
In D. F. Walker and R. D. Hess (Eds.), Instructional software: No. 248 
Principles and perspectives for design and use. Belmont, Calif.: 
Wad~~rth, 1984. Pp. 298-30s.- -- --Prospects for the future of Computer-Based Education 

Self, J. A. Student models in computer-aided 
instruction. International Journal of Man­
Machine Studies, 1974,6,261-276. 

Smith, M. J., and Sleeman, D. H. APRIL A 
flexible production rule imerprerer. 51 GART 
Newsletter No. 63, June 1977. 

Modeling the Student 

J 211\ 
I / "------' \ 

From the beginning of educational theory 
about instruction there has been a concern to 
understand what is going on in the student's 
mind as he learns new concepts and skills. 
This attitude of many years' standing is well 
exemplified in the follOWing quotation from 
John Dewey's famous work, Democracy and 
Education 0916, quotation from 1966 edi­
tion). 

We now come to a type of theory which 
denies the existence of faculties and 
emphasizes the unique role of subject matter 
in the development of mental and moral 
disposition. According to it, education is 
neither a process of unfolding from within 
nor is it a training of faculties resident in 
mind itself. It is rather the formation of mind 
by setting up cenain associations or 
connections of content by means of a subject 
matter presented from without (p. 69). 

West, T. Diagnosing pupil errors: Looking for 
patterns. Arithmetic Teacher, 1971,64. 

Young, R M. Mixtures of strategies in structurally 
adaptive production systems: Examples from 
seriation and subtraction. SIGART Newsletter 
No. 63,]une 1977. 

Observations About the 
Application of Artificial 
Intelligence Research to 
Education 

Patrick Suppes 
Stanford University 

With the powerful opportunities for indi­
vidualization present in computer-assisted 
instruction (CAr), there has been an in­
creased concern to model the student in or­
der to have a deep basis for individualization 
of instruction_ Before considering current 
work, it is important to emphasize that con­
cern with individualization is by no means 
restricted to computer-assisted instruction. 
Over the past decade, there has been an in­
tensive effort by leading educational psy­
chologists to identify strong effects of apti­
tude-treatment interaction. What is meant by 
this is the attempt to show that byappropri­
ate adaptation of curriculum to the aptitude 
of a particular student, measurable gains in 
learning can be obtained. One of the striking 
features of the recent CAl work reviewed be­
low is the absence of references to this exten­
sive literature on aptitude-treatment interac­
tion_ The hope that strong effects can be ob-
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tained from such interaction can be viewed 
as a recurring romantic theme in education­
not necessarily a romantic theme that is in­
correct, but one that is romantic all the same 
because of its implicit hopefulness for ob­
taining strong learning effects by highly indi­
vidualized considerations. Unfortunately, the 
conclusions based upon extensive data anal­
ysis, summarized especially in Cronbach and 
Snow (1977), show how difficult it is in any 
area to produce such effects. It is fair to con­
clude at the present time that we do not 
know how to do it, and from a theoretical 
standpoint it is not clear how we should pro­
ceed. 

Keeping these negative empirical results 
in mind, I turn now to one of the more signif­
icant recent research efforts in CAl, namely, 
the development of what is called intelligent 
CAl (lCA!) , which has as its primary motif 
the psychological modeling of the student. 
This work, which is represented in a number 
of publications, especially ones that are still 
in technical report form, has been especially 
contributed to by John Seely Brown, Richard 
R. Burton, Allan Collins, Ira Goldstein, Guy 
Groen, Seymour Papert, and a still larger 
number of collaborators of those whom I 
have just named. It will not be possible to 
review all of the publications relevant to this 
topiC, but there is a sufficient consistency of 
theme emerging that it will be possible in a 
relatively short space to give a sense, I think, 
of the main objectives, accomplishments, 
and weaknesses of the work done thus far. 

