In F. Korten, S. Coock, and J. Lacey (Eds.), Psj gy
the Problems of Soelety. Washington, D. C.: American
Psychological Association, Inc., 1970.

Technological Innovations: Computer-Assisted
instruction and Compensatory Education’

The author recelved his PhD krom Columbia Uals
vorsity In (950, He Is preosently @ professor of
phitesoohy, eintigiice, end educatlon st Slarford
Unlvaraity, where ha algo direcis the Inslituie for
PATRICK SUPRPES Maithematicel Swudice In the Soclal Sclences.

The author received her PhD in psychology from

the University of Massachuselis in 1988, She Is

presently at Stasford University worldng a8 2 re-

search aaponinte at the Insliiute for bathematical
MONA MORNINGSTAR  Studies in the Bocial Scisnces.

Computer-assisted instruction (CAI) has reached the operationsl stage in vatious
parts of curricula in 8 number of places in the United States. Although the major
purpose of CAI that of instructing students, is constant for most CAI installa-
tions, the manner in which CAJ fulfills this purpose varies from place to place.
At o simple level, 2 curriculum can be written to serve as a supplementary drill
for concepts learned in the classtoom; the computer program presents each stu.
dent in & given grade with the same set of malerials, allows the student to re-
spond, and then informs the student whether the response is correct. The com-
plexities of CAIl systems increase with the addition of tutorial curricula, the
addition of specific exror messages, and the addition of rules for individualizing
the program as a function of the student’s performance.

We are convinced that CAI offers 2 mode of instruction ideslly suited for
students from educationally deprived areas. Our convictions ere based on our
knowledge of learning theory, anecdotal evidence from teachers and administra-
tors, intuitive feelings relative to the computer terminal and the student's re-
sponse (o it, and the results of evaluations of projects either completed or in
progress at the Inastitate.

This paper is orgonized es follows, Flest, the history of CAI at Stanford is
described, Next, ¢the nature of student interaction with the compuier wrminsl

1 This pager is 2 somewhat expanded version of (ke presentstion mé@ by Suppos o3 pant
of the symposivm “Barly Lesrning and Compenestory Educstion.” The rasearch
mmmmbymmmms@m&ammmmuﬁmm .
catlon,
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is explained, as well as the ways in which CAI can provide the student who i3
performing below his abﬂn&y level with 8 learning approach that can wmpensate
for educational liabilities in his environiment, Following this; examples are gwm
of the evaluation of cur arithmetic drill-and-practice program as implemented in
educationally deprived areas in the United States. Finally, our latest arithmetic
cerriculum, which provides an unususl degree of individualization by explicit vse
of a global mathematical model, iz deseribed.

History of CAL al Stanford

The Institute for Mathemetical Studies in the Social Sciences at Stapford
University began a program of research and development in computer-assisted
instruction in Jasuary 1963 that was supported by the Carnegie Corporation of
New York and the Nationa! Science Foundation. In December 1963, construc-
tion of the Laboratory for Learning and Teaching on the Stanford campus wag
compieted. The initial instructional system consisted of 8 medivm-sized computer
and 12 visual display devices, two in each of six student stations, placed within
100 feet of the computes. Microfilmed source material was presented om the
10 X 13 inch screen; the student responded by touching & light pen to the face
of the screen.

The first operational program was in elementary mathematical logie and
was demonstrated by fifth and sixth graders in December 1963, Botwese the
spriog of 1964 and the spring of 1965, students demonstrated logic lessons, two
students completed a 20-lesson program in logic, and small groups of students
worked on a first-grade arithimetic program. An important step was taken in
April 1965 when student terminals were removed from the Staoford campus
and placed in the classroom; the terminals were connected to the computer by

‘telephone lines, At this time, 41 fourth-grade children did daily arithmetic drill-

and-practice lessons on a teletype in thelr classroom.

During the 1965-68 school year, 60~75 students in each of Grades 3-6
participated in the arithmetic drill-and-practice program and an additional 60
stuclents shared a teletype at a local high school. (For a description of this pro-
gram, see Suppes, Jerman, & Brian, 1968.) Also, four ieletypes with an audio
line were used for a drill-and-practice program in spelling. The program in sym-
bolic logic continued with 30 sixth-grade students and 7 fourth-grade students.

