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ABSTRACT

It is generally recognized that reinforcement, over an extended
period of time of a given subject matter taught enhances the student's mastery

and subsequent retention of knouvledge and/or sk:lis. Recent major studies

of curricula have concentrated ~n the content and method of presentation Lut
have not made any signific nt strides towards the systemafic exploitation of
the potential contribution to the learning process of reinforcement through
preper sequencing of subject matter presentation. This peper cutlines a
mathematical model of the established and industrially valideted learning and
forgetting theories and presents a computer executed heuristic algorithm for
the selection of the best schedule for subject presentation. Applications

of this methodology can be made at all levels of our educaticnal systemn; fron

the elementary grades through graduate school, in highly acadenic as well

} as vocational training programs.




INTRODUCTION

Since the launching of Sputnick I various phases of the American

educational system have gone through a critical self-examination. Thus, the

| mathematics and science curricula at the elementary and secondary school lovels

. have been greatly restructured in ioras of content as well as mothod of Ero-
sentation. Undergraduate vniversity curricula, especially in *th2 oprofiessions
such as engineering, business administratica and education, have tcnded tewards
greater emphasis on the principies and on the unificatioin of subject matter.
Typically, proposals resulting from curriculum studies have Iocused on the
material covered during the four years of the normal professional preparation
program, on methods of presentation to mske the material more meaningful and/or
on the need to extend such pregrams to 4 1/2 or 5 years of study. In two cases
U. €. L. A. [1] and Dartrouth [2] the contents of traditional ccurses hive been

R broken down into move elerentary units, i.e. the underlying; concepts, precepts,
laws, tools, applications and so forth. A procedure was then developed which
allows each of these elemental items to compete, in-as objective a manner as
has yet been devised, for its share of the total curriculum time. It may
therefore be presumed that a hetter allocation of time and therefore emphasis
resulted from these studies. Hence a better balanced curriculum for the
objectives set forth. This indeed was a radical departure from past practices
and certainly a long step forward. However, the studies' attainments fell

short of thein inherent potential inasmuch as the problem of sequencing of these

subject matter units was handled pretty much as in times past. Yet, the
reinforcement through proper sequencing and repetition of subject matter plays
an important, ir not a key, role in the level of retention and of mastery of
knowledge and of skills at the end of a cource of study.

gﬁ) Learning and forgetting theories of psychology are well developed.

The quantitative aspects of these theories have been successfully applied in

industry [3] and they can and should be brought to bear in education to enhance
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the level of mastery of subject matter at graduation and the retention of same
thereafter. Systematic sequencing of the subject matter should materially
help to accompl.ish these goals.

It is towards this e¢nd that a heurictic algorithm implemented by a2
large digital computer program has becen developed. This paper will Lriefly
describe the algorithm, the computer program and through an example some of
the power of its application. linally, th: implications of this mothodology

for future research auil applications wiil be ocutlined.

AN OVERVIEW OF THE SEQUL:CING MOLZL

It is assumed for the purpose of this work that the content of a
curriculum has been established and that the total program tiue has been
rationed to the verious elemental subject items. We then pose the question
what are the major actors influencing the sequence i: which the elemental
subject units are to he preszented?

Let us imagine a student studying differential calculus. 1lypically,
he enters this course at the beginning of his second semester. A4s he is exposad
to more and more class hours of instruction, his educational potential in this
subject area increases. What does educational potential mean? In the present
context, the educational poiertizl will represent that level of mastery of the
subject matter which the student attains as a result of his experiences up to
the time in question. Does this mean how well he has memorized this material?
Does it mean how well he can use it in new situations? Does it meaa that he
can see its relationships to other subjects? Does it imply that he has developed
new attitudes and skills in this suhject arca? The answer to these questions is
that depending upon the couvrse content, some c¢r all of thesge criteria will
apply. Every person who teaches a course has, implicitly or explicitiv,

developed a set of criteria with vhich to evaluate the course. We are constantly
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giving students tests to determine the level of mastery of the material pre-
sented. Our tests may not be vexy accurgte yet we are making decisions based

upon our testing. The point being made is that we do have criteria and we do

As we teach the studert, hour by hour, his level of mastery in +he
given subject increases; but it does not increase linearly. It has been
shown [4)] that a considerable body of empivical data from exparimental work
in psychology already cxists and that this data is directly related to the
problems of learning. What emerges from this large body of data is that, in
general, a person follows a learning curve which looks like a stretched out
letter-S. Initially, when a studs=nt is introduced to new material, the slope
of the curve is very close to zero. This implies that if we plot level of
mastery (P) versus time (t) we find that for every unit of time that we expose

the student to the subject matter, his level of mastery increases vary little.

But as the number of hours cf learning increases, the slope increases rapidly
until mastery is divectly and Jinearly proportional to learning time. Then,

as the learning time i: increased still further, the curve gracdually levels

off until it becomes asymptotic to some maximum level of mastery. This maximm
level represents the level of mestery which the student would reach if he were
to master not only the material presented in the course in question, but aiso
the material in all other courses offered by the school which repeet and rein-
force the material in the given course. Thus, any student who was to achieve
the maximum level of mastery in a given coursce would have obtained the largest

amount of'overlearning" that is theoretically possible for a given course in

a given curriculum. It can be seen tnat as the top of the curve is approached, -

-~

each additional unit of learning timz produces less and less increase in level

of mastery; there is what may be thought of as a point o# Jdiminishing returns.

Now we consider what happens when a student has completed a course
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ané is not using the material from it in another course. By analogy to
economic problems the completed course can be considered an investment. The
moment the student stops learning a given subject and does not use it in any
other coursas, there is a decay or depreciatiom in his level of mastery. In
other words, if an equivalent final examination for the course were given to
the student some time after completion of the course, he would cbtain a lower

test score than previously. From psychological test data, classroom experi-

ments, and industrial studies over a wide variety of subject matter areas,
people, teaching methlods, and so forth, it hae been found that the decay or
forgetting curve may be represented by a negative exponential.

In general, the studenis' lzvel of mastery decreases with disuge &5
timg goes by. However, as soon &s he starts to use the subject matter in
question in another course, then his knowledge begins to rise again. It shall
be assumed that i+ rises from the point on the learning curve where he left
off last but shif<ed downwards because of the decay. References £5,6] present
precise descriptions of the learning and forgetting curves. Al this point, it
should be noted that in describing the student's mastery of a given subject
we require a function or functions which produce a series of curves which rise
threugh the learning phese, drop through disuse, then rise again through
reinforcemont, and so forth until zraduation day or termenation of the formal
program of study.

