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What I would like to do today is to try to put the current efforts in 
educational technology in historical perspective~ In fact. I want to 
take a very long historical view in making these remarks and then show 
how they are related to the present. 

Pa~ Educati~nal Jechnologies 

I can identify four major technological innovations of the past that are 
comparable to the current computer revolution~ 

Written Records 

The first is the introduction of written records for teaching purposes in 
ancient times. IJe do not know exactly when the use of written records for 
instructional purposes began but we do have, as early as Plato's Dialogues, 
written in the fifth century B,C'9 sophisticated objections to the use of 
written records. 

Today no one would doubt the value of written material in education, but 
there were very strong and cogent objections to this very earliest innovation 
in education. The objections were these: a written record is very impersonal; 
it is very uniform; it does not adapt to the individual student; it does not 
establish rapport with the student. In other words, Socrates and the ancient 
Sophists, the tutors of students in ancient Athens, objected to introducing 
written records and destroying the kind of personal relation between student 
and tutor that was a part of their main reason for being. 

It has become a familiar story in our own time that a technological innovation 
has side effects that are not always uniformly beneficial. It is important to 
recognize that this is not a new aspect of innovation but has been with us 
from the beginning. 

The second innovation of great historical importance in education was the 
move from written records to books~ In the western world we identify the 
beginning date of this innovation with the printing of the Gutenberg Bible 
in 1452~ It is also important to recognize that there was extensive use of 
block printing in Korea and China three or four hundred years earlier. Nearly 
half a millennium later it is difficult to have a vivid sense of how important 
the innovation of printing turned out to be. In the ancient world of the 
Mediterranean there were only a few major libraries, and by a few I ~ean a 
number that you could count on the fingers of one hand. One of the famous 
aspects of Alexandria, for example. was the wealth and magnitude of its 
libraries, and the Alexandria of 100 B~C. had very few competitors. The 
reason for this is obvious: It was impossible to have large numbers of copies 
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of anuscripts reproduced when all of this had to be done dtously by hod. 
In introduction of printing 1n the 15th century produced a r dica! 
innovation--indeed a revolution--ln the distrlbut i on of intellectual and 
ducational- ~terlal8 By th middl of the l6th century . 100 years later . 

throughout Europ not only instltu ions but we31~hy famIlie as w 11 h~d 
11btarle of s rlous proportions . 

On the other hand. there were defin! e technologic 1 side ffeeta that were 
not uniformly beneficial. Thoae of you who know the art aod the beauty of t e 
edieval manuscripts that preceded the introduction of prtntlnR can appr ct t@ 

that it was regarded by some as a degradat"on of the state of reprodQctlon to 
move to ass printing fro the beautiful haod-produced manuscripts of the 
earlier period. 

It is also import nt to have a seo c of how slow th 1 pact of t chnoloR1c 1 
innovation can sometimes be . It was not until the end of the 18th century 
th t books were used extensively for teaching In schools . In the ca e of 
arithm tic, for x mple most teachers continued to use oral methods throughout 
the 19th century nd 1 was not until almost the b g1nn1ng of this century 
th t appropriate eleent ry textbooks In rutheruatlcs were av ilable . It 18 
certainly my hope that it will not take uS 500 year to distribute comput ra 
into chools. a f1gur comparable to wh t it t.ook to distribute books into 
schools for the teaching of math mattes. Fortunately the scale of dtssemin -
tion in the modern world is of an ntlrely different order fro what it was 
1n the past. Perhaps my favorite e.x8ople of this is the estimate that it took 
over five years for the n~ws of Julius Caes rqs assassination to reach t he 
f urthest corners of the Roman Empire . today such an assassination would be 
known throu hout the world in a matter of minutes. 

With r egard to the pace at which books have been introduced into educ tion, it 
would be a mistake to think tha t ther was something peculiar about the us e of 
methods of recitation in the elementary school until late 1n tbe 19th century; 
stories of a comparable sort also hold at the university leval. Accordlng to 
at least one account, the last professor at the University of Cambridge in 
England who insisted on following th e recitative tradition that dat 8 back to 
the Middle Ages was C. O. Broad. He insisted On dictating and then repe ting 
each sentenc so tha t students would have adequate ti e to write each sentence 
exactly as dictated. I cannot imagine contemporary unlvers ity students' 
tolerating such methodso 

