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VARIABLES IN "DISCOVERY LEARNING"1

Robert Glaser
University of Pittsburgh

The question assigned to me to consider in this paper asks the following:
"Ie learning by discovery an important principle in carriculum development?”
I approach this task as someone concerned with the design of educational prac-
tice. I am inte‘ested in the requirements and specifications for the develop-
ment of procedures and materials for "discovery learning.” As an educational
designer, I work as a technologist, supplied with a presently meager, hut ap~-
parently iacreasing, body of tecimological principles und practices. Thase are
emerging from the interplay between practical attempts at education and relevant
research and knowledge from the sciences which contribute to pedagogical methods.

My design orientation provides me with the following plan of orzeration:
First, I must analyze the behavior with which I am concerned and spécify some
pecinrmance which will represent a standard of competence to be attained at the
end of a sequence of educacional experiences. This pezformance specification

establishes a riodel or standard arcund which individual differences will be dis~

w played. Tha selected performance must be specified in terms <7 its clase pro-
" parties because the otimnlu;. response, and structural characteristics of the
subject matter content and the behavioral repertoires involved, will datermine

what I wish to teach and, correspondingly, how it is to b¢ taught. I should not

1& peper delivered at a confereuce on "Learning by Discovery," SSRC, Mew
York, January 28-29, 1965,
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be too rigid, however, in sticking to an early specification of this performance

because certainly the selection of my instructional goals will be influencad by
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wy analysis of the benavior under consideration.

Second, I need to specify the characteristics of the students that I am to
teach. These characteristics need to be dete: ained either prior to instruction
or in the process of early learning. I shall need to know the extent to which
the student hes already acquired some of the things to be learned, the extent f :
to which he has the prerequisites for learning the next instructional steps, the
extent to which antecedent learning facilitates or interferes with new learning
under the conditions I hsve in mind, and the extent to which au individual can
nake the necessary sensory discrimirations and exhibit motor skills required
for initial learning steps.

With information about both the targét performance to be attained and the -
existing pre-instructional behavior, I can procesed from one state to the other.
This sets up my third task, which is to guide or allow the student to go from
one state of development to another, and I must construct the procedures and

materials that I wish to employ in this educational process. As part of this

Process, I must make provisions for motivational effects, by which I mean pro-

viding conditions which will result in the maintenance and extension of the

corpeence being taught.

Finally, I sust make provision for assessing and evaluating the nature of

the competence achieved by the learner in relation to the performance criteria

that have been established.




& fﬁ“ If this description of the educational process sounds harshly technologi-

Jiz cal, perhaps sume elegance hiae been lost in analysis. But presumably, once

&xﬁ the basic techniquzs are designed, it is time for the practitioner to apply

all the artiscry and sensitivity he can muster.

" étj In this paper Y will consider only the first step of the first task, i.e.,

| ® the general examination of Che behavior under concerr prior to an experimental
vf? analysis.

E - 1 cannot emphasire enough the importance of this first task--the anslysis
“T% §;~, of behavior. I believe that it has been neglected in psychological resecarch and

g%i 1 also believe that it has been the most important element in recent improve-
‘;ﬁé ments in 1n;truction. In the desiyn of educational programs, &. alyses of the
| tcrminal objectives to be achieved have beea a more influential endeavor than
manipulations in methods of teaching these objectives. This is probably so
because it is the first step in the sequence of tasks in instructicnal design.
{The fascination of Piaget and Geneva School lies, to some extent, in their
= keen analyses of children's behavior; but they stop short of the succeeding
méeps in the operationai plan for instruction.)

My analysis begius with an examination of the tasks that have been labeled
iy 34;1 "discovery learning." I find here thut I am confronted by a confusion between
. two different kinds of events. One has to do with learning by discovery, that
is, teaching certain objectives by a discovery method; the other has to do with

f
learning to discover, or teaching for a terminal objective which is manifested

by the ability to make discoveries.