On the day of graduationor termination of studies a student will
have some level of mastery of a given subject. The final level of mastery
depends upon how the presentation and utilization of this sunjact wer
distributed over the total time of the program. If the total time ali: < ..o
to this subject was used during the first semester, the student might have
approached the top of his Iearning curve. liowever, during *he remzining seven

semesters in school his level of mastery would continuously decay so *iat on




graduation he would remember very little about the course. However we know
that the student will problably experience some repetitions of the material
in other cnurses and probably in different contexts. Therefore the curve will
rise a lii%tic, fall a little, rise a little, and so on until at graduation the
student's final level of mastery in this subject will be somewhat higher than
if there had been no repetitions at all.

It can and will be shown that there ave some distrilutiones of the

subject matter that produce higher levels of mastery at gradnation than do

others. We tuerciore consider the distribution of every course, topic, cr item

in the curriculum in such a way that, at graduation, we maximize the student's
mastery of the entire curriculun. This means that if wve added together the

student's levels of uastery in all courses on the last day in school, the total

would be a measure of mastery of the entire curriculum. Different schedules or

distributions of subject matter will yield different totals. It ir a major ;

ohjective of this work to develop & iethodology for finding che schedule or

schedules which produce the highest overail nastery.

+ is nov sufficient merely to maximize mastery cn graduation day;

it is zlso important to maximize the students' retention of the material after
graduaticn. It turas out that the rate of forgetting decreases viith the increase
in the number of repetitions of tne subject matter, the teaching methods used,
the cumulative amount of 1ime taught, and other factors., It will be shown that

fortunately, scliedulas that are optimal with respect tc¢ total mastery are also

optimal with respent to retention. .

DEVELOPMENT OF A GENLERAL LEARNING sUNCTION i

It 35 assumed here that the genera! trends predicted by the learning 5

theorists are correct with respect t: learrning and forgetiing. In view of the

large number of inveracting variables connected with learning, and in view of 1
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the lack of any general theorvy of learning which is acceptable to most of the
practitioners in the field, the present attempt at a mathematical model w:1>.
involve the grouping of many of the variables into a small number of lumped
parameters. The degree of mastery of a given course, topic, or subject matter
item, will be expressed as a function of the lumped parameters and a number of
other pertinent variables. As a very gross initial approximation we can state
that the degree of mactery (henceforth known as the educationzl petential,p)
is a function of the type of subject matter, S; the type of learner, L; the
type of teaching method, M; the cumulative learning time, tL; the forgetting
or decay time, tD; and the number of repetitions of the subject matter, R.
Thus,

p=p(S, L, V, tos tpo R)

Since these arz the fundamental parameters to be used in this model,

a more detailed erplantion of their meaning is now given.
P The educaticn potential represents that lew.i of wactory that the

student as achieved &% & given time t, relative to an initial

base2 p. The Hase p is usually taken to be zero for *he purposes

of this modal unless sufficient empirical data regarding the student's

initial krowledze »f the suhject area in question is available. For

a given schedul=z, the cduca*ional potential is directly but nonlinearly
~ porporticnal to the cunulative learning time. We measure educational

potertial in thz same units as we= use for time; namely, weeks or hours.

In trying to determire how much a student has learned in a given
course we normally say that "he has had four weeks of Algzbra". This
does no* imply that the student has mastered four weeks worth of
Algebra. Rather it means that if we know the learning time we can

estimate the level of mastery by means of the appropriate learning
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function which relates p to t.
S The type of svhject matter can be broken down into any numbev of
arbitrary categories. For instance, the Engineering Science
Curriculum at Dartmouth College [2] has been broken down into {2
following categories: analytical technique, concept, definition,
engineering device, experimental technique, factual deta, instrument,
law, precept, principle, and special illustration. Another method
of categorization breaks the subject matter into various leavels of
complexity; from extremely simple, concrete, illustraticns to highly
abstract and gereralized material.
From a curriculum synthesis viewpoint, thé aubject matter can be
characteriz2d by the importance that the faculty places upon it.
The percentage of time in the entii. curriculum devoted to a given
item by +he faculty is an explicit measure of a number of implicit
factors. It includes a facvlty concensus regardins th2 total time

that shoulc be allocated to this sibject matter commeasurate with

the educaticnzl objectives cf the school, the availakble resouvnrses,

and the *ime that students arc available in the 2lassroom. I+ also

inzludes bt fe-ulty'. estiiate of the direct amoun®t of time required

to *each the subject under average conditions and the indirect time

to ba devoted te the regstition of the subject matter in othe» courses

or acliool activities. Thus, the type of subject mauter, S, is u

direct functicrn =f ths total time devoted to it by the facu ty. This

total amount of time shall hencefor+h be designated by the ‘~tter, H.
L The type of learne- can initinlly be categorized into three groups ;

a high learner, an average learner, and a low leainer. Studen*s may

b2 rlaced into these general categories by using a composite -core

derived from such data as I.Q. tests, College Entrance Examinations

(SAT), cumulative grade point averages, general ability profiles,




coursellors' recommendations, and so forth. For the purpose of this

model a standard learner is defined as that student whose composite
score is equal to the average composite score of all of the students
in the educational institution. In this model the value assigned to
a staniard learner is given by L=l. All other values of L are
assigned relative to this value.

The methods of teachirg can be characterized ia manv different ways.
Arnold Roe hos stated [7] that the corpus of knowledge on teachinz
methods :an re viewed in three Jimensions: [A] Relation to the struc-
*ure of the spzcified course content; [B] Relation of the structuring
to the students and tecchcrs; [C] Relation to the behavioral aspects
of the students. In private discussions with Stephen Abrahamson it
was concluded that a fourth dimension may be addcd; namely, the
behavioral aspects of the teacher. Theoreticaliy interactions be-
tween elemznts in one dimension with elements in the nther dimensionsz
should lead to the filling cf each cell with a numhzc representing a
utility for +“he particular intersection of eilements. Utility numbers
ars, in general, difficult to ascertain. In the experimental litera-

ture on teachirg matbodology statements are usually made regarding

E1)

the elements in cne of the dimensions only. Dimension [C] which is
related to the bschavioral aspects of the students bas been summarized
by MeXeachie [8) and Tyler [9]. The other dimensions have heen dis-
cussed by Ro.: in the rveference cited carlier.