Mass Schooling 

The third innovation. and again one that we now accept as a complete and 
natural part of our society, is mass schooling e We have a tendency in talk 
about our society to put schools and families into the saoe category of major 
institutions. But it is extremely important to r ecognize · t he great psycho­
logical difference between the status of the fami l y and the status of schools . 
Families are really deep into our blood and our culture. The evidence of 
families' being in one form or another the most important cultural unit goes 
back thousands of years. Schools are not at all comparable; they are~ we 
might say? very much Johnny-corne-lately to our culture. A hundred years ago 
1n 1870, for example, only two percent of young people graduated from high 
school in the United States. A hundred years before that only a very small 
percentage even finished third or fourth grade . I cannot give you an exact 
percentage because our recordkeeping, that is, our ocial stattAtics. are not 
much more than a hundred years old and we have no serious idea of hoy many 
students were actually in school two hundred year go , except that we do 
know that the number was quite small . 
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Even as short a period as fifty years ago, in moc;t of the world less than one 
percent of the population completed secondary school. During the recent 
upheavals connected with the "cultural revolution" in China the elementary 
schools, not to speak of colleges and secondary schools, were closed for 
several years. In our society as we now think of it, it is unbelievable to 
contemplate closing the elementary schools for such a period of time. From a 
Chinese historical perspective, however, it was not such an important matter, 
for Chinese culture extends back continuously several thousand years and there 
is in that cultural tradition no sal~ent place for schooling. 

In many developing countries of the world today the best that can be hoped is 
that the majority of the young people will be given four grades of ele~entary 
school. Until the population growth is brought in check, it will take all of 
the resources available to achieve this much. The position of America as a 
world leader in education is sometimes not adequately recognized by my fellow 
Americans, because we accept as so much a part of our culture the concept of 
all young people completing secondary school and a high percentage goinp, on to 
college. In fact, our leadership in creating a society with mass education is 
perhaps one of the most important aspects of American influence in the world. 

As recently as the latter part of the 19th century the distinguished British 
philosopher, John Stuart Mill, despaired of democracy's ever really working 
anywhere in the world for one reason--it was simply not possible to educate 
the majority of the population. In his view it was not possible to have a 
significant percentage of the population able to read and to be informed about 
political events. As in the case of many such predictions, he was very much 
in error. The revolution in mass schooling is one of the most striking 
phenomena of the 20th century. I would certainly place it on my own list of 
the five most important modern innovations in world culture. 

Testing 

The fourth educational innovation is testing, which is in many ways older than 
the concept of mass schooling. The great tradition of testing was first 
established in China; testing there began in the fifth century A.D. and became 
firmly entrenched by the 12th century A.D. There is a continuous history from 
the 12th century to the end of the 19th century in the use of tests for the 
selection of mandarins--mandarins constituted the civil servants who ran the 
imperial government of China. These civil service positions held by mandarins 
were regarded as the elite social positions in the society. The importance of 
these tests in Chinese society is well attested to by the literature of 
various periods. If one examines, for example, the literature of the 15th or 
16th century, then one is impressed by the concern expressed for performance 
on tests. A variety of literary tales focused on the question of whether sons 
would successfully complete the tests and what this would mean for the family. 
(As you might expect, in those days women had no place in the management of 
the society and no place as applicants for civil service positions.) The 
procedures of selection were as rigorous as those found in a contemporary 
medical school or a graduate school of business in the United States, and in 
many periods less than two percent of those that began the tests, which were 
arranged in a complicated hierarchy, successfully completed the sequence and 
were put on the list of eligible mandarins. 

Although testing has a history that goes back hundreds of years, in many ways 
it is proper to regard testing as a 20th century innovation because it was 
only in this century that the scientific and technical study of tests began. 
It is only in ~his century that there has been a serious effort to understand 
and to define what constitutes a good test for a given aptitude, a given 
achievement. or a given skill. Moreover, this intensive study of testing from 
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a technical standpoint was primarily focus of mer!~an r esearcn b such 
educational p~ychologiats s Edward L. Thorndike. the tradition that 
Thorndike b gan has become a major one 1n our socie t y nd it 1 a source of 
continual controversy in terms of i sues of falrne • objectivity etc . 
Certainly the current dlscussioQS of the reaSOOB for the declines 1n the 
verbal and mathematical scorea on the Scholastic Aptitude testa taken for 
college entrance provide ao excellent example of the kind of detailed scrutiny 
we give to our te ts that i completely uncharacteristic of any tradition of 
te ting wheth r 1n China, Europ or the United St tes prior to this centuryo 

Th e four inoovations that I hay discussed--wrltten records . books school8 ~ 

and tests-are the very fabric of out' education 1 system today . It 18 almost 
unthinkable to conte pi te a ~dern educational system without each of th Se 
innovat ions pl yi08 an important part. 

