eusy for students to
derive desired conclusions from given premises or theorems from given
axioms, but it is another matter to understand how one should select
axioms to do a certain job. We have a number of exercises labeled
“finding-axioms exercises”. Here the student is given a list of elemen-
tary statements ; for example, let us say 15 statements about the elemen-
tary geomctrical relation of betweenness among points. His problem is
ta sclect no more than five of the statements as axioms and then to
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derive the rest in a sequence of theorems. What is important about this
kind of exercise is giving the student experience in thinging through
the strategy of what constitutes an appropriate system for a given set
of statements. In the case of the geometrical betweenness, almost
certainly the student cannot do this exercise by a purely syntactical
approach. He must look at the geometrical meaning and sketch some
clementary gesmetrical relations in order to organize his selection of
axioms.

I alsc want to stress the human aspects of the tcaching that arc
important ; this comes in the form of teaching assistants. Teaching as-
sistants do not give lectures or quiz sections and do not have the task
of grading endiuss cXercises; for example, the rather tedious-to-cor-
recr exercises on finding axioms. But the teaching assistants are avail-
able for students to ask questions and to give help as appropriate on the
various kinds of adiminustrative und other concerns that continually
oceur us students make thewr way through the course. It may be that
in 20 or 50 years we shall have such completely intelligent progran
thit we will not necd teaching assistants, but I am skeptical that we
will be able to entirely do awaey with teaching assistunee for a long
time where they can be availuble On the other hand, courses such a
the logie course arce sufficientiy self-contained that, for cxample, in
distani learmmg or i1 many kinds of adult learning which wouikl tek-
place in off-campus settings. for examnle, in the home, teacliing assist-
anis could be dispensed with if pecessaryv. T want to be ¢lear on this
point. It is clearly advantageous to have teaching assistants and eves
in the case of distant learning, it mav be desirable to have a telephone
hotline for the student to get ossistenze when it is absolutely needed
All the same. the courses are sufficiently self-contained that if circum-
stances required it the student could make his way on his own.

A natutal question that arises in o course of the kind T am describ-
ing is how students feel about it in comuarison to lecture courses. For-
tunately in the rese of the logic crurse, 1 bave sume intzresting and
significant data. The Department of Philosophy regularly offers a puarallel
leeture course given by a junior member of the staff. T have looked al
data recently for 15 terms ond the comparative enrollments were us
fellows : 1,477 students in the computer-based course versus 262 in the
c.urse being taught in the standard lecturce format. This is a ratio of
approximately 5.6:1 ond testifies 1o the clear acceptability of this kind
of computer-based teaching for stundard undergraduate courses.

Axiomatic Set Tlieory

Let me now turn to the sccond course that I have taught in a
similar fashion. The eourse in set theory has been offered on the same
basis every term since 1974. The general features are the same as t}}o
logic eourse. I mention just those special features that differentiate it.
First of all, it is a more advanced course and has a much smaller en-
rollment. Ordinarily, the enrollment is about an order of magnitude

less than of the logic course. This means that the enrollment will run
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from 6 to 15 students a term. In fact, my own view is that it is really
courses of this kind that we should especially concentrate on teaching
by computer because it is expensive to have a regular faculty member
oifer a course to only six students. On the other hand, the stand-up
lecturer, looked at purely from a economic standpoint, is a cheap tech-
nology when the number of students is well over 100.

The set theory courses are organized into a series of 650 theorems
Because of the small enrollment, each student is given an individual set
of theorems to prove and, of course, just as in the case of the logic,
each student’s proofs will be found to be diiferent from any other
students. Indecd, at this level of complexity, we would naturally be
deeply suspicious of any two students offering exactly the same proofs
for many of the theorems.

Of course, as I have emphasmed the proofs are much more com-
plicuted in set theory because of its more advanced nature. The biggest
intellectual cffcrt huas been put into developing a usable interactive
theorem prover. We are able to prove the standard classical theorems
in set theory now, but there are ways in which we can certainly
continue to improve. I do think that our interactive theorem prover
1s probably the most sophisticated one in the world being used on a
regular basis by students who are not programmers to prove non-trivial
theorems.

