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This project supported development and evaluation of computer-assisted instruction (CAI) for
hearing-impaired or “deaf” students to determine if CAI can significantly benefit deaf students,
if it can support serious rescarch in deaf cducation, and if it is cconomically practicable. More than
4,000 students from 15 schools for the deaf in five different states participated during the three-year
term of the project. Although students received CAI in algebra, logic, computer programming, and
basic English, the basic skill subjects of elementary-school mathematics and language arts were
emphasized by the project. Experimentation supported by the project ranged from practical evalua-
tien studies of the specific curriculums presented to general, theoretical studies of the use of language
by deaf students. Publications from the project are summarized and referenced.

The development and evaluation of computer-
assisted instruction (CAI) for hearing-impaired or
“deaf”” students was undertaken by the Institute
for Mathematical Studies in the Social Sciences
(IMSSS) at Stanford University, over a period of three
years, from July 1, 1970 to June 30, 1973. During this
period, more than 4,000 students from 15 schools
for the deaf in California, the District of Columbia,
Florida, Oklahoma, and Texas participated in the
project. General descriptions of this project were given
in progress reports by Suppes (1971), Fletcher et al.
(1973}, and Fletcher and Suppes (1973). Also, Cul-
bertson (1974) discussed the operation of the project
at the Texas School for the Deaf. The present paper
provides an overview of the project at its conclusion.
The goals of the project were to determine if CAI
could benefit deaf students, if it could support rele-
vant research in deaf education, and if a favorable
argument could be made for the economies of CAI.
Behind these goals was the general intent of initiating
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large-scale use of CAI by schools for the deaf. This pa-
per reviews the project with respect to these goals.

THE STANFORD CAI SYSTEM

The central processor for the Institute’s computer
system is a Digital Equipment Corporation PDP-10.
IJn addition to 256K of core memory, short-term
storage of programs and student information is pro-
vided by sixteen 180,000,000-bit disk modules; long-
term storage of student response data is provided
by magnetic tape. Communication with remote stu-
dent terminals in participating schools is provided
by private telephone lines. High-speed data trans-
mission (generally 2400 or 4800 baud) and time-divi-
sion multiplexing are used to communicate with clus-
ters of 16 or more student terminals. Of the more than
180 terminals connected to the Institute system in
1972-73, about 90 terminals could be used simul-
taneously with no appreciable detriment to the system’s
speed of response. Any curriculum could be run at
any time on any student terminal.

Figure 1 shows a map of the United States on which
superimposed lines indicate the network operating

in 1972-73. ]
As can be seen, high-speed data transmission to Austin,

Texas, and Washington, D.C. was used to distribute
programs in the southwest and on the east coast.
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Figure 1. IMSSS National Network, 1972 - 73.

Also shown is a direct line to New Mexico, which sup-
ported a similar installation at Isleta Pueblo, an In-
dian reservation approximately 20 miles from Albu-
querque, New Mexico.

The student terminals were Model 33 Teletype-
writers which communicated with the central computer
system at a rate of about 10 characters per second.
In a typical school, one room containing 8 to 15 stu-
dent terminals was assigned for CAI. Ordinarily
one person was chosen by the school as the CAI ter-
minal proctor; this same person was in charge of the
equipment and the supervision of students in the
terminal room.

All CAI curriculums developed by IMSSS were avail-
able to students in the participating schools for the
deaf. Some of these curriculums, such as reading
(Grades K-3), French, and Russian, were inappro-
priate because they required audio; however, most
IMSSS curriculums, even those not specifically de-
signed for hearing-impaired students, were used suc-
cessfully by the participating schools. The following
CAI curriculums were used: elementary-school math-
ematics strands, arithmetic word problem solving,

Austin
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Dallas
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Houston

language arts for the deaf, algebra, basic English,
computer programming in AID, computer program-
ming in BASIC, and mathematical logic. Addition-
ally, several games such as hangman, poster, pico-
Fermi-bagels, spelling, and Spanish were used by the
students. The number of the students enrolled in each
curriculum along with the total number of students
enrolled on the Stanford CAI system during the two
school years, 1971-1972 and 1972-1973, are shown
in Table 1. The totals are smaller than the sum of stu-
dents over all the curriculums because many students
worked on more than one curriculum.

CURRICULUM DEVELOPMENT

Despite the range of IMSSS curriculums used by
students participating in the project, the basic skill
subjects of elementary mathematics and language
arts were emphasized. Surveys of CAI evaluation
literature have indicated that the most promising
applications of CAI are in basic school subjects (e.g.,
Jamison, Suppes, and Wells, 1974}, and the intention

|
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Table 1. Institute CAI Curriculums Used by Participating
Schools for the Deaf, 1971 - 73.