It is fair to say that the main objective is to 
design instructional systems that are able to 
use their accumulated information to act like 
a good tutor in being able to construct an ap­
proximate model of the student. Of course, 
this concept of constructing a model of the 
student means a model of the student as a 
student, not as a person in other respects. 
Thus, for example, there is little concern for 
modeling the relation of the student to his 
peers, his psychological relation to his par­
ents, etc. The models intended are at the 
present time essentially rather narrowly con­
strued cognitive models of student learning 
and performance. This restriction is, in my 

judgment, a praiseworthy feature. It is quite 
difficult enough to meet this objective in 
anything like a reasonably satisfactory fash­
ion. As I have formulated the objec·tive of this 
work, it should be clear that John Dewey 
would have felt quite at home with this way 
of looking at instructional matters. The ICAI 
movement, however, has a taste for detail and 
specific developments that go far beyond 
what Dewey himself was concerned with or 
was able to produce on his own part or by 
encouragement of his cohorts in educational 
theory and philosophy. 

Features of ICAI Research 

There are a certain number of features or 
principles of this literature on modeling the 
student that occur repeatedly and that I have 
tried to extract and formulate. My formula­
tion, however, is too superficial to do full jus­
tice to the subtlety of the surrounding discus­
sion to be found in the various reports by the 
authors mentioned above. My list consists of 
seven principles or features. 

1. At a general level the research proposed 
(and it is still mainly at the proposal level) 
represents an application of information­
processing models in psychology, especially 
the recent use of production systems first ad­
vocated by Allan Newell. 

2. Thefundamentalpsychological assump­
tion is that the student has an internal model 
of any skill he is using to perform a task. This 
internal model is responsihle primarily for 
the errors generated, and few of tbe actual 
errors that do occur can be regarded as ran­
dom in cbaracter. This principle corre­
sponds to much of classical psychological 
theorizing about behavior, but the strong em­
phaSiS on the deterministic character of the 
behavior is unusual after many years of prob­
abilistic models of behavior and of learning 
in general psychology. The authors are un­
doubtedly romantic and too optimistic about 
the correctness of their deterministic views, 
especially about the possibility of proving 
their correctness, but the detailed applica­
tions have generated a great deal of interest 
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and it would be a mistake to devalue the ef­
forts because of disagreement about this 
point. 

3. The analysis of errors made hy the stu­
dent leads to insight into the bugs in the stu­
dent's model of the procedures he is supposed 
to be applying. The explicit emphasis on 
bugs and their detection has been one of the 
most important contributions of artificial in­
telligence to the general theory of cognitive 
processes. Seymonr Papert has emph3sized 
the fundamental character of this idea for 
years. It has been taken up with great success 
and in considerable detail by the various au­
thors mentioned above, but especially by 
Brown et al. (1976, 1977). A particularly in­
teresting application, worked out in great de­
tail, to errors made by students in elementary 
arithmetic is to be found in Brown and Bur· 
ton (1978). 

4. The representation of the diagnostic 
model of the student's behavior can best be 
done by use of procedural network. The term 
diagnostic model is used to mean "a repre· 
sentation that depicts the student's internal· 
ization of a skill as a variant of a correct ver­
sion of the skill" (Brown et aI., 1977, p. 5). A 
procedural network is defined as a cQIlec­
tion of procedures "in which the calling rela­
tionships between procedures are made ex­
plicit by appropriate links in the network. 
Each procedure node has two main parts: a 
conceptual part representing the intent of 
the procedure, and an operational part con­
sisting of methods for carrying out that in­
tent" (p. 6). It is, of course, clear from this 
characterization that the notion of a proce­
dural network is not a well-defined mathe­
matical concept but a general concept drawn 
from ideas that are current in computer pro­
gramming. The examples of procedural net­
works to provide diagnostic models of stu· 
dents' algorithms for doing addition and sub­
traction problems are, when examined in 
some detail, very close to ideas to be found in 
the empirical literature on arithmetic that 
goes back to the 19205. There is much that is 
reminiscent of the early work of Edward 
Thorndike, Guy T. Buswell, C. H. Judd, B. R. 
Buckingham, and others, and somewhat later 

