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1. Introduction

The objective of this chapter is to survey current activities in
computer-assisted instruction (CAI), with the emphasis on the period
1973-1978. References to work occurring earlier are limited; moreover,
there is no attempt to give even a summary history of the earlier period
or to explain why there has been a developing use of computers for
instruction up to 1973. A reasonably detailed survey of programs actually
in operation as of about 1971 is contained in Lekan (1971). This publica-
tion is an index to computer-assisted instruction, and the 1971 third edi-
tion lists 1264 specific programs. The 1978 edition (Wang, 1978) contains
information about 2997 programs available from 341 different institutions.
Other recent surveys are Levien (1972) and, more pertinent for the period
covered by this chapter, Lecarme and Lewis (1975) and Hunter et al.
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(1975); still other more specialized ones are mentioned in later sections.
The large work on computers in education edited by Lecarme and Lewis
is especially valuable for providing as of 1975 a broad survey of activities
throughout the world. The book is based upon papers given in Marseille at
a conference organized by a widely based international committee.

In a survey of rapidly developing technology, the literature is not as
well defined as in the case of more theoretical matters, nor is it in easily
accessible journals. Thus, in a certain sense there is no comparison in the
accessibility of the literature, say, on formal languages and the literature
on computer-assisted instruction. Many of the items that I have refer-
enced have appeared only as reports, with limited circulation; in some
cases it has been difficult to establish the date the report was issued.

I have divided the chapter into five sections. This introduction is fol-
lowed by a section on CAI in elementary and secondary education. Sec-
tion 3 surveys CAI in postsecondary education. Section 4 is concerned
with current research, with special emphasis on the kind of research that
requires increasingly sophisticated programs. Finally, Section 5 is a brief
attempt to forecast the main trends in computer-assisted instruction, al-
though, of course, the forecasts must be treated with skepticism in view of
the notorious difficulty of making successful predictions about trends in
either computer theory or applications.

Before turning to the substantive developments outlined above, there is
one general issue that is worth elaboration. It is the question of whether or
not computers and related forms of high technology constitute a new
restraint on individuality and human freedom. This issue can be an espe-
cially sensitive one in education for a variety of reasons that do not need to
be explored here.

There are several points I would like to make about the possible re-
straints that widespread use of computer technology might impose on
education. The first is that the history of education is a history of the
introduction of new technologies, which at each stage have been the sub-
ject of criticism. Already in Plato’s dialogue Phaedrus, the use of written
records rather than oral methods of instruction was criticized by Socrates
and the Sophists. The introduction of books marked a departure from the
personalized methods of recitation that were widespread and important
for hundreds of years until, really, this century. Mass schooling is perhaps
the most important technological change in education in the last hundred
years. It is too easy to forget that as late as 1870 only 2% of the high-
school-age population in the United States completed high school. A large
proportion of the society was illiterate; in other parts of the world the
situation was even less developed. Moreover, the absence of mass school-
ing in many parts of the world as late as 1950 is a well-documented fact.
The efforts to provide mass schooling and the uniformity of that schooling
in its basic structure throughout the world are among the most striking
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social facts of the twentieth century. It is easy to claim that with this
uniform socialization, of the primary school especially, a universal form
of indoctrination has been put in place. There is something to this criti-
cism, for the similarity of curriculum and methods of instruction through-
out the world is surprising, and no doubt in the process unique features of
different cultures have been reduced in importance, if not obliterated.

My second point is that the increasing use of computer technology can
provide a new level of uniformity and standardization. Many features of
such standardization are of course to be regarded as positive insofar as the
level of instruction is raised. There are also opportunities for individ-
ualization of instruction that will be discussed more thoroughly in later
sections, but my real point is that the new technology does not constitute
in any serious sense a new or formidable threat to human individuality and
freedom. Over a hundred years ago in his famous essay On Liberty, John
Stuart Mill described how the source of difficulty is to be found elsewhere,
in the lack of concern for freedom by most persons and in the tendencies
of the great variety of political institutions to seriously restrain freedom, if
not repress it. Here are Mill’s words on the matter.

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 it 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 extraordmnary difficulty.

We do not yet realize the full potential of each individual in our society,
but it is my own firm conviction that one of the best uses we can make of
high technology in the coming decades is to reduce the personal tyranny
of one individual over another, especially wherever that tyranny depends
upon ignorance. The past record of such tyranny in almost all societies is
too easily ignored by many who seem overly anxious about the future.

2. CAl in Elementary and Secondary Education

In this section, some examples of CAI at the stage of research and
development for elementary and secondary schools, and also some exam-
ples of commercial products that are fairly widely distributed, are consid-
ered. As in the case of the sections that follow, there is no attempt to
survey in a detailed way the wide range of activities taking place at many
different institutions. It is common knowledge that there is a variety of
computer activity in secondary schools throughout the United States and
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in other parts of the world. A good deal of this activity is not strictly to be
classed as computer-assisted instruction, however, but rather as use of the
computer in teaching programming, in problem solving, or in elementary
courses in data processing oriented toward jobs in industry.

Section 2.1 examines the PLATO projects in elementary reading and
elementary mathematics. Section 2.2 surveys commercial CAI courses
now offered by Computer Curriculum Corporation.

2.1 PLATO Elementary Mathematics and Reading

Recent general descriptions of the ‘educational uses of the PLATO com-
puter system are to be found in Bitzer (1976) and Smith and Sherwood
(1976). The best detailed description of the work in elementary-school
mathematics and elementary-school reading is contained in the PLATO
project final report, which covers the recent period of substantial National
Science Foundation support from 1972 to 1976 [Computer-Based Educa-
tion Research Laboratory (CERL), 1977].

2.1.1 Elementary Mathematics

The goal of the elementary-school mathematics program was to demon-
strate the feasibility and value of PLATO in developing a mathematics
curriculum for Grades 4—6. From 1973 to 1976, more than a hundred hours
of instructional material were developed, which was delivered to about
500 students for approximately 30,000 student-contact hours. This work
took place under the direction of Robert B. Davis (1974), who has been
prominent in mathematics education since the early 1960s.

The elementary-mathematics demonstration included enough course-
work to allow students to work on PLATO for about 30 min each day
throughout the school year. Further details of the curriculum and of the
implementation are to be found in Dugdale and Kibbey (1977). The
courseware was developed in three strands, as follows (CERL, 1977):

(1) Whole number arithmetic, including: meanings of operations; com-
putation techniques and practice; algorithms; place value; renaming and
symbols; and word problems.

(2) Fractions, mixed numbers, and decimals, including: meanings of
fractions and mixed numbers; equivalent fractions; addition, subtraction,
and multiplication of fractions and mixed numbers; the meaning of deci-
mal numerals; and heuristic approaches to problem solving.

(3) Graphs, variables, functions, and equations, including: signed num-
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bers (integers and rationals, positive, negative, and zero); variables and
open sentences; exponents; graphs; and the representation of functions by
graphs, tables, and formulas (pp. 66-67).

The courseware was designed for a wide range of student abilities, and
generally worked fairly well without any major flaws, but the schedule did
not allow for extensive revision.

Roughly speaking, each half-hour session was divided into three parts:
review, new material, and a final portion of highly enjoyable curriculum
material often organized in the form of a game. The curriculum material
made extensive use of the graphic capacities of PLATO terminals, and,
compared to earlier work in the field, this was probably the most original
and most attractive aspect of the material developed. The report men-
tioned gives a large number of illustrations of the ways in which the
graphic features were used; there was a continual emphasis on the strat-
egy of making displays appear and change at the same time as the corre-
sponding abstract or symbolic notations were presented on the screen. An
especially attractive example is the ‘‘paintings library’’ designed by Shar-
on Dugdale and David Kibbey. In this lesson the student chooses or is
given a fraction between zero and one. His task is then to ‘‘color in’” that
fraction of a rectangle, but the coloring in is done with the touch panel in a
manner rather like finger painting. After the work is completed, the stu-
dent may add his painting to a ‘‘library’’ that other students can look at. It
was found that adding the “‘public’’ library increased the quality of stu-
dents’ work. Different types of designs were used for the purposes of the
coloring—checkerboard and much more elaborate patterns displaying
principles of symmetry in interesting ways.

The main test of the courseware was in the school year 1975-1976.
During this period, PLATO was in daily operation in 13 classrooms in six
different schools, with four terminals in each classroom. That year, ap-
proximately 75 students participated in Grade 4, 140 students in Grade 5,
and 110 students in Grade 6.

Concerning the evaluation of the work, one of the more significant
features was the positive change in attitude toward mathematics on the
part of the students in the PLATO classes. Concerning achievement in
both 1974-1975 and 1975-1976, PLATO fourth- and fifth-grade classes
clearly outperformed non-PLATO classes on Educational Testing Ser-
vice’s special achievement test on fractions. Test-performance differences
between the PLATO and non-PLATO students on the graphs strand and
on the whole-numbers strand were not significant. The preliminary
character of these results based on outcomes just for 1974-1975 must be
emphasized.




e e N R i i ol Wl =~ T B Pl W B S A AT o 2 e R WS T )

178 PATRICK SUPPES

2.1.2 Elementary Reading

The main features of the PLATO Elementary Reading Curriculum Pro-
ject during the period from 1971 to 1976 were the following: development
of a tree of behavioral objectives, which was intended to describe a se-
quence of skills involved in learning to read; development of about 80 hr
of instructional materials in support of these objectives; development of a
computer-based curriculum management system; articulation of princi-
ples of audiovisual sequencing and student interaction patterns; develop-
ment of computer-based teacher control and feedback routines; and im-
plementation of the above program in 25 classrooms with 52 terminals,
with delivery of about 17,000 hr of instruction to 1225 kindergarten, first-
grade, remedial, and educable mentally retarded students.

According to the final report cited (CERL, 1977), the principal succes-
ses of the program were held to be the following:

(1) The enthusiastic acceptance by students and teachers of well-
designed CAI as a normal part of daily instruction.

(2) The design of successful lesson paradigms. The data indicated that
most students interacted successfully with lessons and that their perfor-
mance improved with successive iterations of the same lessons.

(3) Clarification of perceptions about what degree of curriculum and
teaching management is optimally handled by the computer as opposed to
the classroom teacher.

In the same report, the major obstacles to successful development were
found to be the following:

(1) Unreliability of the audio component of the hardware, which gave
continual trouble, both in operation and in preparation of audio materials.

(2) Unexpected rigidities in the computer-based curriculum manage-
ment system,

(3) Scope of the original conception. In hindsight, the staff felt that
rather than producing an entire curriculum on-line, it would have been
better to have focused on those things that PLATO does best, especially
because the problems with audio made the implementation of a full cur-
riculum difficult.

The lessons covered, in one form or another, material that is more or
less standard in the teaching of initial reading: visual skills; letter names,
alphabetization, and introduction to letter sounds; auditory discrimina-
tion; phonics; basic vocabulary words; concept words; and stories.

What is rather surprising in the final report is that there is a discussion
of a model of the process of learning-to-read but no discussion or refer-
ences to the extraordinarily large literature on these matters. It has been
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estimated that the number of books and articles on reading written in the
United States since 1920 is well in excess of 30,000. Not all of this litera-
ture is of the same scientific and intellectual significance, but there is
certainly a body of substantial work that needs to be referenced in any
new conception of a model of the learning-to-read process.

The final report on PLATO discusses with frankness and objectivity the
problems encountered in the external evaluation of the project by Educa-
tional Testing Service. It is not appropriate to review the problems here
but just to remark that inevitably there are difficulties in such evaluations.
My own judgment would be that the large-scale ETS effort was premature
in relation to the PLATO developments and should have been conducted
only after materials had been thoroughly developed and given a prelimi-
nary test, followed by a first round of revisions.

2.2 CAIl Courses of Computer Curriculum Corporation

At the public-school level, the largest number of students participating
in CAI are those taking courses offered by Computer Curriculum Corpo-
ration (CCC), with which I am associated. At the time of writing this
article in late 1978, more than 150,000 students are using the CCC courses
on an essentially daily basis. This usage is spread over the country, with
systems in 24 states; most of the students are disadvantaged or
handicapped.

The main effort at CCC has been in the development of drill-and-
practice courses that supplement regular instruction in the basic skills,
especially in reading and mathematics. The 15 courses offered in 1978 by
CCC are listed in Table I. Because of their early development, the three
most widely used curriculums are the Mathematics Strands, Grades 1-6;
Reading, Grades 3-6; and Language Arts, Grades 3-6.

The strands instructional strategy plays a key role in each of these
courses and its explanation is essential to a description of the CCC
curriculums.

2.2.1 Strands Strategy

A strand represents one content area within a curriculum. For example,
a division, a decimal, and an equation strand are included in the mathe-
matics strands curriculum. Each strand is a string of related items whose
difficulty progresses from easy to difficult. A computer program keeps
records of the student’s position and performance separately for every
strand. By comparing a student’s record of performance on the material in
one strand with a preset performance criterion, the program determines
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TaBLE I

CAI Courses OFFERED BY COMPUTER
CURRICULUM CORPORATION

Mathematics Strands, Grades 1-6
Reading, Grades 3-6

Reading for Comprehension, Grades 3-6
Language Arts Strands, Grades 3-6
Language Arts Topics, Grades 3—-6
Mathematics, Grades 7-8

Critical Reading Skills

Adult Arithmetic Skills

Adult Reading Skills

10 Adult Language Skills I

11 Adult Language Skills I1

12 GED Preparation Course

13 Fundamentals of English

14 Introduction to Algebra

15 Problem Solving, Grades 3-6

V00U B W -

whether the student needs more practice at the same level of difficulty
within the strand, should move back to an easier level for remedial work,
or has mastered the current concept and can move ahead to more difficult
work. Then the program automatically adjusts the student’s position
within the strand. The process of evaluation and adjustment applies to all
strands and is continuous throughout each student’s interaction with a
curriculum.

Evenly spaced gradations in the difficulty 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 then be determined
by examining a student’s position in the strand representing that area.
Since performance in each strand is recorded and evaluated separately,
the student may have a different grade placement in every strand of a
curriculum. Teachers’ reports, available as part of each curriculum, re-
cord progress by showing the student’s grade placement in each strand at
the time of the report.