Curriculum Number of Students
1971-72  1972-73
Elementary Mathematics (Strands) 2146 1793
Arithmetic Word Problem Solving 107 520
Language Arts 1071 1058
Algebra 83 —
Basic English 165 64
Computer Programming in AID 93 34
Computer Programming in BASIC 124 =
Logic 216 77
Total Students 2279 2113

of the project was to emphasize what could be done
well.

Elementary Mathematics (Strands). The elementary
mathematics curriculum has a developmental history
extending back to 1963 (Suppes, 1972, and Suppes
and Morningstar, 1970). The objectives of the cur-
riculum are 1) to provide supplementary individualized
instruction in elementary mathematics at a level
of difficulty appropriate to each student’s level of a-
chievement, 2) to allow acceleration in any concept
area in which a student demonstrates proficiency and
repeated drill in areas of deficiency, and 3) to provide
a daily profile report of each student’s progress through
the curriculum. The curriculum uses a ‘‘strands’”
approach. A strand is a series of problems of the same
operational type arranged sequentially in equivalence
classes according to their relative difficulty. The 14
strands in the program and the grade levels spanned
by each strand are presented in Table 2.

A student in the strands program works on fewer
than 14 strands; the actual number depends on his
grade level and performance. The strands approach
provides a high degree of individualization because
each student’s lesson is prepared for him daily by
the computer, the lessons are presented as mixed
drills at a level of difficulty in each strand determined
by the student’s prior performance, and the student
moves up each strand at his own pace. Because of the
nature of the curriculum material, few modifications
were needed to adapt this curriculum for use by deaf
students. More documentation of this curriculum

was presented by Suppes (1971).

Arithmetic Word Problem Solving. This course gives
students experience in solving arithmetic word prob-
lems. The course emphasizes methods of solution:
the student constructs a well-informed algebraic ex-
pression, and the computer carries out the actual com-
putation. The student learns a few simple commands
and uses them in a responsive dialogue with the in-
structional program to specify which computations
are to be carried out. The student is free to experiment
with the computer calculator made available to him,
and he may choose any combination of steps to produce
an answer. The program permits this freedom by stor-
ing a solution string for each problem and calculating
the correct answer from the variables generated
for the problem presentation by applying them to the
solution string. The student’s answer is evaluated
only when he instructs the computer to do so. The text
of the word problems is stored by the computer,
and the numbers used in each problem are randomly
generated for each presentation. Although all students
see the same problem statement, each student receives
a unique set of numbers from which he must construct
an answer. Thus, dimensions of problem difficulty
can be investigated independently of the numbers
used in computing solutions. The only change in this
curriculum in preparing it for use by hearing-impaired
students involved editing the English text problem

Table 2. Grade Level Spanned by Each Strand in the
Elementary Mathematics Program.

Content Grade Level
Number Concepts 1.0-7.9
Horizontal Addition 1.0-3.9
Horizontal Subtraction 1.0-3.4
Vertical Addition 1.0-5.9
Vertical Subtraction 1.6-5.9
Equations 1.5-7.9
Measurement 1.5-7.9
Horizontal Multiplication 2.6-6.4
Laws of Arithmetic 3.0-7.9
Vertical Multiplication 3.5-7.9
Division 3.5-7.9
Fractions 3.5-7.9
Decimals 4.0-7.9
Negative Numbers 6.0-7.9
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statements to accord with the third-grade vocabulary
list prepared for the language arts course. This list
was generated by compiling the words common to
the third-grade vocabulary lists of four widely used
basal readers, and is documented in full as an appendix
to the language arts curriculum report by Fletcher and
Beard (1973).

Language Arts. The major curriculum development
for the project concerned the language arts course.
This effort seemed clearly justified by the particular
problems of deaf students with English. The language
arts course was designed to stress the structure of Eng-
lish, with particular emphasis on the roles of syntax
and inflection and on the meaning of function words.
An inductive rather than a deductive strategy was used.
The course does not explicitly state ‘rutes’ of English
usage; rather it presents items illustrating aspects of
standard English usage singly and in combination.
Incidental learning of basic sentence patterns is en-
hanced by presenting curriculum items in complete
sentences. Fewer than one-tenth of the exercises
present the student with single words or isolated
phrases. Incidental learning is also enhanced by re-
quiring many constructed rather than multiple-choice
responses. There are four general course objectives:
students are to: 1) recognize specified grammatical
categories, 2) recognize and supply various forms of
given grammatical structures, 3) select appropriate
grammatical units to complete a specified structure,
and 4) perform specified transformations on grammat-
ical structures.

The curriculum is divided into 218 lessons of 20-30
exercises, Separate topics are presented in separate
lessons and often there is a sequence of lessons on a
single topic. The lessons are ordered to provide a cumu-
lative basis of concepts building upon one another.
Several lessons review topics presented in preceding
lessons. The course was described in detail by Fletcher
and Beard (1973) and by Fletcher et al. (1973).

