











































































































internal sequence of a reading curriculum. We believe there are many
direct appiicational inferences that , moreover, are enipirically testé.ble.
First, the VCG provides a new and explicit ﬁay of classifying the initiasl
vocabulary of reading according to conscnant-vowel-consonant sequenceé
in the‘vocabulary (i.é., one can-classify the-words accordiﬁg to the
number of VOG'e, the structure and position of consonant clusters within
the VOG and the type of phonotactic constraints evidenced in the VCG's).
Although consonant-vowel pattern classifiecation schemes are far from
novel in reading pedagogy (Bloomfield and Bernhart, 1959), our hypothesis
about the learning difficulties of a given pattern provides a way of
ordering the materials along a continuum cof relative learning efficiency.
Perhaps an example treating a within—pattern‘analysis.will

illustrate our point. The ubiquitous consonant-vowel-consonant (CVC)

- pattern dominates the first hundred words of most current materials.

How might one corder these CVC words in order to maximize transfer effects
(i.e., the behavicr of generalizing from acquired words to reading new

" words) while one is commuting seemingly known consonant letters about

the Tive simple vowels? I one happens to start with the words tap,

- nag, and man, what commutations would optimize'the amount of transfer?
We predict that those letter commutations. that result in a minimal
change in the VCG constraint statements of the acquired. words should
optimize transfer. Moreover initial consonant-vowel changes should be
simpler than vowel-final consonant changes. Therefore we would predict

the following orders of difficulty:
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Acquired :
Words Least Difficult Most Difficult

tap tag nap gap Pat}
nag - tan < map < mag < Pam|
man

tag and tan would be least difficult because the children have already
mazpped orthographic codes onto fhe CVC forms and the commutation involves
only the initial consonant-vowel relationship. Pat and Pam would be most
difficult becsuse the new vocalic-consonant combinations require major
relearning or rewriting of the necessary VCG constraints. At the very
least, the VCG conceptualization offers a testable hypothesis about
optimzal sequencing of such forms.

We are now preparing reading lesson materials that are designed
to evaluate the hypotheses derived from the VCG conceptualization (i.e.,
the CVC transfer hypothesis and the conscnant cﬁfster hypothesis) and the
heuristic algorithm. The experimental work will take place within the
confines of a computer-based instructional system. The computer system
provides for complete control of the stimulus material (audio and visual)
via specified performance criteria embedded in the decision network of
the program. A detsiled recording of all student responses and response
times is made on magnetic tape for off-line data analysis. These fine-
grained behavioral histories will be of sufficient number and detail
that the proposed hypotheses or alternative hypotheses can be evaluated.
Let us for a moment consider some of the present and planned capabilities

of this system.
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VI. Deseription of the Stanford Computer-Based Instructional System.

This system consists of a medium-sized computer and six instrue-
tional boothe. Each booth is & small 7' by 8' room that contains
fhree input-output devices: (1) an optical display unit, (2) a
cathode-ray tube display unit, and {3) an audioc system. The main.
computer controls the presentation of the visual and auditory materials;
the students respond with either a light-pen device, a typewriter keyset,
cr a micrcphcone. The computer evaluastes the responses and selects new
audio and visual material according to the cutcome of the evaluaticn.

The cptical displsy unit is a répid, randcm-access projection
device that presents visual material to the student on a 10" by 13"
screen. The source of the materisls (any 8-1/2" x 11" page of text)
is photographed on microfiim and is stored in a small projector cell
that has a capacity of 256 pages. Since each_display unit has two
projectors, each instructional unit has a total capacity of 5i2
individual pages. Moreover, additional combinations are possible by
constructing composite image; Lrom both_projectors on the common screen
or by using the shutter system that divides the screen into eight equal
éections by various masking arrangements. The student responds o the
disp}ay and sends information to the computer via éVlightupen. As the
pen is touched to the screen, the coordinates of the;position are sent
to the computer for evaluation according to predefined/redefined areas
for correct and incorrect responses. Most of the evaluation operations

of the optical display unit will occur in approximztely one second.
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The cathode-ray tube display unit, commonly called a "scope,” -
can present any of 120 prearranged alpha—numeric characters or line
veetors on a 10" x 10" screen. A light pen is available for sending
information to the computer for evaluation via the specifled cocrdinate
system as described for the opticzsl display device. In addition, a
'typewriter keyboard is attached to each scope and may be used to send
informetion from the student to the ccmputer.