Of the e four technologies, none had been in any way adequately forae st or 
outlined at the time it " 9 introduced. Of course, fe"" individual fore aw 
the consequenc and had something to 54Y about those consequences. but 
certainly the details of the use of any of these four technologies bad not 
be n dequate ly foreseen. I am certain that the sam thinR wil be true of 
technologies now d veloping for usc in the future , and so I do not want to 
appear coofident that what 1 s y is correct scenario for the future . Sut I 
want to say so ething about each of the four. First . I have mention d, and I 
want t o emphasize again. the very recent and historically very transient 
t:har "c te r of schools. It is a phenomenon in a general sense of the last 
hundred years in the most developed parts of the world ~ and phenom~non of 
the las t th irty years (that is, since tlorld \Jar II) in the underdeveloped 
parts of the world. Now, n important quest ion for the future 1s this: In 
fifty years or one hundred years, will we abolish schools? Will we deliver 
into the home. or into small neighborhood units by technological ns a l l 
curriculum and instruction ? f urther, will t he wish of the indiVidual , the 
f amily, the parent , or the neighborhood group be such that they will not 
wa nt their children 1n school, but r athe r wan t them at home or i o the 
ne ighborhood? I think the answers to these questions are not easy to 
predict or to foresee. 

The same kind of forec st may be made for books. The importance of boo that 
we have felt for sever 1 hundred y arB. since the beginnins of the Renaissall<!Q , 
and th t has been associated with the development and education of an inform d 
citizenry, may once again fade away. I think that all of us, at least those 
of my age, have seen this aIr ady in the case of young students. Some recent 
studies have indicated that the cultural reference poi nts for the younger 
generation are no longer to be found in books. or in current novels, but on 
t~levision and i n movies. 

In the cas e of tests, I also predict that t his classical technology will 
dec rease in i mpor tance . I believe that tests will decrease in importanc e 
because we wi ll have the technological means to keep a much more sat isfactory 
and much more detailed record of the learning of individual students . Thus 
our inferences about the performance of students and their capabilit ies for 
t a king next steps will depend upon a much more substantial record, a much 
better basis of inference than we have in current tests. 

Finally, what about the written record? The written record will undoubtedly 
continue to have importance, but I think that when it comes to teaching, the 
objections found in Plato's Dialogues to the cold and neutral written word as 
opposed to the warm and friendly voice of the teacher will once again be heard 
and felt as serious objections. What I am saying is that, in starting to 
think about the future, we can forecast obsolescence or semiobsolescence for 
all of the gre t technologies of the past--and that is proper and appropriate. 
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Present Educational Technologies 

There are three salient new technologies in education: radio, television~ 
and computers. 

The use of radio for instruction goes back more than twenty years, but it is 
not extensively used in the United States at the present time. I am currently 
associated with a large project in Nicaragua using radio for teaching 
elementary-school mathematics, and I think that instructional radio has an 
important role to play in developing countries. It is fair to say that the 
most important worldwide revolution in communication is not the telephone and 
not television but radio. Most developing countries are saturated with radio 
stations, and the spread of transistor radio sets, especially small portable 
ones, is a worldwide phenomenon. 

Television 

Twenty years ago there were optimistic forecasts about the extensive use of 
television for educational purposes. For a variety of reasons this extensive 
educatlonal use of television has not developed 8S rapidly as forecast. The 
general impact of television is recognized by everyone and is one of the most 
important and most salient cultural aspects of our society. Recently the 
educational use of television in the United States, especially at the 
community-college level, has begun to show a marked increase. I would predict 
that especially for financial reasons this increase will continue; it is 
simply going to be very much more economical to broadcast courses to off-campus 
students than to invest in additional capital plant for housing students. The 
concern for energy conservation~ the problems of transportation in many urban 
areas; the increasing focus on making the home a learning center--all of these 
factors should contribute to the more widespread use of educational tele­
vision, especially at the adult level. The impact at the other end of the 
scale of such programs as Sesame Street has also been widely recognized, and 
programs of this character will continue to play an important role. Although 
I recognize the importance that television has in our society and its 
increasingly prominent role in education, I shall not say nore about it in 
the present talk but move on to computers. 

Computers 

I begin with a quick survey of our work at Stanford. Work in computer­
assisted instruction (CAl) at the Institute for Mathematical Studies in the 
Social Sciences. Stanford University, began in 1963. During the first decade, 
most of the work was concerned with the development of computer-based 
curriculums for elementary schools, especially in mathematics and reading. 