One of the things to have a sense of is the enormous variability in
the kinds of proofs that students oifer. Here is a small sample of 1,000
proofs. I show the average length of proofs and number of lines in the
left-hand column, the average of the minimum proofs, that is, we take
the shortest preof given by any student for a given theorem and now
average thcse data across theorems, and finally the corresponding aver-
age maximum proof.

AVG AVG
MEAN MIN MAX
15.0 3.5 o7

Notice that the difference betwcen the average minimum and the
average maximum is more than an order of magnitude.

I should mention that we make regular use of a resolution thcorem
prover, which the student can call to go from one step to another. The
student is given 25 seconds of machine time to run this theorem prover,
so one of the things that he must learn is what it can and cannot do.
For example, it is not of any interest that the resolution theorem prover
is in principle complete, that is, given enough time, it could prove any
first-order logic inference that is valid. What is important is to get
a sense of what can be done in a limited amount of time and with
limited resources of the computer. Students become fairly good at cali-
brating what to expect.

Differential and Integral Calculus

In spite of my statement that we should concentrate on courses
with small enrollment, for a reason to be explained in a moment, our
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current effort is to produce a computer-based course in the differcntiai
and integral calculus, the mathematics course most widely taught to
undergraduates in American universities. The reason that we are de-
veloping this, however, is to place it--in bigh schools where theie are
small numbers of very bright students who are prepared to take u
substuntial course in calculus, but there is not an sppropriate teaching
faculty. In the United Stutes more than in Europe, T should comment,
the teaching of calculus is still currently mainly done at the under-
graduate lcvel in the universities rather than in high schools. The main
topic that we arc addressing in the development of this course is
exactly the feature stressed in the logic and set theory courses, namely,
a stress on offering a rich interactive structure to the student to do ali
thie standard deductive work.

In the case of the calculus course, there are special problems of
finding the right internal formalization for the informal language and
inferences customarily used in the course. T will not try to survey here
the purticular technical problems we are now wrestling with. T do want
to sav that our objective, however, is to change the traditional notation
as little as possible and to offer a course that is standard in appcarance
as far us the mathematical expressions go and the inference rules are
close tn what is to be found in a standard textbock.

Cne important feature is the extensive use of symbolic calculations
of an algebraic and calculus sori. There arc now cxtensive programs,
e.g. REDUCE and MACSYMA, for making such computations for en-
gineers and scientists ; our problem is te build a highly interactive
symbolic calculalor that students can use cffectively in this course. The
stress on the interaction und the stress on the use by students mean
that we must do a lot of things in a way that is different from the way
things are done in REDUCLE or MACSYMA, but I shall not enter into
the details here.

I do want to mention that the striking difference found in the cal-
culus course, when compared to the logic and sect theory courses, is
the extensive use of graphics. Fortunately, we are preparing this coursc
at a time when good graphics are available at a reasonable price com-
pared to a decade and a half ago. when we first began teaching logic
bv computer. At that time, it would have been prohibitively expensive
to offer students substantial graphic facilities.

Future Progress Needed

Let me close by mentioning threc arcas in which self-contained
courses at the university level need richer and better facilities.

First is the important problem of the precessing of natural language.
It is in certain ways a bit of a scandal that we still are so awkward

in the processing of natural language in the use of computers. The
problem is subtle and complicated. but within various limited contexts
we are certainly on the verge of making rcal progress, even if we do
not solve the full range of processing difficulties.
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Second, we need better and richer theorem provers and better und
richer symbolic calculators. Here we can take a more optimistic view — the
problem is a much more constrained one than that of processing naturul
lunguage. We can anticipate having rich and powerful software tech-
nology available for the teaching of a wide range of courses in mathe-
matics and science in the decade ahead, but progress is needed all the
same. The work must be done. I am optimistic that it will be.

Third, I mention the psychological problem of having better models
of the student at work proving a theorem, solving a problem, or writing
a coherent and clear cssay. Here the software technology is much more
primitive but there is reason to be hopeful that progress can be made
in ways that will be helpful, even if deeper problems of understanding
the relevant cognitive structurcs, will elude un for some ime to come.
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