For the purpose of this model the teaching parametee, M, will he

defined operationally in terms of its effect upon the level of

mastery of the subject matter ot a given time relative to the level

that would be achieved under standerd conditions. Standard conditions
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ave défined as those conditions that prevail at the time that this
model is implemented in the school. In this sense, M represents

2n index which is egual to cne (1) under standard conditions and

is greater or less than cie depending upon vhether the teacking
methods in generzl are better or worse than those considered under
standard conditions. This appro=ch is not as unprecise cs it ma:
seem at the outset. Although absclute values to describe t~aching
methods cannot ke obtained at the present time, v»elative values can
be estimated und verificatlons of these estimates can be made with
a minimum expenditure ol time #nd resources. For the purpose of
distinguisiing between different schedules or sequences of subject
matter it is sufficient to use values of M like .8, 1.0, and 1.25.
These nurbers could repr=sent substandard, stancird, and superior
teaching methods respectively.

The variable t, represents the cumulative amount of time that a given

L
subject has b.en studied in the classroom. It iuciudes the estimated

time that the cubject matter has been reinforccd or usec in other
courses or subjoct aveas. in keeping within the precision cbtainzble
from this model ard the precisiun of the availeble data, time shail

be measured in wocks, rather than in hours or sume shorter ti-w imit
of meaturemnent.

The variable R represents the total number of times that & given
subject has been taught or reinforced up till the time unde: consider-
ation. The total number of times includes the initial time tLat the
course was introduced and each succeeding time that the cource was

usec in other courses. In crder to be considered a repetition a

course may be taught or used for less than cne week.

-10-
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t The decay (or forgetting) time occurs when the given subject matter

e

s not being +taught nocr used. It is assumed that no forgetting
occurs while the material is bsing taught or used; forgetting occurs
at all other times.

A general function which satisfies all cf the conditions given in

[4] and which is dependent upon the parsmeters stated above is now presented.

H -BtL

—L(tL)“

p=MH(1 -3 )S "D where: A

——————

VLR

B = an empirically derivsd constant
related to initial forgetting

0 during learning o» relearning

ek
il

tD> O during forgetting.

Ambiguities with regard to the independent variable 1 can be eliminated

by writing one equation for learning and another f£or Sorg:tcing:

2

~-Lt - o o
) and Py = P;S

= ]l o~
P;, MH(2 ~-S
The t used in the learning equation is the same as t,; while the t used

in the decav equation is the same as t These equations satisfy the conditions

5

of learning stated in [%] and others.
The composite enuatica for the education potential presented thus

¢ far represents an "additive model". This implies that the parameters M, L, and

S are independent of ecach other. It is however, moras reasonable to expect that

in a process as corplex as learning these parsmeters are functionally dependent

upon each other. We would expect scme mutua) interactions. A simple example

will be used to illustrate the problem.

Let S, the type of subject matter have two categories: S1 and 82

L, the type nf learner, have: LH’ LM’ and LL




M, the type of teaching method, have: MI, MT, and ML B

If the educational potentials of the students were to be actually iz

measured at the end of a course of study, the experimental data . 2 to mutual | 5

interactions might result in graphs similar to those shown in Figure 1. ;%?“
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teaching machines MT, might yield a high educational potential p and much

For subject matter Sl’ a low learner L , taught by the method of

lower p's for the methoc of Irncependent study MI or a lecture method ML' On

the other hend, an entirely different graph might be obtained for a high

£k s . St

% learner LH'

In order to compensate for the effects of interactions for which we

e ot g

ayectat st

do not as yet have an acceptable theory or explanaticn, we shall multiply the
? equation of our ircdel by an interaction factor, I.

"In a manner entirely analorious to that used in engineering tc define
efficiencies, flow coefficients, friction and safety factors, we define the {
interaction factor as the ratio of the empirically-determined p and the p

which is calculated from the model. ;

I =1I(M, L, S) = Interaction Factor = (actual) f

p(model)
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3
4
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tducational potential from experimental data with interactions

Educational potential from the model without interactions
The composite eguation for the educational potential for one particu-

lar course now beccmes:

2 _at

Lt g Aty

p = IMH(1 -3

The model can be generalized for m courses in the j-th schedule.

-L

M]s

m
=~ I,M.H.(1-S,
P | i

1=l

P

|
i
'—l

If there are n possible schedules, the next task is to find the
schedule with the highest P. Thus, we must maximize P over schedules j -1

through j = n. We turn our attention to this problem in the next section.

A HEURISTIC METHOD FOR SCHEDULING

The combinatorial problem.

The problem of developing optimum or subcptimum patterns of courses
(which we call schedules! hinges upon the fact that for a relatively small

number of courses, there are an extraordinary number of possible zirangements.

v 1
For n courzes there are C_ = vy combinations of courses taken r
nr n(n=-t)ir!

at a time. Thus, if there were only forty courses, there would be 658,008
possible schedules. However, not all of these schedules are rezlly different
from each other and many others are not acceptable because tasy do not satisfy
constraints such as those for prerequisites and maximum hours of classes per

week allowabié. Even if symmetry and the constraints were (> preduce the munder
of schedules by a factor of 100, the problem would not be appreciably simplified
because the total number of schedules to be investigatazd would still be "large'.

It is not possible even with the most rapid data-processing equipment

-13-




available to investigate and compare all the allowable schedules that are
possible and to find the one which maximizes the objective function, namely,
the educational potential, P. What is needed is a technique which can generate
and evaluate a relatively large number orX possible schedules without a tremen-
dous expenditure of time and money. Thus a suitable heuristic algorithm is
required.

In 1962, Gordon Armcur [10] prescnted a methodnlogy for determining
better relative location pctterns for physical facilities, the "Computerized
Relative Allocation of Facilities Technique" (CRAFT).

The CRAFT algorithm produces good solutions (but which are not to
be assumed to be best) to the plant layout problem by successively exchanging
each department in location with every other department, evaluating the
incremental transportation costs resulting from each exchange, and retaining
only those layouts that incur lower incremental ccsts. A solution is reached
when further exchangzs »f departments do not result in any r=duction in the
incremental costs. This heuristic algorithm which is implemented by means of
a large computer precgrain prcduces layouts that ave far superior to those

produced by other methods, even though they are not necessarily optimal.

A heuristic algorithm.

The central idea of the solution to the scheduling problem considered
here is taken from CRAFT. By exchanging course locations rather than department
locations, it is possible to generate a progression of different schedules and
to systematically converge on one of a number of good solutions. These solutions
are far better than those currently available ard solutions which cannot easily
be improved upon. The algorithm that will be used in this model follows:

a. Compute the educational potential, p., for the first allowable

schedule, j. (This is usually a schedule recommended in the school

catalogue.)




b. Calculate the value of P obtained by exchanging the location in the
schedule of each course with every other course in a non-redundant j
manner. Compute P values only for those schedules that satisfy all
of the school constraints. After each exchange, compare the value
of Py obtained with the previous one. Rctain the larger value. If
there are n courses and they are exchanged r at a time, there will be
n! n(n=1) (n-2)...{(n=-r+l)

ncr = Ty = - exchanges.

c. After all exchanges have been completed, print out the schedule having
the highest Pj {namely, the last schedule retained) and associated
data. Compare the latest value, Pj with the initit2l value, Py If

p. is higher thaa Py> 80 back to step b and bezin the next iteration.