Prospects for the Future of Computer-Based Education 

studies that date from the 1940s and 1950s, 
such as W. A. Brownell (1953), Brownell and 
Chazal (1958), and Brownell and Moser 
(1949). These studies are concerned with the 
effects of practicing constituent parts of a 
complex arithmetical skill and especially 
with the comparison of meaningful versus 
rote learning of subtraction. Unfortunately, 
this large earlier literature, which from an 
empirical standpoint is conSiderably more 
thorough and sophisticared than the current 
work on diagnostic models, is not seriously 
examined or used in this latter work. All the 
same, there is much that is positive to be said 
about the approach of Brown and his asso­
ciates, and if the models can be developed 
with greater theoretical sophistication and 
with greater thoroughness of empirical anal· 
ysis of their strengths and weaknesses, much 
can be expected in the future. 

5. It is important to make explicit a goal 
structure for the computer tutor and also a 
structure of strategies to he used by the tutor. 
The concept of goals and subgoals has been 
one of the most fruitful outcomes of a variety 
of work, ranging from problem solving to 
computer programming. Traditional behav­
ioral psychology of 20 years ago did not ex­
plicitly introduce the concept of a goal, al­
though of course the concepts of ends and of 
objectives are classical in the theory of practi­
cal reasoning since the time of Aristotle. 
(The classical source of these matters is the 
extensive discussion in Aristotle's Nicoma­
chean Ethics.) An explicit theory of tutors 
built around the concept of goal structure 
has been set forth by Stevens and Collins 
(1977). Much that is said here is sensible and 
would be hard to disagree with. The difficul­
ty of the research is that ar present it is at a 
sufficiently general level that it is difficult to 
evaluate how successful it will be either as a 
basic theoretical concept or as a powerful ap­
proach to implementation of CAL 

6. A theory of causal and teleological anal­
ysis is needed for adequate development of 
models of the student's procedures. There is a 
long histOlY of causal analysis and, more par­
ticularly, of teleological analysis that goes 
back certainly to Aristotle and that has strong 
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roots in modern philosophy. Immanuel 
Kant's Critique of Judgment presents an elab· 
orate theory of teleology, for example. For 
many years, however, teleological notions 
have been in disrepute in psychology and, to 
a large extent, also in biology. For a certain 
period, even causal notions were regarded as 
otiose by philosophers like Bertrand Rus· 
sell.' Fortunately, these mistaken ideas about 
causality and teleology are now recognized 
as such and there is a healthy revival of inter· 
est in them and in further development of 
their use. An example of application in the 
present context is to be found in Stevens et 
al. (1978), but it is also fair to say that this 
current literature on ICAI has not carried the 
constructive literature on causality or teleol· 
ogy to new theoretical ground as yet. There is 
reason to hope that it will in the future. 

7. There is an essential need for programs 
that have specialists' knowledge of a given 
domain; it is not feasible to write universal 
general programs that will operate successful­
ly across a number of different domains. The 
programs referred to in this principle are the 
programs used by the computer tutor. [ ... J It 
is unlikely that simple general prinCiples of 
tutoring will be found that are powerful 
enough to operate without a great deal of 
backup from highly particular programs deal· 
ing with specialized domains of knowledge. 
As mentioned, this is a point that is empha· 
sized in some detail by Goldstein and Papert 
(1977). 

In stating these seven features, or princi­
ples, I have only tried to catch some of the 
most general considerations that have domi­
nated the ICAI literature. There are a number 
of other interesting concepts, for example, 
Goldstein'S concept of an overlay model, 
which is the intellectual basis of his concept 
of a computer coach. The overlay model is 
regarded as a perturbation on the expert's 
model that produces an accurate model of 
the student. (See, for example, Carr and 
Goldstein, 1977.) 

The ICAI programs that embody the seven 
principles or features listed above are as yet 
still relatively trivial, with one exception, 
namely, SOPHIE, and it remains to be seen to 

what extent the high ambitions for the devel· 
opment of individualized tutorial programs 
will be realized as more complicated subject 
matters are tackled. From an experimental 
and conceptual standpOint, however, the ex· 
amples that have been worked out are of con· 
siderable interest and certainly represent ex· 
amples whose complexity exceeds that of 
most familiar paradigms in experimental psy· 
chology. 