In addition to the laboratory at Stanford, the construction of the Brentwood
Laboratory, & separate bullding at Breatwood Elementary School in East Pelo
Alto, California, was completed in the sunyner of 1966, Over 80% of the stu-
dents ai Bremiwood are from some mincrity group, and many of them need
compensatory education. This additional leboratory represented a poriion of the
funds provided o the Institute by the United States Office of BEducation to estab-
lish a computer-based instructional system sf a public elementary schoo] for

- the purpose of investigating CAI over an extended period of time. The Brent-

wood Laboratory was equipped with sp FBM-1500 Instrustional Syﬁmm operated
by an IBM- 1800 computer. For the two years the IBM system wes in operation,
we offered twtorial readimg aod futorial mathemetics curriculs that presented
material both surslly Q&&@%} sl mmlﬁy (il amd @:&m@d@»my tubes). The read-
m ;-'1,‘%&‘;‘:7'4‘;3;1:{ f@f @EM% 3 A K ’ €
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1967-68; the mathematics program included 50 students in Grade 1 in 1966-67
and 76 students in Grade 2 in 1967-68. {A description of the laboratory, the
curricuium, and the results of this program are described in Suppes & Mommg-s
star, 1970; Atkingon, 1968; and Atkingon & Hansen, 1968.)

The activities of the Institute during the 1966-69 period included the
expansion of the tutorial logic and algebra program (1666-69), the development
of & tutorial program in first-year Russian (1967-68), and second-year Russian
(1968-69) {or university-ievel students, s drill-and-practice reading program for
racdes 1-3 (1968-69), a tviorizl program in computer programining for high
school students (1968-59), and 2 dial-a-drill propram in arithmetic for Grades
20 (1967-68). By the end of the 1268-69 school year the drill-and-practice
program was available for Grades 1-9, Approximately 5,000 students from Cali-
forniz, Illincis, Kentucky, Mississippi, Iowa, Ohio, Tennessee, and Washington,
D.C., participated on a daily besis, with each student being processed via tele-
phone line through the Institute’s computer system on the Stanford campus.

The Institute’s programs have involved various technologics! innovations:
the development of computer-generated speech for the disl-a-drill program and
the reading program, the use of both teletypes and audiotapes for the Russian
program, the modification of teletype terminals for audio for the driil-and-practice
reading program, and, possibly most important, the ability to present a program
o students a¢ & geographical location far removed from the central computer at
Stanford. The computer facilities available for these programs were the PDP-1
with a 32,000-word core and an additional 4,000-word core interchangeable
within the 32 bands of 3 magnetic drum on files stored on an IBM-1301 disc.
The PDPR-10 supported by 192,000 words of & l-microsecond core and an IBM-
2314 disc storage unit were installed in the fall of 1968. Additional support units
attached io the PDP-10 include high-speed line units for interfacing with tele-
phone fines, = digitel audic system, and magnetic tape units,

Although we fesl that the computer facilities and the diversity of programs
available through the Institute are impressive, we reslize thai the student’s per-
formance is mors affected by the curriculum than by the facilities necessary to
present the material, That is, the most complex and sophisticated computer sys-
tern cannot function as an effective educational tool unless the curriculum (a) is,
adeguately developed in terms of content, () makes use of psychological vari-
ables known to have a positive effect on learning, and (¢) is presented sc that
the student-machine interaction becomes a positive component in the student's
lesrning snvironment,

Procedure ot the Student Terminal

Ir most classes involved in the drill-and-practice mathematics program, the
teletype (Model-33) is ecither in an enclosed ares in the back of the classroom
or in a separate room in the school. (See Figure 1.) Most studenis look forward
to their turn at the teletype and leave the classroom at their scheduled time
without disrupting the class, When the student initiates the program by pressing
the “siart key,” the teletype prints the message PLEASE TYFE YOUR NUMBER
AND NAME. The studeat types his scsigned number, a space, his first name, and
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Fig. 1. A student at the teletype. (Photograph supplied by RCA Instructional Systems, Palo
Alto, California.)

another space. The teletype then prints his last name. Typing another space starts
the presentation of problems.

If a student makes an error, the message NO, TRY AGAIN is typed, the
problem is retyped to the point where the error occurrcd, and the student is
given a sccond chance to make a correct response. After a second crror the
message NO, THE ANSWER IS , TRY AGAIN is typed, and the problem
1s retyped to the point where the error occurred. After a third error, the error
message giving the correct response is typed and, if the incorrect character was
not the last character necessary to compiete the probiem, the problem is retyped
with the correct answer. If a student does not respond within a given time, the
crror routine is followed with the message TIME IS UP, TRY AGAIN substi-
tuied for the error message. A new problem is presented when the student re-
sponds correctly to the preceding problem or when the teletype, after the third

error, presenis the correct answer,

When the problems for that day have been presented, the number of prob-
lcms completed and the percentage correct on the first responsc arc typed. The
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student is then signed off with the message GOOD-BYE, JOHN. PLEASE TEAR
OFF ON THE DOTTED LINE.