ElementarY-~Mathematics 

I describe briefly here the current version of elementary-school mathematics 
at the drill-and-practice level offered by Computer Curciculum Corporation 
(CCe). Ihis curriculum has a close resemblance to the curriculum that was 
developed at the Institute in the 19605. It is similar in general structure 
but differs in many specific details. description of it will provide a good 
example of the use of computers for instruction at the elementary-school 
level on a current basis in the United States. 

57 



58 P. S PPES 

The curriculum is organized into strands. The exercises. descrlbed 1n more 
detail below , are gener ted randoml y from ft c - type descriptions 1n the eec 
cutriculu , whereas 1n the Institute ~s curriculum they were fixed exercise 
of a fixed numb r. Iht means that the matioD of a student throu~b the eec 
cu:n: iculu,m is probably closer approximation to his actu 1 level of Qchleve~3 

ment than is the case with the Institute~s curriculum The eec curriculum 
differs in a number of other respects that will not be de8crtb~d here . 

A strand represent one cootent area within a curr lcul For exa Ie? a 
division strand. a d cimal strand, and an equation strand re includ d in the 
Mathematics Strands curriculum. Each strand is a string of reI ted tte a 
whose difficulty progresses from easy to hard. A computer pro~ram keeps 
records of the 9tudeot~s position and performance sep rately far ev ry atrand c 
By comparing a student's record of performanc~ on the material 10 one strand 
with a preset performance criterion, the program d termlnes if the student 
needs more practice at the same level of di ff icu l t y within the strand, should 
move b ck to ao easter level for remedial work, or h 9 mastered the current 
concep t aDd can mav ahead to a more diffi cult lev 1. Then the pro~ram 
automatically adjusts the student's position to the correct level within the 
strand . The process of evaluation and adj ustm~nt applies to all atrands ad 
is con tinuous throughout each studeot~s interaction with a curriculwn~ 

Evenly spaced gradatlon~ 1n the dif ficulty level of the material allow 
positions within a strand to be matched to school grade placements by tenths 
of a year" Grade placement in a specific subject area can t hen be de termined 
by examining a student~s position in the st r and representing that rca G 
Since performance in each strand is recorded and evaluated s eparately , t he 
student may have a different grade placement: in every strand of a curr i culum. 
Teachers ' r epo rts, available as pa rt of each curriculum, r cord progres s by 
showing the studentDs grade placement in each strand at the tt~e of the 
report. 

In a curriculum based OD the strands instructional 9trate8Y~ a normal lesson 
consists of a mixture of exercises from different strands. Each ti an i tem 
from a particular curriculum is to be presented. a computer pro~ra= rando mly 
selects the st rand from which it will draw the exerciSe. Random selectioll of 
strands ensures that the student will receive a mixture of different types of 
items ins tead of a serles of slmilar items. 

Each curriculum also provides for rapid gross adj ust en t of position in all 
the strands as the student is first beginning wo~k in the course. Students 
who perform very well at their entering grade levels are moved up in half-year 
steps until they reach a more challenging level. Students who perform poorly 
are moved down in half-year steps. This adjustment of overall grade level 
ensures that students are correctly placed in the curriculum and is in effect 
only during a student;s first ten sessions. 

Mathematics Strands. Grades 1-6, contains 14 strands, or content areas. 
Table 1 lists the strands in the mathematics curriculum. The curriculum 
begins at the first-grade level and extends t hrough grade level 7~9. The 
seventh-grade material does not constitute a complete curriculum for that 
grade year but is intended as enrichment for students wh o co~plete the 
sixth-grade mat er ial. (A separate cee curriculum is devoted to seventh­
and eighth-grade mathematics.) 
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T.able 1 

The Strands in Mathematics Strands, Grades 1-6 

Strand Name Abbreviation 

1 Number Concepts NC 
2 Horizontal Addition HA 
3 Horizontal Subtraction HS 
4 Vertical Addition VA 
5 Vertical Subtraction VS 
6 Equations EQ 
7 ~1easurement .1S 
8 Horizontal Multiplication HM 
9 Laws of Arithmetic LW 

10 Vertical Multiplication VM 
11 Division DV 
12 Fractions FR 
13 Decimals DC 
14 Negative Numbers NG 

Each strand is organized into equivalence classes, or sets of exercises of 
similar number properties and structure. During each CAl session in 
mathematics, students receive exercises from all the strands that contain 
equivalence classes appropriate to their grade levels. For example, a student 
at grade level 2.0 will receive exercises from seven strands: NC, HA, HS, 
VA, VS, EQ, and MS. 