Four Examples of ICAI 

One attractive example is Carr and Gold· 
stein's (1977; see also Goldstein, 1977) im· 
plementation of their concept of a computer 
approach for the game of Wumpus. They de­
scribe the game as follows: 

The, \Vumpus game was invented by Gregory 
Yob [1975] and exercises basic knowledge of 
logic, probability, decision analysis and 
geometry. Players ranging from children to 
adults find it enjoyable. The game is a modern 
day version of Theseus and the Minotaur. The 
player is initially placed somewhere in a 
randomly connected warren of caves and told 
the neighbors of his current location. His goal 
is to locate the horrid Wumpus and slay ir 
with an arrow. Each move to a neighboring 
cave yields information regarding that cave's 
neighbors. The difficulty in choosing a move 
arises from the existence of dangers in the 
warren-bats, pits and the Wumpus itself. If 
the player moves into the Wumpus' [sic] lair, 
he is eaten. If he walks into a pit, he falls to 
his death. Bats pick the player up and 
randomly drop him elsewhere in the warren, 

But the player can minimize risk and locate 
the Wumpus by making the proper logistiC 
and probabilistic inferences from warnings he 
is given. These warnings are provided 
whenever the player is in the vicinity of a 
danger. The Wumpus can be smelled within 
one or two caves. The squeak of bats can be 
heard one cave away and the breeze of a pit 
felt one cave away. The game is won by 
shooting an arrow into the Wumpus's lair. If 
the player exhausts his set of five arrows 
without hitting the creature, the game is lost 
(p.5). 
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The overlay modeling concept of Gold­
stein was already mentioned above. The sim­
plified rule set of five reasoning skills for 
analysis of the overlay model of a given stu­
dent is exemplified in the following five. 

U: (positive evidence rule) A warning in 
a cave implies that a danger exists in a 
neighbor. 
L2: (nega[ive evidence rule) The absence 
of a warning implies that no danger exists 
in any neighbors. 
L3: (elimination rule) If a cave has a 
warning and all but one of its neighbors 
are known to be safe, then the danger is 
in the remaining neighbor. 

PI: (equal likelihood rule) In the 
absence of other knowledge, all the 
neighbors of a cave with a warning are 
equally likely to contain a danger. 

P2: (double evidence rule) Multiple 
warnings increase the likelihood that a 
given cave contains a danger. 

Overlay models are then characterized in 
terms of which of these five rules has 0, has 
not been mastered. The details of the model 
are undoubtedly ephemeral at the present 
time and will not be recapitulated here. The 
rules just cited do affirm the proposition that 
the expert programs at the basis of the con· 
struction of a computer tutor must be specific 
to a given domain of knowledge, in this case, 
knowledge of Wumpus. 

A second attractive example is the con­
struction of a computer tutor to help students 
playing the PLATO game "How the West Was 
Won," a game constructed to provide drill 
and practice on elementary arithmetical 
skills in an enticing game format. This game 
is played with two opponents, the computer 
usually being one of them, on a game board 
consisting of seventy positions with, in stan­
dard fashion, various obstacles occurring 
along the route from the first position to the 
last position. The object of the game is to get 
to the last pOSition, represented by a town on 
the map, which is pOSition 70. On each turn 
the player gets three spinners to generate 
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random numbers. He can combine the values 
of the spinners, using any two of the four ra­
tional arithmetic operations. The value of the 
arithmetic expression he generates is the 
number of spaces he gets to move. He must 
also, by the way, compute the answer. If he 
generates a negative number, he moves back· 
ward. Along the way there are shortcuts and 
towns. If a player lands on a shortcut, he ad­
vances to the other end of the strip he is on. 
If he lands on a town, he goes on to the next 
town. When a player lands on the same place 
as his opponent, unless he is in a town, his 
opponent goes back two towns. To win, a 
player must land exactly on the last town. 
Both players get the same number of turns, 
so ties are possible. It is apparent that an op· 
timal strategy for this game is a somewhat 
complex matter and therefore there is plenty 
of opportunity for a tutor to improve the actu­
al strategies adopted by students. A relatively 
elaborate diagnostic model of the sort de­
scribed above in a general way has been de· 
veloped for this and is discussed in several 
publications. The first and most substantial 
one is Brown et al. (1975b). 