Several characteristics of the procedure at the student terminal and of the
drill-and-practice curriculum that enhance learning may be listed briefly since
their effects have been documented empirically and do not require extensive
justification. These characteristics are (a) an active response mode, (b) immediate
knowledge of whether the response is correct, (c¢) an opportunity to correct an
incorrect response, (d) an opportunity to respond correctly after the correct re-
sponse has been supplied, (e) total time per problem controlled by the student,
{#) provision of a permanent copy of the problems and 2 summary of the stu-
dent’s performance which he may teke and use as he pleases, (g) difficulty of the
problems related (within limits) to the capabilities of the student, and (h) review
material based on the individual’s performance history. (A more detailed descrip-
tion of the characteristics associated with the curriculum (g and A) may be found
in Suppes & Morningstar, 1969, 1970).

Anecdotal evidence from: teachers and students indicates several positive
aspects of the CAI learning environment. For example, many educators have
expressed fears that CAI is nonpersonal and mechanical and therefore cannot
be “good” for children. Although no adult would deny that the teletype is
mechanical (and therefore impersonal), the behavior of the children indicates that
they perceive the system as a “person.” Listening to students one hears: “Slow
down, I'm not finished.” “Stupid machine!” “Good, I thought you would say
that {with an affectionate pat for the teletypel.” “Don’t use that one [teletype];
it'’s mad, gave me hard problems yesterday.”

Verbal attacks directed at the teletype are quite frequent when the student
gives an incorrect response-—a behavior that would be unacceptable in the class-
room. Few teachers are capable of continuing a lesson while ignoring the stu-
dent’s negative verbalization and would punish the -student in some manner.
Although the teacher must respond in a way that decreases such outbursts in
order to maintain a manageable class, disciplinary responses to the student may
have a negative effect on his learning. The teletype, however, responds with neither
positive nor negative effect. The frequency of verbal attacks towards the teletype
and the fact that they do not appear to interfere with the student’s completion
of the lesson indicate the possibility that such venting of emotion can be a
positive aspect of the learning situation.

An example of the positive motivational aspects of CAI is provided by-a
teacher at Brentwood, a school in an underprivileged area in California. One
student was absent from school, without parental permission, for a complete
week yet arrived at the computer laboratory on the school grounds to take his
turn to do arithmetic at the teletype. His truancy was not discovered until his
teacher received the weekly teacher’s report on mathematics performance from
the computer laboratory.

Evaluation

As one example of the positive effects of the drill-and-practice program in
mathematics, we present the evaluation of student performance in McComb,
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Mississippi, during the 156768 school year. Although we found significant dif-
ferences in performance when conirol groups were compared with experimental
groups in both California (1966-67 and 1967--68) and Mississippi, the average
performance level of students in some of the classrooms in Mississippl was as
much as two years below their grade level, These students, therefore, provided
an excellent example of the benefits of CAI in a situation in which the edueational
environment was not sufficient to prodece “average” performance.

To evaluate the TAI program we aﬁmnmstereﬂ the srithmetic portion of the
Stanford Achievement Test (SAT) * in Qctober for Grades 2~6 es a pretest, in
February for Grade 1 as a pretest, and in May for Grades 1-6 as a posttest. Tests
were given in 12 different schools in Mississippi; 8 of these schools included both
experimental and control students, 3 included only experimental students, and 1
included only contrel students. Within the experimental group, 1--10 classes were
tested ot each grade level; within the comtrol group, 2-6 classes were tested ab
each grade level. (For a description of the SAT end a listing of the levels admin-
fstered as a function of grade, see Suppes & Morningstar, 1969.}

The response messure used o determing the change in performance level for
the year was the difference between the positest and pretest grade placement og
the SAT computation section for each grade. The resuits of the ¢ (est applied o
the difference between experiments! and control groups on this measure and the
average prefest and positest grade placements for each grade are shown in Table 1.

TARLE ¢
Grede-Plocament Soores on e BAT: Wicslvelpsl 186748

Pratost Paglieot Poattesi-tratest
Grade | Experi- Experi- Enpori- ¢ of

memal | & Contrel] N | meniai | Conirol | mental | Contral
4 1.4% 52 1.18 6Be 2.58 1.48 144 | 28 3.88° 1 112
2 1.58 25 1.88 84 3.37 £.80 1.4% 24 523° 7 ¥7
3 2.82 22 2.78 a8 4,85 4.04 203 1.28 484 78
4 2.26 58 2.45 77 .50 3.7 1.90 o] 263" | 189
L3 3.08 83 371 | 134 4.48 4,80 1.37 B0 348" | 318
8 482 1375 4.38 | 160 .84 5,48 1.72 1.13 598° | 433

*p o< B

The performance of the experimental students improved significanily more than
that of the control students in all six gradese The diference between the experi-
mental group and the control group was the largest in Crade 1, where in oaly
three months the average increase in grade placement for experimental students
was 1.14 compared with .26 for control students.