Students do not receive an equal number of exercises from all strands. The 
program adjusts the proportion of exercises from each strand to ~tch the 
proportion of exercises covering that concept in an average textbook. 

The curriculum material in Mathematics Strands, Grades 1-6, is not stored in 
the computer's memory but takes the form of algorithms that use random-number 
techniques to generate exercises. When a particular equivalence class is 
selected, a program generates the numerical values used in the exercise, 
produces the required format information for the presentation of the exercise, 
and calculates the correct response for comparison with student input. As a 
result, the arrangement of the lesson and the actual exercises presented 
differ between students at the same level and between lessons for a student 
who remains at a constant grade placement for several lessons. 

Extensive evaluation of this curriculum has been reported in the literature. 
A good recent reference is Macken and Suppes Ill. 

University-~ Computer-~sted Instruction 

Beginning in the late 1960s, work at the Institute began to focus more on the 
possibilities of CAl for university-level courses. The first major effort 
was under the direction of Professor Joseph Van Campen of the Department of 
Slavic Languages at Stanford, and was concerned with the development of two 
years of elementary Russian at the university level. The very positive 
evaluation results of the first-year Russian course are reported in Suppes 
and Morningstar 121. The work in Sla~ic languages has now shifted from the 
beginning courses to intermediate courses that have small enrollment. 
Computer-assisted instruction is offered in such relatively esoteric topics 
as Old Church Slavonic and the linguistic history of the Russian language. 
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Une of the earliest curriculum ffort8 for the element ry school vas the 
developoent of a cour e in logic for gifted elementary school tudents. I n 
the 1 te 1960s, effo~t8 turned to th developoenL of a correspondlnR cours 
10 logic for univ r ity students. Over the pasc fe~ years the continued 
develop ent and iMprovement of thi course has been one of th centr 1 efforts 
10 CAt at th I nstltutR . Recently. the efforts i logic h ve moved to the 
intermediate level as a primary focus of res arch and d v lop. nt. A greater 
effort is now being put into axiomatic set theory, and future efforts at 
similar lev@l are anticipated. Curriculum out lines of these two couraea are 
given in Tables 2 and 3. 

Chapter 

I. 

II 

III 

IV 

VI 

VII 

VIn 

Table l 

Curr i culum for Introduction to ogle (CAl Version) 

Topic 

Pass ' Sequel1ce 

PROPOSITIONAL LOGIC 

A. Semantics 
B. Syntax 
c. Inference rules ~ der1v t!ons 
o Validity~ countcrexa lea 

I~TEGER ARITHMETIC 

A. Equality 
B. Axioms, definitions, and theore 
c. Co tative groups 
Do Noncommutative groups 

FINDING AXIOMS 

PREDICATE LOGIC 

A. Symbolization 
B. Rules of inference, de r ivations 
C. Interpret tiona 
D. Consistency, independence 
E. Logic of identity, sorts 

Letter-grad~ sequences 

BOOLEAN ALGEBRA 

QUALITAtIVE PROBABILITY 

SOCIAL DECISION THEORY 

Lesson 

401-409 

410-420 

421 

422-429 

601-603 

8001 

501-506 
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Table 3 

Curriculum for Axiomatic Set Theory (CAl Version) 

Chapter Topic 

I INTRODUCIION AND HISTORICAL SURVEY 

II ELEMENTARY SET THEORY 

A. The algebra of sets 
B. Abstraction 
C. Power sets,'Cartesian products, generalized unions and 

intersections 
D. The axiom of regularity 

III RELATIONS AND FUNCTIONS 

A. Ordering relations 
B. Well-ordering 
C. Functions 

IV EQUIPOLLENCE~ FINITE AND INFINITE SETS 

V CARDINAL NUMBER THEORY 

VI ORDINAL NUt-tRER THEORY 

A. Ordinals 
B. Transfinite induction 
C. Definition by recursion 

VII THE AXIOM OF CHOICE AND ITS EQUIVALENTS 

Courses in music and computer programming have been developed for use at the 
university level as well. Individualized CAl in music has been applied to 
theoretical and instructional investigations in a number of different courses. 
Previous CAl work in programming has included courses in the BASIC, AID, 
SIMPER, and LOGO languages; current projects deal with an entirely new 
approach to teaching BASIC and the integration of a CAl course in LISP into 
the university curriculum. 