A third attractive and at the same time con· 
siderably more substantial example, from a 
pedagogical standpOint, is SOPHIE, which is 
an operational I CAl system deSigned to pro· 
vide tutoring in the domain of electronic 
troubleshooting (Brown et aI., 1975a). As de­
scribed by Brown et al. (1976), the kernel 
system called the SOPHIE lab "consists of a 
large collection of artificial intelligence pro· 
grams which use a circuit simulator to answer 
hypothetical questions, evaluate student hy­
potheses, proVide immediate answers to a 
wider variety of measurement questions, and 
allow the student to modify a circuit and dis· 
cover ramifications of his modifications. 
To enable students to carry on a relatively un­
restrained English dialogue with the system, 
the SOPHIE lab has a flexible and robust nat· 
ural language front-end" (p. 4). The authors 
describe several experiments and, in fact, 
provide one of the few examples in this liter­
ature of an attempt at relatively detailed eval­
uation, although it is scarcely extended or 
very deep by more general standards of eval· 
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uation. One point that the authors stress that 
is of some interest is that they do not see a 
conflict between sophisticated I CAl systems 
and more traditional frame·oriented CAl, for 
they see the latter offering standard exposi­
tion of instructional material and the ICAI 
system providing sophisticated individual tu­
toring in what corresponds in the case of SO­
PHIE to actual troubleshooting exercises. 

The learning environment added on top of 
the SOPHIE lab consists of twO main compo­
nents. One is called the Expert Debugger, 
which not only can locate faults in a given 
simulated instrument, but more importantly 
can articulate exactly the inferences that lead 
to the location. It can explain its particular 
top-level troubleshooting strategy, the rea­
son for making a particular measurement, 
and what follows from the results of the 
measurement. 

The second instructional subsystem added 
is a troubleshooting game that permits one 
team to insert an arbitrary fault and requires 
the other team to locate this fault by making 
appropriate diagnostic measurements. An in­
teresting requirement for the team that in­
serts the fault is that it must be able to predict 
all its consequences, such as other parts 
blowing out, and also be able to predict the 
outcomes of any measurement the diagnos­
ing team requests. The preliminary data re­
ported in Brown et al. (1976) show that there 
is considerable enthusiasm on the part of the 
students for the kind of environment created 
by SOPHIE. The number of students with 
whom the system has yet been tried is still 
small, and it is not really operational on a 
large scale, but certainly SOPHIE must be re­
garded as one of the most promising devel­
opments to come out of the !CAl movement. 

A fourth and final example to be reviewed 
here is the development of diagnostic mod­
els for procedural bugs in basic mathematical 
skills by Brown and Burton (1978), referred 
to earlier. This' work especially attempts to 
implement procedural networks as described 
in a general way and about which some re­
marks were made specific to arithmetical 
skills. Two applications of this work show 

. considerable promise. One is the develop-

ment of an instructional game called BUGGY 
for training student teachers and others in 
recognizing how to analyze the nature of stu­
dent errors. The program simulates student 
behavior by creating an undebugged proce­
dure, and it is the teacher's problem to diag­
nose the nature of the underlying miscon· 
ception. He makes this diagnosis by provid· 
ing strategic test exercises for the "student" 
to solve. The computer program also acts as 
arbiter in the evaluation of the validiry of the 
hypothesis of the teacher. When the teacher 
thinks he has discovered a bug, he is then 
asked to describe it, and to make sure that his 
description has the proper analytical charac­
ter, he is asked to answer a five-exercise test 
in the same way that he thinks the "student" 
would. An experiment with a group of under­
graduate education majors using BUGGY as 
the vehicle for teaching the abiliry to detect 
regular patterns of errors indicated signifi­
cant improvement as a result of this experi­
ence. More extensive experimentation would 
be required to estimate the full significance 
of the use of BUGGY in comparison with 
more traditional methods of discussing the 
nature of student errors, as reflected in the 
kind of literature going back to the 1920s re­
ferred to earlier. 