The random-access audio system can play any prerecorded message
to the student. The messages are recorded on a 67 wide magnetic
tape. Two tape transports are available to each instruetional booth.
Each transport has a capacity of approximately 17 minutes that can be
divided intc any combination of message lengths from 1020 one-second
messages to one message of 17 minutes duration. The student may
record onto the tape and ther have the recording played back for com-
parison purposes or retained as response data. The random-access time
te any stored message 1s less than two seconds.

The wvarious control and switching functions between the different
input-output terminal devices are handled by a medium sized computer
that has a 16,000 word core memory. An additional 4000 word core
can be interchanged with any of 32 bands of a maghetic memory drum.
All input-output devices are processed through a time-sharing pro%ram
that services them only when necessary. Two high speed data channels
permit simultaneous computation and servicing of terminal devices.
Additional back-up in computational power, storage, and increased
input-output speed is cbtained through connections t¢ a larger computer

sysiem located at the Stanford Computationsl Center.
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We are also in the process of developing a similar computer-
assisted instructional system that will be located in an elementary
schocl. BSixteen instructional stations will be available on the school
site. We plan to provide instruction for approximately 90 students per
day with this system starting in the Fall of 1966.

Does a sophisticated computer system like the one just described
provide the means for answering practical pedagcdical questions? The
number of repetitions required for mastery of a word represents one of
many seemingly simple, direct, but unanswered gquestions in reading
pedogogy. Gates (1950) attempted to answer the question in the typical
classroom comparison design but the host of uncontrolled variables -
teacher competency, student aptitude, ete., now known to affect these
experimental situations casts serious doubt on his recommendation of
"35" repetitions as the optimal number. Even to attempt an answer to
the basic gquestion requires many gqualifications and specifications.

One must know the stimuius materials,_i.e.; the nature and
difficulty of the words involved. One must know the nature of the
presentation and reinforcement procedures. One must follow the course
of acquisition, marking for further study the point of the first correct
response and the points and nsture of all subsequent errors. One must
also account for individual differences in the acquisition process.
.Thus, one really requires a detailed description of the course of
learning.

Mathematical learning models provide a method for concisely
describing such a fine-grained sequential learning process. One might

ask the practical guestion, do such models provide a way of telling us
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how many repetiticns a given child will require Lo reach a given criteria
of, say, "one correct cycle through the list of words without an error"?
And, more important, cak we gain the information about required repetition
early enough in the lesson sequence to aid us in our scheduling of pre-
sentations?

One must first find a mathematical model that accurately describes
the course of learning of a list of words. We hoped that the data from
the disyllabic-consonant cluster paired-associate experiment might provide
us with an exemplar. We fitted a number of mathematical models to the
data and found one, the "one-element model,’ that yielded a reasonable
acéount of the course of learning. It shculd be emphasized that the
requirement for such models is that they fit the data. There is no
suggestion that such a "fit"” represents an "interpretation" of the data.
Neither is it implied that the model will fit similar experiments with
the same degree of accuracy.

The one-element model (OEM) is e special case of the more general
models of Stimulus Sampling Theory (Atkinson and Estes, 1963). The
model (OEM) specifies that the behavioral association between the given

orthography of a word and its pronuncistion is assumed to be in one of

two states, unlearned (UL) or learned (L). Given a word that is in the
unlearned state (UL), there is a constant probebility, ¢, that the
word is learned during each correction-rehearsal event. While in the
unlearned (UL) state, the probability of a correct response is dependent
on the number and aveilability of the set of responses or required prc-
nunciations. In our calculations we set the guessing probability equal
tc one over the number of VCG's in the word list (i.e., the guessing
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probability was sei equal to 1/18). This simple all-or-none learning
process can be represented by the following transition matrix and

response probability vector:

Trial n + 1 Prob. of Correect Response

L uL
L |1 .0 1—
Triai n
e 1-c | 1/18

In crder to make a comparative evaluation of a number of learning
models, an analysis was made of the sixteen possible seguences of correct
and incorrect responses that result from considering blocks of four trials.
These sixteen possible éequences, presented in the first column of Table
7, encompass s sufficient number of observations to be considered re-
liable and sensitive to the course of learning. TFurthermore, closed
 theoretical expressions for these sixteen event sequences can te derived
for a lérge rmamber of learning models. A simplé method for estimating
the parameters for a given model ccnsists of minimizing the X2 funection
associated with the sixteen outcome (0) events. Let Pr(Oi; c¢) denote
the probability of the event Oi which, of course, is a funetion of the
parameter c¢. Then one can define the function:

16 (TP (oi; e) - N(Oi)]2

X (o) -
(c) iéi TP (045 ¢)

where N(Oi) denotes the observed frequency of outcome O, and T = N(Ol)
+ ... F N(Ol6). Using a high-speed computer that is programmed to
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systematically scan grids of possible parameter values, cone selects the
estimate of ¢ that minimizes the X? function. Under the null hypo-
thesis this minimum X2 has the usual limiting distribution with the
degrees of freedom equal to 16 minus the number of estimated parameters
minus one.

The model (OEM) assumes that all items are stochastically inde-
pendent ard identical (i.e., all pairs are of egual difficulty ard all
subjects learn at the same rate). Knowing that the disyllabic and cbn-
sonant cluster words were significanﬁly different, we performed separate
analyses for each list. The results for trials 1 through 4 are presented
in Table 7. The X2 values with 14 degrees of freedom are non-
_significant 50 that one accepts the null hypothesis that there is neo
statistical difference between the observed frequencies and the frequencies
predicted by the one-element model.  The analyses of trials 5 through 8
yielded even lower X2 values. The fit of the model is surprisingly
good considering the assumption of no individual differences in the rates
of learning. Thus we have at hand a2 guantitative model that will allow
us to predict the necessary amount of repetition reguired for list mastery.

The appropriate measure for determining the required repetitions
is the mean trial of the last error. We predicted the mean trial of the
last error for each subject for each of the two types of words by the

following procedure:

i) Find the trial of first success (i.e., the trial

that first indicated possible learning).
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2) Estimate the learning parameter, - ¢, by the

£ - (Proportion Correct) - g
N i-g

equation

(This equation follows directly from the one-
element model).
3) Use the estimate of ¢ to predict the trial

of the last error by the equation

1-g)
E{Trial of the Last Error} = (l~c)(l;g) tec

(Thié expectation was derived by Bower (1961) for
‘the one-element model). -

4} Calculate the cbserved mean trial of the last error.

The mean of thé abéolﬁte value of the aifference betﬁeen the observéd
and predicted mean trial of the last error yields 1.5L trials for the
disyllabic Words éﬁd 2.65 tfials for ﬁhe'consonant cluster words. The
item means (see Table 4) indicate the greater heterogeneity of the
consonant cluster words; consequently one would expect a poorer fit
between the observed and predictedrvalues for these items. Given this
reservatibn, one can predict with reasonable accuracy the number of
trials a child'ﬁill-need to cycle throﬁgh-a iiét of words in order to
reach the mean point oflméétery; (i.e., the mean trial of the last error).
Now all of tﬁese calculations can be perfofﬁed on-line by a
computer while a child is learning a list of words. Tf one should use
a statié cptimatization Schémé that calls for récycling a éhild through

a list until the predicted mean trial of the.last error plus cone standard
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deviation of this statistic are reached, would the child attain a
criterion of mastery such as one complete errorless cycle of the list?
In the disyllabic-consonant cluster paired-associate experiment twelve
out of the thirteen criterion subjects would have fulfilled this mastery
critericn. Moreover, five of these twelve subjects would have been
branched out of the task exactly at the end of the trial where they
attained the criterion.