Another developmental effort in the project con-
cerned the language arts test. As Fletcher and Beard
pointed out, over 19 relevant tests commonly used
in schools and classes for the deaf were examined
and rejected before it was decided to develop a set of
tests for evaluating the language arts curriculum.
It was beyond the scope of the project to develop
a broadly applicable language test, although there was
an obvious need for such a test. Instead, a criterion
test was developed to measure only the objectives
of the language arts curriculum. The test items were
modeled on the items in the course, but the test was

written for paper-and-pencil administration so it
could be given to students who had no experience
with CAL

In summary, the only major curriculum develop-
ment effort undertaken for the project concerned
the language arts curriculum. All other curriculums
(principally, mathematics strands, arithmetic word
problem solving, algebra, English, AID programming,
BASIC programming, and logic) were either used as
they were or were modified only to simplify the vocab-
ulary.

EVALUATION EXPERIMENTS

Several detailed studies were undertaken to measure
the achievement of students using the CAI curriculum.
Three of these studies are summarized here. The first
and second studies were concerned with the elementary
mathematics curriculum; the third study was con-
cerned with the language arts curriculum,

Elementary mathematics evaluation: Experiment I.
This evaluation experiment estimated the effect of
varying numbers of mathematics strands sessions on
arithmetic computation grade placement (GP) which
was measured by the strands curriculum and by an
on-line, computer-administered version of the Stanford
Achievement Test (SAT) Arithmetic Computation
subscale. This on-line version of the SAT was called
the Modified SAT or MSAT. Construction and ad-
ministration of the MSAT are described in detail
by Suppes et al. (1973). Each student was allowed
to take only a specified number of mathematics sessions
at the terminal. All excess sign-ons were automatically
switched to language arts lessons.

Three hundred eighty-five students from among
those who were taking both CAI mathematics strands
and CAI language arts, whose average GP on strands
was between 2.4 and 5.9, and who had taken at least
15 mathematics strands sessions, began the experi-
ment. The students selected were assigned at random
to five experimental groups that differed in the max-
imum number of mathematics strands sessions they
were permitted during the experimental period of
approximately 70 school days. Treatment groups were
assigned 10, 30, 70, 100, and 130 sessions.

Session limits were imposed on a calendar basis so
that students with low numbers of sessions received
them distributed throughout the experimental period.
A participating student had no control over whether
he received a mathematics strands or language arts
lesson. Whether he signed on for mathematics strands
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or language arts, a student was given a mathematics
strands lesson if he was eligible for one. Otherwise,
he received a language arts lesson.

Five models were tested to study the relationship
between the two independent variables of pretreat-
ment scores and the number of mathematics strands
sessions on the one hand and the dependent variable
of posttreatment scores on the other. A linear regres-
sion model in the two independent variables, a linear
regression model with an interaction term for the two
independent variables, a multiplicative Cobb-Douglas
model of econometric type, a log-quadratic model
in the two independent variables, and an exponential
model in the two independent variables were all tested.

Parameters for the five models were generated twice,
once using mathematics strands average GP as pre-
treatment and posttreatment achievement measures
and once using MSAT GP scores. Suppes et al con-
cluded that a simple linear model without an inter-
action term gives as good an account as any of post-
treatment GP distribution measured either by the
mathematics strands curriculum or by the MSAT.
Assuming 120 mathematics strands sessions of 6 to
10 minutes per school year, or 2 sessions every 3 school
days, it was possible to project from the linear model
an improvement in strands average GP of 1.48 and an
improvement in MSAT GP of 1.01. That is to say,
if a student from this population takes about one math-
ematics strands session per day for at least two-thirds
of a school year, a GP improvement of 1.0 to 1.5 years
, can be expected, depending on how it is measured.
This improvement can be compared with an expected
GP increase over a school year of 0.3 to 0.4 in the SAT
computation subtest for hearing-impaired students
receiving ordinary instruction (Gentile & Di Francesca,
1969).

Data presented by Suppes et al. (1973) further show
that strands average GP underestimated both GP mea-
sured by paper-and-pencil administrations of the
SAT and GP measured by the MSAT and, in turn,
that GP measured by the MSAT underestimated GP
measured by paper-and-pencil administration of the
SAT.