The most prevalent case, learning by discovery, is defined usually as

teaching an association, & concept, or rule which involves "discovery" of the
association, concept, or rule. This is contrasted with a more direct instruc-
tional sequence in which a discovery method is not employed. And there are
varjiations between these two. When one examines the task situations and instruc-
tional sequences that have been called "discovery" and those that have been con-
trasted with discovery, what are the outstanding features? Two differences are
apparent: First, a learning-by-discovery sequence involves induction. This is
the procedure of giving cxemplars of a more general case which permits the stu-~
dent to induce the general propcsition involved. Assessment of attainment is
accomplished by testing whether the student has indeed induced the general pro-
position by getting him to verbalize it, getting him to apply it to certain ex-
emplars in a way that indicates that he knows the general proposition, ur by
gettiag the student to generate additional exeuplars. Finding the structure

in a body of subject matter instances is an example of induction, and the struc-
ture eventually discovered ie¢ a general proposition characterizing or summarizing
the properties of these instances.

Second, in using the discovery method, the imposition of a structured in-

structional sequence is minimized in order to provide a relatively unguided se-

quence onto which the individual inposes his own structure. This kind of sequence,

of necessity, allows the student to pursue blind alleys and find negative in-
stances; and consequently, he makes some wrong moves or incorrect responses in
the process of learning. "Discovering"” implies a low probability of making a
successfu? rpspnnse.'fSuch Being the case, errors have a high probability of

occurrence.
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Discovery sequences can generally be characterized by these two properties:
one, inductive sequences, and two, trial and error, or errorful, learning in
var;oua degrees.

We should then examine these two processes, induction and errorful learning.
Depending upon tﬁ; behavicral objectives these processes are to teach, that is,
whepher they are to result in the establishment of sczsociations, a concept, a
rule or generalization, theseAprocessas can be considered~in different ways and
cen have different merits. However, before considering them with respect to ;
particular terminal behaviors, it is of scme use to discuss them generally.

' Induction. I begin with the contrast to induction first. This is a teaching
sequence in which a rule is presented before exemrtais or instances of the rule. 2
Tais is expository teaching, and in early work with programmed sequencas, a rule~
example- .acomplete-example sequernce, apéeared to be an excel}ent wmethod for the j
efficient introduction of a new rule (Evans, Hoﬁme, and Glaser, 1962). The rule-
example-incomplete~example presentationr has ihe student workiag on the example
of a new rule very early in his exposure to it. In this sort of sequence, the
student is given an explicitly-stated rule and one or more carefully cnosen ex-
amples before calling for a response by means of an incomplete example; An ef-

fective prompt is then set up which minimizes incorrect r2sponses and which pro-

vides the student with the reinforcing activity of directly using the rule.
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Implied here is the rationale that rather than run tle risk (at least in the

fixed sequence of early program formats) of naving the student induce an incorrect gg

rule, it is preferable to state the rule for him explicitly. This philosophy leads
to the rejection of inductive preéentation. With a rule-example sequence, the stu-
dent can recognize and apply 2 rule with proficiency, and often it seeme hasardous

and slow to approach a rule through induction or through incidental iearning.




With rule and then example, the student adopts the czpert's carefully chosen
statement of a rule rather than using his own more fallible induction-derived
statement. The limited range of exemplars in most teaching and textbook situa-
tions may make it possible for the student to induce what is essentially an in-
correct rule but one which happens to fit all the examples presented. This ia
another possible source of danger in the induction process.

The rule-example expository sequence just described is very frequently used
in education. A teacher will typically enunciate a principle and follow this
with a series of instances of the principle. This is a prevalent procedure
because it leads to quick reinforcement for the teacher and the student. They
both see close-to-criterion behavior occur rapidly. It is reinforcing perhaps
for the same reason that the use of punishment is reinforcing to the teacher--
because it brings quick results. Other means of influencing behavior are more
laborious and their results only show up in the long rum.

Presenting rules first is also very effective because it is more useful to
remember a general statement that "memmals are warm-blooded animals and bear
their young live" than it is to vemember that zach specific species, such as
monkeys, horses, cows, cats, dogs, etc. is a mammal (ilechner, 1961). Similarly,
it is more useful to remember that the square of any number ending in 5 is equal
to "x times (x + 1) followed by 25," than it is to remember the squares of speci-
fic numbers. In general, one Is better off remewbering information to be used
when it is stored in condensed abstract form rather than in many specific in-
stances. The general statement is often the first one given in teaching because
it is easiest to remember and because defining and presenting an adequate aampie

of instances is a difficult task. Sometimes examples of a general case have

!
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little dignity and statement of the rule is more profound. It is often easier,
more dignified, and provides more instant lnowledge to state the rulz before

giving examples. While the words I use here suggest negative emotional loadings,
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nevettheless, for some purposes and for ieaching certain kinds of tasks, rule-
example is quite effective.