We wish to reiterate that this is only an example of how =
computer-based instructionél system can be used to solve practical
redogological questions. Extensive exploration will be necessary befors
we will have an adequate mathematical model of initial reading that can
handle problems of retention over delay periods, interference between
differing lists of words, and so on. We remain optimistic, however,
that computer-based instructional systems will ultimately provide a
setting where practical problems of‘initial reading can be solved by

guantitative methods.
VIT. BSummary

Our lengthy chronicle ceases at this point. If this report appears
~a bit kajleidoscopic in nature; this ensues from the inter-disciplinary
backgrounds and interests of our group. .Each of‘the representatives
from linguistics, psychology, and education bestows insights from his
particular fund of knowledge. This interaction leads to specific
enterprises thaf range on Hilgard's (1964) suggested continuum for

educational research from pure scientifie discovery to new pedogogical
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innovations. The substance of the paper reflects these diverse but, we
believe, coordinated efforts.

The Russian study provided us with our initial hypothesis about
the hierarchy of rehearsal difficulty, resulting from consonant clusters.
We then investigated the factors in speech perception and production
that might account for this hierarchy of rehearsal difficulty. The
Liberman, et al., (1959) work on speech perception, provided us with
insights into the requirements for "meshing" successive phonemes in.
order to produce intelligible pronunciations. Using implications of the
"rules for speech synthesis” and of our investigations into the phono-
tactics of English, we Formulated the "Vocalic Center Group” as the
psycholinguistic unit for_initiai reading. After investigating an
.implicit assumption regarding rehearsal and reading performance, we
used an analysis of the reading errors observed in this investigatiocn
to formulate a "heuristic algorithm” specifying a processing system and
an informational flow to simulate an initial reading performance.
Syllabification, orthographic to phonemic trénslating, VCG econstruction
and concatenstion, memory storage, and recognition;matching were assumed
operational components in the.“heuristic algorithm." We then verified
our inference from this schema that speech recognition errors for given
words shculd be monotonically related to initial reading errors for.
these same words.

After eiting some Ffindings from Brown and McNedil suggesting the
regquirement for VCG-like units in fong-term memory processes, we
illustrated how the VCG provides some detaiied hypotheses about construc-

ting and segquencing the beginning reading curriculum. We described a
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computer-based instructional system that provides us with an automated
pedagogical envirconment within which to rigorcusly test our predictions.
We concluded by citing an example of how the computer-based instructional
system énd gquantitative models - of learning might offer answers {0 specific
guestions as to, for example, the amount of word repetition necessary

for a specific criterion of mastery.

Cur interests and activities do span a number Of disciplines but
our enterprise retains focus, we feel, by the task we have set Tor
ourselves: the development of the most simple but adequate learning
model for initial reading. Just as models of a language learner require
less complexity than models of a competent language user, S0 our own
model attempts specification of the minimal capabilities of the beginning
reader without speculation as to the maximal capacities of the mature
reader. The complexity of our theoretical formulation is still several
orders of magnitude removed from an adeguate "Theory of Reading.” But
to quote from a philcsopher of science, Brodbeck (1963), such an approach
warrants its user

.+. that instead of helplessly gazing
in dumb wonder at the infinite complexity
of man and society, he has knowledge,
imperfect rathef than perfect; to be sure,

but knowledge not to be scorned nonetheless
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TABLE I

FORM CLASS ANALYSIS OF ENGLISH TRANSLATIONS COF THE 300 RUSSIAN WORDS

Number of Mean Proportioh Examples of Russian
Form-Class Words Correct per Item English Pairs
Definite pronouns .5 .93 | BH -you
Colors 4 .67 ' BENHA white
Conerete Nouns a4 .58 JIOB forehead
Possessive Pronouns 3 b2 OHA her:
Prepositions 11 b2 ' YEPE3 across
Adjectives 57 A _ mrlf{}zﬁﬁ wild
Fumbers 8 3T NATEH five
Abstract Nouns 3 .36 BIACTE authority
Ihterrogat ives T .31 IICUEMY why
Adverbs 22 .23 oYt almost,
Conjunctions & .22 | Vi or
‘ferbs 59 .2t LEPEATE  to hold
300 | |
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TABLE TT