In a curriculum based on the strands instructional strategy, a normal
lesson consists of a mixture of exercises from different strands. Each time
an item from a particular curriculum is to be presented, a computer pro-
gram randomly selects the strand from which it will draw the exercise.
Random selection of strands ensures that the student will receive a mix-
ture of different types of items instead of a series of similar items.
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Each curriculum also provides for rapid gross adjustment of position in
all the strands as the student first begins work in the course. Students who
perform very well at their entering grade levels are moved up in half-year
steps until they reach more challenging levels. Students who perform
poorly are moved down in half-year steps. This adjustment of overall
grade level ensures that students are appropriately placed in the cur-
riculum and is in effect only during a student’s first ten sessions.

2.2.2 Mathematics Strands, Grades 1-6

Mathematics Strands, Grades 1-6 contains 14 strands, or content areas.
Table II lists the strands in the mathematics curriculum. The curriculum
begins at the first-grade level and extends through 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 who complete the
sixth-grade material. (Mathematics, Grades 7-8 is a separate course for
these grades.)

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

TABLE I1

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 Measurement MS
8 Horizontal measurement HM
9 Laws of arithmetic LW

10 Vertical multiplication VM
11 Division DV
12 Fractions FR
13 Decimals DC”
14 Negative numbers NG
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Students are not given an equal number of exercises from all strands.
The program adjusts the proportion of exercises from each strand to
match the proportion of exercises covering that concept in an average
textbook.

The curriculum material in Mathematics Strands, Grades 1-6 is not
prestored but takes the form of algorithms that use random-number tech-
niques to generate exercises. When a particular equivalence class is se-
lected, a program generates the numerical value used in the exercise,
produces the required format information for the presentation of the exer-
cise, 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. )

‘Students are ordinarily at terminals about 10 min a day, during which
time they usually work in excess of 30 exercises. Thus, a student follow-
ing such a regime for the entire school year of 180 days works more than
5000 exercises.

2.2.3 Reading, Grades 3-6

The Reading, Grades 3-6 curriculum consists of reading-practice items
designed to improve the student’s skills in five areas: word analysis, vo-
cabulary extension, comprehension of sentence structure, interpretation
of written material, and development of study skills. It contains material
for four years of work at grade-levels 3—6 as well as supplementary reme-
dial material that extends downward to grade-level 2.5.

The program is divided into two parts: basic sentences and strands.
Basic sentences begins at grade-level 2.5 and ends at grade-level 3.5. The
items in this section are short and easy. They represent the simplest type
of reading-practice exercise that can be presented in a contemporary
computer-assisted instructional system.

The strands section starts at grade-level 3.5 and continues through
grade-level 6.9. When working in the strands section, the student receives
items from all five strands during every session (see Table III).

2.2.4 Language Arts, Grades 3-6

Language Arts, Grades 3-6 covers grades 3 through 6 with enough mate-
rial for a year’s work at each grade level. It also offers a supplement of
lessons for students with special language problems. These include
hearing-impaired students and students for whom English is a second
language.
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TasBLE III

THE STRANDS IN READING, GRADES 3-6

Strand Content

A Word attack—analyzing words as units

B Vocabulary—building a reading vocabulary

C Literal comprehension—understanding the
literal meaning of sentences and short
paragraphs

D Interpretive comprehension—reading
sentences for interpretation

E Work-study skills—learning to use

resources effectively

The language arts curriculum stresses usage instead of grammar and
presents very few grammatical terms. It is divided into two courses, lan-
guage arts strands and language arts topics. Both courses cover the same
general subject areas, but their structures are different. Language arts
strands uses a strands structure to provide highly individualized mixed
drills (Table IV). In language arts topics the entire class receives lessons
on a topic assigned by the teacher.

More detailed descriptions of the content and structure of all three
curriculums are found in CCC’s teacher’s handbooks for mathematics
(Suppes et al., 1977), reading (Fletcher et al., 1972), and language arts
(Adkins and Hamilton, 1975).

2.2.5 Evaluation

The three curriculums just described have had extensive evaluation by
many different evaluation groups, including individual school systems.

TABLE IV

THE STRANDS IN LANGUAGE ARTS STRANDS, GRADES 3—-6

Strand . Content

Principal parts of verbs

Verb usage

Subject—verb agreement

Pronoun usage

Contractions, possessives, and negatives
Modifiers

Sentence structure

Mechanics

TamHagQw»>
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More than 40 such studies are reported in Macken and Suppes (1976) and
Poulsen and Macken (1978). A detailed mathematical study of individual
student trajectories is found in Suppes et al. (1978).

The data and analysis from these many studies are far too detailed even
to try to summarize here. A qualitative sense of the kind of results ob-
tained can be conveyed by quoting the final paragraphs of the article by
Macken and Suppes (1976).

We would like to make four main remarks in summarizing the results reported in this
paper. )

1. Atleast four kinds of studies are included in this survey. First, there are studies that
measure grade placement gains with standard achievement tests to analyze the results of
the use of CAI Second, there are studies that report gains made in CCC’s curriculum as
measured by the grade placements that are built into each of the three curriculums.
Third, there are linear regression studies of the relation between grade placements in the
CALl curriculums and standardized test scores. Finally, there are anecdotal reports of
student and teacher attitudes in a variety of settings. Certainly the variety of studies
does not exhaust the possibilities, but it does give a broad assessment of computer-
assisted instruction as provided by CCC’s three basic curriculums in mathematics,
reading, and language arts.

2. The variety of studies covers a wide range of student populations. Results for
disadvantaged urban students, many of whom are members of minority populations, are
reported from Houston and Fort Worth, Texas. Reports for disadvantaged students in
suburban areas are represented by studies from Freeport, New York, and San Dimas,
California. Reports from small urban environments that include many minority students
are represented by the Gulfport and Meridian, Mississippi studies. Results for a rural
population of native Americans are reported from Isleta, New Mexico. Finally, the
studies from the schools for the deaf in Florida, Illinois, Oklahoma, and Texas provide a
variety of results for handicapped students, many of them with multiple handicaps.

3. Several of the studies correlate time spent at computer terminals with grade place-
ment gains in the CAI curriculums. These studies reproduce the positive linear relation-
ship that has been found in previous work of the same sort, for example, that reported in
Suppes, Fletcher, Zanotti, Lorton, and Searle (1973). We would not expect to be able to
find linear gains with indefinite increases in the amount of time spent at computer
terminals, but it is clear, from the studies reported here and from other studies, that for a
fairly wide range of time measurements an approximate linear relation holds very well.
We can conclude that students who need to increase their gains should be assigned
additional CAI sessions.

4. The many studies reported in this survey show quite positive results for the use of
computer-assisted instruction in basic skills, and these results seem to hold for a variety
of measures of gain and for a wide variety of student populations. Broadly speaking,
these results are consistent with others reported in the literature referred to in the
introduction [Vinsonhaler and Bass, 1972, and Jamison, Suppes, and Wells, 1974]. It
should be noted that they also agree with a large number of studies of organized drill and
practice in basic skills. The research literature since the 1920s has indicated the impor-
tance of carefully organized drill and practice regimes for the development and mainte-
nance of basic skills in mathematics, reading, and language arts. (For a review of this
literature, see chapter 5 of Suppes, Jerman, and Brian [1968].) Perhaps the central role
of computer-assisted instruction in basic skills is to provide an efficient and, from the
teacher’s standpoint, painless method of delivering a continual stream of individualized
exercises to students and automatically evaluating their answers (pp. 34-35).
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I have not attempted to describe the other CCC courses, which are just -
beginning to be used on an extensive basis. The new course ‘‘Reading for
Comprehension,’’ for example, represents an improved version of the
earlier reading course discussed above and is now probably more widely
used than Reading, Grades 3—6. The secondary-school courses, especially
aimed at the upper grades, namely, ‘‘Introduction to Algebra’’ and ‘‘Fun-
damentals of English,’” are being used not only by high schools but also by
some community colleges. The Adult Skills and GED (General Educa-
tional Development) preparation courses are being used in several prisons
and various community centers.

3. CAl in Postsecondary Education

In this section some salient examples of CAI at universities, community
colleges, or other postsecondary institutions are examined to provide a
sense of the conceptual variety of the work that is being undertaken.
There has been no attempt to survey the wide range of activities taking
place at many different institutions. Fortunately, an excellent survey was
published as a report in June 1977 by C. A. Hawkins, and this analysis of
computer-based learning in the United States, Canada, the United King-
dom, and the Netherlands is fairly up-to-date as of early 1976. Much
detailed information of the same sort is contained in the CONDUIT State
of the Art Reports (1977). A recent brief survey of CAl in Cdnada is to be
found in Hunka (1978). From a survey standpoint, there have not been
that many decisive changes to warrant an additional attempt for the pre-
sent chapter.

A good recent survey of educational technology in Japan is to be found
in Sakamoto (1977). The use of CAl in Japan is as yet surprisingly limited.
Sakamoto cites the case of industrial education at the Central Training
School of the Nippon Telegraph and Telephone Corporation and the Japan
Society for the Promotion of Machine Industry. These schools have 30
terminals each. The Fujitsu System Laboratory has 20. IBM has an on-
line system of about 30 terminals. Kanda Foreign Language School has 48
terminals. There is also some work at schools and universities; for exam-
ple, a 13-terminal CAI system is being used at Tokiwa Middle School in
Tokyo for instruction in mathematics (Kimura, 1975). In addition, the
Koyamadai High Schobl in Tokyo has a 48-terminal computer system
being used for second-year physics (Ashiba, 1976). There are also ac-
tivities at Tsukuba University, Kanazawa University of Technology,
Aichi University of Education, Hokkaido University of Education, and
Osaka University. Given the population and wealth of Japan, the ac-
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tivities in CAI are quite underdeveloped. I have made a point of mention-
ing the activities known to me, because many readers will perhaps be
interested in Japan and yet not be familiar with the current situation. The
status of CAl is really no different from the status of interactive computing
in Japan, which is still restricted in character. Very substantial changes
will almost certainly take place in the next decade, and I would expect
Japan in 20 yr to reach a level of activity nearly comparable to that of the
United States.

It is important to emphasize the great variety of CAI activities in the
many different institutions throughout the world, especially in the United
States. It is also important to emphasize that much of the activity is of a
local sort that goes unreported in the published literature. For example,
the use of computers to facilitate instruction in elementary statistics or in
first courses in computer science is to be found in a number of institutions
that have not reported these activities, and they are known only to persons
at the institution in question and to various visitors and others who by
chance have heard about the activities.

I have not covered the topic of computerized adaptive testing, which
lies somewhat outside CAI. A good recent reference on such testing is
Weiss (1978).

3.1 Community-College Courses

I describe in this section the PLATO course in biology developed in
close collaboration with community-college instructors in Illinois and the
TICCIT mathematics course for community-college students. Both of
these activities were substantial parts of large activities in CAI funded by
the National Science Foundation in the past five years. It should be noted
that the PLATO activities also included courses in accounting, chemistry,
mathematics, and English at the community-college level, and details of
this work may be found in the final report on the demonstration of the
PLATO IV computer-based education system (CERL, 1977). My ac-
count of the biology course is drawn from this report. I selected the
biology lessons rather than the chemistry lessons for discussion here be-
cause many of the chemistry lessons had previously been prepared at the
University of Hlinois.

3.1.1 PLATO Biology

The final report on.the demonstration project gives data running from
the fall of 1974 to the spring of 1976. The demonstration was conducted in
four community colleges and a vocational school. The data on usage at
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TABLE V

UsAGE BY INDIVIDUAL STUDENTS OF PLATO CoMMUNITY-COLLEGE B1O0LOGY LESSONS

Totals by
Fall 1974 Spring 1975 Fall 1975 Spring 1976 college
Stu- Stu- Stu- Stu- Stu-

College dents Hours dents Hours dents Hours dents Hours dents Hours

I 357 1826 359 2117 414 2239 436 2601 1566 8783
I 102 462 262 1282 204 636 314 1230 882 3610
II1 81 196 375 2922 479 2679 424 2637 1359 8434

Total 540 2484 996 6321 1097 5554 1174 6468 3807 20827

three colleges are contained in Table V. The table shows the substantial
usage of the lessons, in terms of both number of students and number of
hours—almost 4000 students and more than 20,000 hr of instruction. In
addition, a total of 29 instructors were involved in the field test, 25 of
these for at least three semesters. The 84 lessons that were developed
prior to and during the project represented approximately 55 hr of instruc-
tion. By and large, the lessons were designed to supplement regular in-
struction. The way in which the lessons were used was left to the individ-
ual instructors who were responsible for their particular course sections.