In additicn to the vesults from the computation section of the SAT, the per-
formance of students in the experimental group was significantly better than that
of the students in the contesi group on the concepis section of the SAT for Grade 3,

2 The Stonford Achicvement Tast, rovised in 1943, and the lostroctions for sdministre-
tion were writien by T, Kelly, R. Medden, H. ¥, Gurdener, snd H. €. Kudmag.
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$=301,df =76, p ¢ .01, and Grade 6, ¢ = 3.74, df = 433, p < 01, and o

the application section for Grade 6, ¢ = 4.09, df = 433, p < .01, In Grade 4, the

control group improved more than the experimental group on the concepts section,
= —2.,25, df = 131, p < .0S.

Although we have not presented the evaluation of ocur CAI program in Cali-
fornia, a comparison of the results for California with those for Mississippi indi-
cates, in & logical rather than statistical manner, that CAI is an advantageous
tool for compensatory education. Firgt, when significant effects were examined for
pll six grades, the CAI program appeated to be far more effective in Mississippi
than it was in California, Second, the changes in performance level for the experi-
mentel groups were quite similar for Celifornia and Mississippi. However, the
changes in performance for the control groups were very small in Mississippi com-
pared with the. changes for the control groups in California. Thus, although use of
the CAI system resulted in egwal changes in performance in two geographical
arens, (he program was more effective in terms of differences between experimental
and contrcl students when students were performing below grade level and were
in need of extra education, os in the Mississippi area, than when students were
receiving adegquate education, as in the relatively affluent middle class neighborhoods
in California,

Another example of the positive effects of CAY is provided by the evaluation

‘during 1968-69 of a mathematics program in the New York City schools. More

than 4,000 students in Grades 2-6 from 16 schools participated in the New York
CAT program, a mathematics drill-and-prastice curricolum modeled after the Stan-
ford project. The New York systern, with an RCA Spectra 70/45 computer and
192 student terminals, is currently the largest CAI project in any single school
gystem in the country.

The Metropolitan Achievement Tests (MAT), Form C, were administered as
& pretest in Jonuary 1969, and as a posttest in June 1969, to evalvate the pro-
gram. The results of the testing® are shown in Table 2 for the 2,940 experimental
stizdents end 342 conirol students who took both the pretest and the posttest. The

TABLE 2
Ayorage Raw Bcores on the MAT: New York City 1986-68

Protest Postiest-pretest
Qrads Exparimenial Control Exparimantal Cenirol

Average N Avaragn N Avarage N Average | =N
2 17.29 340 18.44 79 8.78 340 3.50 79°
& 14.78 728 16.86 98 12.88 728 2.81 98”
4 26.28 7&8 81.38 83 834 780 8.0 85°
8 18.88 7 21.61 48 8.93 7i7 2.89 48
8 22,79 537 858,34 22 8.64 387 2.8% 23

‘o < 01

& This analvsis was pesformed under the direction of M. Welner of the Clty University of
Mew York. For informstion about the projesi we are indebied o 8. Umans, Divector of
Title IIT Projocts in New York City.
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average posttest minus pretest score on the computation section of the MAT was
significantly greater for the experimental students than for the control studenis in
Grades 2-5. The superiority of the experimental stuclenis appears to be grealest
in Grade 3. We feel that the poshive effects of CAI in New York City, especiaily
when measured over a perlod of only five-end-a-half mionths, ndd further suppost
for the use of CAI in compensatory education.

Btrand Progrem In Mathematics

The most exiensive cozcicuium development at the Instloute has been fa the
drill-gnd-practice program in arithmetic. The final arithmetic curriculum appropri-
ate for Grades 1-6 and, remediaily, for Grades 7-9 was constantly ‘tevised during
the years from 1964 so 1968. This curriculum, although utilizing the computer to
present a program individvalized in terms of difficulty of problems, immediate
feedback, self-pacing, and review material, did not break away from the baszn
model of drill-and-practice provided in the traditional classroom.

During the summer of 1968, development began on a major revision of the
dr!l'nandmg?ractace program. The revised progrém evolved when attention was
diverted from a program which could duplicete and expedite classroom procedures
for & given grade to a program which could provide the mos efficient drilk for 2
given individual from the start of Grade 1 through the end of Grade 8, The ques-
tions used to determine what types of problems a child should receive on a drill
changed from “What grade is the child in?” and “What is usually taught at thai
grade level?” to “What concepts has this child mast@md?” “Whot should this
child fearn next?”