Consider now inductive teaching. Francis Mechner (1961) lucidly points out
that great teachers and great writers know the principles of inductive teaching
intuitively. Their writings provide us with demonstrations of the effgcti"eness
of giving examples before rules. !.aFontaine teaches a code of ethics througp.a
series of allegorical fables. Shaw, in his The Black Girl in Search of God, makes
a geneta1 point by providing a succession of specific instances which permit tne
reader to induce the general concept. Interestingly, Shaw's episodes describe
non-instances of the concept being estqblished% Moses, Frcud, FPavlov, and others
are instances of what God is not, and through these examples Shaw conveys his
message.

Good writers ingeniously use a series of incidents to establish the concept

of a character. It is hard work, at least for me, to read through the develop-
ment of a Dostoevsky character so that the concept of this character emerges.
C. P. Snow, with an fuferior literary style, reinforces me more quickly because
he tells me that Arthur Brown is this kind of a character--I get the rule first.
Induction is alsc used by poets and composers when they dcvelop general concepts
by specific examples of images and themes.

In summary, a long-standing procedure, recognized in society for its excel- \1

)
lence, is that concepts and principles are learned by the preseatation of specif;d

instances which permit the learner or the recipient to generalize among specific !
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instances of a class and discriminate between instances anc non-instances of a

)
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class. In these sequences of induction, the learner makes some false inductions, 5

errors if you will, in the course of inducing the rule. Depending upon the sub-

Ject matter, some rules can be pretty definitively learned, that is, subject to

little further correction, such as inducing the concept of equality in mathe-

watics. Other inductive sequences are subject to constant emendation or revi-

sion, such as the personality of a character in a story or such scientific con-

cepts as force, energy or the electron.
This inductive procedure is somewhat similar to the way we teach a concept
according to the notions of Hull, Skinner, Keller and Schoenfeld, and, I sus- f

pect, Piaget. To teach a child the concept of redness, we first insure that the

child has a relevant response avallable, in this case, that he can already say

the word "red." However, he does not yet use it appropriately. (It is not under
appropriate "stimulus control.") The teaching sequence might point to a succes-
sion of pictures or objects asking each time, "Wwnat color is this?" Every time
the child gives the right answer, he is provided with some event or context which

provides confirmation or other reinforcement. The teacher or teaching sequence

does not give the rule by pointing to objects and saying this is red, this is

green, etc. The child is permitted to make responses by himself to the separate . ?
instances. The teaching sequence utilizes various kinds of red objects so that j‘ ’
the student is provided with a succession of situations in which a correct re- f
sponse has a high probability of occugrence. Sequences of non~-instarces or ..:xa-
tive instances are employed in which non-red (or possibly the ¢~ oz ¢f the non-
red object) 18 accepted as an appropriate response. Tba te.ching procedure is

careful to randomize the non-relevant dimensions involved so that there is
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included large and small objects, distant and near objects, dark and light ob-
Jects, and coarse and smooth objects. The child thus learns to generalize among
objects 1a the class of redness. In the course of this process the teaching
sequence might introduce obviously different colors asking which one is blue
and 8o on. Once the child says red only to red objects and‘not to non-vred ' .
jects, and blue only to blue objects, he has acquired and perhaps d? scoverad

the concepts of redness and blueness.

In summary, then, the principle is that an abstre ~ .. .« geaeral case 1is
learned by the establishment of generalizations amon: specific instances of a
class and the discriminations between instances : .. aon-instances of a class.