J
If pj is equal i» Pyo (there has been no increase in pj) ccatinue

with step 4.

d. Compute an idezl value of pj for schedule j and an efficienty based
upon thie best scheduie.
e. Print the final schedule and associated data.

f. Ctop. A subcptimum schedule has been reached.

The computer program.

Tto heuriutic algorithm has been formalized in a computer program

which is briefly prasented here. The program contains eighteen subrcutines

and over 700 cards ia the source deck. The program is written in Fortran IV

and has been run on the Honeywell 800 computer. At the present time the pro-

gram is capable of scheduling over 100 different courses and handliag more

than 220 time increments. The smallest time increment is usually telen as a

week. This implies that the program can be used to schedule courses during

every single week of a four-year curriculum.

The essential logic of tha program is shown ii: boad outline in the

-15-
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flow diagram, Figure 2. A brief description of each of the subroutines that are

numbered in the flow diagram will aid in interpreting the entire computer program.

1.

5.

The entire input to the program is read from individuali sets of data
cards which can be stacked one after the other following the source
deck. The input cards contain data regarding the type of format to
be used in printing the schedules; the names, s*arting times, durations,
and hours per week of all the courses; estimated reianforcing hours
for each course; data regarding which courses chall remain in a fixed
location; course parameters; prerequisite and corequisite information.
The program will then utilize the starting time and duraticn of each
course to develcp an initial schedule which will be printed cut.
For the purpose of keeping track of each of the courses in the schedule
and to veduce the computing time, a subroutine has been developed
which locates each course by its row and column in the schedule.
The initial input data and first schedule is inspected to determine
whether there are any major discrepancies in the input. This routine
wil). determire whether the prerequisites for each couwse in the
initial schedule are satisfied. It also determines whether the
waximum nuirber of hours per week allowable have heen exceeded during
any time iuterval in the initial schedule.
If any discrepancies in the initial schedule or input data is found,
the exact error is printed out and the program retuirns to the begin-
ning and reads the next set of data.
1f there were no discrepancies in the original data sect tuen a table
of the initial input and a copy of the initial schedule is printed.
This subroutine computes a total P or educaticnal potential for the
given schedule by:

a. Dividing the schedule into small time increments such as one,

two, or four weeks.




s

b. During each time increment an increment in p is calculated
for each course in existence within this interval of time.
The sum of all the p increments for each course is obtained

by adding the increment in p to the previous total p at the

end of each time interval. During those time intervals

when forgetting occurs, the increments ia P are negative
numbers and are subtracivad from the current total p for

the course under consideration.

c. The total P for the initial schedule is compared with the
previnus total P which at this point is zero. The higher
value is stored by subroutine 1% and +he program then ;
proceeds to item 8. 1

8. This subroutine contains a triangular matrix which provides fu.» the
non-redundant selection of two courses to be exchanged xnn location
in the given schedule. Since there are n courses iaken two at a
time, it czn be seen that by setting r equal to 2 in the previously

given formula, the total number of possible exchanges for one

iteraticn is n(n-1)/2. Thus for twenty courses there would be

20(20-1)/2 or 190 individual exchanges. If the exchange under
consideration is not the last one of the iteration, the program pro-
ceeds to item 9.

9. In this subroutine preliminary checks are made to see whether an
actual exchange is advisable. Twe courses may not be exchanged if
their starting times are equal or if their durations are ur.equal, If

these two conditions are not satisfied, then the program returns to

item 8 and two new courses are selected for possible axchange. j
10. If the two courses pass the initial checks then the exchange woutine

physically exchanges the two courses in location in the schedule ard

o -17-




11.

12.

13.

14,

15.

16.
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also excharges their starting times and locations in the array.

If a three-hours-per-week-course is exchanged with a one-hour-per-
week-course, it is possible that in its new location the three-hour-
per~-week-course may cause the maximum allowable number of hours per
week to be exceeded. If this occurs, the program goes to subroutine

12.

~——

This subroutine revcrses the operatiens that wzre carried out in
subroutine 10; it places the two courses in question back into

their previous locations in the schedule and thon ths prrograr proceeds
to subroutine & where two new courses are selected.

If the maximum-bours-per-week constraint is nct violated, the program
continues *o subroutine 13 where the prerequisites for the two courses
in question are scrutinized. If there have bee:. no violations of the
grerequisites or corequisites or either cf the tur ccurs.s exchanged,
then thec progeam geces to subroutine 7 where a ? fcr this schedule is
calculated. However if the prerequisitec are violated the program
proceeds to 12 and nltimately to 8 where new courses ave selected for
exchange.

After a total P has been calculated for a given schedule it is com-
pared with the previous total P and the higher value is stored. 1In
this routine appropriate tables and schedules are updated depending
upor which P must be remembered.

If the last exchange of this iteration has besn conpleted, the
program goes to subroutine 15. The latest schedule is printed together
with all of the P's for this iteration.

The last P calculated is compared with the first one of this iteraticon
and if there has Leen no improvement, namely they are both eqgual, the

program rroceeds to item 18. If on the other hand there has becen a

-18-
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17.

18.

e e e TR AR e LA A B Coan SOt S

change in P, the program returns to subroutine 8 and the triangular
matrix is initiated from the beginning. The program will then carry
out another entire iteration and continue in this way uvntil there

is no inprovement in P during an entire iteration.

In this routine an ideal educational potential is computed for the
final schedule. If the reinforcements for a given course could be
scheduled at any time, we would attempt to schedule them as soon as
possible aftar the given course has been completed. This would

mean that the student would learn all of the course material continu-
ously without any intervening periods of forgetting. Under these
conditions, when all of the reinforcements have been completad, the
rate of forgetting will be the mirnimum possible rate due to the fact
that we have scheduled the maximum number of reinforccments (repeti-
tions), and forgetting occurs only after there has boen +ho greatest
possible amount of overlearning. This calculation leads to a possible
but highly ‘mprobable total educatjional potential which we classifs as
the ideal. This routine also carries out the calculation of an
efficiency which is defined as follows: ~

P(final) - P(initial)
P(ideal) - P(initial)

Efficiency =

This efficiency represents one possible standard by which to judge

the relative superiority of the schedule calculated by the model and
the schedule taken from a school catalogue.