Productivity ~~ 

The reason for the emphaSis on small-enrollment courses is to a very 
considerable extent a matter of productivity 131. The initial impetus for 
the course in axiomatic set theory was the loss of a faculty pOSition in this 
area due to budget cuts at Stanford. In the face of declining or fixed 
budgets, it has become apparent that faculty sizes will probably decrease 
during the remainder of th1s century. Some American state universities 
require that a specific level of enrollment be maintained for all courses 
offered, and there is considerable pressure against specialized courses with 
low enrollments. Still. such courses represent an important function of the 
university in transmitting intellectual knowledge and skills from one 
generation to the next. 
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One of our main aims in CAl ~esearch and development a the InstL ute is to 
show how th se specialized courses c n b maintaiaed at reasonable cost In the 
future by appropriate use of computer technolo~y. Our a1 1s to increS5 the 
teaching load of faculties 10 terms of courses off red , and one of our 
Bub8idiary ims consequently . is co improve the ability of CAl to provld 
effectiv instruction with little or no intervention required of th 
lnstructor ~ A f w te ching assistants. avail ble at scheduled hours through 
the day and venlns. work in conjunction with each course; the iostructor 
himself is free to supervise further development of CAL courses or to consult 
on an individual basta with students nd t aching assistant • 

Complex Instructional Systems 

1 have emphasized thus far the importance of productivity eonsid r tions n 
our attitude t01Jacd CAl at the college level and in our approach to maklnR 
it a viable and per nent part of colleRe-level instruction. There 1s, 
how vee. n Important corollary to this approach that n ads to be emph iz d 
and that generates numb r of fundamental and Intclle.ctu lLy ch Henging 
problems of computer science . 

I t seems l ikely th t el mentst}' course of several kinds can be given uLthout 
radically advancing th present techniques of CAl and without calling upon 
deeper methods of program construction for interaction betwe n student and 
computer. 

However, s we push toward increasin~ly tutori 1 topics and topics t n 
intermediat 1 vel of difficulty (exemplified, for instance, by coue e t hat 
are primarily moth matlcally based In their foundations such as the course in 
ax iomatic eet theory ) , the need for work at the frontiers of co~uter science 
becomes evident. The courses at this level ...,1.11 be viable and ther e fore 
productive only if th techniques of instruction are rich enough to provide 
a challenge to th students and a realistic range of options correspoadina t o 
what one might expect in such a course taught by traditional methodso 

In the case of mathematically based courses? the primary need Is clear . 
Techniques of proof that approach informal methods of mathematica l a r gument 
are absolutely essential in order not to involve the student in an inord inate 
amount of tedious de tai l. Moving from formally explicit proofs to informal 
ones is a central intellectual problem of artif icial intelligence and computer 
science: the construction of a model of informal mathematical r easoning. Our 
current efforts here have borrowed from artificial intelligence techniques of 
theorem proving and axiomatic representation of mathematical re8sonln~. It 
has also been necessary to add to these techniques, and our current proof 
checker for set theory ~s believed to be the most sophistica t ed such pro~r8m 
in the world being used by students without any training or experience in 
programming (and not requiring any). 

Closely associated with the proble m of informal proof methods is the problem 
of the language in which the student gives a proof, and the ways in which the 
program can explain and elucidate a proof to the student. A proof checker for 
these advanced courses must be able to accept proofs in an infor al style that 
approaches a fragment of English. I fe e l that by concentratin~ on the 
restricted domain of mathematical proofs it will be feasible to have a 
relatively rich and adequate use of natural language in this settinR. and that 
with reasonable time and effort we shall be able to duplicate the kinds of use 
of natural language characteristic of the writing of mathematical proofs in 
the best textbooks. 
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A problem of greater difficulty is the development of techniques for conducting 
a dialogue between student and program about a given proof on which the student 
is engaged. We want the program to be able to make helpful and useful comments 
contingent upon the student's work. l~e want these comments to be relevant, 
pertinent, and natural in tone. We do not believe that these dialogue problems 
will be solved in any reasonable completeness in the near future. There are 
as yet very few examples of natural dialogues between student and computer 
program. two systems that show great potential are SCHOLAR 141 and SOPHIE, 151_ 
While both of these programs are significant artificial intelligence programs, 
they have not yet been used on a regular basis by students in a standard 
educational setting. An important feature of our work at the Institute is 
that all of our efforts are directed toward real courses and answer known 
pedagogical needs. 

Another interesting use of computer-science techniques occurs in the BASIC 
Instructional Program (BIP). Here the focus of our effort has been to select 
instructional material and order its presentation for the individual student. 
This is done by using networks representing skills and tasks, which are 
compared to profiles for each individual student. 