In learning the concepts of triangle and quadr. «ceral, the student must genera-
lize the response "triangle" to any ti = ° figure aud the response "ﬁuad—
rilateral” to any four-sided figure. ... must also learn to discriminate between
these *wo classes. In larger sequences of topics, a student learns what an op-
erztion is after he can add, subtract, multiply, etc. He learns whaé a pronf

is after he has seen a large number of different kinds of proofs. And he under-
stands what homeostasis is after he learns about different kinds of physiological
eqq}libria. General understanding is induced from a wealth of experience with
specific cases (vide Mechner, 1961).

Errorful learring. The second identifying characteristic of discovery
learning is that in the course of discovering things for themselves, students
will undoubtedly make mistakes as a result of exploring blind alleys and nega-~
tive instance;. Since it seems that the most intellectually satisfying disco-
veries are those which are not obvious from the data at the student's immediate
disposal, there is the probability that such discoveries will not be made. To “
this extent, there may be a basic incompatibility between inducing discoveries

and minimizing error.
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To begin with a contrast again, the development of teaching machbines has
emphasized the minimization of errors. And while, so far as I kaow, completely
errorless learning has not been demonstrated in a teaching machine program, it
has been demonstrated in the ingenious work reported by Terrace (1983a; 1963b)
in teaching pigeons a red-green discrimination, and also to discriminate between
a horizontal and a vertical line. An error is defined in this work as a response
to a stimulus correlated with nonreinforcement, a so-called S-. The results of
these studies indicate that performance following discrimination learning with-
out errors lacks three characteristics that were found following laarning with
errors. Only those birds that learned the discrimination with errors show (1)
“"emotional" responses in the presence of S-, (Ziyoccasional bursts of responses

to the incorrect stimulus, and (3) less effective transfer to related discrimi-

nations. The technique Terrace used was to begin with two stimuli, widely sep-
arated on three stimulus dimensions, and then to progressively reduce the dif-
ferences between two dimensions, maintaining only the difference in the third.
This technique was recognized by William James in a discussion of discrimination
in psychophysics in 1890. .

In 1943, Schlosberg and Solomon {1943) reported a study in which they
trained rats on a Lashley jumping stand in a black-white discrimination. In
order to equate for what they call the "negative factor" which prevents learning
and increases response latency, they permitted no errors to occur which would
be punished. In this way the value of the negative factor would’éﬁ determined

only by the distance to be jumped and hence equal for all stimulus presentations.

They trained their animals very gradually in positive responses to a white sti-~

muius so that an error was never made. As a result of this procedure, the
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experimenters say that "thr: gradient established by reward was uncomplicated
by the effects of 'punishment'" (p. 26).

As Terrace poiunts out, the demonstratiou of errorless learning suggests
possible revision in currently accepted accounts of discrimination learning.
These currently accepted accounts agree tha: the extinction of responding to
S-, and hence the occurrence of errors, is a necessary condition for formation
of a discrimination. As succinctly stated by Keller and Schoenfeld, "Extinc-
tion is the hallmark of discxiﬁination";(1950). The accounts of Spe ce and
Hull onr discrimination learning are similarly based upon learning that occurs
in the presence of S and extinction in the presence of 5- respectively. Harlow
(1959) expressly incorporates error in his error factor theory. In general,
discrimination learning without errors is excluded from these conditioning-
extinction theories where excitatory and inhibitory gradients are postulated.

The general rationale for 2rror minimization in instruction is the following:
(1) When errore occur, there is lack of control over the learning process and cp-
portunity 18 provided for the intermittent reinforcement of incorrect responses;
this results in interference effects highly resistant to extinciion. (2) Frus-
tration and emotional effects, that are difficult to control, are assocliated
with extinction and interference. And (3) richer learning, that is, richer in
assoclations, takes place when the associative history of the learner is employed
to extend his learning; this is accomplished by mediators o» thematic promptings
which make positive use of existing knowledge and serve to guide learning.

