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Introductory Statement

The Center is concerned with the shortcomings of teaching in Ameri-
can schools: the ineffectiveness of many American t=zachers in prom.iing
achievement of higher cognitive objectives, in engaging their students in
the tasks of school learning, and, especially, in serving the needs of
students from low-income areas. Of equal concern is the inadequacy of
American schools as environments fostering the teachers' own motivations,
skills, and professionalism.

The Center employs the resources of the behavioral sciences-~theoret-
ical and methodological--in seeking and applying knowledge basic to achieve-
ment of its objectives. Analysis of the Center's problem area has resulted
in three programs: Heuristic Teaching, Teaching Students from Low-Income
Areas, and the Environment for Teaching. Drawing primarily upon psychology
and sociology, and also upon economics, political science, and anthropology,
the Center has formulated integrated programs of rasearch, development,
demonstration, and dissemination in these three areas. In the Heuristic
Teaching area, the strategy is to develop a model teacher training system
integrating components that dependably enhance teaching skill. In the
program ocn Teaching Students from Low-Income Areas, the strategy is to
develop materials and procedures for engaging and motivating such students
and their teachers. In the program on Envizonment for Teaching, the strategy
is to develop patterns of school organization and teacher evaluation that
will help teachers function more professionally, at higher levels of morale
and commitment.

The symposium on heuristic teaching presented here was held urnder the
auspices of the program on Heuristic Teaching. The papers represent the
program's continuing effort to seek ideas and definitions that will con-
tribute to the central theme of the research.
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INTRODUCTION

Richard E. Snow
Program Director
Program on Heuristic Teaching
The Center's research ard development program on teaching began, and
has progressed, with the assviption that basic teaching skills could be

conceived as "content free."

While it was acknowledged that teachers did
many things specifiable and understandable only in the contexts of par-
ticular disciplines, it was decided that Center work should concentrate
on identifying a set of elemental teaching skills useful across all dis-
ciplines and developing training procedurzs for aiding acquisition of
these skills by teachers. In recent years, as the program began focusing

" the working as-

on the subset of the field called "Heuristic Teaching,
sumption of content~-free skills has been increasingly questioned. Some
have even suggested that heuristic teaching skills could not be defined
except in terms of specific subject matter.

The growing need to examine this issue in detail coincided with an
established program goal aimed at continual elaboration and definition
of the concept of heuristic teaching in general. It was therefore decided
to organize a symposium on the topic and tc invite resource papers from
scholars representing several disciplines and subject-matter areas of
particular relevance to the Center’s work in teacher education. Various
philosophical and psychological viewpoints were added for discussion pur-
poses.

Following are excerpts from two Center Annual Reports. These passages
represent an abstract of the heuristic teaching concept as described in
the past and as providcd to symposium participants for orientation. The
result is the volume here presented.

The excerptl on heuristic teaching from the Center's Second Annual

Report follows:

1Stanford Center for Research and Development in Teaching, Second
Annual Report (April 1968). This passage was written by Frederick J.
McDonald, then Coordinator of the program on Heuristic Teaching.
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Although the idea that man must adapt to social and physical
change is widely accepted, some of its consequences have not been
recognized or fully accepted. If the ability to adapt to complex
life situations is as critical as it appears to be, it is impor-
tant that a substantial portion of educational effort should be
devoted to developing individuals who are adaptive, flexible, and
inventive. That our educational energies are not so devoted is
abundantly clear. Although society is changing rapidly in many
ways, the schools are changing very slowly.

The Inadequacy of Didactic Teaching

Teaching style is probably the most static aspect of schooling.
Teachers teach today in much the same way as they have for gener-
ations. The basic style is didactic, with the teacher dispensing
information to passive pupils. At regular intervals, the teacher
examines the children upon how much of this information they have
absorbed and retained. It is the teacher who asks questions, rare-
ly the pupil. The structure of the answers is predetermined by
the context in which the questions are formulated; only inirequently
does a child's schooling permit him to discover problems. The
answers are known; if they are not known by the teacher, then cer-
tainly they can be found in a book. Occasionally these stretches
of information dispensing and receiving are broken by moments of
creative activity. But, more frequently, the didactic method con~-
tinues uninterrupted, accepted on the assumption that knowing
"these things" is important.

It is not necessary to prolong this jeremiad on the current
state of teaching. Over the years, great teachers have deplored
the paucity of imagination, and the sterility of the methods used
in most teaching, but even the fervor of the Progressive Education
movement in the United States accomplished little.