A second application of the diagnostic 
modeling system for procedural bugs was to 
a large database collected in Nicaragua as 
part of the Radio Mathematics Project (Searle 
et aI., 1976). This system was quite successful 
in diagnosing in a patterned fashion a large 
number of the errors made by more than 
1,300 school students in answering more 
than 20,000 test items. The program was, in 
some sense that is difficult to make com­
pletely precise, successful in diagnosing a 
large number of the systematic errors, but 
what is not clear is what gain was obtained 
over more traditional methods of analysis of 
sources of error. For example, the most com­
mon bug identified was that when borrowing 
is required from a column in which the top 
digit is zero, the student changes the zero to 
a nine but does not continue borrowing from 
the next column to the left. This is a classical 
and well-known source of error of students 
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doing column subtraction problems. The for­
mulation given here does not seem to offer 
any strong sense of insight beyond the classi­
cal discussions of the matter. 

A more dubious proposal of the authors is 
that the characterization of errors given by 
the program BUGGY is a "much fairer evalu­
ation" than the standard method of scoring 
errors. The concept of fairness is a complicat­
ed and subtle one that has had a great deal of 
discussion in the theory of tests. The cavalier 
nature of this judgment is something that is 
too often present, and it is a negative aspect 
of the romantic features of the ICAI litera­
ture. 

Weaknesses of .CAI lIIIork 

The four examples I have described, espe­
cially the last two, show the potential for 
ICAI to set a new trend for computer-assisted 
instruction in the decade ahead. Much has 
been thought about and something has been 
accomplished of considerable merit. I have 
tried to state what I think those merits are. I 
would like to close by formulating some of 
the weaknesses present thus far in the ICAI 
work_ . 

1. The claims for the potential power of 
I CAl must mainly be regarded as exaggerated 
in the absence of supporting empirical data 
of an evaluative sort. The authors of the vari­
ous reports referred to seem, in the main, ro 
be unaware of the subtle and complicated 
character of producing new curricula orga­
nized in new ways so as ro produce substan­
tial evidence of learning gains. After the ef­
forts that have been devoted to such matters 
thus far, one expects discussions of these 
matters in the closing decades of the century 
to be at once skeptical, detailed, and precise. 

2. In spite of the interest in student learn­
ing, there has been little effort to develop a 
theory of learning in connection with the 
work described above. No doubt some of the 
ideas are intuitively appealing, but it is im­
portant to recognize that they are as yet far 
from being articulated in the form of a sys­
tematic theory. 

3. There is also missing what might be 
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termed standard scholarship_ The absence of 
evidence of detailed acquaintanceship or 
analysis of prior work in the theory of learn­
ing is one instance of such lack of scholar­
ship, but the same can be said in general of 
the thinness of the references to the exten­
sive literature in psychology and education 
bearing on the topics of central concern to 
ICAL Much of the talk of traditional curricu­
lum theOlY, for example, is closer than might 
be imagined and has some of the same 
strengths and weaknesses. 

4. The collective effort represented by 
ICAI is in the tradition of soft analYSis charac­
teristic of traditional curriculum theory, The 
fact that the analYSis is soft, not supported by 
either exactly formulated theory or extensive 
empirical investigations, does not mean that 
it is not able to contribute many clever ideas 
to the current and future trends in CAL It 
does mean that a move has got to be made 
away from the soft analysis to harder theory 
and more quantitative analysis of data in or­
der to become the kind of applied science it 
should be. 

5. There is running through much of the 
work on ICAI a problem of identifiability, 
which is classical in developed sciences such 
as physics and economics. The workers in 
this field have commendably turned their at­
tention to underlying structures, especially 
underlying mental structures, of students 
learning a new skill or concept, but they have 
been overly optimistic in much of what they 
have written thus far about identifying the 
nature of the structure. I have in fact not seen 
one really sophisticated discussion of the 
problems of identifiability that are implicit in 
the approaches being taken. 