There is perhaps snother reason behind the drive to minimize errors. This
is the fact that the use of errors and the possible value of incorrect responses

has not been investigated much in studies of learning related to the educational
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process. The contingencies generally studied have been those following correct
responding--a reinforcing event, a punishing event, or withholding a reinforcing
event. The contingencies following an incorrect response that have been stucied
primarily are punishment, withholding reinforcement, and to some extent, varia-
tions of corrective feedback information. This latter contingency has not, how-
ever, been as systematically investigated as the others. Recent experimental
studies like those of Suppes and Gingsberg (1962) suggest that overt corr;ction
of errors in young children results in faster learn.ng than does just knowledge
about whether or not responses were correct. Although with adults, Suppes points
ouc, studies like that of Burke, Estes, and Hellyer (1954) show that requiring
the learner to make an overt correction response after informational feedback
does not increase learning rate ncr asymptotic performance. (Indeed, many
learning studies assume, e.g., Bower (1962), that under certain conditions, cor-
rection following an incorrect response has reinforcing value equal to confirma-
tion following a correct response.) In general, the ''guided" aspects of stulies
of guided discovery attempt to make use of error, but effective us; requires
development of theory and data about the function of error responses.

An exception to the lack of use of error responses in the course of instruc-

[+

tion has been the work reported by Lewiﬁ and Pask on adaptive teaching systems
(1965). The adaptive teaching procedure which these menApropcse vequires the
gtudent to reveal, by making some sort of error, the kind of instruction he
should receive next. This requirement, they suggest, need not conjure up an
image of an aversive and tnreatening situation in which the student is forced
to reveal his ignorance. If adaptive control is competently designed, student

veakresses are revealed by his selection of response alterr.atives. Where no
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adaptive procedures are available for dealing with error, the minimizacion of
error is forced upon a teaching procedure.

Error minirization advocates might suggest that the adaptive systen could
do better by preventing errors from occurring in the first place. Lewis and
Pask react to this by pointing out that the presence of error is tacitly ac-
knowledged by the error minimizers when they cue or prompt in the course of a
program to adjust a program to the population of students being taught. These
non-adaptive programs remove error factors without 2llowing them to be mani~-
fested in the form of overt mistakes. This necessarily involves working in
the dark, and hence programs whiclh forestall error often make provisions for
far more error possibilities than any one student is likely to h.wve, and, hence
consist of less-than-challenging tasks.

Adaptive teaching systems, in contrast to error minimization, take seri-

ously the view that students profit from their mistakes. In addition, an in-

structional sequence should require that students diccover things for themselves,

and in the course of self-discovery the student will undoubtedly make mistakes.
Thus, there is a basic incompatibility between this self-discovery process and
error minimization.

At this point, I am sure of one thing: that is that I have not resolved

any issues. But I do hope that I have laid out for inspection what gseem to me

to be relevant variables and nuances that are involved in “learning by discovery."

1 have said that the hallmarks in this kind of learning, from my review of the
kind of learning situations thet have been included unde: this label, involve

two identifying characteristics: induction and errorful learning. And I have
~

attempted to look further into these two aspects t¢ provide some specific vari- fﬁ

\‘;,

)

ables for their operational handling.

{
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So far 1 have discussed the characteristics of lnarning by discovery in

Aeneral. This really does not get us very far in efforts at instructional de- 5

sign because ths characteristics of a teaching sequence interact with the pro-
perties of the terminal tasks that are heing taught. Therefore, inducticn
and errorful leaming take on diffurentisl usefulness Jepending upon whether
we are teaching responsce precision, simple associations, councepts, rules and
principles, or higher-order strategies. o
Consider first the establishment of response pracision. An avident char-
acteristic of the educational process that leads to subject matter mastery is ;
the increasing precision of the student's response. The student's initial per-
formance is variable, crude, and rarely meets the criteria of subject matter
competence. An effective instructicnal procedure tolerates this initial state
and graduslly takes him toward mastery. In order to accomplish this, the
teaching process involves the progressive estsblishment of narrower limits for
correct performence. Increasing competence in performing such new skillsc as
learning to write, or lea: aing precise timing in music, is accomplished by
gradually contracting performance tolerainces. This can be donme progrussively
so that each successive range of successful performance includes a major por-
tion of the range of variations already in the student's performance. Over

the sequ:ace of instruction, the range of observed performence will align it~

self with & particular range of acceptable performance defined as subject mat- é;‘
ter competence. 1 would suggest that this can be done and should be done with
a ninimum amount of ervors, since a sudden or inappropriate constriction of per-