Elementary mathematics evaluation: Experiment
1. This experiment was reported by Suppes, Fletcher,
and Zanotti (1976) and was designed to investigate
the utility of predictive-control integrated within CAI.
A performance goal, defined in terms of GP, for prog-
ress over a predetermined time period was set for each
of 297 subjects chosen from the entire population

of students who were enrolled in three participating
residential schools for the deaf in California, Texas,
and Florida. Each subject was then assigned to one,
two, or three daily CAI sessions for each of six two-
week periods depending on his progress toward his
goal. Each subject was represented by a ‘‘trajectory”
model of the following form:

E(GP)=a;+b;8;¢, 0<cLl

where GP; is the grade placement of student i, §;
is the number of sessions taken by student £, a; and
b; are unique parameters of the model calculated
for student i.

Two forms of this model were used:

EGPY=a;+ b;SE [1]

E(GP;)=a;+ b;In(S)). 2]

At the end of the experiment, the standard errors
of estimate for 90 percent of the subjects ranged from
0.013 to 0.114 years in GP for [1] and from 0.016 to
0.131 years in GP for [2]. In other words, it was demon-
strated that fairly precise (to the nearest fifth of a
grade-year placement in the worse cases) predictive-
control is possible for this population of students using
CAL

Although the intensity of treatment—amount of
CAlI time—given a student may be highly and, under
CAl, precisely individualized, the goal set for him can
be unreasonable if it is not also tailored to a model
of his progress. Suppes et al. (1976) emphasized that
their approach permits individualization of instruc-
tion both in the amount of instruction required and
in the goal set for each student.

Language arts evaluation. This experiment, reported
by Fletcher and Beard (1973), was analogous to the first
mathematics strands evaluation experiment. Each
student was allowed to take only a specified number
of language arts sessions. All excess sign-ons were
automatically switched to mathematics strands ses-
sions.

Two hundred thirty studenmts from among those
who were taking both CAI mathematics strands
and CAI language arts in 1972-73 were selected for the
experiment, and were assigned at random to one of
five experimental groups that differed in the maximum
number of 10-minute language arts sessions they were
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permitted. Students assigned to groups 1, 2, 3, 4,
and S were permitted 20, 45, 70, 95, and 120 sessions,
respectively. The subjects were selected from students
in California, Oklahoma, and Texas. Random assign-
ment of these subjects to the five treatment groups
was stratified so that roughly the same number of stu-
dents from each school could be assigned to each of
the treatment groups.

The assistance of teachers and proctors was sought
to help students achieve the number of language
arts sessions they were assigned. Teachers were urged
not to give compensatory off-line work to those students
assigned to low numbers of on-line sessions, and,
in general, not to alter the classroom work of any
student because of his participation in the experiment.

Fletcher and Beard reported that complete data
were obtained for 197 subjects. However, 46 of these
subjects had received 100 or more sessions in 1971-72
and these subjects were removed from the experiment
prior to any data analyses which were then performed
on the 151 remaining subjects. In the analysis of vari-
ance there were 33, 27, 26, 33, and 32 subjects in treat-
ment groups 1, 2, 3, 4, and S5, respectively. Students
in groups 1, 2, 3, 4, and 5 received an average of 22,
46, 69, 88, and 106 sessions, respectively. These aver-
ages were lower than expected for groups 3, 4, and S,
but the treatment groups appeared sufficiently distinct
to proceed with analysis of variance. The F-ratio
for this analysis was not statistically significant, indi-
cating that the range of sessions considered did not
have a significant effect on posttest scores. The paper-
and-pencil language arts test developed by the project
appeared to be reliable and fairly valid. The correla-
tion between pretest and posttest scores on the test
was .910 with an F-ratio for significance of regression
beyond p < .01, and the correlation between posttest
scores and number of lessons completed was .645
with an F-ratio for significance of regression beyond
p < .01

Fletcher and Beard concluded that the course is
of significant value to students whose ratio of lessons
completed to sessions taken is high but of much less
value to students whose ratio of lessons completed
to sessions taken is low. The relationship between ses-
sions taken and posttest scores was concluded to be
more complex than anticipated.

RESEARCH IN DEAF EDUCATION

A wide variety of research in deaf education was

naturally engendered by this project. Efforts in the fol-
lowing six areas are summarized here: arithmetic
skills of deaf and hearing students; structural variables
in arithmetic word problems; use of English by deaf
students; test development; economics and technology
of CAI; and surveys of cognitive skills of the deaf.

Arithmetic Skills of Deaf and Hearing Students

Most results from evaluation experiments reported
here and elsewhere are analyzed using linear regression
models. These models are adequate for many applica-
tions; but, however accurately they predict response
probabilities, they do not postulate specific algorith-
mic processes that students use in solving problems.
Automaton models are natural theoretical tools for
describing algorithmic processes, but they do not re-.
flect obvious commonalities that exist among the al-
gorithmic tasks of arithmetic that students are asked
to solve. For these reasons, Suppes (in preparation,
but also discussed by Suppes, 1974) used register
machine models to compare the performances of deaf
and hearing students on elementary-school mathe-
matics CAI. These models permitted comparisons
of the specific algorithmic processes that the students
used to solve problems.