This subroutine inquires whether there are any new data sets that have
not as yet been processed. If there are additional sets the program
returns to the "read" statements and bagins to calculate a new data
set. In the event that there are no new data sets left, the pr...:am

stops. The program will also stop if there arec any contradictions in

~]19~




in the final set of data.

: Additional computer program capabilities.

1. DBy charging a single "dimension" statement in the source deck it is
possibl: to increaze the uumber of scheduled courses from 129 to
200, or to increase the number of time intorwcls from 220 fo HUO
without requiring the use of a surger compubew.

2. Any aumbor of courses can be kept in fixed locationc in the schedule;
thev would never be exchanged in location with any cther courses.
This feature ic very helpfal in those cases where it is decided to
give certain courses at particular times.

3. The program can rapidly ccmpute a value for the educutional potential ;
Tor individual schedules that are to be comparcd. For instance, it
right bz desirable to know whether a course ia statistics should be
taught to engineering students in the freshman ycu» or the junior

year. Bolh types of schedules can be evaluated in less than a

ninute of computer time.

4. Schedules with courses of different durations can be handled by the
program with no special instructions or charges in the source deck.

5. Changes in the function for calculating P, which would result from
future research and field testing, can be made in a few minutes
by retyping a few cards in the source program deck. Sﬁch chanzes
in +the objective function will not affect the opevation cof the rest
c? the progran.

The complete computer program s available at the University of Southern

California-Hcneywell Computer Center. An example of a typical but hypothetical

application cf the computerized methcdology is presented in the next section.




The computerized sequencing model has been applied to the problem of

v -

finding improved schedules for the last two years of the engineering curriculumn

for a mechanical engineering student at the Califernia State College at Los

o e i g T S A

Angeles. A typical schedule which is recommended in the college catalogzue was
used as the initial schedule in the computer program. This schedule is shown 5

in Figure 3. Every line in the schedule represents the courses studied by

the student for a period of one week. Each semester is sixteen wecks long; there

B Z R sl

are two weeks between semesters; the summer vacation lasts for eighteen weeks;

and graduation is assumed to cccur two weeks after the last final examination is

o RIS

given.

Since only enginecering and mathematics courses were considered for
scheduling, it was assumed that a maximum of thirteen hours per week of these
technical courses are allowable. In addition, ail of the rrevequisites given
in the 1965 college catalogue were introduced. Finally, an estimate was made
of the number of weelz that each course reinforces every other course in the »
initial schedule. An estimate of this type would normally be made by a con-
sensus of the faculty.

The computer program produced a printout of the level of mastery for

each course for every week in the initial schedule (88 weeks total). These

values have been plotted for four typical courses in Figure 4. The graphs show

among other things, that forgetting occurs between semesters; forgetting de-

r e

creases with increase in reinforcements and with proximity to total mastery;

B TR

and that the maximum height of the learning curve varies with tne subject matter.
An improved schedule of courses produced by the computer progriv is - :
shown in Figure 5. It appears that this final schedule is not much different {

from the initial schedule. Although 650 different schadvles were attempted by é

the computer, only a comparatively small number of these were allowable. This |

is directly attributable to the large number of scheduling constraints that are

R e
e
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" THFRMODYNAMICS

CFLULD MECHANICS "TECHMe RLPTs WRTG MEAT POWER LAS

- FLUTD MECHANICS TECHe REPTe WRTG HEAT POWER LAD

. i e im —_ e Al b i i e % v

OUTPUT

CAMMPUTLD SCHENULE. TIME INCREMCNTS of e WECKS

FLECTRICAL CT'RG] DYNAMICS STR, OF NATLRIAL ANV, ENGRG, MATH R
FLPCTRICAL CIRCI DyhaMICS ST«. OF MATERJAL ANV, ENGRGs MATH
ELOCTAICAL CIRCI DYNAMICS STR. OF MATERIAL ANV, CNGRG. MATH
CLFCTRICAL CIRCI NYNAMICY STRe OF NMAYCRIAL kv, ENGRGe MATH
ELFCTRICAL CIRCY ULyNaMICH : STde OF MATERIAL ADV. ENGRGe MATH
CLPCTRICAL CIRCT DYNAMICS ST, OF MATCRIAL ADV, ENGRGS MATH
ELECTYRICAL CIRCT NyNAMICH STRe GF NATERIAL ADVe ENGRGS MATH
FLECTRICAL CIRC] JYNAMICS STRe OF MAYERIAL ANV, UNGRU,. MATM
ELECTRICAL CIRCI LYMANMICS SYR, OF MAYERIAL A3V, ENGRG, MATH
FLECYRICAL C!RCI DvhaMtCs $STRe OF NATERIAL ADY, ENGRG, MATH
ELFCTRICAL CIRCI DYNAMICS . STRe OF MAYERIAL ADVe ENGRGe MATH
FLECTRICAL CIRCI DYNAMICS S5TRe OF MATERJAL ANVe EHGRGs MATH
ELRCTRICAL CIRCI DYNAMICS STRe OF MATERIAL ANV, ENGRGe MATH
ELECTRICAL CIRCI DYNAMICS STRe OF MATERIAL AQV, ENGRG. MATH
CLECTRICAL CIRC] DYNAMICS STRe OF MAYERIAL ADV, ENGARG. MATM
FLECTRICAL CIRCY DYNAMICS . STRe OF MATERIAL ADV, ENGRG. HATH

& WEEK SEMESTER BREAK

ELECTIC SYSTEMS STne OF MATR LAD ELECTe CIRCe L&D ENGRG DIG.COMPTR
CLLCTIC 3YBTEMS  STke OF HATR LAD £LECTs CIRCe LAB LNGRG DIG.COMPTR
ELECTIC SYSTENS STRe OF MATR LAD ELECY, CIRC, LAD ENGRG DJG.COMPTR
CLECTIC SYSTEMS STRe OF MATR LAD ELECTs CIRC, LAD ENGRG DIG.COMPTR
ELECTIC SYSTEMS OSTRe OF MATR LAD ELECYs CIKC, LAB ENGRG DJG.CORPIR
ELECTIC SYSTEMS STR, OF MATR LAD ELECY, CIRCy LAB ENGRG DiGoCOMPTIR
ELECTIC SYSTCMS SYRe OF MATR LAD ELECT, CIRCe LaD ENGRG DIGCOMPTR
ELECTIC SYSTEMS STRe OF MATR LAB ELECTe CIRC, LAB ENGRG NJG,COMPTR
ELECTIC SYSTEMS STRe OF MATR LAD ELECT, CIARC. LAD ENGRG DIG,COMPTR
ELECTIC SYSTEMS SYR. OF MATR LAB ELECT, CIRCe LAD ENGRG DIG.CONHPTR
ELECTIC SYSTEMS STHe OF MATR LAD ELECT, CIRC, LAD ENGRG DIG,COMPTR
ELECTIC SYSTEMS STR, OF MATR LAD ELECY, CIRC, LAD ENGRG DIG.COHPTR