formance criteria can lead to extinction and loss of motivation. The use of

errors and induction for this kind of learning seems not especially appropriate.
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Consider next the learningﬁaf associations. The process involved is at-
taching the increasingly precise responses being learned to particular subject
matter stimulus situstions so that subject matter mastery is attained because
the precise responses are under the command of detailed subject matter discri-
minative stimuli. In Jearning translation in a second language, for example,
the precise expression of a word meaning already in the learner's repertoire

is transferred to new subject mattar stimuli. The transfer of gtimulus control
is a major process in teaching students to make precise subject matter discri-
minations and teaching them to use previously learned skills in response to new
stimuli. This process, like the establishment of response precision, dues not
seem to require induction and errorful learning. Through the use of nediators,
assoclations can be taught so that errors are minimized. As Gilbert (1960) has
pointed out, in learning the correspondence between "one" and the color brown,
and “zero" and the color black, in teaching the resistor color code, it is pos-
sible to teach such associations on almost one trial by the use of mediating
stimuli. The student learns by means of statements such as "one brown penny"
and "zero biack nothingness." The procedure of stimulus fading used widely

in operant conditioning and in programmed instruction can also be used to trans-
fer existing associations to new ones with little error.

With respect to the learning of conceﬁts, I have already indicated that
induction may be a useful procedure. Whether or not errorful learning is use-
ful may be debated in light of the work of Terrace in discrimination learaing.
The question here centers around whether, in the discrimination training aspects

of concept formation, errorful learning has useful consequences,
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In the learning of rules, principles, and higher order strategies, I can
be less than definitive although the use induction and error seem indicated.
At this point it is a matter of some systematization and experimental analysis
along the lines of the varisbles I have been discussing.

In summary, learning by discovery, when analyzed, appears to involve not
only the properties of iaduction and errorful learning, but also interactive
effects with task properties.

I turn now, briefly, to teaching for discovery, or learning to discover.
This is much easier to talk about. Since we know so little about it, one can
say anything and enjoy his own speculations without the coustraints of know~
ledge. Again the problem is analysis or the behavior involved because it is
unlikely that we can teach discovery behavior adequately until the component
behavior repertoires have been analyzed. Once we specify or at least postulate
relevant situational and behavioral variables, discovery behavior should be
more &amenable to instructional manipulation. Right off, it seems likely that
discovery behavior is specific to the subject matter domain in which discovery
takes place. Discovery recuires different concepts and logical combinations
when one is working in wicrobiology or botany, or breaking hieroglyphic codes.
Presumably, there is some communality of behavioral repertoires, but there will
be much significant specific variance.

Mechner in a recent chapter on "Science Education and Behavioral Technology”
(1965) lists subdivisions of scientific method and research skills which seem
to be manageable pieces of discovery in science. He iists such things as deduc~
tive reasoning skills, inferential reasoning skills, skill in generating hypo-

theses, skill in selecting "fruitful" hypotheses, skiil in testing hypotheses
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and deciding which experiments to perform, skill in formulating problems that
can be solved by the scientific mechod, and generalized traits such as pati-
ence, perseverance, and curiosity. Skill in gencrating hypotheses is described
as a type of scanning, like free association, except that it invclves state-
ments about the world. Each statement is checked agains. experience until it
is refuted. If it is not refuted it becomes a scientific contribution. Mechner
writes the following: "The terminal behavior test for this skill would require
the student to generate and test, at a certain minimal rate, hypotheses about

a universe with which he has had some previous experience. The behavioral
technologist, in developing the terminal behavior specifications, would have

to (a) make the behavior overt rather than covert, (b) circumscribe the uni-
verse for the hypotheses, and (c) circumscribe the range of data against which
the successive hypotheses are tested by the student. Here, the use of a com-
puler suggests itself. It should be possible to develop a program for the com-
puter that would make the computer behave like a small, artificial, circumscribed
universe. This universe would be described by a set of specific imput-output
relationships, some of them determined and others probabilistic. The student
of "creativity" [discovery] would start out by learning his "subject matter,"
1.e., how this compvier behaves under various specific conditions. At the end
of this subject-matter training, there would stiil be a great deal about the
computer-universe that would be unkpown to him., Here he must begin to gene-
rate hypotheses and test them. A program could be designed to develop this
skill. The program would teach the student in the standard step-by-step fashion
how tq.generate hypotheses on the basis of some available data and then to test

3
the hypotheses in brute force manner against other available data until the
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hypothesis is refuted or until the data are exhausted. At the end of the pro-
gram, the student would be generating and testing hypotheses at the desired

rate."