In designing the lessons, four types of instructional strategies were
used, often in combination in a single lesson. One was practice mode. This
material assumed the student had received instruction off-line-prior to the
session at a computer terminal. The tutorial mode gave instruction di-
rectly, followed by direct questions on the content of the computer-based
lesson. The simulation-model mode simulated biological processes using
especially PLATO’s graphic capabilities. The inquiry mode gave instruc-
tion followed by questions and feedback, which were intended to guide
the student toward a conclusion. In using these various modes, extensive
use was made of PLATO’s graphic capacities; on the other hand, no audio
facilities were available. ’

In Table VI, a list of the lessons, the number of students, and the
number of minutes used by these students are shown for two courses for
which the lessons were available, Biology 101 and 111, in the spring of
1976. Lessons for which a blank is shown are lessons for which quantita-
tive data on usage were not available. Lessons or sections of lessons
followed by a superscript ? are ones on topics that would not usually be
covered in the curriculum. It is interesting to note that a significant num-
ber of students still accessed these lessons. For the data shown, the sys-
tem was used over 1500 hr, and 566 students accessed the lessons. The




TABLE VI. PLATO LessoN USAGE—BIoLoGY 101 AND 111, SPRING 1976

No. of No. of

Lesson students minutes

1 Tools used in biology 59 2198

Experimental technique 11 340

Life in a microcosm 18 228

2 Simple chemistry I 214 17,306
Simple chemistry I1¢ — R

3 The ultrastructural concept 49 6684

Cells—structure and function 260 13,793

Diffusion and osmosis 230 9445

Introduction to water relations 6 76
Water relations laboratory® — —

Surface area/volume in living systems 58 791

Cell growth 15 861

4 Mitotic cell division® 76 3319

Mitosis® 40 1651

Meiosis (Arsenty)® 1 32

Meiosis (Porch)? 1 36
Embryology®® — —

Plant life cycles® 11 210

Hormonal control of the menstrual cycle? 27 2892

S DNA and protein synthesis 49 2085

DNA, RNA, and protein synthesis 32 929

6 Enzyme experiments 7 267
Photosynthesis® — —
Experiments in photosynthesis® — —

Essentials of photosynthesis 150 2318

ATP, anaerobic, and aerobic respiration 187 5041

Electron transport chain 122 . 2885

Measuring the level of life 57 1236

Respiration and enzymes 62 2858

Experiments in respiration 6 66

7 Blood typing?® 2 19

Drosophila genetics® 5 39

10 Plant growth 29 336
Plant responses and apical dominance?® — —
Flowering and photoperiod® — —
Fruiting and leaf senescence? — —
Enzyme-~hormone interactions® —_ —_

Organization of the higher plant 24 423

13 ADH and water balance in humans 13 259

Neuron structure and function 20 618

Human digestive system 130 8102
The heart® — —

Cardiac cycle 79 3367

Heart rate regulatory mechanisms - 35 1695
Mechanics of breathing® — —

Elementary psychophysiology of audition 13 1395

14 Physiological basis of learning 18 550

® Quantitative data not available. » Topics not usually treated in this curriculum.
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range of topics shows that a great variety of concepts were programmed.
No doubt the excellent graphic facilities available on the PLATO system
helped make the lessons attractive.

3.1.2 TICCIT English and Mathematics

The TICCIT project, just like the PLLATO project, received major sup-
port from the National Science Foundation for the period running from
about 1971 to 1976. The TICCIT project had the responsibility to develop
two community-college courses, one in English and one in mathematics.
The curriculums of the two courses are fairly standard and wiil not be
reviewed here. The more distinctive feature of the TICCIT courses has
been the effort to use an explicit instructional strategy focused on
learner-controlled courseware (Bunderson, 1975; Bunderson and Faust,
1976).

The Educational Testing Service (ETS) evaluation of the TICCIT
courses, as summarized quite objectively in Bunderson (1977), presents
the following conclusions (see also Alderman, 1978).

(1) When used as an adjunct to the classroom, TICCIT (like PLATO)
did not produce reliable, significant differences in comparison with classes
that did not use TICCIT (or PLATO).

(2) When used as an integral scheduled part of either mathematics or
English classes, TICCIT students did significantly better than non-
TICCIT students.

(3) Characteristics of the teacher are significant in determining the per-
formance and the attitude of students in both TICCIT and non-TICCIT
classes, a conclusion that matches much other research of a similar sort.

(4) There was a difference of about 20% in completion rate in favor of
non-CAI classes for the TICCIT classes.

(5) The success rate of students who took the TICCIT mathematics
more than once seemed to indicate that the courseware did not provide
sufficient remedial depth to teach some of these students.

These results are not terribly surprising. It seems to me important that
we do not have some immediate evaluation of CAI on the basis of a single
year’s test as in TICCIT or PLATO. It is rather as if we had had a similar
test of automobiles in 1905 and concluded that, given the condition of
roads in the United States, the only thing to,do was to stay with horses
and forget about the potential of the internal combustion engine.

A wide variety of research shows that the method of teaching at the
college or university level very seldom makes any difference in achieve-
ment if the students and the settings in which the studies are conducted
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are diverse or large in number (Jamison et al., 1974). I would expect this
robust conclusion based on many different kinds of courses and evaluation
of them to hold up mainly for CAI as well. Some further remarks on these
matters from the standpoint of productivity are contained in Section 3.3.

3.2 Undergraduate Physics at Irvine

Perhaps the best known current example of the use of computers for
instruction in college-level physics is the work done by Alfred Bork and
his associates, especially Stephen Franklin and Joseph Marasco, at the
University of California, Irvine. Bork has described this activity in a
number of publications (Bork, 1975, 1977a,b, 1978; Bork and Marasco,
1977). In describing the objectives of the kind of work he has done, I draw
especially upon Bork (1978), in which he describes the way in which
Physics 3A was taught at Irvine in the fall of 1976 to approximately 300
students. The students had a choice of using a standard textbook or mak-
ing extensive use of various computer aids. In addition, the course was
self-paced; students were urged to make a deliberate choice of a pacing
strategy. The course was designed as a mastery-based course along the
lines of what is called the Keller plan or PSI (Personalized System of
Instruction), in which the course is organized into a number of modules.
Each module is presumed to be developed around a carefully stated set of
objectives, and at the end of each module, students are given a test; until a
satisfactory level of performance is achieved, they are not permitted to
move to the next module.

Bork describes six different ways in which the computer was used in the
course. All students had computer accounts, and during the 10 weeks of
the term the average student used about 2.5 hr per week. Thus the total
time involved with the approximately 300 students was about 7500 hr in
the term. Before turning to the various roles of the computer described by
Bork, I would like to emphasize that, having had a personal opportunity to
see some of his material, the use of graphic displays is especially impres-
sive and is certainly a portent of the way computer graphics will be used in
the future for the teaching of physics.

The first role of the computer was simply as a communication device
between student and instructor. The instructor, Bork, could send a mes-
sage to each student in the class and the students could individually send
messages to him. He says that typically he would answer his computer
mail once a day, usually in the evening from a terminal at his home.

The second use of the computer was individual programming by the
student as an aid to learning physics. The language APL was available to
the students, and one of the eight units was spent in learning APL by the
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students who chose the computer track. One reason for the choice of APL
was the fact that the computer system at Irvine had available efficient
graphic capability within APL.

The third role of the computer was as a tutorial device helping students
to learn the basic physics to which they were being exposed. Bork prop-
erly emphasizes that tutorial programs are to be contrasted with large
lecture courses in which the student must essentially play a passive role.
The tutorial programs required ongoing dynamic interaction with the stu-
dent, and the development of material was tailored to the needs and
capacities of the students in a way that is never possible in a large lecture
setting.

A fourth role of the computer was as an aid to building physical intu-
ition. In this case, extensive use was made of the graphic capabilities
available on the Tektronix terminals used in the course.

A fifth use of the computer was in giving the tests associated with each
of the modules. Because of the way PSI courses are organized, alternate
forms—often randomly generated—of each test were required in case the
student had to take the test several times before demonstrating mastery of
the particular module. During the 10 weeks of the course in the fall of
1976, over 10,000 on-line tests were administered. Students perceived this
test-giving role as the most significant computer aspect of the course.

The sixth use of the computer was in providing a course management
system. As would be expected, all of the results of the on-line tests were
recorded; programs were also developed to provide students access to
their records and to provide information to the instructor.

In Fig. 1 a typical graphical illustration to help physical intuition is
shown from the section on mechanics in the physics course described.

In his many publications concerning the developments at Irvine, Bork
emphasizes that his project, like others described below, is still only in the
beginning stages of what we can expect in the future. One of the most
promising things about the Irvine project is the persistence with which
Bork is continuing to develop new materials and new approaches for
computer-assisted instruction in physics.

3.3 Undergraduate Logic and Set Theory

I survey activities at several institutions but mainly concentrate on the
work at Stanford, with which I have been associated for many years.

3.8.1 Logic at Ohio State

Computer-assisted instruction is being used in varying degrees in intro-
ductory courses in logic in a number of different institutions. A good
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CONTINUE PLOTTING? = PX

FiGc. 1. Graphical example from Irvine physics curriculum.

example of using it for drill and practice is to be found at Ohio State
University. Almost 3000 students use the program each year. After pre-
sentation of course material by lectures, 32 Hazeltine 2000 CRT terminals
connected to an IBM 370-158 computer and using Coursewriter 111 offer
extensive drill-and-practice exercises, including course examinations, but
not ordinarily the course final. )

There are several salient aspects of the program. One is that the drill-
and-practice exercises are generated rather than being stored. The second
is that the course is a rather informal one and quite elementary, but the
faculty and staff have made effective use of CAI to handle very large
amounts of drill-and-practice work. The course concentrates on proposi-
tional inference, truth tables, Venn diagrams, syllogistic arguments, and,
in the latter part, rather extensive material on inductive methods, espe-
cially Mill’s methods. A good recent report of the course is to be found in
Laymon and Lloyd (1977).

Student questionnaires have been distributed in order to get an attitudi-
nal evaluation of the course. In the winter of 1976, for example, 71% of a
total of 198 sampled students strongly agreed that if they were given a
choice between (a) 1 hr of recitation per week and 1% hr of computer time
per week and (b) 2 hr of recitation per week and no computer time, they
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would choose (a). Eighty-seven percent of the students indicated they
would like to see more of the course material available at computer termi-
nals. Only 10% of the students indicated that they found the computer
material too difficult. About 73% of the students indicated that they found
the terminal room a better place to meet and interact with other students
than the recitation room. (For the data just cited I am indebted to Ronald
Laymon.)

3.3.2 Logic at Stanford

Since 1972, the introductory logic course at Stanford has been taught
during the regular academic year entirely as a CAI course. Various as-
pects of the course have been described in a number of publications
(Goldberg and Suppes, 1972, 1976; Larsen et al., 1978; Suppes, 1975;
Suppes et al., 1977).

Basic data on the course are given in Table VII. There are 29 lessons
that form the core of the course. The number of exercises in each lesson,
the mean time to complete the lesson, and the cumulative time are shown,
as well as a brief description of the content of each lesson. The cumulative
times are shown in parentheses after the times for the individual lessons.
The data are for the autumn quarter of 1976-1977, but only minor cur-
riculum changes have been made in the last year. It should be emphasized
that many of the exercises involve derivations of some complexity, and a
strong feature of the program is its ability to accept any derivation falling
within the general framework of the rules of inference available at that
point in the course. For example, prior to lesson 409, students are re-
quired to use particular rules of sentential inference, and only in lesson 409
are they introduced to a general tautological rule of inference. Lesson 410,
it may be noted, is devoted to integer arithmetic, which would often not be
included in a course in logic. The reason for it in the present context is that
this is the theory within which interpretations are given in the course to
show that arguments are invalid, premises consistent, or axioms indepen-
dent. In a noncomputer-based course, such interpretations to show in-
validity, etc., are ordinarily given informally and without explicit proof of
their correctness. In the present framework, the students are asked to
prove that their interpretations are correct, and to do this we have fixed
upon the domain of integer arithmetic as providing a simple model.

It should be noted that students taking a Pass level require on the
average about 67 hr of connect time, which, at present, may be about the
highest of any standard computer-based course in the country. Moreover,
for students who go on to take a letter grade of A or B, additional work is
required, depending upon the particular sequence of applications they
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TaBLE VII

MEAN TiME AND CUMULATIVE MEAN TIME FOR A REPRESENTATIVE QUARTER

Student’s
No. of time
Lesson  exercises in hours Content

401 19 0.59 (.59 Introduction to logic

402 18 1.12 (1.71) Semantics for sentential logic (truth tables)

403 14 -0.76 (2.47) Syntax of sentential logic, parentheses

404 14 1.17 (3.64) Derivations, rules of inference, validity

405 19 4.07 (7.71) Working premises, dependencies, and
conditional proof

406 16 1.83 (9.59) Further rules of inference

407 12 2.37 (11.91) New and, derived rules of inference

408 21 14.38 (26.29) Further rules and indirect proof procedure

409 24 2.37 (28.66) Validity, counterexample, tautology

410 13 0.71 (29.37) Integer arithmetic

411 7 0.61 (29.98) Two rules about equality

412 -7 0.59 (30.57) More rules about equality

413 7 0.44 (31.01) The replace equals rules

414 7 0.97 (31.98) Practice using equality in integer arithmetic

415 11 1.99 (33.97) The commutative axiom for integer arithmetic

416 4 0.99 (34.96) The associative axiom

417 7 2.00 (36.96) Two axioms and a definition for commutative -
groups

418 8 1.50 (38.46) Theorems 1-3 for commutative groups

419 8 1.54 (40.00) Theorems 4-7 for commutative groups

420 12 1.51 (41.52) Noncommutative groups

421 8 0.44 (41.96) Finding-axioms exercises

422 14 1.20 (43.16) Symbolizing sentential arguments

423 28 2.78 (45.94) Symbolizing English sentences in predicate
logic

424 28 2.87 (48.81) Inferences involving quantifiers

425 22 2.67 (51.48) Quantifiers; restrictions and derived rules

426 21 1.41 (52.89) Using interpretations to show arguments
invalid

427 17 4.11 (57.00) Quantifiers and interpretation

428 23 6.18 (63.18) Consistency of premises and independence of
axioms

429 40 3.96 (67.15) The logic of identity (and sorted theories)

take. For example, those choosing the lesson sequence on social decision
theory will require an average of somewhat more than 20 additional hours.
Those who take the lesson sequence on Boolean algebra and qualitative
foundations of probability will require somewhat less connect time but
they do more proofs that benefit from reflection about strategic lines of
attack, which need not necessarily occur while signed on at a terminal.
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Also, the number of hours of connect time just discussed does not
include the finding-axioms exercises but only the introduction to them in
lesson 421. These exercises, which have been reported in Goldberg and
Suppes (1972), present the student with a number of statements about a
particular theory, for example, statements about elementary properties of
betweenness on the line. The student is asked to select not more than a
certain number of the statements, for example, five or six, as axioms, and
prove the remainder as theorems. This kind of exercise has been advo-
cated by a number of mathematical educators. The method is often called
the Moore or Texas method in honor of the well-known American to-
pologist R. L. Moore, who introduced it many years ago as his own
primary approach to teaching.

Even apart from the finding-axioms exercises, for which we do not have
good time measurements, the variation in individual student time spent at
terminals is substantial. For most terms the standard deviation for the
Pass level of the course will be somewhere between 15 and 20 hr, and the
range will be somewhere from 30 hr as a minimum to 140 hr as a maxi-
mum. In both the logic course described in this section and the set-theory
course described in the next, an effort is made to minimize the amount of
input that must be the student’s responsibility. Essentially the student is
given a control language that informs the computer program which infer-
ences to make next. The system of natural deduction that has been im-
plemented in the logic course is close to that given in my textbook
(Suppes, 1957).