6. For researchers interested in modeling 
the mental structure of students, there is a 
surprising absence of consideration of pow­
erful nonverbal methods in experimental 
psychology for making inferences about such 
structures. I have in mind, first, the impor­
tance of latencies or response times as sensi­
tive measures of underlying skill. The rela­
tion between such latency measures and the 
relative difficulty of probiems in basic arith­
metic has been extensively studied in prior 
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work of my own (for example, Suppes et aI., 
1968; Suppes and Morningstar, 1972), but the 
use of latencies is one of the oldest and most 
thoroughl y understood measures in experi· 
mental psychology. The second is the techni· 
cally more complicated study of eye move· 
ments, especially for the kind of theory being 
advocated in the development of either 
SOPHIE or BUGGY. The study of eye move· 
ments would almost certainly give much ad· 
ditional insight into the undebugged models 
that students are using for solving problems. 

[ ... J I think that none of these weaknesses 
is irremediable or fatal. The ICAI movement 
is, from a research standpoint, perhaps the 
single most salient collective effort in ex· 
tending the range of CAl in the period under 
review. The movement has much promise 
and much can be expected from it in the 
future. 

The Future 

It would be foolhardy to make detailed quan· 
titative predictions about CAl usage in the 
years ahead. The current developments in 
computers are moving at too fast a pace to 
permit a forecast to be made of instructional 
activities that involve computers 10 years 
from now. However, without attempting a de· 
tailed quantitative forecast it is still possible 
to say some things about the future that are 
probably correct and that, when not correct, 
may be interesting because of the kinds of 
problems they implicitly involve. 

1. It is evident that the continued develop· 
ment of more powerful hardware for less dol· 
lars will have a decided impact on usage. It is 
reasonable to anticipate that by 1990 there 
will be widespread use of CAl in schools and 
colleges in this country, and a rapidly accel· 
erating pattern of development in other parts 
of the world, especially in countries like Can· 
ada, France, Germany, Great Britain, and Ja· 
pan. Usage should have increased at least by 
an order of magnitude by 1990-such an or· 
der of magnitude increase in the next 12 
years requires a monthly growth rate of some· 

thing under 2 percent, which is feasible, 
even if somewhat optimistic. 

2. By the year 2000 it is reasonable to pre· 
dict a substantial use of home CAL Ad· 
vanced delivery systems will still be in the 
process of being put in place, but it may 
well be that stand·alone terminals will be 
widely enough distributed and powerful 
enough by then to support a variety of edu· 
cational activities in the home. At this point, 
the technical problems of getting such in· 
structional instrumentation into the home 
do not seem as complicated and as difficult 
as organizing the logistical and bureaucratic 
effort of course production and accredita· 
tion procedures. Extensive research on 
home instruction in the past 50 years shows 
clearly enough that one of the central prob· 
lems is providing clear methods of accredi· 
tation for the work done. There is, I think, 
no reason to believe that this situation will 
change radically because computers are be· 
ing used for instruction rather than the sim· 
pier means of the past. It will still remain of 
central importance to the student who is 
working at home to have well·defined meth· 
ods of accreditation and a well·defined insti· 
tutional structure within which to conduct 
his instructional activities, even though they 
are centered in the home. There has been a 
recent increasing movement to offer televi· 
sion courses in community colleges and to 
reduce drastically the number of times the 
student is required to come to the campus. 
There are manv reasons to believe that a 
similar kind of model will be effective in in· 
stitutionalizing and accrediting home· based 
instruction of the interactive sort that CAl 
methods can provide. 

3. It is likely that videodisks or similar de· 
vices will offer a variety of programming pos· 
sibilities that are not yet available for CAL 
But if videodisk courses are to have anything 
like the finished· production qualities of edu· 
cational films or televiSion, the costs will be 
substantial, and it is not yet clear how those 
costS can be recovered. To give some idea of 
the magnitude of the matter, we may take as a 
very conservative estimate in 1978 dollars 
that the production of educational films cost 
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$1,000 per minute. This means that the cost 
of ten courses, each with 50 hours of instruc­
tion, would be approximately $30 million. 
There is as yet no market to encourage inves­
tors to consider seriously investing capital 
funds in these amounts. No doubt, as good, 
reliable videodisk systems or their techno­
logical equivalents become available, 
coutses will be produced, but there will be a 
continuing problem about the production of 
high quality materials because of the high 
capital costs. 