Another way of looking at discovery behavior is suggested by the work on

R T I T e e Y T e T IR T g Feen

computer simulation of information processing. The work pioneered by Simon
and Newell (1964) identifies elementary information processes which combine
into compound processes. The processes identified might be considered as heu~ E '
ristics which are teachable behaviors which can be combined by the learner to
produce discovery behavior. For example, a paper by Simon and Simon (1962)
identifies certain heuristics for discovering and verifying mating combinations
in chess. The discovery heuristic involves a tree of move possibilities which
explores branches that turn out to be false leads. This “exploration tree" con-
sists of move possibilities in which the attacker has to discoves a branching 51
sequence of moves, one sub-tree of which leads to a checkmate. The authors
write that, "The exploration tree is precisely analogous to the paths tried
out by a subject in a waze-running experiment, except that it includes branches
for defender's choices as well as branches for the attacker's trees" (p. 427).
A heuristic program simple ensugh to be simulated by hand is able to discover
mating combinations in about 52 of the 136 chess positions. Slight modifica-
t’on of the program adds 10 more mating combinations that would be discovered.

Simon and Simon conclude: "The conclusion we reach from our investigations is ff

that the discovery of 'deep' mating combinations by expert chess players requires

neither prodigious memory, ultra-rapid processing capacities, nor flashes of in-

sight. Combinations as difficult as any that have baen recorded in chess his-

tory will be discovered by the selective heuristics we have outlined. . . .
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The evidence strongly suggests that expert chess players discover combinations
hecause their programs incorpu.ate powerful selective heuristics and not be-
cause they think faster or memorize better than other people" (1962, p. 429).

A third line of endeavor which is of interest for consideration as an in-
fluential variable in teaching for discovery has to do Qith the study of curio-
sity and exploration. An increasing amount of research has been directed to
the study of this area in the past decade (Fowler, 1965). Research, much of
it with infra-human organisms, has indicated that the strength of exploratory
behavior is positively related, within limits, to the degree of change in the
stimulus situation provided by novel, unfamiliar, complex. surprising, or incon-
gruous situations introduced into the envirvonment. Too great or too abrupt a
change, however, is disrupting and may preclude exploration. In complex situa-
tions, an individual encounters change by way of his interaction with or mani-
pulations of the elements involved. Sugy interaction provides the stimulus
change which can elicit curiosity and e;ploratory behavior. Ianvestigations
have also demonstrated that behaviors are learned that lead to a change in the
stimulus clisplay. Thus, in addition to stimulus change eliciting exploratory
behavior, experiments show that organisms will respond in oxcer to secure novel,
unfamiliar stimulfi. In general, these findings demonstrate that stimulus change
or sensory variation may be employed to selectively reinforce behaviors which
result in change, and that this variation in the situation will serve concomi~
tantly to elicit exploratory behavior. When stimulus change is used as a rein-
forcing stimulus, it seems reasonable to hypothesize that learning variables

which influence acquisition and extinction will influence the acquisition and

extinction of exploratory and curiosity behuvior as they do other learned
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fL behavior. This suggests that a student's cu losity and explorations which en-

hance discovery may be elicited and maintained in an instructional envirunment
which provides for appropriate variation in the stimulus characteristics of

the subject materials confroating him.

In summary, interesting leads for studying "learning to discover" come from

operant analysis, cognitive simulation and studies of exploratory drive. Fin- 3
ally, the excursion that this paper has taken into the intracies of "discovery
learning"” brings to mind the admonitioa of Edward L. Thorndike who wrote the
following: ". . . if ‘we avoid thought by loose and empty terms, or if we stay
lost in wonder at the extraordinary versatility and inventiveness of the higher
5 forms of learning, we shall never understand-man's progress or control his

education.” E. L. Thorndike, 1913.
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