Attention to the child rather than 1o the classroom resulted in a rwrganwac
tion of the drill-and-practice material in clementary-school mathematics nto un-
graded strands, The student, working on several strands simultaneously, beging at
the bottom of a strand and moves upward on each strand as a function of his
ability to perform correctly on that strend. Since movement along & sizand de-

- pends on the student, the level of performance on one strand relative to the level

of performance on other strands creates s problem set for one student different
from the problem set for another student. Thus, unlike in the traditional class-
roOm, each student is solving a different set of problems, and each set of problems
contains problem types from each sttand appropriate to the ability level of the
student involved.

The strand system consists of three ma;or elemems:

1. A curriculum structure that classifies the probiems appropriate for an ele-
mentary-school mathematics program; - “

2. A set of rules for determining the problems to be presented to each stu-
dent;

3. A set of rules to define the progress of a student through the structure,

Cureiculum Siructyre

The present curriculum structure contains 15 sirands. Hach strand includes
all problem types of a piven concept {e.g., frmctions, equations} or of & major
subtype of a concept (2.p., horizontal addition, vertical multiplication) presented
in Grades 1-6. Table 3 shows the 15 strands end the portion of the six-year cur-
riculum for which they are appropsiata.
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TABLE 2
Content and Duration of Zach Sivand
Sirand Ciontart Grads range

1 Counting and place velue 1.0-7.0
2 Vertleal addition *?MQ
3 Horlzontal sddition ‘ 1.0-3.5
4 Yertical subtraction 1.5-8.0
g Harlzontal subtraction 1,@»-@.5
8 Equatlons 1.5~7.0
7 | Horizontal multipileation 2.6-5.5
8 Vertica! muliptication 3570
8 Fractions 3.5-7.0
16 Dlvision 3.5-7.0
11 Large numbers and uniis of measure: Ume, money, ilnear measure,

doren, lguld measure, welght, Roman numeraie, melrle measur 1.5-7.0
12 Dacimals 3.0-7.0
13 Comviilative, assoclative, and distributive iawe 3.0-7.0
14 Magative numbers 8.0-7.0
8 Probiem solving . 3.0=-7.0

Within each strand, problems of a homogeneous type (e.g., ali horizontal
addition problems with a sum between zero and five) are grouped into equivalence
classes. Hach strand contains either 5 or 10 classes per half year with each class
labeled in terms of a grade-placement equivalent. A problem count of problem
types oceurring in three major clementary-school mathematics texts (Clark, Beatty,
Payne, & Spooner, 1966; Bicholz & O'Daffer, 1965; Suppes, 1966) and data col-
lected during the past three years of the drill-and-practice program at Stanford were
used to arrange the equivalence classes in an increasing order of difficulty and to
insure that new skills (e.g., regrouping in addition) were iniroduced at the appro-
priate point in the curriculum. An example of the equivalence classes for the
horizontal subtraction strand is shown in Table 4.

In addition to the ordering of the problems within a strand, we must know
how much emphasis 15 needed on each sirand at a given point in the year. To
determine this, we divided the curriculum into 12 parts, each corresponding to
half & year. A probability distribution function was developed for the proportion
of problems on each strand for each half year. Both the problem count from the
thres textbooks and the average latency for problem types based on past data were
used to develop the curriculum distribution, The final proportions in terms of time
and problems for each half year for each strand are shown in Table 3, with the
exception of Strand 15 (problem solving) which is handled separately.

Rules for Sampling Problems

Since the curricuium distribution s & function of the cwrriculum and in no
way accounts for individual differences in performance, a sampling fonction was
defined to determine which problems & given student would receive. The sampling
function, calculated weekly for each student, is & weighted combination of the
curriculum distzibution and a subjective distribution.® A student’s grade placement
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TABLE @
Revizod Mosldontal Bublradtion Stfand
Problem @by 8o B owe ¥ 8—bmx Qb ey 8~ o
Limits < a4 E<age §<axg? B ag® 0<ag 4
bewOoriore DfOoriore b»<0ofiora -
Equivalsnce . .
class £.0 1.3 1.2 1.9 1.4
Problom Howa ) B R KK Re b om @ =Bty TH=bmyg
Limits € g4 E<a<y 8Lag8 a>bh 6<ad
‘ aand b Gan = § 4}
Equivalencs . ‘
class 1.5 1.8 1.7 1.8 18
Problem =D @R b= a—b0=x) &b~y
‘ 16 — b = ¥ 100 — b0 = x0 _
 bimits | 6<a<8 0LEYE 0 ga—{ $,- . .. . ‘bpe
‘ . a<x ’d) -
Equivaience
‘clags 20 2.1 22 23 2.4
Problem 8 —~cdwmyy 60 —00w Job—0dew 20-0wTX @b ¢ooiy
: 130 Xy ‘
Limits b>d brdae b<e bLe,a>2
Equivalence . '
class 2.5 28 2.7 28 2.9
Problem b~ =X gb—Clmyy 8—Xmo+g 80— Ny med Ny—sb=od
Limits ‘ b<d bad b>y y>b
8w C -1 a>»c-+1
Equlvalence
class 3.0 3.1 3.2 3.3 3.4