The Computer and Audiovisual Revolutions

What reasons are there to believe that a change can now be
wrought? The answer is that a néw element has been added to the
social forces impinging on the schools, namely, the computer and
audiovisual revolutions. Teachers' didacticism has persisted
because there was no substitute for it. Children needed to iearn
information; the ceacher was the guide to and the dispenser of
that information. WNot even the widespread availability of books
changed this system.

The computer and various audiovisual media make possible a
better information dispensing system. In two decades or less,
computers will be integral components of an electronically based
educational system. These components and audiovisual systems
will be used extensively as unit costs g0 down and comparative
effectiveness is demonstrated; their educational validity is
already well enough known to warrant our predictionms.



Even if one were not sanguine about the development of media
and computer-assisted instruction, he must recognize that the
world has changed substantially because of the widespread avail-
ability of information. He has only to turn on a television set
or pick up a magazine or newspaper to have available more infor-
mat.ion than his grandfather may have had in a year. He has a
sense of immediacy, of closeness to events as they are transpir-
ing. He need not imagine what people look like; he sees them on
television and in pictures in magazines. Pictorial journalism,
whatever the media used, has opened up to him a world of symbols,
images, and colors.

In such a world. how does one know what is worth knowing?
The richness availab.:: forces a choice of what to read, watch,
and remember. Such choices require principles by which one can
make the decisions that lead to selection.

The didactic teaching style helps very little in enabling
one to develop such principles. The didactic method is but another
aspect of the information flow. The very technology that facil-
itates communication tends to enhance and stimulate the didactic
processes in schooling. A teachetr can now turn on TV in the class-
room, bringing into it a better dispenser of information than he is.
The day is not distaut when children will go to computer terminals
for access to vast libraries.

The computer and electronic revolutions have had another con-
sequence, probably more serious. They are the symbols of deperson-
alization. Only a relatively few sophisticated members of our
society are aware of the extent to which the machines are controlled
by men. The vast majority see the computer as an impersonal force
capable of making decisions for and about them, and one over which
they have relatlively little control. Similarly, despite all the
claims czbout the potential educational value of television, dis-
paraging references to its programs and processes are frequent.

In our society, the machine is often seen as a threat to one's sense
of identity.

It would be simple-minded to claim that the didactic teaching
style has rendered human beings helpless in the face of profound
technological change. It would be equally wrong not to recognize
that that style, now the dominant approach to the inculcation of
knowledge, does not engender ways of coping with profound social
changes now occurring.

Alienation of Youth and Didactic Teaching

Only the schools can provide a wide variety of approaches
to learning. If the learner's reception of information is likely
to be facilitated by technologiccl developments, what are the
likely consequences of this facilitation? Will we also facilitate
Q
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the acquisition of passivity, indifference, and alientation?
That these are not unlikely outcomes seems apparent when we
consider the mood of the present generation of high school and
college students. Large numbers of them are alienated from
their world. Others are in active rebellion against a social
system which they think regards them as statistics in manpower
counts rather than as human beings. They charge that the educa-
tional system is forcing upon them a way of life whose values
they cannot accept. They are demanding new forms of education
which will help them develop as persons.

Although it has many causes, the alienation of large numbers
of middle~class and minority-group youth attests to widespread
dissatisfaction with American education. Many adults recognize
the disparity between what the schoels teach and the needs of
youth, but it is the students who have pointed to the inadequacies
of the way in which they have been taught. They attack the pas-
sivity of their role, the lack of involvement of their teachers
in the teaching process, their exclusion from the decisiom—making
processes which determine the nature of their educationm.

Vague as some of these problems seem, the prevailing mood is
unquestionable tc demand and provcke change in the nature of edu-
cation. At present, the discontent is more apparent than the
nature of the problem or the most effective way to solve it.

A decade ago, dissatisfaction with education took the form
of criticizing what was called the 'quality" of education. Quality
was synonymous with traditional conceptions of academic achieve-
ment. The resolution of this dissatisfaction took the form of
innovations in the curriculum, such as new mathematics and science
programs, and greater emphasis on academic achievement. One con-
sequence of these changes was an enhancement of the didactic mode
of teaching. The good teacher became the teacher capable of in-
creasing acquisition of subject content.

Disadvantaged Children and Didactic Teaching

This emphasis on academic achievement occurred about five
years before another profound change in American society--the
explosion of the effort of the Negro and other minority groups
to find an equal place in our society. Nowhere is the inade-~
quacy of the didactic mode of teaching more apparent than in the
ghetto schools. Many have noted the irrelevance of the curricula
of these schools; few have observed that their teaching styles
reinforce those very characteristics which help to maintain the
inferior status of the minority~group member.