The basic data for this work were the mean percen-
tages correct for each equivalence class in the strands
curriculum. It should be noted that before a student
can reach a given equivalence class in a given strand,
he must master the previous equivalence class leading
up to it independent of such external factors as grade
in school, chronological age, hearing loss, and minority
group status. In a genuine sense, the strands perform-
ance data provide a very broad basis for comparing
different groups of students with common preparation
and prior performance.

Two major conclusions were drawn from this work.
The first was that objective features of the curriculum,
for example, whether a vertical addition problem has
a carry or not, dominated the ease or difficulty of ex-
ercises in much the same way for both deaf and normal-
hearing children. This finding leads to the second
conclusion, which was more surprising than the first:
the performance of the deaf children was almost al-
ways slightly better than that of the normal-hearing
children. More exactly, of the 781 equivalence classes,
summing across all grades and strands for which there
were data, the mean percentage correct of the deaf
students was higher than that of the normal-hearing
students for 673 equivalence classes, and it was the
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same (to two decimals) for 22 equivalence classes.
These data support the thesis that the cognitive per-
formance of deaf children is as good as that of normal-
hearing children, when the cognitive task does not
directly involve verbal skills. From an educational
standpoint, the data suggest that with proper organi-
zation of teaching effort, we should be able to obtain
results in arithmetic that are as good for deaf children
as for average normal-hearing children.

Structural variables in arithmetic word problems

The long-range purpose of this work was to achieve
optimization of learning rates in the context of indi-
vidual differences. Only one aspect of this work will
be discussed here, namely, the identification of appro-
priate dimensions of word problem difficulty reported
by Searle, Lorton, and Suppes (1974).

Considering group data only and letting p; be the
observed proportion of correct responses on problem
i for a population of students, a simple linear model of
the form,

=

I M =

ajxij+ ao,

J=1

can predict proportions of correct responses to new
problems from the aj weightings already estimated
for the entire student population and assigned to the
k dimensions of problem difficulty. These models
were used in the following steps:

Step 1. A pilot study was conducted using a set
of 65 problems. These problems were presented to
the students at a terminal, using response formats
somewhat different from those of the problem solving
course, but with the same constraints; that is, the com-
puter carried out the calculations.

Step 2. The results of this study were examined
and a set of variables thought to relate to problem
difficulty were defined. A stepwise multiple regression
analysis was used to determine the contribution
of each of these variables to the multiple regression
coefficient. Five variables were found to account for
60 percent of the variability, and the contribution
of each remaining variable was less than 1 percent.
These five variables were: the minimum number
of arithmetic operations required for solution, whether
the solution required conversion of units with the unit
of conversion absent from the problem statement, num-
ber of words in the problem statement, whether the

solution required a division, and whether the problem
contained a verbal clue for an operation.

Step 3. A set of problems was written, edited, and
coded using the five variables identified in the pilot
study.

Step 4. A multiple regression analysis was carried
out on the pilot study data, using only these five vari-
ables. The regression coefficients obtained were used
to predict the probability correct for the 700 problems
written for the main curriculum, and the problems
were ordered according to predicted probability cor-
rect.

Step 5. Performance data were used to repeat the
entire process of identifying variables that contribute
to the multiple regression coefficient, predicting prob-
abilities of correct answers, and arranging the problems
in order of increasing difficulty. This analysis was per-
formed for deaf and hearing students separately in
order to compare the separate orderings of problems
and weightings of the dimensions of difficulty.

Searle et al. were able to account for 72 percent
of the variance in observed proportions of correct an-
swers to the arithmetic word problems worked by their
subjects. They concluded that it is possible to account
for a substantial portion of variability in student
responses to arithmetic word problems using inde-
pendent variables that describe structural features
of the problems. However, both the predicted propor-
tions of correct answers and the expected amount con-
tributed to problem difficulty by each independent
variable lacked precision. For this reason, they also
concluded that their results were situation dependent,

Comparisons of performance by deaf and disadvan-
taged hearing students showed that both groups
found the same problems easy or hard. There was a
significant correlation between the rank-order of prob-
lems for the two groups (Kendall’s rho = 511, p <
.001), and Searle et al. concluded that the different
handicaps characterizing the two groups of subjects
did not produce different performance on the word
problems. More study is evidently needed before
predictions of word problem difficulty will become
sufficiently precise to achieve learning rate optimiza-
tion, but it is apparent that populations of deaf stu-
dents may be as amenable to whatever techniques
are developed as any other student population.




J.D. FLETCHER AND PATRICK SUPPES

Use of English by Deaf Students

There were three aspects of this work: collection
and analysis of a corpus of writing samples, study of
the manual qalphabet, and study of prelingually deaf
adolescents as non-native users of English.