The emphasis on the application of these computer-science techniques to ' 
university instruction has necessitated a different programming environment 
than most other CAl projects. For example, we have chosen to use the hi~hly 
interactive TENEX timesharing system on our PDP-IO computer, and have 
implemented and extended several programming languages originally designed 
for artificial intelligence research. These languages contain data and 
control structures that are far more advanced than the structures found in 
traditional CAl languages such as TUTOR, PILOT, INST, and COURSElVRITER. 

Intellectual Problems of the Future 

Computers That .:!.e1!. 

Let me break this discussion of intellectual problems into four parts that 
will take us back through some of the earlier technologies. The first problem 
is simply that of talking (oral speech). What does it take to get a computer 
to talk? The fact is that the technical issues are already pretty well in 
hand. Perhaps the reader saw on television liThe Forbin Project"--a movie 
about two large cotnputers in the Soviet Union and the United States getting 
together to dominate the world. To the cognoscenti who have seen that movie, 
let me make a casual remark about talking. A technical criticism of the movie 
is that the two very large and sophisticated computers were conductin~ only 
one conversation at a time. Already in our computer system at Stanford we 
have eighteen channels of independent simultaneous talk and the computer talks 
independently and differently to eighteen students at the same time. So you 
see, we have the capacity for the computer to talk. \lhat we need, however, is 
better information about what is to be said. For example, when I serve as a 
tutor, teaching one of you, or when one of you is teaching me, intuitively and 
naturally we follow cues and say things to each other without having an 
explicit theory of how we say what we say. ~e speak as part of our humanness, 
instinctively, on the basis of our past experience. But to satisfactorily 
talk with a computer we need Gn explicit theory of talking. 

The replacement of the written record, the kind of record that was objected 
to in Plato's Phaedrus. can be available to us in the talking computer. The 
other side of that coin which Socrates also emphasized, or should have 
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pha ized concerns list ning. It i ch mer difficult technical 
problem. the problem of desIgning computer that n listen to student 
talk 1s uch more dlfficult than having a student listen to t he co . uter 
talk. However. the probloms are solv ble . For example, we just complet ed 
our first expert ente with ten-year-olds talkin~ to the computer 1n order to 
give answers to elementary mathematic 1 problems . Our current exercise, to 
gtv you sense of where we are 1n a classic 1 curriculum. is 8p I11ng over 
the telephone. We c~ll the tudent t ho and ~iv hi~ five or ten minutes 
of pelling lessons. Duriog this period he spells orally and the cocputcr 
tries to recogniz what he has spelled. This recognition proble ha proved 
to be difficult but not impossible operationa l ly . 

Ihe Use ~ Knowledg 

The tbird part of my dis cussion concerns the ptoblem of underst ndinR the 
knowledge base. To have a n effective co~puter-based ey te of instruction, 
we must transcend mindless talking and listening and learn to understand and 
use a large knowldge base . For example, if we were simply to require 
infor ation retrieval fro m knowledge base, it would b relatively slmple 
1n the near future t o put the entire American Library of Coo~ress io every 
elementary school. The capacity to Gtore 1nfornation 1s incre sing a rapidl y 
t h t we will be able t o store uch more information than could ever po sibly 
be used. 

A different and are difficult question is ho,", to ~et the s12:able knowledge 
base to interact with the student. As we come to understand how to handle 
s uch a knowledge base, the school computer of the future should b able to 
answer any wayward que tion that the student ight 11k to ask. Horeover~ 
as we all know, once a student uSes such a capability. he will h4ve a strong 
t endency to pursue stll1 further questions that are re difficult and more 
i diosy ncrat i c . It ~ill. 1 think, be wonderful to see how chl1d~ n interact 
with such a system; in all likelihood. we will see children give t o l earni ng 
the high degree of concent ration and the sustain d span of attention they now 
give to co e r cial television. 

There is one related point I want to empbasize. From the very beginning of 
school , students learn quickly the "law of the land" and know they should not 
ask ques tions the teacher cannot answer. this ta k of diagnosing the 
l imitati ons of teachers begins early and con t inues through college and 
gr aduate school. So~ once we have the capacity for answering out-of~the-way 
questions, it will be marvelous to see how s t udents will tak advantage of 
the opportunity and test their own capacities with a relentlessness they dare 
not engage in now. 