Note.—a,b,c,d = digits in problem as presanted to student: x,y = digits in responss;
Kaliclzed characters do not appear In problem as presented to student.

on each strand is defined as the grade-placement equivalent associated with the
equivalence class of problems he is being presented. For each student the curricu-
lum distribution is selected to correspond to the half year that includes the student’s
average grade-placement performance on the strand cuericulum. For instance, if
the student’s average grade placement is 3.3, then the curriculum distribution for
the half year (3.0-3.5) will be used to calculate the sampling function, even if
the student is enrolled in a fourth-grade class. The subjective function is a normali-
zation of the distribution determined at a given point in time by subtracting the
student’s grade placement on each strand from his maximum grade placement at
that time.

Thus, if sampling were from just the curriculum distribution, the proportion
of problems from each strand for a given student would match the proportion of
~ problems from each strand presented in an “average” textbook. If sampling were
from just the subjective distribution, the proportion of problems for a given stu-

mo"l'he mathemaucal formulation of the diuts'ibmims can be obigined by writing to the
authors,



TABLE 5
Proporiion of Time and Proporiion of Problems for Each Shend In Each Half Year
iInitlal point of half-year intervai
Strand i.0 1.8 2.0 2.5 3.0 2.5 40 4.5 £0 8.5 8.0 8.5
PTiPP | PT|PP|PT PP PT | PP|{PT|PP |PT | PP|PT|PPiPT PP PT ipPp |PT |PF | PT PP |PT | PP

1 B0 | 36 | 24| 18 ; 24 | 18 ; 17 | 12 | 10 | 10 5 4 7 8 7 8 g 110 119 114 14 120 |10 |10
2 10 | 14 | 2| 12 {12118 |22 {9 ;1 20 7 8 8 | 10 2 2 $ 4 2

3 261 32 21 28 1 21 28| 8 ! 1% 8 8

4 81 12 & | t2! 18 118 ;22 120 |10 8 13 | 10 3 21 3 4 1 Z

§ 14 | 18 | 0] 141 181 18 g |10 4 4

8 71011210 ({18 1 12 { 17 | 18 | 14 | 12 17 | 20 7 8 5 g 7 {12 7 |12 8 | 10
7 710 3 8 8 144 | 85110 2 -] 2 &

g 10 | 14 § &1 14 | 18 g & 8 4 7 4 -] 2
8 & 4 4 4 ! 35-1 24 {13 |22 120 {32 [ i7 {32 ;18 | 26
10 i5 118 | 2211034 |18 [ 48 148 {133 | 8 |40 ! 8 113 | 2
1% g e 10 8 a & g 8 |1 8 7 8 7 2 8 8 8 g & ] -] 8 a
12 & 6! 8 8 7 8 5 g 4 8 111 ;5 14 7 11 188 | 38
13 . 3i 4i8{ 6 8| 61 3! 4! 3| 8!8 .8 1]2]1] 2
14 ’ 21 4 4 4

HNote.—PT = proportion of time; PP: = proportion. of problems.
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dent would be largest from the strand for which his performance was lowest; the
proportion from each strand would decrease as his performance on that sirand
came closer io the performance level of his best strand. To decide what propor-
tion of the problems presented should be determined by the currieulum fuaction
and what proportion should be determined by the subjective function, we defined
a weighting factor based on the amount of discrepancy between the student’s maxi-
mum and minimum grade placement across strands, Applying the weighting factor
to the curriculum distribution and the subjective distribution resulted in the final
sampling function. Therefore, as the discrepancy between the maximum and mini-
mum grade placement increases, the emphasis on the subjective distribution in-
greases; if the student ie verforming ot the same level on sil strands, emphasis is
on the curricuium function afone,

Progross through the Slrand Structure

A student’s progress through the strand structure is a function of his per--
formance on esch strand. As certain criteria of performance are satisfied for a
given strand, the equivalence class from which the student is receiving problems
changes, with & corresponding change in the siudent’s grade placement on the
strand. The criterion for a given equivalence class is a function of the strand and
half year of which that class is 2 member,

For each equivalence class the criterion is stated in terms of three infegers,
W, Y, and Z. After overy Y problems on g strand the student’s performance is
examined; if he did W or fewer problems correctly, he moves down one equiva-
lence class; if he did more than W and fewer than Z problems correctly, he stays
at the same equivalence class; if he did more than Z problems correctly, he moves
up one equivalence class. An exception to the criterion for movement is made
when a student is presented problems from a given equivalence class for the first
time. In such 2 case, a check is made after the first three problems; if the student
did all three incorrectly, he moves down one equivalence class.