4. Each of the areas of research reviewed 
[ ... J should have major developments in the 
next decade. It would indeed be disappoint­
ing if by 1990 fairly free natural language 
processing in limited areas of knowledge 
were not possible. By then, the critical ques­
tion may turn out to be how to do it effi­
ciently rather than the question now of how 
to do it at all. Also, computers that are mainly 
silent should begin to be nOisily talking 
"creatures" by 1990 and certainly very much 
so by 2000. It is true that not all uses of com· 
puters have a natural place for spoken 
speech, but many do, and moreover as such 
speech becomes easily available, it is reason­
able to anticipate that auxiliary functions at 
least will depend upon spoken messages. In 
any case, the central use of spoken language 
in instruction is scarcely a debatable issue, 
and it is conservative to predict that comput­
er-generated speech will be one of the signif· 
icant CAl efforts in the decade ahead. 

The matter of informal mathematical pro­
cedures, or rich procedutes of a more gen­
eral sort for mathematics and science instruc­
tion, is a narrower and more sharply focused 
topiC than that of either natural language 
processing or spoken speech, but the impli­
cations for teaching of the availability of such 
procedures are important. By the year 2000, 
the kind of role that is played by calculators 
in elementary arithmetical calculations 
should be played by computers on a very 
general basis in all kinds of symbolic calcula· 
tion or in giving the kinds of mathematical 
proofs now expected of undergraduates in a 
wide variety of courses. I also predict that the 
number of people who make use of such 
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symbolic calculations or mathematical proofs 
will continue to increase dramatically. One 
way of making such a prediction dramatic 
would be to hold that the number of people a 
hundred years from now who use such proce­
dures will stand in relation to the number 
now as the number who have taken a course 
in some kind of symbolic mathematics (alge­
bra or geometry, for example) in the 1970s 
stand in relation to the number who took 
such a course in the 1870s. The increase will 
probably not be this dramatic, but it should 
be quite impressive all the same, as the pene­
tration of science and technology into all 
phases of our lives, including our intellectual 
conception of the world we live in, contin­
ues. 

It goes without saying that the [ ... J model­
ing of students will have continued atten­
tion, and may, during the next decade, have 
the most significant rate of change. We 
should expect by 1990 CAl courses of con­
siderable pedagogical and psychological so· 
phistication. The student should expect pen­
etrating and sophisticated things to be said 
to him about the character of his work and to 
be disappointed when the CAl courses with 
which he is interacting do not have such fea­
tures. 

5. Finally, I come to my last remark about 
the future, the prediction that as speech-rec­
ognition research, which I have not previous­
ly mentioned [ ... J, begins to make serious 
progress of the sort that some of the recent 
work reported indicates may be pOSSible, we 
should have by the year 2020, or shortly 
thereafter, CAl courses that have the features 
that Socrates thought so desirable so long 
ago. What is said in Plato's dialogue Phae­
drus about teaching should be true in the 
twenty-first centuty, but now the intimate di­
alogue between student and tutor will be 
conducted with a sophisticated computer tu­
tor. The computer tutor will be able to talk to 
the student at great length and will at least be 
able to accept and to recognize limited re­
sponses by the student. 

As Phaedrus says in the dialogue named 
after him, what we should aspire to is "the 
living word of knowledge which has a soul, 
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and of which the written word is properly no 
more than an image." 
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NOTE 

1. Here is one of Russell's more extravagant 
claims in his famous article on these matters 
(913), "The law of causality, I believe, like 
much that passes muster among philosophers, is 
a relic of a bygone age, surviving, like the 
monarchy, only because it is erroneously 
supposed to do no harm .... The principle 'same 
calise, same effect,' which philosophers imagine 
[Q be vital to science, is therefore utterly otiose." 
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