In addition, the students are given a number of administrative com-
mands; for example, they type NEWS to get the news of the day, includ-
ing any program changes, etc., or (if they have been absent) OLDNEWS
to get old news items that have been deleted from the news file. By typing
GRIPE, they may send a message complaining about some feature of the
course or course operation. Ordinarily the gripes are answered by one of
the teaching or research assistants by a response addressed to that indi-
vidual student, who receives the answer the next time he signs on. The
student also can type HINT (in fact, he need just hit the control key and
H) to obtain hints about various exercises and derivations. Not all exer-
cises have hints stored with them, but many do at the present time. This is
one feature of the course we continue to expand. There are other features
of a similar nature about which I shall not give details. It has been the
experience of most people that commands of the sort I have just been
discussing are desirable for smooth working of a course, in particular, if
the desire is to reduce the amount of administrative supervision that must
be provided by teaching assistants. Our long-term objective is to make the
course as self-contained as possible, and we continue to introduce new
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features aimed at realizing this goal. One new feature in this respect is
Browse Mode, which the student enters by typing a control key and B.
This mode allows the student to review exercises he has already worked
at or to look ahead at the curriculum. Detailed instructions are given to
indicate exactly what it is that he wants to see, either from the past or in
terms of what he will be encountering in the future.

The course makes extensive use of audio, and some of the results are
discussed in more detail in Section 4.2. I do mention here that one of the
optional features of the course is the ability of the student to control the
speech rate.

The logic course is offered each of the regular three terms during the
academic year at Stanford and for several years has been the only offering
in elementary logic. The annual enrollment in the three terms runs some-
where between 240 and 300 students, which is somewhat higher than the
enrollment before the course was made computer-based, although there
has also been a small increase in the number of Stanford undergraduates
during this same period. It should also be mentioned that the enrollment is
restricted. Twelve terminals are devoted to the course, and this number
will handle about 100 students per term. The terminals are not scheduled
but are generally available for students six days a week, 24 hr a day. We
have found that students sort themselves out in terms of hours of availabil-
ity fairly well and, although students occasionally must wait to get access
to terminals, there has been no general request that a signup procedure be
followed.

A sample of 20 students taking the course in the fall of 1978 indicated
that the most preferred features of the course were self-pacing and free-
dom to work at any time of day or night. Although a clear majority said
that the course took more time than other.Stanford courses they had
taken, about 70% of the students gave the course a value of 6 or 7 on an
overall satisfaction scale ranging from 1 (not satisfied) to 7 (very satisfied),
and no student gave it a value below 4.

The computer system running the logic course is a dual processor
PDP-KI10 using TENEX as an operating system. The terminals are
Datamedia-2500s, and earphones are available at each terminal. Thus, a
student station consists of a Datamedia terminal and earphones.

3.3.3 Set Theory at Stanford

The same computer system, just described, and three additional
Datamedia-2500 terminals, also equipped with earphones, are used for
teaching axiomatic set theory at Stanford.

The curriculum of the course in set theory is classical; it follows closely
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the content of my earlier book (Suppes, 1960). The course is based on the
Zermelo-Fraenkel axioms for set theory. The first chapter deals with the
historical context of the axioms; the next chapter deals with relations and
functions. The course then concentrates on finite and infinite sets, the
theory of cardinal numbers, the theory of ordinal numbers, and the axiom
of choice. Students who take the course for a Pass stop proving theorems at
the end of the chapter on the theory of cardinal numbers. Those who go on
for a letter grade of A or B must prove theorems in the theory of ordinal
numbers and standard results involving the axiom of choice.

Although the conceptual content of the course is classical, the problems
we have faced in making it a complete CAI course are not. The logic
course just described is in many ways deceptive as a model of how to
approach mathematically oriented courses, for the proofs can be formal
and the theory of what is required is, although intricate, relatively
straightforward compared with the problems of having reasonable rules of
proof to match the standard informal style of proofs to be found in courses
at the level of difficulty of the one in set theory.

The problems of developing powerful informal mathematical proce-
dures for matching the quality of informal proofs found in textbooks are
examined in some detail in Section 4.3.

There are about 500 theorems that make up the core of the curriculum.
The students are asked to prove a subset of these theorems. The number
of students is ordinarily between 8 and 12 per term, and therefore individ-
ual student lists are easily constructed. Students ordinarily prove between
40 and 50 theorems, depending upon the grade level they are seeking in
the course. The latest data for the students completing the course in the
fall term, 1978, are as follows: The average number of hours of connect
time to complete the course was 52.0, with the minimum being 29.7 hr,
and the maximum 75.2.

Apart from the challenging technical problems of offering a course like
axiomatic set theory entirely as a computer-based course—in this respect
it is set up exactly like the logic course described above—there is another
strong reason for the significance of the set theory course for further
developments in CAI. There has been a tendency in CAI to concentrate on
elementary courses that are taken by very large numbers of students,
whether at the school or college level. This strong concentration on the
most elementary courses I think is a mistake. I was myself pushed into
offering the course in axiomatic set theory after not having taught it as a
lecture course for a number of years, because of a staff reduction. It seems
to me that undergraduate courses of a rather specialized and technical
nature will, in many institutions, be offered only rarely, if at all, in the next
two decades because of the anticipated declines in enrollment and the
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budget pressures for not increasing staff. One way to offer a variety of
specialized courses is to offer them as CAI courses. It is also easy to make
a comparative analysis to show the lower cost of such low-enrollment
courses when offered by CAI.

In my own case, by offering logic and set theory as two separate
courses every term, I now have a teaching load that is double the normal
one at Stanford. I plan in the future to increase still further the number of
such courses. We are currently working on a course in the foundations of
probability, and, under the general supervision of my colleague Georg
Kreisel, a course in proof theory has already been run experimentally and
is now being revised. Both of these courses are at about the level of the
course in axiomatic set theory, and both will have anticipated small
enrollments.?!

3.4 Other CAl Courses

There are two promising areas in which a good deal of work has been
done but which currently do not have as extensive a range of activities as
would be anticipated. These areas are courses in computer programming
that are entirely computer-based, and elementary courses in foreign

language.
N

3.4.1 Computer Programming

Various international efforts at computer-aided teaching of program-
ming have been documented in the literature. For example, Santos and
Millan (1975) describe such efforts in Brazil; Ballaben and Ercoli (1975)
describe the work of an Italian team; and Su and Emam (1975) describe a
CAI approach to teaching software systems on a minicomputer. Exten-
sive efforts in CAI to teach BASIC have been undertaken by my col-
leagues at Stanford (Barr et al., 1974, 1975). A joint effort at Stanford was
also made to teach the initial portion of the course in LISP by CAI meth-
ods (Suppes et al., 1977). On the other hand, at the time of writing this
chapter, I know of no courses in computer programming that are taught
entirely by CAI and that have anything like the total number of individual
student hours at terminals comparable to the logic course described
above. It may be that I am simply unaware of some salient experiments in
this matter, but it does seem that the use of CAI for total instruction in
computer programming is not nearly as developed as would have been
anticipated 10 yr ago.

! The enrollment in the set-theory course, for example, is ordinarily, as I have indicated,
between 8 and 12 students per term, with an annual enrollment of about 30 students, which is

more than the annual enrollment in the years before the course became computer-
based.
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3.4.2 Foreign Languages

In the period prior to that covered by this chapter, there were extensive
experiments in the elementary teaching of foreign languages by CAI
methods. Work at Stanford in the 1960s especially centered around the
teaching of Slavic languages and was conducted primarily by Joseph Van
Campen and his colleague Richard Schupbach. In those efforts at Stanford
and elsewhere some 10 years ago, there was considerable federal support for
language work of all kinds, including CAI approaches. Ten years later, the
amount of such support is quite limited and the CAI developments are
surprisingly restricted. At the time of writing this chapter, for example,
the only major activity at Stanford is the development of a course in
Armenian, which is being supported by private sources. Instruction in
Armenian has not been regularly given at Stanford, and a CAI approach
provides an opportunity to offer it regularly without requiring the pres-
ence on the faculty of a native speaker of Armenian. It is also hoped that
the work being undertaken now can be generalized to the teaching of
Armenian for students in elementary and secondary schools, because of
the strong desire of Armenian communities in a number of places in the
United States to maintain the linguistic and cultural traditions associated
with speaking and understanding the language.

A recent effort at Stanford was made by E-Shi Wu (1978) to teach
elementary Mandarin, mainly orally and mainly by telephone, using a
touchtone response pad as the only means of response. Wu’s work shows
that a great deal of foreign language instruction can be brought into the
home within a CAI framework. As hardware continues to become
cheaper, it is likely that such efforts will move from the research stage to
ones that are operational in character. But it is true, all the same, that
considering the activities 10 yr ago the range of CAI work in the teaching
of foreign languages is more limited than would then have been antici-
pated. My own judgment is that it is not some conceptual resistance to
CAI as a method of teaching foreign languages but rather the severe
restrictions on research and instructional budgets characteristic of the late
1970s that have been the limiting factor on current developments.

4. Current Research

In this section I analyze some of the main areas of current research
most significant for CAI. The first concerns natural-language processing;
the second, the use of audio; the third, informal mathematical procedures;
and the fourth, efforts at modeling the student.
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An important topic that I have not covered here or in other parts of the
chapter is an assessment of current work on authoring languages for CAI.
It is my own view that approaches are still changing too much to warrant a
review here. There are also complex problems of assessing the language
features needed for different kinds of courses. The requirements, for ex-
ample, for teaching foreign language are rather different from those for
teaching undergraduate mathematics.

I have also not attempted to survey current hardware activities, for CAI
has as yet depended very much on general hardware developments in the
computer industry. The only immediate case at hand that may turn out to
be an exception to this rule is the development of audio, which is dis-
cussed in Section 4.2. Still more uncertain is the role that will be played by
videodisks in CAI. I mention something briefly about this in Section 5, but
there is no current activity sufficiently developed to warrant analysis at
this time.

4.1 Natural-Language Processing

Without doubt, the problems of either accepting natural-language input
or producing acceptable informal natural-language output constitute some
of the most severe constraints on current operational efforts and research
in CAL It is fair to say that there have been no dramatic breakthroughs in
the problems of processing English, as either input or output, during the
period covered by this chapter. Moreover, these problems are not simply
a focus of research in CAJ but have wider implications for many diverse
uses of computers. No doubt the current intensive efforts at developing
and marketing sophisticated word processors for office use will have in the
next decade an impact on the level of natural-language processing that can
be implemented efficiently and at reasonable cost in hardware that is just
becoming available. All the same, during the period covered by this chap-
ter, the difficulties of adequately inputting or outputting natural language
by a program run by a computer, no matter how powerful, have become
apparent to all who are seriously engaged in thinking about or trying to do
something about the problem. From a theoretical standpoint, linguists
have come to realize that syntax alone cannot be a satisfactory conceptual
basis for language processing, and model-theoretic semanticists repre-
sented by logicians and philosophers have come to recognize how far any
simple model-theoretic view of the semantics of natural language is from
the intricate and subtle details of actual informal usage. In addition, the
romantic hope of some computer scientists that the theoretical problems
can be bypassed by complicated programs that do not have a well-artic-
ulated theoretical basis in syntax and semantics, as well as pragmat-
ics, has also been dashed. Winograd’s doctoral dissertation was pub-

SN
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lished in 1972, and the bright hopes that it seemed to raise for rapid
progress in understanding natural language have certainly not been
realized. Perhaps the most instructive thing that can be said is that we are
much more aware of the difficulties now than we were at the beginning of
the 1970s. As in the case of Winograd, some of the particular examples
have been impressive. A good instance is Woods’ (1970, 1974) develop-
ment of transition network grammars with applications to particular sub-
ject matters, for example, that of rock samples from the moon. Woods’
work, like Winograd’s, was not directly oriented toward CAI. The same
can be said for the work of Schank and associates (Schank et al., 1972;
Schank, 1973, 1975).

The convergence of syntax and semantics at the theoretical level is well
exemplified by the book on Montague grammar edited by Barbara Partee
(1976), but this has not led to extensive computer implementations. The
only example known to me of implementing Montague grammar has been
that by Joyce Friedman, which is still in a rather primitive state. My own
work on variable-free semantics has been aimed at matching the syntax of
natural language as closely as possible by a relation—algebraic semantics
(Suppes, 1976; Suppes and Macken, 1978; Suppes, 1979), but im-
plementation of such a variable-free semantics, although it is aimed at
efficiency of computation, has not yet been made. In our work at Stanford
on producing an increasingly informal language for mathematical proofs,
some progress has been made, but I shall reserve discussion of that until I
deal specifically with informal mathematical procedures in Section 4.3.

Goldstein and Papert (1977) write in an optimistic way about the appli-
cation of artificial intelligence to comprehension of language, although
they do not make specific new technical proposals and they are more
interested in representing a general viewpoint for further research than
furthering the research itself. There is no doubt that there is something
quite positive to be said about the viewpoint expressed by them, but it is
also clear that there is a very large distance between the hopes they
express and their serious realization in completed work.

Because the central problems of natural-language processing are in no
sense special to educational applications of computers, it does not seem
appropriate to try to give a more detailed sense of what the outstanding
conceptual problems are at the present time. It should be clear, however,
how important it is for CAI to have available a much more sophisticated
level of natural-language processing than is now the case.

4.2 Uses of Audio

The importance of spoken speech in instruction has been recognized
from time immemorial. The earliest articulate and sophisticated advocacy
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of the importance of spoken dialogue as the highest form of instruction is
in Plato’s dialogue Phaedrus, where Socrates criticizes the impersonal and
limited character of written records as a means of instruction. The exper-
iments on-the use of audio for CAI at the Institute for Mathematical
Studies in the Social Sciences at Stanford are among the most extensive in
the world and, because of my own close association with them, can most
easily be reported here. However, I emphasize that the use of audio in
CAI is the focus of continued work at other centers as well; it was, for
example, a part of the PLATO and TICCIT projects, although the use of
audio in the PLATO project turned out to be rather limited.