Need for Theories of Learning and Instruction 

The four th problem, and in many ways the least-developed feature of this 
t e chnology , is the theory of learning and ins t r uction. We can make the 
conputer talk, listen, and adequat ely handle a l arge knOWledge data base p but 
we still need to develop an explicit theo r y of learning a nd instruction. In 
teaching a student, young or ol d , a gi ven subjec t matter or a given skill . a 
computer-ba s ed learning system can keep a record of everything t he s t udent 
does . It can know cognitively an enor mous amount of infor mation about the 
student. The problem is how to us~ t his information wisely, skillfully , and 
efficiently to teach the student. This is something that the very best human 
tutor does well, even though he does not understand at al l how he does it, 
just as he does not understand how he ta l ks . None of us understands how we 
talk and none of us understands how we intuitively interact with someone we 
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are teaching on a one-to-one basis. Still. even thou~h our past and present 
theories of instruction have not cut very deep, it does not mean that we have 
not made some progress. First, we at least recognize that there is a 
scientific problem; that alone is progress. One hundred fifty years ago there 
was no explicit recognition that there was even a problem. There is not 
stated in the education literature of 150 years ago any view that it is 
important to understand in detail the process of learning on the part of the 
student. Only in the 20th century do we find any systematic data or any 
systematic theoretical ideas about the data. What precedes this period is 
romance and fantasy unsubstantiated by any sophisticated relation to evidence. 
So at least we can say that we have begun the task. 

Concluding Note 

The final issue I wish to discuss is the place of individuality and human 
freedom in a modern technological society. The crudest form of opposition to 
widespread use of technology in education and in other parts of society is to 
claim that we face the real danger of men becoming slaves to machines. This 
argument is ordinarily made in a romantic and naive fashion by those who seem 
themselves to have little understanding of science or technology and how it 
is used in our society. The blatant naivet~ of some of these objections is 
well illustrated by the story of the man who was objecting to all forms of 
technology in our society and then interrupted his diatribe to say that he 
had to rush off to telephone his dentist about an appointment. 

No scientifically informed person seriously believes that our society could 
survive in anything like its present form without the widespread use of 
technology. It is our problem to understand how to use the technology and to 
benefit wisely from that use. Indeed, the claim about slavery is just the 
opposite of the true situation. It is only in this century that widespread 
use of slavery has been abolished, and it may be claimed by historians of the 
distant future that mankind could not do without slavery, because just as 
human slaves are being abolished, within a short time span they will be 
replaced by machine slaves ~hose use will not violate our ethical principles 
and moral sensibilities. 

One can indeed imagine a historical text of 2500 or 3000 A.D. asserting that 
for a short period in the latter part of the 20th century there was little 
slavery present on earth. But then it was discovered that machines could be 
made that could do all the work of human slaves, and so in the 21st century 
the luxury of slaves, and the personal service they afforded, was brought not 
to the privileged few, as had historically been ihe case before the 20th 
century, but to all people 00: earth. 

In our judgment, the threat to human individuaity and freedom does not come 
from technology~ but from another source that was well described by John Stuart 
Mill in his famous essay Qu Liberty. He said, 

• the greatest difficulty to be encountered does not lie in 
the appreciation of means toward an acknowledged end, but in the 
indifference of persons in general to the end itself. If it were 
felt that the free development of individuality is one of the 
leading essentials of well-being; that is not only a co-ordinate 
element with all that is deSignated by the terms civilization, 
instruction, education, culture, but is itself a necessary part 
and condition of all those things; there would be no danger that 
liberty should be undervalued; and the adjustment of the"boundaries 
between it and social control would present no extraordinary 
difficulty. 
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Just as books fr eed serious students from the tyranny of overly simple ethods 
of ora l r ecitation. so computers can free s t udents from the drudgery of do1n~ 
e~actly similar tasks unadjusted and untailored to their individual needs. 
As in t he case of other parts of our society. our new and wondrous technoloRY 
is there for beneficial use. It is our problem to learn how to use it wella 
When a child of six begins t o l earn in school under the direction of a tea cher p 

he hardly has a concept of a free intelligence able to reach objective knowledge 
of the world. He depends heavily upon every word and gesture of the teacher 
to guide his own reactions and responses. This intellectual weaning of children 
is a complicated process that we do not yet manage or understand very wellQ 
There are too many adul t s among us who are not able to express t heir own 
feelings or to reach thei r own judgments . We would claim that the wise use of 
technology and science~ particularly in education. presents a major opportunity 
and chall enge. We do not want to claim that we know very much yet about how to 
realize the full potential of human beings; but we do not doubt that our modern 
instruments can be used to r educe the personal tyranny of one individual over 
another. wherever that tyranny depends upon i gnorancee 
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