One step in examining the language of hearing-
impaired students was the collection and analysis
of a corpus of writing samples reported by Fletcher
et al. (1973). An intensive analysis of a small sample
of the written language of deaf students obtained
from students in Washington, D.C. and in California
was undertaken. This corpus was edited and divided
into 1,311 sentences. Informally, these sentences
were analogous to the complete thoughts of classical
grammar. Nearly all of the sentences in the writing
samples were terminated by conventional punctuation
so the original corpus was modified very little. This
corpus was analyzed with respect to sentence length,
vocabulary, and the grammar of its noun phrases.

Fletcher et al. reported an average sentence length
of about nine words in the SAMPLE corpus. An in-
teresting theoretical issue was how to account for
the distribution of utterance lengths with a formal
model of utterance generation. Three theoretical
distributions investigated were the geometric, the Pois-
son, and the negative binomial. Of these, the negative
binomial provided the best fit of the data. There were
11,697 words (tokens) in SAMPLE, but only 1,898
different words (types). Fletcher et al listed the 100
most frequently occurring words and the grammatical
categories appropriate for all entries in the SAMPLE
lexicon. Noun-phrases predominated the utterances
in SAMPLE and a probabilistic grammar was construc-
ted for the 2,366 noun-phrases in the corpus.

Perceptual confusions in learning and perceiving
letters of the manual alphabet were studied by Weyer
(1973). Letters of the manual alphabet were displayed
as characters on a computer-graphics terminal, and
perceptual confusions among these characters were
investigated by close examination of the response
profiles recorded for subjects learning to ‘‘read”
the manual alphabet and by multidimensional scaling
techniques applied to perceptual confusions that arose
when the letters of the manual alphabet were rapidly
displayed.

Weyer reported major clusters of perceptually con-
fused characters in the manual alphabet. The largest
cluster (A, N, §, T) was composed of letters that in-
volve a fist and that differ from one another in thumb
position only. Other letters represented by folded

fingers (E, M, O) composed an adjacent cluster. Let-
ters in the next cluster (B, F, U) were distinguished
by the number of vertical fingers—4, 3, 2, respec-
tively—displayed. Minor confusion clusters composed
of (K, V), (V, W), R D, X, Z), (G, H), (I, J), and (P,
Q) were also reported. There were practically no con-
fusions involving C, L, and Y. Weyer’s study repre-
sented the first application of multiple dimensional
scaling to the manual alphabet.

One explanation for the difficulties that deaf stu-
dents experience with standard English is that they
learn English as a second language and that American
Sign Language (ASL) is their native language. This
explanation has occurred recently in the literature
of deaf education as a speculation, but systematic,
empirical studies of this explanation were lacking.
Pursuant to this regard, the Test of English as a For-
eign Language (TOEFL) published by Educational
Testing Service (1970) was administered to 13 pre-
lingually deaf children of hearing parents (HP) and to
13 prelingually deaf children of deaf parents (DP).
The hearing parents were not fluent in ASL and used
signs less often in communicating with their children
than did the deaf parents. The two groups of children
were matched for age, 1Q, and hearing loss. The
TOEFL scores of the HP and DP subjects were com-
pared with each other and with the scores of the for-
eign student population used to standardize the TO-
EFL. Scores achieved by the HP and DP subjects
on the Paragraph Meaning and Language subtests
of the SAT were also compared.

Charrow and Fletcher (1974) reported statistically
superior performance by DP subjects on three of
the four TOEFL subtests (HP and DP subjects’ scores
on the Reading Comprehension subtest did not dif-
fer significantly), on total TOEFL scores, and on
the Paragraph Meaning and Language SAT sub-
tests. Parentage (whether the subjects had deaf or
hearing parents) accounted for 53 percent of the
variance in total TOEFL score and the indicated
importance of parentage was corroborated by step-
wise multiple regression. Item-by-item comparisons
within the TOEFL subtests for number of responses
to the correct answer and to the most likely wrong an-
swer made by a standardization group of hearing, for-
eign students were undertaken. These comparisons
showed the TOEFL performance of DP subjects to
be more like that of the standardization group than
was the TOEFL performance of HP subjects. Charrow
and Fletcher concluded that deaf students may learn
English as a second language, that early experience
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with ASL benefits the development of language abil-
ity, but that more sensitive measures must be devised
to provide more conclusive results.