GROUP STATISTICS FOR THE RUSSIAN-ENGLISH REVERSAL STUDY

Group Statistics

Low Difficulty

Russian Words
High Difficulty

Mean Proportion of
Pair Ttems Correct

in the Suppes-Crothers
Experiment

sk

.015

Mean Proporticon of
Pair Items Correct in
Reverse Palr Experiment

299

.118

Number of Syllables in
the Russisn Words

W6

L8

Sum of the Consconant
Cluster Complexity
Scores

22

50
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TABLE IIX

THE MEAN TOTAL FRRORS COMMITIED BY THE CHILDREN CON THE

TWELVE ENGLISH FPSEUDOC-WORDS

Total Group Critericn Group
Disyllabice Mean Total Errors Meen Total Errors
Ttem N =20 N=15
hulig 3,10 1.54
molin 1.85 .62
devan 2.30 .92
renad 3.50 1.69
nateb . 2.55 1.23
fegom 2.45 .85
Conscnant
Cluster Ttems
strem 3.25 1.29
splog 2.90 1.46
brind 3.85 1.46
flesk 3.25 1.23%
borst L.o5 2.39
vimpt I, 20 %.08
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TABLE IV

GROUP STATISTICS FOR DISYLLABIC AND CONSONANT CLUSTER ITEMS

Consonant
‘ Disvllabic Words Cluster Words

Mean Total Errors 2.79 : 3.60

S.D. 7 3.2k 3.33
Trial of the Last 3.00 ‘ 3.95

Error

S5.D. 340 3.71
Successes Before .27 _ .35
the Last Error

S.D. .67 .89
Mean Frrors Before
the First Success 2.43 3.04
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CATEGORIZATION OF THE READING ERRORS FOR THE

TABLE V

DISYLLABIC AND CONSONANT CLUSTER ITEMS

Error Disyllabic Criterion CGroup Percentage Non-Criterion Group Total
L Qategories Ttems (¥ = 13) .of Errors (W =7) Group
Disyllabie Conscnant Parcentage Disylliabic Consonant Peréentage Percentage
Items Cluster Itéms of Errors Items Cluster Items of Errors of Errors

Omission 3 2 2% 58 ' T 63 21% 1%
Permutations 8 9 10% 8. 11 - L% L%
Consonant .
Reductions. 3 30 14% 8 L1 8% 108
VCG& . .

Deletions 8 o % 23 -0 L% L4
VCG .

Insertions 30 36 29% 92 a7 33 2%
Familiar .

Words L Ls 21% 41 .91 23% 23%
Vowel .

Substitutions 11 8 8% 15 9 b% 5%
Consonant -

Substitutions 8 & 6 G 8 2% 55
Misc. ) _ :

Errors 10 5 T h 2 1% L
Number of

Errors 85 147 272 255 : 320 571 : 809




MEAN RESULTS OF THE SPEECH PERCEPTION-INITIAL

Group Statistics

top

TABLE VI

mar

READING EXPERIMENT

shoes

wall

Mean Proportion of
Detection Brrors
of Mispronunciation

L1%2

283

293

490

Mean Total Errors

1.k5

2.70

b, 50

Coefficient of Corre-
lation Between Percep-
tion Errors and Reading
Errors.

L3

.60

<75

.85
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TABLE VII

THE FIT OF THE ONE-ELEMENT MODEL 70 THE DISYLLABIC CONSONANT CLUSTER PAIRED-ASSOCIATE DATA

53

Disyilabig Words Consonant Cluster.Words
Tvent Observed Predicted Observed Predicted
Sequence Frequency From OEM Frequencies ;_From OEM
ceee 38 31.3 21 24,5
cecee 0 | .0 O G
ceec 0 .0 G 0
ceee - 0 1 0 A
cece 2 Re 0 .8
cece G 1 0 a1
ceec 1 .-T 0 =
cece 0 1.8 0 5.4
ecce 20 22.2 22 18.7
ecce 1 L 1 .1
ecec 2 .Tl O
ecee 3 1.8 1 2.4
eece 17 15.8 21 14.3
eece 3 1.8 5 2.4
geec, 6 12.4 12 12.6
| eeee o7 30.2 37 40.0
3 =120 = 20.34 2 = 120 = 18.65
' = 250 S =195
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