The calenlation of the values of W, YV, and Z for each equivalence class in-
voived the combination of known facts, estimated facts, and several assumptions.
First, knowing the amount of iime a student would spend doing problems during
a half vear, estimating the sverage latency from presentation of a problem to 2
résponse from the student for eack problem type (equivelence class), and assum-
ing (for the purpose of calculations only) that the effect of the subjective distei-
bution was negligible, we estimated the number of problems a studeni would re-
ceive from each strand during a half year, Then, assuming that r student has zn
average probability correct of .70, the vainestf W, Y, and Z were computed so
that a student would increase his grade placement by .5 on all strands during a
haif year of time at the computer terminal

Avtomaton Modsels

The components of the strand structure that provide an individualized curricu-
Ium for the student also provide s situation for data collection that allows great
specificity in terms of the characteristics of individual students and the types of
responses given as a function of problem type. The data available and the theory
involved in developing the strand structure make ¥ possible to conduct meaningful
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and sophisticated research on mathematical models of learning, and at the same
time to demand that these models have direct relevance to the design and organi-
zation of individualized curriculum, Automalon models will be used extensively
in our attempts to revise the curricufum and to lesrn which characteristics of arith-
metic problems are important in the learning process.

An pulomaton is defined ss a device with a finlie number of internal states.
When it is presented with one of & finite number of letters from an aiphabet, as
a function of this letter of the alphabet and its internal state, it moves to another
of its internal states. (A precise mathematical formulation of both deterministic
and probabilistic automata is given in Suppes, 1969.)

To apply the theory of auiomata to the performance of children solving arith-
metic problems, we weld the two separaie concepts of internal state and output
into the single concept of internal state and identify them with the responses of
the child. The letters of the alphabet correspond in a natural way to sets of stimu-
fus elements presented on & given trial o the child,

For the analysis of student data it is necessary to move from deterministic
to probabilistic avtomata. In terms of coinpensatory education, parameter estimates
for the probabilistic sutomata can be compared to data sets obtained from students
whose real grade level is eguivalent to the grade placement of the problem type
and from students whose real grade level was one, two, or three vears above the
grade placement identified with the problem. Any significant difference in parameter
estimates, given a common arror rate in the data sets, would indicate that below-
average students emcounter difficuities with that problem iype that are different
from those of the student who attempts the problem at the time specified by an
“average” curriculum, Such differences might indicate changes in teaching empha-
sis necessary for the below-average student. Given probabilistic automata for
many different problem types, the compsrison of parameter estimates can
possibly sclve some of the problems involved in the teaching of the below-average
child. :

Once a mumber of automata are developed we will alse be able to analyze
a given student's approach to a group of problems of the same type. The indi-
vidual approach leads in many directions. Consider the responses of four different
students to the following set of problems:

126 144 168

- 52 - 71 - 93

Student A 74 73 76
Student B 178 215 262
Student C 134 133 136
Studeni i 3,859 41

A comparison of the responses of Student A with the responses of Student B
Indicates that Student A has chosen the correct automaton, whereas Student B has
chosen the automaton which solves addition problems. Student C has chosen an
automaton which, although wrong, has been used consistently; Student Id has ap-
parently behaved as an sutomaton which generates random numbers.
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Of the three students vesPondifig incormrectly, it would be easler 1o get Stu-
dents B and C to respond correctly than to eliclt correst responses from Student D.
To develop a sysiem to aid Students B and C, we would bave to perform an efror
analysis. From this anslysis we could determine for s given problem type (&)
which of the automaia that should be in the student’s Tepertoire are being applied
incorrecily, and {5) which of the most common ani ~maie vsed should not be in
the student’s response repertoire. Given this information, the student could receive,
after s number of responses {0 o given preblem lype. 8n rfor messags More use-
ful than a simple NO, TRY AGAIN, '

A comparison of Student A with Student B also illustrates the necessity of
developing a “conteol” awtomaton which selects from 2 set of automata the auto-
maton needed for the problem preseatsd. It is obvious that the input aiphabet of
the sontrol avtomaton should gsacﬁw!@@ ameﬁmg silier silmuli vet ¢o be determined,
the operation symbol. :

. 8o far we do not know how many permmmi factors should be included in
the automats to be developed. For example, if I is the automaten for a subtrac-
tion problem and T7 is the automaton for an addition problem, does the prob-
ability of applving U’ differ for the problems {with different location of the opera-
tion sign)

' 126 126

- 52 - 527
If a difference in the probability of application of U’ does occur, is it represented
in & parallel way in differences in the parameter associated with the operation sign
in the control automaton? If it does not occur, can a percepiual factor associated
with either the subtraction auiomaton or the control austomaton account for the
the difference in performance for the twe problems?