Test Development

Two tests were developed specifically for this pro-
ject: the computer-administered MSAT, and a lan-
guage arts test (LAT). Construction and validation
of the MSAT were discussed by Suppes et al. (1973),
and construction and validation of the LAT were
discussed by Fletcher and Beard (1973). These prac-
tical developments evolved naturally into some theoret-
ical work on test development. Of particular interest
was the development of computerized, adaptive, or
tailored testing in which the specific items admini-
stered and even the length of the test are determined
interactively in response to the subjects’ answers to
earlier items on the test. _

Jensema (1973) studied a simple method for esti-
mating parameters for the Birnbaum three-para-
meter logistic mental-test model. The accuracy of the
method was investigated using Monte-Carlo data,
and data from six vocabulary tests were then used
to demonstrate the usefulness of the method in pre-
screening items. Jensema also used Monte-Carlo
data and four different item banks to study termination
of Bayesian tailored testing by two different methods:
according to the number of items administered and
according to the magnitude of the standard error
of estimate. The estimate of ability obtained through
tailoring was compared with the known ability of each
Monte-Carlo ‘“examinee’” as each standard-error-of-
estimate level was reached and as each item was ad-
ministered.

Jensema showed that estimation of guessing para-
meters for Birnbaum’s three-parameter model must be
improved before tailored testing techniques with mul-
tiple-choice items can become generally useful. The
Monte-Carlo data demonstrated that estimation of
item difficulty by the method discussed is accurate,
but that estimation of item discrimination can be
relied on only for items within the medium range of
difficulty. Jensema concluded that the method dis-
cussed should be used with caution and must be view-
ed not as a replacement for maximum-likelihood
estimation, but as a convenient technique for econom-
ically prescreening items. .

Jensema (1974) showed that the standard error of
estimate was a good index of reliability regardless

of the characteristics of the items presented. He con-
cluded that, generally, Bayesian tailored testing is
best terminated by reaching a criterion value for the
standard etror of estimate. However, if all the items
presented have approximately equal discrimination
and guessing parameters, the number of items that
must be administered to achieve a given level of relia-
bility can be estimated prior to test administration.

Economics and Technology of CAI

The study of the economics and technology of the
CAI network maintained for schools that participated
in the project was discussed by Ball and Jamison (1973)
who emphasized that the decision of whether to pro-
vide CAI and how much CAI to provide depends not
only on cost per session but on two other crucial
factors as well. First is the performance of CAI in
raising student achievement. Second is the issue of
priorities—what must be given up in order to have
CAI Ball and Jamison focused on this second issue.

The basic cost assumption was that for $300 per
month, a teletypewriter terminal can be maintained
in a typical] school. This cost included amortization
of capital costs, use of the central computer system,
communications, proctoring, and supplies. It did
not include expenditures for classroom space. A fur-
ther assumption was that for 20 days per month,
an average of 25 student sessions per day are given
at each student terminal. Thus, 500 sessions per
terminal per month were assumed to cost $300, or $.60
per session. It should be noted that the number of
sessions per terminal per day obtained by different
schools varies widely, and with effective scheduling
it is feasible to obtain many more than 25 sessions
per terminal per day. Many schools for the deaf ob-
tained utilization rates in the range of 35-40 sessions
per terminal per day, suggesting the possibility of sub-
stantially lower costs per session than $.60. Also,
a 6-hour school day was assumed; the residential
schools for the deaf used their terminals 8-10 hours
per day, further increasing the number of sessions
per terminal per day and further decreasing the cost
per session.

Ball and Jamison concluded that substantial a-
mounts of CAI are feasible with only minor increases
in student-to-staff ratios. The school adminstrator
must determine the cross-over that results from the
increasing achievement due to CAI that is counter-
balanced by the decreasing achievement due to larger
student-to-staff ratios. Ball and Jamison demonstrated
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the economic viability of a satellite-based CAI com-
munications network for dispersed populations. Four
implementation alternatives were considered: 1)
operational utilization of the IMSSS facility at Stan-
ford with administrative and operational responsi-
bilities borne by Stanford personnel, 2) operational
utilization of the IMSSS facility with administrative
and operational responsibilities borne by a school

serving the deaf community, 3) implementation
of curriculums developed under the IMSSS project
on small stand-alone computer systems located at
school sites, and 4) establishment of a large CAI
center for the deaf that would run S00-1500 student
terminals simultaneously. The first alternative would
provide a direct extension of the IMSSS setvices
and would minimize implementation problems. The

second alternative would provide for gradual but
explicit transfer of expertise and control from the
initiators of a research development to its intended
users. Per-terminal costs under the third alternative
would be two-thirds to three-fourths the costs under
the first two alternatives due to reduced communica-
tion and multiplexing costs, but the range of curricu-
lums offered would be more limited and curriculum
revision would be more difficult. The fourth alternative
would provide a wide range of curriculum material and
would take advantage of new and revised curriculums
as they became available, but it would require nation-
wide communications and solution of substantial
administrative difficulties to implement. Assuming
satellite communications, Ball and Jamison showed
that per-terminal costs of the fourth alternative would
fall somewhere between those of the second and third
alternatives. Ball and Jamison indicated that there
are no absolute rules for choosing among these alter-
natives, that the alternatives are not mutually exclusive,
and that choices must be made relative to trade-offs
that were explicated in their paper.