THERMONYNAMICS
THER™MOSYNAMICS
THERNANYNAMICS
THERMONDYNAMICS
THERMODYHNANICS
THERAMODYNANICS
THERMODYHNANICS
THERMODYNAMICS:
THERNMGAYRAMICS

THERMODYNAMICS
TRLRMODYNANICS
THERMODYNAMICS
YHERMODYNANMICS
THERMODYNAMICS
THERMODYNAALCS

CLECTIC SYSTLMS STRe OF MATR LAB ELECTY. CIRCoe LAB ENGRG DIG,COMPTR
ELECTIC SYSTCHS STR, OF MATR LAD ELECT, CIRC. LAB ENGRG DIGL,COMPTR
CLECTIC SYSTCHS STRe OF MATR LAB ELECTe CIRCo LAD ENGRG DIG,COMPTR

SEMESTER VACATION

ENGRGe ANALYSIS INTERMED. THERMO
ENGRGs ANALYSIS INTERMED. TMERMO
ENGRGe ANALYSIS INTERMED. THERMO
ENGRG, ANALYSIS INTERMEDs THMERNMO
FLUID MZCHANICS TCCH, REPT, WRTG MEAT POWER LAB ENGRGs ANALYSIS INJERMED, TMIRMO
FLUID HECHANICS TCCMe REPTe WRYG MELAY POWER LAD ENGRGe ANALYSIS INTERMEDe THMERMO
FLUID MECHANICS TECH. REPT. WRTG MECAT POWER LAB
FLUID MECHANICS TECHe REPTe WRYG HEAT POWER LAD

FLUID MECHANICS TECH. REPTe WRTG HEAT POWER LAD
FLUID MECHANTICS TECHe RFPTe WARTG HEAT POWER LAD
FLUID MECHANICS TECHMe RFPY. WRTG MEAT POWCR LaAB

ENGRGe ANALYS!S INTERMEDe TMERMO
ENGRG. ANALYSIS INTERMED. THERMO

FLULID MECRANICS TECH. RCPYTs WRTG HEAT POWER LAS
FLIID MECHANICS TECH, REPT, WRTG MEAT POWER LAD
FLUID MECHANICS TECHMe REPTe WRTG HEAT POWER LAD
FLUID MECHANICS TECHe REPTe WRYG HEAY POWER LAB
FLUID MECHANICS TECH, REPY, WRTG HEAT POWER LAD
FLUID MECHANICS TECHe RFPTe WRTG HEAY POWER LAB
FLUID MECHANICS TECH. RIPTe WRTG HEAT PAWER LAD

2 WEEK SEMESTER BREAK

ENGRG, ANALYSIS INTERMED, THEARMO
ENGRGo ANALYS!S INTERMED. THERMO
ENGRGes ANALYSIS INTERMEDs THERMO
ENGRG,s ANALYSIS INTERMED, TMERMO
ENGRGs ANALYSIS INTERMED, THERMO

CLECTIC SYSTEMS STRe OF MATR LAD ELECTe CIRCe LAB ENGRG DJG,COMPTR,

ENGRGs ANALYSIS INTERMED, THMERMO®

ENGRGs ANALYSIS INTERMED, TMEARMO .

INDEPENDENTSTULY
INDEPENDENTOLTUDY
INDEPENDENTSTUDY
INJEPENDENTSTUDY
INDEPENDENTSYUDY
INDEPENDENTITULDY
INDEPENDENTSTUDY
INDEPENDENTSTUDY

INCEPENDENTSTUDY

INOEPENDENTSTUDY
INDEPENDENTITUDY
INDEPENDENTSTUDY
INDEPENDENTSTUDY
INDEPENDENTSITUDY
INDEPEKDENTSTUDY
JNDEPENDENTSTUDY

ENGRGe -ANALYSIS INTERMED. THERMO |

FLULN MECH,
FLULID HECH.
FLUID MECH,
FLUID HECH,
FLUID MECH,
FLUID MECH,
FLUID MECH,
FLUID HECH,
FLUID MiLCN,
FLUID MECH,
FLUID MECH,
fLUID MECH,
FLUID MECH,
FLUID HECH,
FLUID MECH,
FLUID MECH,

FO? TTERATION 2, MAXe NQOo OF EXCHANGESs 2323 MO
FINAL Pu 239446

INITTIAL po

Fig. 5.

LAS
LAA
LAR
LAS
LAB
LAB
LA
LaB
LAS
Laf
LAB
LaAS
LaAS
LAS
LAA
LAB

252438

wa oyl

INDUST HEAT TRFR
INDUST HEAT TRFR
INDUSTOHEAT TRFR
INDUST.HEAT TRFR
THDYST 4 MEAT TRFR
INJUSTeHEAT TRFR
INDUST.HEAT YRTR
INDUST«HEAT TRFR

INDUSTAHEAT TRFR,

INDUSTSHEAT TRPR
INDUST.HEAT TRFR
INDUST.HEAT TRFR
INDUSToHEAT TRFR
INDUST«HCAT TRFR
INDUSToHEAT TRFR
INDUST.HMEAT TRFR

X1rno

v s gy

e

b

TURDOMACHINZRY
TURBOMACHINERY
TURDOMACHINERY
TURDBOMACHINERY
TURDOMACHINERY
TUNRBOMACHINERY
TURBOMACHINERY
TURBOMACHINERY
TURDOMACHINERY
TURDOMACHINERY
TURDOMACH {NERY
TURDOMACHINERY
TURDOMACHINZRY
TURBOMACHINERY
TUROOMACHINERY
TURDOMACHMINERY

ot Sodos s

AERODYNAMICS
AERODYNAMICS
AERODYNAMICS
AERODYNANICS
AERODYNANICS
AEROUYNAHICS
ACRODYNAMICS
AERODYNAMICS
AZRODYNAMICS
AERODYNANMICS
AERODYNAMICS
AEROJYNAMICS
AEROJYNAMICS
AEROVYNAMICS
AERODYNAMICS
AERODYNANMICS

(PUFINAL)p (INITIALYYS T,

POWER
POWER
POWER
POWER
POWER
POWCR
POWER
POWER
POWER
POWER
POWER
POWER
POWER
POWER
POWER
POWER

OF ALLOWABLE CxXCHANGESe 22.