The didactic mode requires wmuch passivity of the student.
It encourages an authoritariauism of the book, where the printed
word becomes the standard of truth. Receptivity to it requires
detachment and delay of personal gratification.

8



Again, it would be too simple to blame the problems of minor-
ity youths in the schools on the teaching style to which they are
exposed. It must nonetheless be recognized that this teaching
style contributes to the alienation of minority youth from school-
ing.

Heuristic Teachking: The Necessary Supplement

Heuristic teaching refers to styles cf teaching which emphasize
the development of self-initiated and self-directed pupil learn-
ing; which stress the pupil's discovering rather than absorbing
knowledge; which place the student in the role of the inquirer; which
aim at heightening the relevance of school to the pupil's life;
which are concerned with the emotional and social development of
the pupil as well as with his cognitive growth. Teaching in the
heuristic mode represents no one style of teaching behavior or ac-
tivity. 1t may be characterized as imbued with the spirit and
mood of inquiry, critical skepticism, invention, imagination, and
enthusiasm for learning. It treats students as persons who can
produce knowledge and understanding. It is revealed in sets of
beliefs about the way in which knowledge and understanding are
integral to personal development and the meaning of existence.

It may be the essence of the wvaried styles of great teachers who
insyire students to seek understanding.

We will not attempt here to describe in detail all that is
meant by heuristic teaching. . . . One way to understand more clearly
what is implied in this concept is to look at heuristic teaching
from the perspective of the teacher and then from the perspective
of the student.

From the Teacher's Perspective

Heuristic teaching styles will take many forms. We here de-
cide the characteristics of heuristic teaching as we now see them.
The concept will change as we study this teaching style in practice.
Also, whether the teaching style actually produces the effects
described is an empirical question. These statements should be
regarded as hypotheses.

The teacher himself will be an active inquirer, making the
learning process itself a subject of his inquiry. Teaching will
be the means by which the teacher himself learns; he will be as
actively engaged in learning as his students.

He will stress openness of inquiry. He will not make arbi-
trary distinctions between knowledge and living, between under-
standing and being, between social importance and personal rele-
vance. He will help students seck knowledge and understanding;
he will not think of teaching as giving knowledge and understand-

ing.
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The character of his relations with students will also be
changed. He will appeal to the authority of free inquiry rather
than to the authority of persons. He will not impose his greater
knowledge or deeper insight on students, but will rely on their
perceptions of his competence to stimulate them to seek him out
as a guide.

From the Student's Perspective

The characteristic behaviors of students taught with heuristic
teaching styles will also take many forms. The student will be
an active inquirer rather than a passive recipient of knowledge.
He will see the prccess of learning as a way of achieving his
most significant personal goals. His definition of his goals,
of what in life will have significance for him, will emerge out
of the processes of learning. He also will not make an arbitrary
distinction between being and learning, between personal relevance
and education, between meaning and personal significance.

He will assume responsibility for his learning. He will
not need to be goaded to learn, since the significance of learn-
ing will have become intimately personal for him. He will view
education as a means of achieving his goals. He will see teach-
ers not as threats to his personal 1ntegr1cy but as helpers in
achieving and enhancing it.

Admittedly, these descriptions represent ideal character-
izations of teachers and students. Realists, familiar with to—
day's schools, will despalr of achieving a system in which there
are large numbers of such teachers and students.

The purpose of the Center's research and development in this
problem area is to initiate progress toward this goal. It will
not be achieved in the immediate future. But it can be attained
within a reasonable span. For those who doubt that changes toward
such a goal can be wrought, we point tc¢ the technological and
social revolutions occurring in our society. These potent social
forces can be made to help in the development of schooling that
emphasizes heuristic teaching.

Heuristic Teaching and the Open School

The character of the American school must change in the coming
decades if education is not to be overwhelmed by the new computer
revolution, if education is to contribute to the development of
the most significant aspects of childrens' lives. The experience
of the past decade has made it obvious that curriculum innovations
do little to produce profound changes in schooling. The most
imaginative innovation in curriculum can be subverted into a pe-
destrian analysis of subject matter by a teacher who does not
understand its purposes or possess the motivation and skill to
teach toward its goals. A set of experiments designed to stimulate

1)



students to inquire becomes merely another set of exercises in
the hands of the teacher insecure with inquiry. Comprehensive
schemes for organizing subject matter are of little interest to
the teacher with little zest for learning or skill in making
learning a challenge rather than a chore.