It should be emphasized that the economics and
technology of providing CAI were studied as an integral
part of the project and not as an afterthought. Those
who worked on the project, as well as representatives
of the granting agency, felt that investigations of edu-
cational technology are too often concerned solely
with the effects of the technology and not with the ad-
ministrative aspects of implementing it. On the other
hand, those who have investigated cost and effective-
ness of education have too often limited their studies
to traditional forms of educational inputs (e.g., Cole-
man, et al, 1966). As Jamison, et al. (1971) pointed
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out, the pessimistic conclusions of these studies may

be obviated by the economics and effectiveness of
nontraditional school inputs such as CAI Clearly,

more investigations are needed, and no study of an

educational innovation should be viewed as complete
without some discussion of the administrative aspects

of implementing it.

Surveys of the Cognitive Skills of the Deaf

Three extensive surveys of the cognitive literature
on deafness were completed as an essential adjunct
to the project. Suppes (1974) surveyed the cognition
of blind, deaf, and educable mentally retarded children
in three areas: language and language development,
concept formation and abstraction, and elementary
mathematical skills. Bonvillian and Charrow (1972)
reviewed the psycholinguistic implications of deafness
with particular emphasis on language acquisition and
the use of sign language by the deaf. The Bonvillian
and Charrow review was considerably expanded by
Bonvillian, Charrow, and Nelson (1973) to include
careful review of educational achievements of the deaf
and available educational programs for the deaf
with particular emphasis on the relative effectiveness
of oral and manual communication techniques.

Suppes (1974) drew three broad conclusions from
his survey of research on cognition in deaf children.
First, language problems are central to the education
of handicapped children, but much remains to be
learned about the source of their difficulties and about
how they may be met. Second, the excellent method-

ology developed for the learning of discriminations
and of simple associations by the handicapped needs
to be extended to more complex tasks. Third, more
attention needs to be given to estimating the magni-
tudes of the effects that result from various training
procedures and less attention to establishing statisti-
cally significant differences among training procedures.

Bonvillian, Charrow, and Nelson (1973) concluded
that, first, the deaf are not deficient in intellectual
competence, their weaker skills in English and lower
educational achievement require other explanations;
second, despite deficiencies in processing English,
many deaf persons communicate effectively in sign
language; and third, similar linguistic abilities underlie
effective use of sign language and spoken language.
Bonvillian et al. strongly recommend increased use
of sign language in educating the deaf.
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CONCLUSIONS

It seems reasonable to conclude that CAI can be
used successfully by deaf students. We did not set
out to apply CAI to all of deaf education; we attempted
only what we thought could be done well. Curriculum
wotk was concentrated on the skill subjects of mathe-
matics and language arts, and within these subjects
we emphasized aspects that were most amenable to
computer presentation. Under these contraints we
achieved favorable results. Certainly, the gains in
mathematics computation ability that were two to three
times what is expected from classroom instruction
and the precision with which grade placement increases
could be predicted as a function of CAI sessions
are notable.

We also conclude that CAI provides a substantial
foundation for research on the problems and processes
of deaf education. The range of research undertaken
by this project barely represents the diversity of inquiry
that can be supported by CAl. The unobtrusive and
precise control over experimental conditions made
possible by computer presentations as wcll as the ac-
curacy and speed of computer arithmetic and data
retrieval permit a wide spectrum of experimental
possibilities that we have only begun to explore.

The major drawback of CAI is its cost. Computers
require a sizable commitment of funds both for ac-
quiring capital equipment and for maintaining opera-
tions. Fortunately, the steady increase in the quality
of available CAI is matched by a steady decrease
in its costs. In the mid-1960’s, when CAI first became
available, it cost about $40 per student contact hour.
Currently, CAI offered by the IMSSS system costs
from $1.50 to $2.50 per student contact hour, de-
pending on communication expenses, For the immedi-
ate future we can expect continued decreases in the
costs and continued increases in the quality of CAI

The proof of this project is in its impact on deaf
education. Specifically, the willingness of the partici-
pating schools to support CAI from their own funding
sources is the ultimate test of the project’s impact.
Thirteen of the I3 schools that participated in this
project committed funds to continuing their CAI
activity in 1973-74. Two schools that received no CAl
from this project were added. We expect the growth
of CAl in schools for the deaf to continue,

We emphasize that all work under this project
properly represents beginnings. There is no recommen-
dation we support with more enthusiasm than the
recommendation that our work be taken up and
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continued. The accomplishments of this project
are not end results, and it would be a disappointment
if they were considered final.
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