Ten years ago the Institute had four different audio systems running
simultaneously, but for a number of years now the concentration has been
on digitized audio and, since 1974, on the construction and use of the
MISS machine, a microprogrammed, intoned speech synthesizer utilizing
linear predictive coding techniques. Detailed technical descriptions of the
MISS machine are to be found in Sanders er al. (1976) and Levine and
Sanders (1978). As part of the Institute’s computer facility, at the heart of
which is a dual processor DEC-KI10 running the TENEX operating
system, the MISS hardware provides 48 audio channels, of which 16 can
be speaking simultaneously. The MISS system is capable of reproducing
speech in two ways, either by resynthesizing recorded phrases or by
resynthesizing and concatenating individually recorded words. The sys-
tem also allows for user modification of the speech rate and volume as
well as the instructionally important feature of synchronizing speech
events with display activity at terminals. Prosodic adjustment of concate-
nated words is directed by linguistic text-analysis routines and is done by
modifying fundamental frequency contours, duration, and amplitude of
the individually recorded words. The importance of the ability to synthe-
size new messages from individually stored words rather than recording
entire messages cannot be overemphasized. This makes curriculum cre-
ation as well as revision very much more efficient. In addition, it permits
the introduction of audio messages that are synthesized contingently to
comment on particular features of student work; a typical application in
the Institute is the delivery of error messages in the courses on logic and
set theory.

Linear predictive coding (LPC) is a well-documented technique for
digital representation of speech (see Atal and Hanauer, 1971; Makhoul,
1975; Markel and Gray, 1976); in simple terms, LPC models the spectrum
and voicing features of speech. Spectral representation can be compressed
and economically stored for later use. The research at the Institute has
been guided by the requirement that the speech produced must be of
sufficiently high quality to allow a student to listen to it without a feeling of



TRENDS IN COMPUTER-ASSISTED INSTRUCTION 203

strain for considerable periods of time, and it also must be natural enough
not to seriously divert the student’s attention from the conceptual material
being presented. A representation that requires about 9000 bits per second
has been found to approximate these conditions. The details are given in
the publications mentioned, but an important point to mention here is that
the quality of the recording of individual words or of entire phrases is
quite satisfactory at this rate. What still requires research is the develop-
ment of appropriate algorithms for the imposition of synthetic prosodic
features when messages are synthesized from the LPC coding of individ-
ual words. The present synthetic prosody is acceptable but certainly can
be considerably improved (for current efforts, see Sanders er al., 1978).

The remainder of this subsection is devoted to describing two relatively
elaborate experiments that have been run to evaluate the MISS system
from the standpoint of potential CAI users. The first experiment concerns
the intelligibility of computer-generated speech for elementary-school
children, and the second the attractiveness of the speech in comparison
with visually displayed information for university-level students.

4.2.1 Letter Recognition by Ele\mentary-School Children

The Institute has a long history of research-and-development interest in
CAI in initial reading for elementary-school students; most of that work
was directed by Atkinson (see Atkinson, 1968; Atkinson et al., 1973; At-
kinson and Hansen, 1966; Fletcher and Atkinson, 1972). Although the
research on reading itself has not been continued during the past five
years, we have felt it important to test the viability of the MISS system
and other related methods of computer-generated speech for use with
young students. What I describe here is part of a larger experiment dealing
with recognition of both letters and words by Laddaga ef al. (1978).

In teaching initial reading, it is important that computer-generated
speech be able to produce letter sounds that can be recognized easily by
the students. It is such a letter-recognition experiment that is described
here. The subjects of the experiment consisted of 48 first graders from
three classes in the area near Stanford. Twelve students from each class
made up three treatment groups; four additional students from each class
made up the control group of 12 students. Each treatment group received
seven sessions of taped, computer-generated speech, and an eighth ses-
sion with taped human speech. The control group received eight sessions
of taped human speech. The sessions consisted of 9 to 12 children listening
to aletter sound in the carrier phrase ‘‘circle the letter.’’ After hearing the
letter, the children circled the grapheme for the letter sound they heard
from among three choices on an answer sheet. The two confusion choices
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came from two sets of letters that were used on alternate sessions. The
test letters and their confusion sets are shown in Table VIII. Each session
covered the alphabet in one of eight random orders. Approximately 6 sec
after each item was presented, the subjects heard a beep and the correct
answer was displayed on a flash card. An entire session took no more than
6 min.

Three different systems for computerized speech synthesis were used
for this experiment. One system was a sophisticated phonemic synthe-
sizer developed by Jonathan Allen and Dennis Klatt at M.I.T. (see Allen,
1977; Klatt, 1976). The M.L.T. system converts text by rule into control
parameters for the synthesizer and thus into speech. The tapes were
prepared at M.I.T. specifically for test in this experiment. The second
system was the VOTRAX VS-6 system produced by Votrax, a division of
the Federal Screw Works, Inc. (see VOTRAX, n.d.). The VOTRAX sys-
tem is also a phonemic synthesizer similar in certain respects to the M.1.T.
synthesizer, but the phonetic control parameters are generated by hand
rather than by rule and consequently allow less control over the al-
lophones than the M.I.T. system. The third system was the Institute’s
MISS system described above. The control system was a high-quality,
high-fidelity recording of a human speaker.

It needs to be recognized that this is a very severe test on any speech
generator, for individual letters in isolation are not easy to recognize. The
results were actually quite positive. The mean correct scores for each
session fell between 83 and 98%. The specific data are shown in Table IX.

TABLE VIII
TEST LETTERS WITH CONFUSION SETS

Confusions . Confusions

Test —— Test

letter Set 1 Set 2 letter Set 1 Set 2
A I K I J N M X M L
B E P E D 0 U H U J
C S T S Z P E B E T
D T C T B Q U K U P
E A P A B R N F N L
F S X S R S F C F X
G Z B Z D T D G D P
H A K A J U Q 0 Q w
I Y E Y A \' Z E Z F
J G H G K w U D U (o]
K Q J Q H X S R S K
L F R F X Y 1 w I H
M N L N R z V 1 V ¢




TABLE IX
MEAN (PERCENT CORRECT), STANDARD DEVIATION, AND NUMBER OF STUDENTS IN LETTER EXPERIMENT

VOTRAX M.LT. LPC Control
No. of No. of No. of No. of
Session Mean S.D. students Mean S.D. students Mean S.D. students Mean S.D. students
1 86.9 8.52 12 88.8 8.5 11 ‘ 88.5 8.52 11 96.2 5.21 12
2 83.7 11.97 12 88.5 10.24 11 88.5 15.9 11 97.1 4.74 12
3 88.8 6.45 11 90.6 4.45 11 89.9 7.38 11 97.8 2.46 12
4 84.3 7.77 12 90.6 5.02 11 93.7 5.97 11 98.1 2.48 12
5 91.5 3.52 9 92.7 5.55 11 96.2 3.28 11 97.4 3.63 12
6 83.3 5.13 9 92.0 5.79 11 94.8 3.77 11 97.8 3.32 12
7 85.0 5.57 9 93.7 4.11 11 95.1 6.58 11 97.6 4.42 11
Control 98.3 2.63 9 95.8 4.48 11 95.1 4.94 11 96.9 2.75 11
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The variances were relatively large so there was not sharp separation, but
there was across sessions a regular superiority in terms of intelligibility of
the systems and a sign test was used to examine this feature of the data.
As might be expected, the control system, that is, the direct high-fidelity
recording of a human speaker, scored highest; both the M.I.T. system and
the MISS system scored higher than Votrax in seven sessions; the MISS
system scored higher than M.I.T. in four sessions, lower in two sessions,
and the same in one session, as can be seen from Table IX. What is
encouraging is the relative acceptability of the systems tested for instruc-
tional purposes. Further details of the experiment, including a study of the
learning that took place during the experiment, are to be found in the
article cited.

4.2.2 Experiment on Choice of Audio by University Students

Since 1972, Introduction to Logic has been taught at Stanford strictly as
a CAI course, and, as indicated in the earlier discussion, the number of
students is presently between 240 and 300" per year. For several years
now, a variety of experiments have been conducted on the choice of audio
by the students. I report here two experiments in the winter and spring
terms of the academic year 1976—-1977 in which the students were given a
choice between audio and visual display of the same information. It is
important to be clear on the choice offered the students. All students
received considerable visual information at CRT terminals. In addition,
those choosing audio received explanation of concepts and a variety of
informal pedagogical comments through earphones. Those choosing vi-
sual display received this additional information on the CRT screen as
written text. The students were required to try each method of receiving
information at the beginning of the course, but then they were given
freedom to choose at each sign-on to receive information in audio or
visual form. Extensive details of these experiments will be published
elsewhere, but the summary data are as follows. In the winter of 1976-
1977, after the initial exposure period when freedom of choice was in
operation, there were 1287 log-ins by students in the course. In 49% of
those log-ins, the students selected audio, but there was a significant
decline from the beginning to the end of the course in the use of audio,
that decline running from 59 to 39%. In the spring of 1976-1977, there
were 2742 log-ins of a similar nature, and audio was selected 48% of the
time. Again, there was a decline during the course, from 58 to 44% in this
case. We are not certain of the reason for the decline but we think that, in
the latter part of the course, audio was used less frequently because
students were more familiar with the content and found they could work



TRENDS IN COMPUTER-ASSISTED INSTRUCTION 207

more quickly with the visually displayed information. It is also to be
emphasized that Stanford undergraduates who are using this course are
highly selected students of considerable academic ability. It is not at all
clear that the percentage data reported here would be at all similar if
students of less general academic aptitude were presented the same
choices. I will not attempt to present further details of the data here, but
an important feature is the existence of strong individual differences in
choice of sensory modality. In other words, the students who selected
audio or visual display methods tended to persist in that same choice
throughout the course, with some decline, as indicated, in the choice of
audio. What this indicates is rather strong individual differences in prefer-
ences for audio or visual displays. It has been one of the traditional fea-
tures of CAI to stress accommodation to such individual differences, but
as far as I know, such extended experiments on choice of sensory mo-
dality have not previously been conducted.

Several experiments have already been performed and more are
planned on choice between synthetic prosody and fully recorded mes-
sages, as well as data on the choice between synthetic prosody and visual
displays. But quite apart from the work at Stanford with which I am
particularly familiar, it is clear that there will be extensive experiments at
a number of research centers on the use of audio in CAI, and it may be
confidently predicted that in the coming decade, extensive use of audio
will be one of the most salient features of the next generation of CAI
systems.

4.3 Informal Mathematical Proofs

Work on constructing programs and using them as a basis for courses in
logic and mathematics has a long history at the Institute for Mathematical
Studies in the Social Sciences at Stanford. It has been my responsibility to
have overall direction of this work since 1963 when the first efforts began,
but as in any enterprise of this kind much of the real substantive work has
been done by my younger collaborators. CAI teaching of elementary logic
in the schools goes all the way back to first demonstrations in 1963. CAI
teaching of logic at the university level began in serious fashion at Stan-
ford in 1972. Currently the only way in which Stanford students may take
the introductory logic course or the intermediate-level course in axiomatic
set theory is at computer terminals as CAI courses. In the present section,
I concentrate on the problems of having working informal mathematical
procedures at the level of axiomatic set theory in an undergraduate ver-
sion. A standard presentation of this material is to be found in my
textbook (Suppes, 1960). The complexity and difficulty of the proofs in
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this book are comparable to those in many textbooks on different mathe-
matical topics written for upper undergraduate courses.

A description of the developments as of 1975 is to be found in Smith e¢
al. (1975) and Suppes (1975). The main features of the system in 1975 were
the use of a tautology rule, which automatically checked the validity of
any purely sentential formula, the use of the similar Boole rule for Bool-
ean expressions, a system of natural deduction, and the use of a resolu-
tion theorem prover to do routine inferences from one intuitively obvious
step to another in a proof.

In providing some idea of the number of steps required for proving
theorems, the following computation is conservative. In my 1960 textbook
on axiomatic set theory, there are approximately 500 theorems, which is
about the same number as in the computer-based course. Almost all of the
500 theorems have now been proved on the system, and we have made a
concerted effort to deal with some of the most difficult. The average length
of theorem is certainly less than 10 lines or 10 steps, and therefore the
entire body of material could be proved in something less than 5000 steps.
The most difficult theorems, for example, theorems justifying transfinite
recursion or a theorem that is used crucially in proving equivalence of the
axiom of choice—Bernays’ enumeration theorem, namely, that for any set
A there is an ordinal that is equipollent to A—required some 200 steps. A
good example of how the proof system worked as of 1975 is given in the
article by Smith et al. (1975). They give a proof of the classical
Schroder-Bernstein theorem that if one set is weakly less pollent than
another and conversely, then the two sets are equipollent. This theorem,
deceptively simple in formulation, is relatively difficult to prove and is, in
fact, the first really nontrivial theorem ordinarily proved in a first course
on axiomatic set theory. In the Institute’s informal proof system as of
1975, the proof of this theorem given in the above publication took 26
lines.

Although the appearance is somewhat complicated, ‘it is important to
give a sense of how the interaction takes place in constructing a proof. I
give as an example of moderate difficulty from the set theory course the
proof of Cantor’s theorem that any set A is strictly less pollent than its
power set. The interactive version is followed by the full summarization
version, called ‘“‘review.”” There are several things to be said about this
interactive proof. First, the input by the student is minimized. The actual
input by the student is italicized below, but of course it must be recog-
nized that the input is taking place at a CRT terminal. What I have repro-
duced here is a printed analog. The command VERIFY is used to call the
resolution theorem prover mentioned. Note that axioms, theorems, and
definitions can be called either by number or name. Both kinds of exam-
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ples occur. The abbreviation WP, which occurs in line 2, is a command
permitting the introduction of a working premise or assumption. Note that
midway through the proof the student calls for a review in order to see the
work done, which is summarized in the first four lines. This review func-
tion is important in order for the student to be able to get at any point a
clear view of what has been proved thus far.