g

--Compute‘ printout of an improved schedule for
last two years of mechanical enormeermg at CSCLA
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PLANTS
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PLANTS T
PLANTS
PLANTS
PLANTS
PLANTS
PLANTS
PLANTS
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PLANTS
PLANTS
PLANTS
PLANTS
PLANTS
PLANTS
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INPUT

SEMESTER VACATION

two years of mechanical eng

PNITEAL SCHEDULETING 1uCREMCNTS OF 1 WECKS
ELOCTRICAL CIRCT DYNaM(Cy GTRe OF MATERIAL 4DV, ENGRGo
CLECTRICAL CTRCY pruamiCy STRe OF MAYZRIAL ADV, CHORG,
CLECTRICAL C1ACE DynAMICYS STRe OF MAYLRIAL AQVe CHGARGS
ELECTAICAL CTuC! OYmANICH 3T OF MATCRIAL ADYe CNGRG.
ELECTRICAL CIRCT GymaMicy STRe OF HATERIAL ADVe ENGRGS
CLECTHICAL CIRC! DyraMiCs 3T8e OF MaTCRIAL ADVe ENGRG,
CLICTRICAL CIRCY OYRAHICS STRe OF MATERTIAL ADV, ENGRG,
CLECTaicaL ctree DyuaMicCs 3TRe OF HMAYCRIAL ADV, ENGARG.
CLECTRICAL ClrCE JyhNaMicCs ST%e OF HATERIAL ADY, ERGROG
CELCCTRICAL CYRCT DYNAMICS STRe OF MATZRIAL ADVS CRGRG,
CLECTRICAL CIACT DyNAMICS STRe OF MATLRIAL AV, ENGRG,
ELECTmICAL CTACT Dyuanics STRe OF MATERIAL ADVe CNGRGe
ELECTAICAL CIRCY DyNAMICs $TRe OF MATCAIAYL ADVe ENGRG,
FLECTRICAL CIRET DywauiCs 3TRe OF MATERIAL ADYV, ENGRG,
FLECTRICAL CIREE DYNAMICS STRe OF MATCRIAL ADV, ENGRG,
CLECTRICAL CI1rCY Dynanicy STHs OF MATERLAL ADV, ENGRGe
& WEEK SEMESTER SREANX
YHERUYODYNAMICS ELECTIC SyYSTLNS  ENGRG. ANALYSIS STR. OF MATR
TRORMONYNARICS  CLICTIC SYSTEMS ENGRGe ANALYSIS STas OF MATR
THORMODYMAMICY  [LECTIC SYSTEMS SNGRG. ANALYSIS STR4 fF HATA
THRERMONYNAMICS ELECTIC SYRTEHS LN3RGe ANALYSIS STR. OF MATA
THTAMODYNANILS CLECTIC SYSYEMS  CHGRG ANALYSYS SYR, OF MATR
YHERMODYNAMICS ELECTIC SYSYEMS £NGRGe AKALPSIS STR, OF HATR
THERHADYNANICS ELECTIC S5YSTENMS  CHGRGW ANALYSIS  ATR, OF HATR
THERNGOYNAMICS ELECTIC SYSYEMS ENGRG. ANALYS[S STR, 0f MATR
VNERHQhYNANXCS. ELELTIC SYATEMS ENGRG. ARALYSIS STR. OF MATR
THERMODYNAMICS ELECTIC SYSTCMA  CHGRGe ANALYSIS STtRe OF MAYR
THERMODYNAMICS ELECTIC SYSTCHY  ENGRGe ANALYSIS STRe OF MaTR
THERMODYNAMNICS ELECTIC SYSTEMS fHGAGs ANALYSIS SThe OF HA TR
THERNONYNAMICS ELECTIC SYSTEMS EnGRG. ARALYSIS STR. OF MATR
THERMODYNAMICS ELECTIC SYSTEMS ENGRGe ANALYSIS $TRe QF PATR
THERMODYHRAMICS ELECTIL SYSYENS ENGRGe ANALYSLS STRe GF MATR
YHERMOODYHANICS  £LECTIC SvSTEHS ENGRG. ANALYSIS STR, OF HATA

HATH
HATH
HATH
hatn
HATH
HATH
HATH
HATH
MATH
MATH
MATH
MATH
MATH
HATH
HATH
MATH

LAB
LAD
LAD
LAS
LAD
LAl
LAD
LAS
Lad
LAD
LAD
LAD
LAD
LAl
LAD
LAd

ineering at CSCLA.

el
LN E{e
ey B

fLecer,
ELeECT,
tLecer.
€LECT,
ELECT,
€Lecr,
ELedT,
ELECTY,
ELECT,
LLECT
ELECTY,
ELECT,
ELecT,
CLECT,
fLECT,
ELECT,

ENGRG
ENGRG
ENGROG
CHORG
ENGRG
CNGRG
LNGRG
ENGRG

Cirt,
cine,
ClRC,
Cinc,
CIRC,
Ctac,
CIRC,
¢ial,
Clac,
CIRC,
CIRC,
CIrC,
CirnC,
Circ,
CIRC,
cinc,