Perceptual factors also have to be examined within & given problem type.

- For example, can an automaton be developed with a parameter which accounts

for the response 22 to the problem 71 + 5 = ___7% Again, an ervor analye.ss
would lead to more information to help determine how many perceptual factors
are operating when children are solving arithmetic problems.

Another application of the auvtomaton models involves the examination of
parameters to aid in determining the order of equivalence classes. The order of
equivalence classes can be examined separately for the average students and the
below-average students. The possibility exists that the siructure of the curriculum
can be further individualized to Ht specific lenrning difficuliies asscciated with the
below-average student, ‘

Strand Structure snd Compenssatory Educaiion

It is perhaps evident how the strand structure is especially adapted to benefit
those students who are in the bottom quartile or the top guariile of the distribution
of performance in a class, However, for the purpose of the present symposium,
it may be especially pertinent to spsll ont some of the ways in which we think

5in » sample of 270 students in she fourth grads, T1% responded correctly; the response
22 sceounted for 35% of to error respunnes,
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this structure is most directly relevant to compensatory education. Two aspects
are to be stressed: One is the individualization of instruction, and the other is the
individualization of diagnosis.

We have already commented at some length on the individualization of in-
struction provided by the strand structure. It cannot be stressed too’ strongly,
however, that in dealing with students in rural areas or in the inner city, who for
& variety of reasons have fallen badly behind in the basic skills of mathematics
and reading, we must be realistic in providing them additional instruction, It is
a cominon failing of most curriculum gﬁides to assign grade placement of topics

- without detailed consideration of the actual achievement level of the students. If

time and space permiited, we could give some good anecdotal evidence on the
importance of being able to adjust the curriculum two or even three grade levels
below normal grade level for a student who is having severe learning difficulties.
We should provide him instruction in which he can msake meaningful progress and
which is not at a self-defeating level of difficulty. The strand structure is designed
to do this on an individual basis without regard to the actual grade placement
of the student. If a fourth grader, for example, operates at a first-grade level, then
the strand structure is designed to place him there and to move him upward only
as he i able to show a minimum mastery of basic skills. The problems of indi-
vidualization are too essily ignored; it is simply not possible for a teacher operating
with a group of 20-30 students to provide an adequate degree of individualization
for the student needing compensatory work. The sirand structure is designed to
do this sutomatically within the conceptual framework of & dynamically organized
curriculum,

The diagnostic aspect of the strand structure has mot been stressed as yet,
but plays an equally important role. In many cases in inner-city schools or in
rural aveas, teachers will be faced with classes that are depressed in terms of their
level of achievement, The strand structure supplies to the teacher in-the form of
weekly reports @ sharp diagnosis of those particular skills in which the class, as
well as the individusls, is weskest, The teacher irained tc use the teacher report
angd semsitive o the achievement level of his class will be able to emphasize for
the class as a whole that skill which on the average is poorest, and also as time
and effort permit to provide additional troubleshooting for individual children who
are especially deficient in particular skills. The teacher receives as part of the
teacher’s report the grade placement of each student in each strand and the aver-
age grade placement of the class, as well as the rate of change of grade placemeiit
on the average for each student and for the class as 2 whole, This information can
provide a continual basis for diagnosis of necessary changes in direction of tsach~
ing, especially in terms of casting the teaching at a more realistic level for students
who are below grade level,

Finally, we wish to emphasize that we in no sense believe that the strand
structure described represents a universal panacea for the problems of compensa-
tory education. We want to stress as strongly as possible that we recognize the
many difficulties of a cognitive and affective nature that must be solved before we
can claim to have mastered in a sericus way the problems of compensatory educa-
tion. We do believe that the strand structure provides ome step toward solving
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some of the problems, and is the kind of step that would be difficult to takes with-
out the on-line use of a computer.

The strand structure or, more pgenerally, computer-assisted instruction cer-
tainly cannot solve in any simple fashion all the problems of compensatory educa-
tion. We do believe that educational techriology provides one rich resource that is
just beginning to be used to attack these problems.
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