Derive:
A < pow(A)
*yERIFY (1) *A = pow(A)
Will you wish to specify? (No) *
Using *HEOREM (Number or Name) *4./.10
Using ** HEOREM (Number or Name) *4.2./
Using *defINITION (Number or Name) *map
Using *defINITION (Number or Name) *injectioN
Using *¢O
*wp (2) *pow(A) < A
*2let

(variable) *f be such that

(3) *inj(f) and dom(f) = pow(A) and rng(f) is a subset of A
Will you wish to specify? (No) *
Using ** HEOREM (Number or Name) *4.2.1
Using *defINITION (Number or Name) *map
Using *defINITION, (Number or Name) *injectioN
Using *gO
*let

(variable) *D be such that

@) *(A x)(x in D iff xin Z and x is not in inv(f)(x))
Will you wish to specify? No *
Using *aXIOM (Number or Name) *sep ARATION
Schema:

(E BAX)(xin B <—> xin A & FM(x))
Replace for FM *x is not in inv(f)(x)
Which variable indicates the parameter places? *x
Using *gO
*revIEW
Derive:
A < pow(A)
VERIFY Using: Th. 4.1.10, Th. 4.2.1, Df. map, Df. injection

(1) A = pow(A)




210 PATRICK SUPPES

WP 2) Pow(A) = A

2 LET Using: Th. 4.2.1, Df. map, Df. injection
(3) Inj(f) and dom(f) = pow(A) and rng(f) sub A

LET Using: Ax. separation Instance: X not in inv(f)(x) for FM
(4) (Ax)(xin D <—> xin A & X not in inv(f)(x))

*3 4vERIFY (5) *D in dom(f)
Will you wish to specify? (No) *
Using *#*HEOREM (Number or Name) *powERSET
Using *defINITION (Number or Name) *sub SET
USING *gO
*3 SyERIFY (6) *f(D)in A
Will you wish to specify? (No) *
Using *defINITION (Number or Name) *subSET
Using #*HEOREM (Number or Name) *range
Using *#*HEOREM (Number or Name) *3.10.9
Using *¢O
*3,5tHEOREM (Number or Name) *3.10.58
3,5 Th. 3.10.58

(7) Inv(H)({(D)) = D
*4,6,7conTRADICTION
Will you wish to specify? (No) *
Using *¢O ~
4,6,7,2 CONTRADICTION

(8) Not pow(A) = A
*1,8defINITION (Number or Name) *less pOWER
1,8 Df. less power

9) A < pow(A)

Finally, here is the review version of the complete proof.

revlIEW
A < pow(A)
VERIFY Using: Th. 4.1.10, Th. 4.2.1, Df. map, Df. injection
(1) A =< pow(A)
WP (2) Pow(A) = A
2 LET Using: Th. 4.2.1, Df. map, Df. injection
(3) Inj(f) and dom(f) = pow(A) and rng(f) sub A
LET Using: AX. separation Instance: x not in inv(f)(x) for FM
4) (Ax)(xin D <—>xin A & x not in inv(f)(x))
3,4 VERIFY Using: Th. powerset, Df. subset
(5) D in dom(f)
3,5 VERIFY Using: Df. subset, Th. range, Th. 3.10.9
(6) f(D)in A
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3,5 Th. 3.10.58

(7) Inv(f)(f(D)) = D
4,6,7,2 CONTRADICTION

(8) Not pow(A) = A
1,8 Df. less power-

(9) A < pow(A)

Developments since 1975 are summarized in Blaine and McDonald
(1978). The main improvements on the system are the use of more natural
and more powerful facilities replacing simply the use of a resolution
theorem proved earlier, more student aids such as an extended HELP
system, and the use of more informal English in the summarization of
proofs.

These new facilities are illustrated by the output of the informal sum-
mary or review of a proof for the Hausdorff maximal principle. It is a
classical exercise required of students in the course to prove that the
Hausdorff maximal principle is equivalent to the axiom of choice. What is
given here is the proof of the maximal principle using Zorn’s lemma,
which has already been derived earlier from the axiom of choice.

Hausdorff maximal principle: If A is a family of sets, then every chain
contained in A is contained in some maximal chain in A.
Proof:
Assume
(1) A is a family of sets.
Assume
(2) Cis a chain and C C A.
Abbreviate:
{B: Bisachainand CC Band B C A}
by: Clchns.
By Zorn’s lemma,
(3) C!chns has a maximal element.
Let B be such that
(4) B is a maximal element of C!chns.
Hence,
(5) Bisachainand CC Band B C A.
It follows that,
(6) B is a maximal chain in A.
Therefore,
(7) C is contained in some maximal chain in A.

-

This summarized proof would not be much shorter written in ordinary
textbook fashion. It does not show the use of the more powerful inference
procedures, which are deleted in the proof summarization, but the original
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interactive version generated by the student did make use of these
stronger rules.

The current system, called EXCHECK, is a definite improvement on
the one described in Smith ez al. (1975), but there is still a great deal to be
done before we shall be satisfied with all of its features. The informal
English output can certainly be improved upon in terms of naturalness and
fluency. What is probably more important, additional substantial gains are
needed to make the handling of proofs efficient, flexible, and easy for the
students. All of the procedures implemented in EXCHECK are meant to
be used by persons who have no prior programming experience or even
contact with computers. Moreover, the procedures need to be such that
they can be explained rather easily to students beginning a course and of
such a character that their use does not interfere with the students’ con-
centrating on the concepts that are central to the actual content of the
course. It is easy to think of specific features that would improve the
present procedures, especially those that embody particular features of
set theory as opposed to general logic. It seems unlikely that any deep
new general discoveries about proof procedures will be found that will
apply across quite different domains of mathematics. As in the case of
other parts of artificial intelligence, it seems much more reasonable to
conjecture at the present time that the procedures used will need to deal in
detail with the content of specific areas of mathematics. Thus, for exam-
ple, some rather different procedures will need to be implemented for a
good course in geometry or in number theory, even though the general
procedures will also need continued modification and improvements.

In order to give the discussion definiteness, I have concentrated on the
few courses we have been developing at Stanford. It is obvious, on the
other hand, that conceptual development of informal mathematical proce-
dures at a level that makes them easy to use by undergraduate students of
mathematics and science has much wider implications for CAIL. No doubt,
as I just indicated, specific subject matters will require specific study and
specific procedures, but the general framework or approach should be
applicable to a wide variety of courses that are mathematically based.
This applies not only to courses in pure mathematics but also to many
courses in particular sciences and disciplines that are closely related to
mathematics, such as mathematical statistics, computer science, and op-
erations research.

4.4 Modeling the Student

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
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well exemplified in the following quotation from John Dewey’s famous
work, Democracy and Education (1916, quotation from 1966 edition).

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 certain associations or connections of content by means of a subject matter presented
from without (p. 69).

With the powerful opportunities for individualization present in CAI,
there has been an increased concern to model the student in order to have
a deep basis for individualization of instruction. Before considering cur-
rent work, it is important to emphasize that concern with individualization
is by no means restricted to computer-assisted instruction. Over the past
decade, there has been an intensive effort by leading educational psychol-
ogists to identify strong effects of aptitude-treatment interaction. What is
meant by this is the attempt to show that, by appropriate 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 CAI
work reviewed below is the absence of references to this extensive litera-
ture on aptitude-treatment interaction. The hope that strong effects can be
obtained from such interaction can be viewed as a recurring romantic
theme in education—not necessarily a romantic theme that is incorrect,
but one that is romantic all the same because of its implicit hopefulness for
obtaining strong learning effects by highly individualized considerations.
Unfortunately, the conclusions based upon extensive data analysis, sum-
marized especially in Cronbach and Snow (1977), show how difficult it is
in any area to produce such effects. Itl,is fair to conclude 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 proceed.

Keeping these negative empirical results in mind, I turn now to one of
the more significant recent research efforts in CAI, namely, the develop-
ment of what is called intelligent CAI (ICAI), 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 emerg-
ing that it will be possible in a relatively short space to give a sense, 1
think, of the main objectives, accomplishments, and weaknesses of the
work done thus far.
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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 approximate 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 parents, etc. The models intended are at
the present time essentially rather narrowly construed 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 fashion. As I have formulated the
objective 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 educa-
tional theory and philosophy.

4.4.1 Features of ICAl Research

There is 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 formulation, however, is too superficial to do full
justice to the subtlety of the surrounding discussion 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 fnainly at the
proposal level) represents an application of information-processing models
in psychology, especially the recent use of production systems first advo-
cated by Allan Newell.

(2) The fundamental psychological assumption is that the student has an
internal model of any skill he is using to perform a task. This internal model is
responsible primarily for the errors generated, and few of the actual errors
that do occur can be regarded as random in character. This principle corre-
sponds to much of classical psychological theorizing about behavior but
the strong emphasis on the deterministic character of the behavior is
unusual after many years of probabilistic models of behavior and of learn-
ing in general psychology. The authors are undoubtedly 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 and it would be a mistake to
devalue the efforts because of disagreement about this point.
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(3) The analysis of errors made by the student leads to insight into the bugs
in the student’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 intelligence to the general theory of
cognitive processes. Seymour Papert has emphasized the fundamental
character of this idea for years. It has been taken up with great success
and in considerable detail by the various authors mentioned above, but
especially by Brown et al. (1976, 1977). A particularly interesting applica-
tion, worked out in great detail, to errors made by students in elementary
arithmetic is to be found in Brown and Burton (1978).

(4) The representation of the diagnostic model of the student’s behavior
can best be done by use of a procedural network. The term diagnostic model
is used to mean ‘‘a representation that depicts the student’s internalization
of a skill as a variant of a correct version of the skill”” (Brown et al., 1977,
p- 5). A procedural network is defined as a collection of procedures ‘‘in
which the calling relationships between procedures are made explicit 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 consisting of methods for carrying out that intent’’ (p. 6).
It is, of course, clear from this characterization that the notion of a pro-
cedural network is not a well-defined mathematical concept but a general
concept drawn from ideas that are current in computer programming. The
examples of procedural networks to provide diagnostic models of
students’ algorithms for doing addition and subtraction 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 1920s. 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
studies that date from the 1940s and 1950s, such as W. A. Brownell (1953),
Brownell and Chazal (1958), and Brownell and Moser (1949). These stud-
ies are concerned with the effects of practicing constituent parts of a
complex arithmetical skill and especially with the comparison of meaning-
ful versus rote learning of subtraction. Unfortunately, this large earlier
literature, which from an empirical standpoint is considerably more
thorough and sophisticated 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
associates, and if the models can be developed with greater theoretical
sophistication and with greater thoroughness of empirical analysis of their
strengths and weaknesses, much can be expected in the future.

(8) It is important to make explicit a goal structure for the computer tutor
and also a structure of strategies to be used by the tutor. The concept of
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goals and subgoals has been one of the most fruitful outcomes of a variety
of work, ranging from problem solving to computer programming. Tradi-
tional behavioral psychology of 20 yr ago did not explicitly introduce the
concept of a goal, although of course the concepts of ends and of objec-
tives are classical in the theory of practical reasoning since the time of
Aristotle. (The classical source of these matters is the extensive discus-
sion in Aristotle’s Nicomachean 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 difficulty of the research is that at 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 approach to
implementation of CAl.

(6) A theory of causal and teleological analysis is needed for adequate
development of models of the student’s procedures. There is a long history
of causal analysis and, more particularly, of teleological analysis that goes
back certainly to Aristotle and that has strong roots in modern philoso-
phy. Immanuel Kant’s Critique of Judgment presents an elaborate theory
of teleology, for example. For many years, however, teleological notions
have been in disrepute in psychology and, to a large extent, also in biol-
ogy. For a certain period, even causal notions were regarded as otiose by
philosophers like Bertrand Russell.? Fortunately, these mistaken ideas
about causality and teleology are now recognized as such and there is a
healthy revival of interest in them and in further development of their use.
An example of application in the present contextiis to be found in Stevens
et gl. (1978), but it is also fair to say that this current literature on ICAI has
not carried the constructive literature on causality or teleology 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’ knowl-
edge of a given domain; it is not feasible to write universal general programs
that will operate successfully across a number of different domains. The
programs referred to in this principle are the programs used by the com-
puter tutor. This echoes the theme mentioned in the discussion of informal
mathematical proofs in Section 4.3. It is unlikely that simple general prin-
ciples of tutoring will be found that are powerful enough to operate with-
out a great deal of backup from highly particular programs dealing with

2 Here is one of Russell’s more extravagant claims in his famous article on these matters
(1913): ‘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 sup-
posed to do no harm. . . . The principle ‘same cause, same effect,” which philosophers
imagine to be vital to science, is therefore utterly otiose.”
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specialized domains of knowledge. As mentioned, this is a point that is
emphasized in some detail by Goldstein and Papert (1977).

In stating these seven features, or principles, I have only tried to catch
some of the most general considerations that have dominated 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 development of individualized tutorial programs will be realized as
more complicated subject matters are tackled. From an experimental and
conceptual standpoint, however, the examples that have been worked
out are of considerable interest and certainly represent examples whose
complexity exceeds that of most familiar paradigms in experimen-
tal psychology.

4.4.2 Four Examples of ICAIl

One attractive example is Carr and Goldstein’s (1977; see also Gold-
stein, 1977) implementation of their concept of a computer approach for the

game of Wumpus. They describe the game as follows:
!

The Wumpus 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 it with an arrow. Each move to a neighboring cave yields information regarding that
cave’s neighbors. The diﬂiéulty in choosing a move arises from the existence of dangers
in the warren—Dbats, 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).

The overlay modeling concept of Goldstein was already mentioned
above. The simplified rule set of five reasoning skills for analysis of the
overlay model of a given student is exemplified in the following five.
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L1: (positive evidence rule) A warning in a cave implies that a danger
exists in a neighbor.

1L2: (negative 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.