Ev.: if many teachers were skillful and motivated enough to
use hueristic teaching styles, the fresent organization of the
schools would interfere with their r'se. Teaching functions are
undifferentiate” in present-day schools, so that one teacher must
perform many functions. Even though a teacher may be skillful
enough to perform them, the most demanding--heuristic teaching--
is likely to be slighted because the others consume so much of
his energy. Moreover, the present organization of teaching does
not permit teachers unskilled at heuristic teaching to avoid it,
any more than it permits those unskilled at didactic teaching to
avoid it.

Also, the prevailing emphasis on didactic teaching has created
a generation of administrators and parents who equate learning
with the absorption of information. Any change in teaching styles,
particularly when it places greater responsibility on the student
for his own learning and stresses inquiry, will require changes
in the attitudes of both administrators and parents.

Two kinds of changes are required. First, heuristic styles
of teaching must be introduced into the schools to supplement the
didactic mode.

Second, schooling must be organized to facilitate both the
consequeinces of the computer revolution and the introduction of
heuristic teaching styles, creating what we have called the
"open school."

The following excerpt2 describing the Center's programs on Hedﬁistic

Teaching is from the Center's Fourth Annual Raport:

The general purposes of the Heuristic Teaching program are
threefold: (a) to define heuristic teaching functions in educa-
tion; (b) to understand the psychological processes of heuristic
teaching and learning; and (¢) to develop means of promoting
heuristic teaching and learning in schools. The program was es-
tablished in April 1968, growing directly from earlier Center work
on microteaching and the technical skills of teaching approach

2Stanford Center for Research and Develvpment in Teaching, Fourth
Annual Report (August 1969). This portion was written by Richard E. Snow,
who succeeded Dr. McDonald as Director of the program on Heuristic Teaching.

ERIC - u




to teacher training as well as other research on cognitive and
affective interactions in the teaching-learning process. The
term "heuristic" is meant to suggest an emphasis on inquiring,
inductive, hypothesis-generating modes of instruction rather than
on fact-dispensing, deductive, expository modes. While the pro-
gram's research deals with teaching and learning in general, the
hope is to develop new, more adaptive, and functional forms of
human teaching in relation to other components of the instruc-
tional system.

It is possible to look forward to an increasingly integrated
theoretical framework, linking the program's research activities
in substance as well as administratively, and to envision an in-
creasingly diversified array of products resulting from the pro-
gram's developmental efforts. At present, however, such a frame-
work can be only roughly outlined. It must remain flexible enough
to incorporate new findings and developments as they accumulate
or to change drastically as the resulting new knowledge dictates.

Some of the elements of the growing theoretical framework,
and some of the relations between current projects, are schema-
tized in the following diagram. The diagram identifies cognitive
events that are presumably involved in heuristic teaching behavior.
One can assume, for example, that at some given instant in an on-
going group discussion a teacher attends to significant cues re-
garding the course of discussion, makes inferemces about the state
of confusion in some problem faced by the students, decides on a
form of questioning or comment designed to open new aspects of
the problem, and skillfully inserts such questions or comments

Inferences about

, -
Planning-structurifi//
state of learmer

Aptitudes for

Professional teaching and learning
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Hypothesis
rext act yP

generation
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into che stream of discussion. It can further be suggested that
both the current course of classroom events and the teacher's
earlier acquisition of skills will have been influenced by that
teacher's aptitudes for teaching (and for learning to teach), by
his substantive knowledge and repertoire of technical and personal
skills, and by his affective or temperamental state at any given
moment.

On a somewhat larger time scale, the cycle can be used to
characterize a teacher's behavior from day to day. A teacher
summarizes the rvesults of one day's discussion, observing par-
ticular points of success or concern. He makes inferences about
the progress of cumprehension foir individual students or for the
gr ~up as a whole, decides upon strategies for the conduct of fur-
thcy discussion; and as the next meeting proceeds, the formulated
plan is executed.

Application of the schema presented above is not limited
to the behavior of a teacher as a group discussion leader; it may
be used to represent teaching processes in monitosring and cri-
tiquing an individual student's independent study report, in con-
versations with a parent, in preparing materials for weekly units,
or in constructing an achievement test. Further, it is not meant
to restrict attention to clearly cyclical patterns of teacher-
learner interactisca, for among the most important examples of
heuristic teaching behavior may be the identification and pursuit
of new ideas happened upon serendipitously in the course of lec-
turing. The diagram focuses on teaching; left implicit are com-
parable processes on the learner's side, which are no less impor-
tant as both interacting and dependent variables for most of the
research on teaching currently underway or envisioned for the
program. The schema thus serves only roughly as a guide for this
program report, showing how the concerns of the various projects
of the Heuristic Teaching program may be related within the cog-
nitive operations of the individual teacher.