LAD
LAD
LAD
LAS
LAY
LAY
LAD
LAf
LAD
LAD
LAD
LAD
LAD
LAD
LAB

DIG,CONPTX
N164COMPTR
D1GeCONPYR
Dl1G.COMPTR
Bi1G.COMPTR
D16 CONPTR
016G, CONRPTR
DIG.COMPTR

ENGRG Dl6.CONPTIR -

ElGRG
ENGRG
ENGRG
ENGRG
EXGRG
LRGAG
LNGRG

Dl6.CONPTR
BI6,COMPTR
DIG.CONP TR
Q1G.CONPTR
DIGeCONPTA
DiG.COHPTIR
DiG.Conpra

FLUID HECHANICS THCue REPT. WRTG WEAT POWER LAD INDCPCNDINTSTUDY JHYERMED, YTHERMO
FLUID MCCHANTCS  TECH, REPYTe WRTG MEAT POWER LAB INDEPENDENTSTUDY [NTERMED. THERMO
FLUTD NECHANTCS  TrCNM. REPTe WRYG HEAT POWLR LAD INGEPENDENTSTIUDY INTEHRMED, THEANO
FLUID MECHANICS TECH, REPYe WRTG HEAT POWER L4B INDEPENDENTSTUDY INTERMEDe THERMO
FLUID MECHANTICS  T8Cu, REPYe WRTG HEAT POWER (AD INDEPENDENTSTUDY INTCANED, THEAND
FLUID MECHANICS  TCCH, REPT, WRTS HEAT POWCR Lad INDEPERDENTSTUDY INTERMED, THERNO
FLUiD MECHANICS TYECH. REPTe WRTG HEAT POWER LAD INDEPENDOINTSTUDY INTERNED, THELAMO
FLUID HLCMANICS  T#CH, AFPY. WAYG MEAT PONECA LAD ITHDEPENDCNTSTUDY INTERNED e THERMO
FLUID MECHANICS  TLCMe A0PYe wHTG HEAT PORCR LAD JNOEPENDENTSTUBY INYESMED, THERWO
FLULD MECHANICS  TECW. REPTa WRTG HEAT PONER LAD THOEPENDENTSTUDY INTERNMED. TKERMO
FLUID necHarles  TecH, REPTs WATG MEAT POMER LAB INDEPENDINTSTUDY INTERHED. THERMD
FLUID MECHANICS  TECH. REPYs WRTS HEAT pOWER LAB JUDEPENDENTSTUDY INTERNED, TRERMD
FLUID MECHMANICYS  TECMy RFPYe WRYG HEAT POWMER Lah IHDEPENDENTSTUDY JNYEAMED. THERNO
TFLULD NECHANICY  YECHe KiPTe WRTG HEAY POWER LAD INDCPENDENTSTUDY INTERMED. THERMD
FLUID NECHARICS  TECH, RFPY. WRTG NEAT POWER LAD INDEPENDENTSTUDY INTERMED. THCRNO
FLUID HECHANICS  TCCHe REPY. WRTG HEAT POWER LAB INDEPENDENTSTUDY INTERMED, TMEANO
2 WEEK SEMESTER BREAN ’ ’
FLUID MECHS LAR  INCUST.HCAT YAFR TURBOMACHINERY  AZROLYNAMICS POWER PLANTS
FLULD NECHe LAB  INDUSTKEAT TAFR TURBOMACMINEAY  ACROLYNAMICS POWER PLANTS
FLUID HECHe LAB  INDUSTeMLAT TRFR TURGQOHACHINERY AERONYHANHILS POWER PLANTS
FLull nEcH, Lan ITHOUATenEAT TaPR TURDOMACHIKERY ACRAUYNANICS POWER PLANTS
FLUID MECH, LAB  INDUST.WMEST TRFR TUABOMACHINERY ALRODYNAMICS POWER PLANTS .
FLUID MECHe LAD  INDUSY.HEAT TRFR TURCUMACH{NERY ACRODYNAMICS POWER PLANTS
FLULD NECHe LAM  INDHSTenCAT ThPaA TURBOMACH NERY AERODYNAMICS PONEH PLANTS
FLUID MECHs LAG  INDUSTWHEAT TAFA TURBOMACHINLRY  ACRODYNAMICS PONER PLANTS
CFLBIN MECHe LAD  INDUST.HEAT TAFR YURBCMACHINERY . ACRODYNAHECS POWER PLANTS
FLUID HECH. LAR  INGUSY.NEA! TRFA TURBOMACH ) NERY ACRODYNANMEQS POWER PLANTS
FLUID MECHs LAB  INDUST.MEAT TRFR TURDCMACHINERY  ACRODYNAMICS POWER PLANTS
FLUID HECHe LAD  INDYST.NEAT TRER TUSDOMACHINERY  ACRODYNAMICS POMER PLANTS
FLIID HESH, LAD ' INDUST HEAY TRFR YURBOMACH] NERY ACRODYNAMICS POWER PLANTS
FLULD MECH. LAD INDUSTHEAT TRPR TURBOMACHINCRY ACRODYNANICS POWER PLANTS
FLUID MECH, LAD INQUSTINEAT Tarr TURDONACHINERY AERODYNANMICS POWER PLANTS
FLULID NeCHe LAD INQUATHEAT TarFA YURDOMACHENEAY ACRODYRANM{CS PONER PLANKTYS
TIND INTERVAL®  JvEERs 0o OF INTERVALS IN SCHEDULEs 8% TOYAL WEEKSe ad,
HOLOF COLUMNSs KOs OF SUBJECTS 3N SCHEDULER 290 TOTAL ITcmss ¢,
Fig. '3..--Computer printout of initial schedule, Last

Lad




imposed in this curriculum. Substantially greater improvements could be

obtained by reducing the number of prerequisistes, increasing the number of
courses by changing over to a "quarter" system or a continuous progress system,
and by considering the interactions between the technical and liberal arts courses
in the design of new schedules.

A table of parameters used in the calculation of P is printed toward
the end of the computer program output and is reproduced in Figwre 6. The
table also includes an ideal P and a final P for each of the twanty courses
considered in the schedule.

A series of sensitivity studies were carried out to determine the
effects of small changes in the learnar, teaching method, and the starting
schedule used in the program. It was found that relatively smz:ll changes in
these parameters yielded the same best schedule. This result indicates the
relative stability of the solutions resulting from tha usé of the heuristic
algorithm and this computer program in particular. Large chunges in M and L
resultea in significant changes in the suboptimum schzdule.

Although the sensitivity studies produced one sciedule, it also
yielded a different value of total level of mastery (P) for every combination
of M, L, and schedule Sc. It is of considerable importance to know whether
these values of P are statistically significant, i. e. whethex the variations
in P are due to chance or due to specific interactions between the paraneters.
To accomplish tnis, level of mastery scores were generated by computer siuula-
tion for two levels of teaching methods, three levels of learner abiiity, and
two levels of scheduling (catalog and derived) and a statistical analysis was
made [u4].

The statistical analysis of the aforementioned simulation data showed

that interactions do occur and they are significant. These results could not

have been predicted by considering the factors individually or by visual
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analysis of the model. The use of the analysis of variance in conjunction
with the model's simulation data has made it possible not only to predict

interactiors that seem consistent with empirical findings in educational re-

search, bui also to estimate which kinds of interactions are significant and
the expected relative degree of significance between factors. This finding is

Very encouraging. ;

CUNCLUDING REMARKS

l. The mod:t. presented offers a unified appioach to curriculum planning;
it integrates the usual logical and time constraints on the curriculum
centent with ouvr broad =xisting knowledge about educational psychology. §

2. The model allows us to make the learner (student) an integral input |

to curriculum planning.

3. It focuses attention on the major variables coni.ccted with curriculum

research and offers a particular functional relaticnship, between

these variables. The model's greatest significance lies, perhaps, in :
4

the fact that it presents an explicit concaptual framework which can ;
= itested, vewrified, improved or rejected. }

4. The framewcrk represzints a rather detailed blueprint for action. It

cucourages the use of simulation, heuristic, and statistical techniques
to deepen and integrate our knowledge in such specialized areas as ;

learning theory, curriculum synthesis, student ccumselling and testing.
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