P1: (equal likelihood rule) In the absence of other knowledge, all of 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 or has not been mastered. The details of the model are undoubt-
edly 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 construction 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 construction 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 70
positions with, in standard fashion, various obstacles occurring along the
route from the first position to the last position. 'L]."he 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 ran-
dom numbers. He can combine the values of the spinners, using any two
of the four rational 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 backwards. Along the way there are shortcuts and towns. If a
player lands on a shortcut, he advances 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 optimal strategy for this game is a somewhat com-
plex matter and therefore there is plenty of opportunity for a tutor to
improve the actual strategies adopted by students. A relatively elaborate
diagnostic model of the sort described above in a general way has been
developed for this and is discussed in several publications. The first and
most substantial one is Brown et al. (1975b).
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A third attractive and at the same time considerably more substantial
example, from a pedagogical standpoint, is SOPHIE, which is an opera-
tional ICAI system designed to provide tutoring in the domain of elec-
tronic troubleshooting (Brown et al., 1975a). As described by Brown et al.
(1976), the kernel system called the SOPHIE lab ‘‘consists of a large
collection of artificial intelligence programs which use a circuit simulator
to answer hypothetical questions, evaluate student hypotheses, provide
immediate answers to a wider variety of measurement questions, and
allow the student to modify a circuit and discover the ramifications of his
modifications. To enable students to carry on a relatively unrestrained
English dialogue with the system, the SOPHIE lab has a flexible and
robust natural language front-end’’ (p. 4). The authors describe several
experiments and, in fact, provide one of the few examples in this literature
of an attempt at relatively detailed evaluation, although it is scarcely
extended or very deep by more general standards of evaluation. One point
that the authors stress that is of some interest is that they do not see a
conflict between sophisticated ICAI systems and morg traditional frame-
oriented CAI, for they see the latter offering standard exposition of
instructional material and the ICAI system providing sophisticated in-
dividual tutoring in what corresponds in the case of SOPHIE to actual
troubleshooting exercises.

The learning environment added on top of the SOPHIE lab consists of
two main components. One is called the Expert Debugger, which can not
only locate faults in a given simulated instrument, but more importantly
can articulate exactly the inferences that lead to the location. It can ex-
plain its particular top-level troubleshooting strategy, the reason for mak-
ing 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 interesting requirement for the team that inserts the fault is that it must
be able to predict all of 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 reported 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 regarded as
one of the most promising developments to come out of the ICAI
movement,

A fourth and final example to be reviewed here is the development of
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diagnostic models for procedural bugs in basic mathematical skills by
Brown and Burton (1977), referred to earlier. This work especially at-
tempts to implement procedural networks as described in a general way
and about which some remarks were made specific to arithmetical skills.
Two applications of this work show considerable promise. One is the
development of an instructional game called BUGGY for training student
teachers and others in recognizing how to analyze the nature of student
errors. The program simulates student behavior by creating an unde-
bugged procedure, and it is the teacher’s problem to diagnose the nature
of the underlying misconception. He makes this diagnosis by providing
strategic test exercises for the ‘‘student’’ to solve. The computer program
also acts as arbiter in the evaluation of the validity 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 character, he is asked to answer a 5-exercise test in the same
way that he thinks the ‘‘student’” would. An experiment with a group of
undergraduate education majors using BUGGY as the vehicle for teaching
the ability to detect regular patterns of errors indicated significant im-
provement as a result of this experience. 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
referred 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 ef al., 1976). This system was quite success-
ful in diagnosing in a patterned fashion a large number of the errors made
by more than 1300 school students in answering more than 20,000 test
items. The program was, in some sense that is difficult to make completely
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 common
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 doing column subtraction
problems. The formulation given here does not seem to offer any strong
sense of insight beyond the classical 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 evaluation’’ than
the standard method of scoring errors. The concept of fairness is a com-
plicated and subtle one that has had a great deal of discussion in the theory
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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
literature.

4.4.3 Weaknesses of ICAl Work

The four examples I have described, especially 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 weak-
nesses present thus far in the ICAI work.

(1) The claims for the potential power of ICAI must mainly be regarded
as exaggerated in the absence of supporting empirical data of an evalua-
tive sort. The authors of the various reports referred to seem, in the main,
to be unaware of the subtle and complicated character of producing new
curricula organized in new ways so as to produce substantial evidence of
learning gains. After the efforts 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 learning, 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
important to recognize that they are as yet far from being articulated in the
form of a systematic theory. v

(3) There is also missing what might be termed standard scholarship.
The absence of evidence of detailed acquaintanceship or analysis of prior
work in the theory of learning is one instance of such lack of scholarship,
but the same can be said in general of the thinness of the references to the
extensive literature in psychology and education bearing on the topics of
central concern to ICAI. Much of the talk of traditional curriculum
theory, 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 characteristic 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 CAI 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 order to become
the kind of applied science it should be.
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(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
attention to underlying structures, especially underlying mental struc-
tures, of students learning a new skill or concept, but they have been
overly optimistic in much of what they have written thus far about iden-
tifying the mature 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 stu-
dents, there is a surprising absence of consideration of powerful nonverbal
methods in experimental psychology for making inferences about such
structures. I have in mind, first, the importance of latencies or response
times as sensitive measures of underlying skill. The relation between such
latency measures and the relative difficulty of problems in basic arithmetic
has been extensively studied in prior work of my own (for example, Sup-
pes et al., 1968; Suppes and Morningstar, 1972), but the use of latencies is
one of the oldest and most thoroughly understood measures in experimen-
tal psychology. The second is the technically more complicated study of
eye movements, especially for the kind of theory being advocated in the
development of either SOPHIE or BUGGY. The study of eye movements
would almost certainly give much additional insight into the undebugged
models that students are using for solving problems.

In closing I want to emphasize that I think that none of these weak-
nesses is irremediable or fatal. The ICAI movement is, from a research
standpoint, perhaps the single most salient collective effort in extending
the range of CAI in the period under review. The movement has much
promise and much can be expected from it in the future.

5. The Future

It would be foolhardy to make detailed quantitative 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 detailed quantitative forecast it is still possible to say some
things about the future that are probably correct and that, when not cor-
rect, may be interesting because of the kinds of problems they implicitly
involve.

(1) It is evident that the continued development of more powerful
hardware for less dollars will have a decided impact on usage. It is reason-
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able to anticipate that by 1990 there will be widespread use of CAI in
schools and colleges in this country, and a rapidly accelerating pattern of
development in other parts of the world, especially in countries like
Canada, France, Germany, Great Britain, and Japan. Usage should have
increased at least by an order of magnitude by 1990—such an order of
magnitude increase in the next 12 years requires a monthly growth rate of
something under 2%, which is feasible, even if somewhat optimistic.

(2) By the year 2000 it is reasonable to predict a substantial use of home
CAI. Advanced 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
educational activities in the home. At this point, the technical problems of
getting such instructional instrumentation into the home do not seem as
complicated and as difficult as organizing the logistical and bureaucratic
effort of course production and accreditation procedures. Extensive re-
search on home instruction in the last 50 years shows clearly enough that
one of the central problems is providing clear methods of accreditation for
the work done. There is, I think, no reason to believe that this situation will
change radically because computers are being used for instruction rather
than the simpler means of the past. It will still remain of central impor-
tance to the student who is working at home to have well-defined methods
of accreditation and a well-defined institutional 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 television
courses in community colleges and to reduce drastlical-ly the number of
times the student is required to come to the campus. There are many
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 CAI methods can provide.

(3) It is likely that videodisks or similar devices will offer a variety of
programming possibilities that are not yet available for CAI. But if vid-
eodisk courses are to have anything like the finished-production qualities
of educational 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 a thousand dol-
lars per minute. This means that the cost of 10 courses, each with 50 hr of
instruction, would be approximately 30 million dollars. There is as yet no
market to encourage “investors to consider seriously investing capital
funds in these amounts. No doubt, as good, reliable videodisk systems or
their technological equivalents become available, courses will be pro-
duced, but there will be a continuing problem about the production of high
quality materials because of the high capital costs.
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(4) Each of the areas of research reviewed in Section 4 should have
major developments in the next decade. It would indeed be disappointing
if by 1990 fairly free natural-language processing in limited areas of
knowledge were not possible. By then, the critical question may turn out
to be how to do it efficiently 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 computers have a natural place for spoken speech, but
many do, and moreover as such speech becomes easily available, it is
reasonable 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 computer-generated speech will be one of the significant CAI efforts
in the decade ahead.

The matter of informal mathematical procedures, or rich procedures of
a more general sort for mathematics and science instruction, is a narrower
and more sharply focused topic than that of either natural-language pro-
cessing or spoken speech, but the implications for teaching of the avail-
ability 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 calculations 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 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 procedures will stand in
relation to the number now as the number who have taken a course in
some kind of symbolic mathematics (algebra 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 penetration of science and technology
into all phases of our lives, including our intellectual conception of the
world we live in, continues.

It goes without saying that the fourth main topic mentioned in Section
4, modeling of students, will have continued attention, and may, during
the next decade, have the most significant rate of change. We should
expect by 1990 CAI courses of considerable pedagogical and psychologi-
cal sophistication. The student should expect penetrating and sophisti-
cated things to be said to him about the character of his work and to be
disappointed when the CAI courses with which he is interacting do not
have such features.

9
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(5) Finally, I come to my last remark about the future, the prediction
that as speech-recognition research, which I have not previously men-
tioned in this chapter, 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, CAI courses that have the
features that Socrates thought so desirable so long ago. What is said in
Plato’s dialogue Phaedrus about teaching should be true in the twenty-first
century, but now the intimate dialogue between student and tutor will be
conducted with a sophisticated computer tutor. 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 responses 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, and of which
the written word is properly no more than an image.”’

ACKNOWLEDGMENT

Research connected with this paper has been supported in part by National Science
Foundation Grant No. SED77—09698. 1 am indebted to Lee Blaine for several useful com-
ments, and to Blaine as well as Robert Laddaga, James McDonald, Arvin Levine, and
William Sanders for drawing upon their work in the Institute for Mathematical Studies in the
Social Sciences at Stanford.

REFERENCES

Adkins, K., and Hamilton, M. (1975). *‘Teachers Handbook for Language Arts 3—6"" (3rd
ed., rev.). Computer Curriculum, Palo Alto, California.

Alderman, D. L. (1978). ‘Evaluation of The TICCIT Computer-Assisted Instructional Sys-
tem in the Community College,” Vol. 1. Educational Testing Service, Princeton, New
Jersey.

Allen, J. (1977). A modular audio response system for computer output. IEEE Int. Conf.
ASSP Rec. TTCH1197-3, 597.

Ashiba, N. (1976). Simple CAI system and an audiotutorial system. J. Conv. Rec. Four Inst.
Electr. Eng. Japan 6, 177-180.

Atal, B. S., and Hanauer, S. L. (1971). Speech analysis and synthesis by linear prediction of
the speech wave. JASA 50, 637-644.

Atkinson, R. C. (1968). Computer-based instruction and the learning process. Am. Psychol.
23, 225-239.

Atkinson, R. C., and Hansen, D. (1966). Computer-assisted instruction in initial reading: The
Stanford Project. Read. Res. Q. 2, 5-25.

Atkinson, R. C., Fletcher, D., Lindsay, J., Campbell, J. O., and Barr, A. (1973). Computer-
assisted instruction in initial reading: Individualized instruction based on optimization
procedures. Educ. Technol. 8, 27-37.

Ballaben, G., and Ercoli. P. (1975). Computer-aided teaching of assembler programming. In
“‘Computers in Education’” (O. Lecarme and R. Lewis, eds.), pp. 217-221. IFIP, North-
Holland, Amsterdam.

Barr, A., Beard, M., and Atkinson, R. C. (1974). ‘‘A Rationale and Description of the




226 PATRICK SUPPES

BASIC Instructional Program’’ [TR 228 (Psych. and Educ. Ser.)]. Institute for Mathemat-
ical Studies in the Social Sciences, Stanford University, Stanford, California.

Barr, A., Beard, M., and Atkinson, R. C. (1975). Information networks for CAI curriculums.
In “Computers in Education’” (O. Lecarme and R. Lewis, eds.), pp. 477-482. IFIP,
North-Holland, Amsterdam.

Bitzer, D. (1976). The wide world of computer-based education. In ‘‘Advances in Comput-
ers’’ (M. Rubinoff and M. C. Yovits, eds.), Vol. 15, pp. 239-283. Academic Press, New
York.

Blaine, L., and McDonald, J. (1978). ‘‘Interactive Processing in the EXCHECK System of
Natural Mathematical Reasoning.”” Paper presented at the meeting of the California Edu-
cational Computer Consortium, Anaheim, California.

Bork, A. (1975). The physics computer development project. EDUCOM 10, 14-19.

Bork, A. (1977a). Computers and the future of learning. .J. Coll. Sci. Teach. 7 (2), 88—
90.

Bork, A. (1977b). SPACETIME—An experimental learner-controlled dialog. In ‘‘Proceed-
ings of 1977 Conference on Computers in the Undergraduate Curncula—CCUCS,”’ pp.
207-212. Michigan State University, East Lansing.

Bork, A. (1978). Computers, education, and the future of educational institutions. In ‘‘Com-
puting in College and University: 1978 and Beyond’’ (Gerard P. Weeg Memorial Confer-
ence), p. 119. Unmiversity of Iowa, Iowa City.

Bork, A., and Marasco, J. (1977). Modes of computer usage in science. T.H.E. J. (Techno-
logical Horizons i Education) 4 (2).

Brown, J. S., and Burton, R. R. (1978). Diagnostic models for procedural bugs in basic
mathematical skills. Cognitive Science 2, 155-192.

Brown, J. S., Burton, R. R., and Bell, A. G. (1975a). SOPHIE: A step toward creating a
reactive learning environment. fnt. J. Man-Mach. Stud. 7, 675-696.

Brown, J. S., Burton, R., Miller, M., deKleer, J., Purcell, S., Hausmann, C., and Bobrow,
R. (1975b). ‘‘Steps toward a Theoretical Foundation for Complex, Knowledge-based
CAI” (BBN Rep. 3135; ICAI Rep. 2). Bolt, Beranek & Newman, Cambridge, Massachu-
setts.

Brown, J. S., Rubinstein, R., and Burton, R. (1976). ‘‘Reactive Learning Environment for
Computer Assisted Electronics Instruction’” (BBN Rep. 3314; ICAI Rep. 1). Bolt,
Beranek & Newman, Cambridge, Massachusetts. .

Brown, J. S., Burton, R. R., Hausmann, C., Goldstein, 1., Huggins, B., and Miller, M.
(1977). “* Aspects of a Theory for Automated Student Modelling’’ (BBN Rep. 3549; ICAI
Rep. 4). Bolt, Beranek & Newman, Cambridge, Massachusetts.

Brownell, W. A. (1953). Arithmetic readiness as a practical classroom concept. Elem. School
J. 52, 15-22,

Brownell, W. A., and Chazal, C. B. (1958). Premature drill. /z ‘‘Research in the Three R’s”’
(C. W. Hunicutt and W. J. Iverson, eds.), pp. 364-366 (2nd ed., 1960). Harper, New York.

Brownell, W. A., and Moser, H. E. (1949). ‘‘Meaningful Versus Rote Learning: A Study in
Grade 111 Subtraction’” (Duke University Research in Education TR 8). Duke Univ. Press,
Durham, North Carolina.

Bunderson, C. V. (1975). Team production of learner-controlied courseware. In ‘‘Improving
Instructional Productivity in Higher Education’’ (S. A. Harrison and L. M. Stolurow,
eds.), pp. 91-111. Educational Technology, Englewood Cliffs, New Jersey.

Bunderson, C. V. (1977). ‘“A Rejoinder to the ETS Evaluation of TICCIT”’ (CTRC TR 22).
Brigham Young University, Provo, Utah.

Bunderson, C. V., and Faust, G. W. (1976). Programmed and computer-assisted instruction.
In *‘The Psychology of Teaching Methods’ (75th Yearbook of the National Society for
the Study of Education), Part I, pp. 44-90. Univ. of Chicago Press, Chicago, Illinois.




TRENDS IN COMPUTER-ASSISTED INSTRUCTION 227

Carr, B., and Goldstein, 1. P. (1977). ‘‘Overlays: A Theory of Modelling for Computer Aided
Instruction”” (MIT AI Memo 406; LOGO Memo 40). Artificial Intelligence Laboratory,
Massachusetts Institute of Technology, Cambridge.

Computer-based Education Research Laboratory (CERL) (1977). ‘‘Demonstration of the
PLATO 1V Computer-based Education System’’ [final (March) report]. University of
Illinois, Urbana.

CONDUIT (1977). ‘‘Computers in Undergraduate Teaching: 1977 CONDUIT State of the
Art Reports in Selected Disciplines.”” University of Iowa, Iowa City.

Cronbach, L. J., and Snow, R. E. (1977). ‘‘ Aptitudes and Instructional Methods.’’ Irvington,
New York.

Davis, R. B. (1974). What classroom role should the PLATO computer system play? In
“*AFIPS—Conference Proceedings,”’ Vol. 43, pp. 169—-173. AFIPS Press, Montvale, New
Jersey.

Dewey, J. (1966). ‘‘Democracy and Education.”’ Free Press, New York.

Dugdale, S., and Kibbey, D. (1977). ‘‘Elementary Mathematics with PLATO’’ (2nd ed.).
Computer-based Education Research Lab. (CERL), University of Illinois, Urbana.

Fletcher, J. D., and Atkinson, R. C. (1972). Evaluation of the Stanford CAI program in initial
reading. J. Educ. Psychol. 63, 597-602.

Fletcher, J. D., Adkins, K., and Hamilton, M. (1972). ‘‘Teacher’s Handbook for Reading,
Grades 3-6.”” Computer Curriculum, Palo Alto, California.

Goldberg, A., and Suppes, P. (1972). A computer-assisted instruction program for exercises
on finding axioms. Educ. Stud. Math. 4, 429-449.

Goldberg, A., and Suppes, P. (1976). Computer-assisted mstruction in elementary logic at
the university level. Educ. Stud. Math. 6, 447-474.

Goldstein, I. P. (1977). ““The Computer as Coach: An Athletic Paradigm for Intellectual
Education’” (MIT AI Memo 389). Artificial Intelligence Lab., Massachusetts Institute of
Technology, Cambridge.

Goldstein, I. P., and Papert, S. (1977). Artificial intelligence, language, and the study of knowl-
edge. Cogn. Sci. 1 (1), 84-123.

Hawkins, C. A., ed. (1977). “‘Computer Based Learning’’ (0.0.0. Mededeling 23, 4 parts).
Dept. of Research and Development of Higher Education, Rijksuniversteit, Utrecht, The
Netherlands.

Hunka, S. (1978). CAI: A primary source of instruction in Canada. T.H.E. J. (Technological
Horizons in Education) 5 (5), 56-58.

Hunter, B., Kastner, C. S., Rubin, M. L., and Seidel, R. J. (1975). ‘‘Learning Alternatives in
U.S. Education: Where Student and Computer Meet.”” HumRRO, Educational Technol-
ogy, Englewood Cliffs, New Jersey.

Jamison, D., Suppes, P., and Wells, S. (1974). The effectiveness of alternative instructional
media: A survey. Rev. Educ. Res. 44, 1-67.

Kimura, S. (1975). Development of CAI course generator for the National Institute for
Educational Research’s CAI system at Tokiwa Middle School. PGET 75 (83), 43-50.
Klatt, D. (1976). Structure of a phonological rule component for a synthesis-by-rule pro-

gram. IEEE Trans. ASSP 24, 391.

Laddaga, R., Leben, W. R., Levine, A., Sanders, W. R., and Suppes, P. (1978).
‘‘Computer-assisted Instruction in Initial Reading with Audio.’”’ Unpublished manuscript,
Institute for Mathematical Studies in the Social Sciences, Stanford University, Stanford,
Califormia.

Larsen, 1., Markosian, L. Z., and Suppes, P. (1978). Performance models of undergraduate
students on computer-assisted instruction in elementary logic. Instruc. Sci. 7, 15-35.
Laymon, R., and Lloyd, T. (1977). Computer-assisted instruction in logic: ENIGMA. Teach.

Philos. 2 (1), 15-28.



228 PATRICK SUPPES

Lecarme, O., and Lewis, R., eds. (1975). ‘‘Computers in Education.”’ IFIP, North-Holland,
Amsterdam.

Lekan, H. A., ed. (1971). ““Index to Computer Assisted Instruction’’ (3rd ed.). Harcourt,
New York.

Levien, R. E. (1972). ‘‘'The Emerging Technology: Instructional Uses of the Computer in
Higher Education.”’” McGraw-Hill, New York.

Levine, A., and Sanders, W. R. (1978). ‘“The MISS Speech Synthesis System’’ [TR 299
(Psych. and Educ. Ser.)]. Institute for Mathematical Studies in the Social Sciences, Stan-
ford University, Stanford, California.

Macken, E., and Suppes, P. (1976). Evaluation studies of CCC elementary-school cur-
riculums, 1971-1975. CCC Educ. Stud. 1,-1-37.

Makhoul, J. (1975). Linear prediction: A tutorial review. Proc. IEEE 63 (4), 561-580.

Markel, I. D., and Gray, A. H. (1976). ‘‘Linear Prediction of Speech.”’ Springer-Verlag,
Berlin and New York.

Partee, B., ed. (1976). ‘“Montague Grammar.”’ Academic Press, New York.

Poulsen, G., and Macken, E. (1978). ‘*“Evaluation Studies of CCC Elementary Curriculums,
1975-1977.”” Computer Curriculum, Palo Alto, California.

Russell, B. (1913). On the notion of cause. Proc. Aristot. Soc. 13, 1-26.

Sakamoto, T. (1977). The current state of educational technology in Japan. Educ. Technol.
Res. 1, 39-63.

Sanders, W. R., Benbassat, G. V., and Smith, R. L. (1976). Speech synthesis for com-
puter assisted instruction: The MISS system and its applications. SIGGUE Bull. 8 (1),
200-211.

Sanders, W., Levine, A., and Gramlich, C. (1978). The sensitivity of LPC synthesized
speech quality to the imposition of artificial pitch, duration, loudness and spectral con-
tours. J. Acoust. Soc. Am. 64, S1 (abstract).

Santos, S. M. dos, and Millan, M. R. (1975). A system for teaching programming by means
of a Brazilian minicomputer. In ‘‘Computers in Education’’ (O. Lecarme and R. Lewis,
eds.), pp. 211-216. IFIP, North-Holland, Amsterdam.

Schank, R. (1973). Identification of conceptualization underlying natural language. In
““Computer Models of Thought and Language’’ (R. C. Schank and K. M. Colby, eds.).
Freeman, San Francisco.

Schank, R. C. (1975). Using knowledge to understand. In “‘Proceedings of a Workshop on
Theoretical Issues in Natural Language Processing’’ (R. Schank and B. L. Nash-Webber,
eds.). Massachusetts Institute of Technology, Cambridge.

Schank, R., Goldman, N., Rieger, C., and Riesbeck, C. (1972). *‘Primitive Concepts Under-
lying Verbs of Thought’’ (AIM-162). Artificial Intelligence Lab., Stanford University, Stan-
ford, California.

Searle, B., Friend, J., and Suppes, P. (1976). ‘‘The Radio Mathematics Project: Nicaragua
1974-1975.” Institute for Mathematical Studies in the Social Sciences, Stanford Univer-
sity, Stanford, California.

Smith, R. L., Graves, W. H., Blaine, L. H., and Marinov, V. G. (1975). Computer-assisted
axiomatic mathematics: Informal rigor. In ‘‘Computers in Education” (O. Lecarme and
R. Lewis, eds.), pp. 803—809. IFIP, North-Holland, Amsterdam.

Smith, S. T., and Sherwood, B. A. (1976). Educational uses of the PLATO computer system.
Science 192, 344-352.

Stevens, A. L., and Collins, A. (1977). ‘“The Goal Structure of a Socratic Tutor’* (BBN Rep.
3518). Bolt, Beranek & Newman, Cambridge, Massachusetts.

Stevens, A. L., Collins, A., and Goldin, S. (1978). ‘‘Diagnosing Students Misconceptions in
Causal Models”’ (BBN Rep. 3786). Bolt, Beranek & Newman, Cambridge, Masachusetts.

Su, S. Y. W,, and Emam, A. E. (1975). Teaching software systems on a minicomputer: A



TRENDS IN COMPUTER-ASSISTED INSTRUCTION 229

CAI approach. In ‘‘Computers in Education’’ (O. Lecarme and R. Lewis, eds.), pp.
223-229. IFIP, North-Holland, Amsterdam.

Suppes, P. (1957). ‘‘Introduction to Logic.”” Van Nostrand, New York.

Suppes, P. (1960). ‘‘Axiomatic Set Theory.”” Van Nostrand, New York. (Slightly revised
edition published by Dover, New York, 1972.)

Suppes, P. (1975). Impact of computers on curriculum 1n the schools and universities. In
““Computers in Education”” (O. Lecarme and R. Lewis, eds.), pp. 173-179. IFIP, North-
Holland, Amsterdam.

Suppes, P. (1976). Elimination of quantifiers in the semantics of natural language by use of
extended relation algebras. Rev. Int. Philos. 117-118, 243-259.

Suppes, P. (1979). Variable-free semantics for negations with prosodic variation. In ‘‘Essays
in Honour of Jaakko Hintikka’’ (E. Sarinen, R. Hilpinen, I. Niiniluoto, and M. Provence
Hintikka, eds.), pp. 49-59. Reidel, Dordrecht, The Netherlands.

Suppes, P., and Macken, E. (1978). Steps toward a variable-free semantics of attributive
adjectives, possessives, and intensifying adverbs. In ‘‘Children’s Language’’ (K. Nelson,
ed.), Vol. 1, pp. 81-115. Gardner, New York.

Suppes, P., and Morningstar, M. (1972). ‘‘Computer-assisted Instruction at Stanford, 1966—
68: Data, Models, and Evaluation of the Arithmetic Programs.”” Academic Press, New
York.

Suppes, P., Jerman, J., and Brian, D. (1968). ‘‘Computer-assisted Instruction: Stanford’s
1965-66 Arithmetic Program.”’ Academic Press, New York.

Suppes, P., Fletcher, J. D., Zanotti, M., Lorton, P. V., Jr., and Searle, B. W. (1973).
‘‘Evaluation of Computer-assisted Instruction in Elementary Mathematics for Hearing-
impaired Students’” [TR 200 (Psych. and Educ. Ser.)]. Institute for Mathematical Studies
1n the Social Sciences, Stanford University, Stanford, California.

Suppes, P., Searle, B. W., Kanz, G., and Clinton, J. P. M. (1975). “‘Teacher’s Handbook for
Mathematics Strands, Grades 1-6’’ (rev. ed.). Computer Curriculum, Palo Alto, Califor-
nia.

Suppes, P., Smith, R., and Beard, M. (1977). University-level computer-assisted instruction
at Stanford: 1971-1975. Instruct. Sci. 6, 151-185.

Suppes, P., Macken, E., and Zanotti, M. (1978). The role of global psychological models in
instructional technology. In ‘‘Advances in Instructional Psychology’’ (R. Glaser, ed.),
Vol. 1, pp. 229-259. Erlbaum, Hillsdale, New Jersey.

Vinsonhaler, J., and Bass, R. (1972). A summary of ten major studies of CAI drill and
practice. Educ. Technol. 12, 29-32.

VOTRAX Audio Response System VS-6.0 Operators Manual (n.d.). Federal Screw Works,
Troy, Michigan.

Wang, A. C., ed. (1978). “‘Index to Computer Based Learning.’” Instructional Media Lab.,
University of Wisconsin, Milwaukee.

Weiss, D. J., ed. (1978). ‘‘Proceedings of the 1977 Computerized Adaptive Testing Confer-
ence.”’ Psychometric Methods Program, Dept. of Psychology, University of Minnesota,
Minneapolis.

Winograd, T. (1972). ‘‘Understanding Natural Language.”” Academic Press, New York.

Woods, W. (1970). Transition network grammars for natural language analysis. Commun.
Assoc. Comput. Mach. 13 (10), 591-606.

Woods, W. (1974). ‘‘Natural Language Communication with Computers’’ (BBN Rep. 1976),
Vol. 1. Bolt, Beranek & Newman, Cambridge, Massachusetts.

Wau, E-Shi (1978). ““‘Construction and Evaluation of a Computer-assisted Instruction Cur-
riculum in Spoken Mandarin’’ [TR 298 (Psych. and Educ. Ser.)]. Institute for Mathemati-
cal Studies in the Social Sciences, Stanford University, Stanford, California.

Yob, G. (1975). Hunt the Wumpus. Creat. Comput. Sept.—Oct., 51-54.