While the papers collected here are intended primarily for use in
planning ongoing Center work, it is hoped that their dissemination in this
form may serve wider goals in promoting improved research and development

in teaching.

O
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Full Tt Provided by ERIC.

HEURISTIC TEACHING IN MATHEMATICS: A REFORMULATION

Jon L. Higginsl
Stanfcud University

The state of heuristic teaching as an area of study in mathematics
education has never beer at a lower ebb. Few, if any people in the field
know with certainty what heuristic teaching in mathematics encompasses.
0f the books dealing with mathematics instruction published in the last
five years in this country, only one even references heuristic teaching
in its index. The notion of heuristic teaching in mathematics is at pres-
ent very confused and poorly defined. Tn this paper we shall trace the
sources of this confusion, and attempt to reformulate a new definition of

heuristic teaching which lessens some of this conflict.

In particular we shall seek to identify a rather broad category of
teaching techniques as heuristic. We will attempt to avoid making value
judgments about the efficacy or sufficiency of this category. At the pres-
ent time we simply do not have information which is complete enough to allow
for enlightened statements of efficiency for teaching procedures. This
situation is compounded by the confusion about the nature of heuristic
teaching. If a reformulation of heuristic teaching in mathematics can re-
move some of this confusion, then we may be ready to focus our research
toward providing such information. For this paper, however, we will not
assume that heuristic teaching is either good or bad, but only that it is

distinctive.

Similarly, we can see no reason to assume that the category of heu-
ristic teaching need be so broad as to encompass all necessary teaching
functions. Heuristic teaching should be a way to classify some teaching
acts, but not all teaching necessities. We shall thus be alert to limi-
tations of heuristic teaching in mathematics in the hope that there are

other teaching categories which do not share these same limitatioms.

Defining heuristic teaching in mathematics education is complicated
by the fact that the term "heuristic" has a specialized meaning and lengthy
history in the field of mathematics. To a mathematician the word "heuristic"

has an infinivcly richer meaning.than simply discovery. The foremost ad-

lNow at Ohio State University. 15
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vocate of heuristic today, George Polya, reminds us that

heuristic, or heuretic, or 'ars inveniendi' was the name of
a certain branch of study, not very clearly circumscribed,
belonging to logic, or to philosophy, or to psychology,
often outlined, seldom presented in detail, and as good as
forgotten today. The aim of heuristic is to study the
methods and rules of discovery and invention.

Modern heuristic endeavors to understand the process of
solving problems, especially the mental operations typi-
cally useful in this process. It has various sources of
information, none of which should be neglected. A serious
study of heuristic should take into account both the logi-
cal and psychological background, it should not neglect what
such oléer writers as Pappus, Descartes, Leibnitz and
Balzano have to say about the subject, but it should least
neglect unbiased experience. Experience in solving problems
and experience in watching other people solvin% problems
must be the basis on which heuristic is built.

‘fhus, in mathematics especially, heuristic seems inexorably bound to
problem solving. Polya has devoted the major portion of his writing and
lecturing to an explanation and analysis of problem-solving techniques.
Much of his wraiting can be characterized as case histories of solutioms.
The most concise formulation of the heuristic which he has synthesized
from these many case histories is contained in his most popular book How -
To Solve it. He presents the heuristic as a list of questions which one

should ask himself as he tries to solve a problem. The list begins:

1. What is the unknown? What are the data? What is the condi-
tion?
2. 1Is it possible to satisfy the condition? Is the condition

sufficient to determine the unknown? Or is it insufficient?

3. Have you seen the problem before? Or have you seen the same

problem in a slightly different form?

4. Do you know a related problem? Do you know a theorem that

could be useful?

5. Look at the unknown! And try to think of a familiar problem

having the same or a similar unknown. !

o 2George Polya, How To Solve It (Garden City, N. Y.: Doubleday Anchor
RJ!:SOOkS’ 1957), pp. 112, 129-130.

IToxt Provided by ERIC
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6. Here is a problem related to yours and solved before. Could
you use it? Could you use its result? Could you use its

method? Should you introduce some auxiliary element?

7. Could you restate the problem? Could you state it still

differently? Go back to definitioms.

8. If you cannot solve the proposed problem, try first to
solve some related problem. Could you imagine a more
accessible related problem? A more general problem?

A more special problem? An analogous problem?

And he continues from there.

When faced with the term "heuristic teaching,"

the mathematics educa-
tor must reconcile two possible meanings. Does this mean the teaching of
problem-solving methods and therefore relate primarily to conteni? Or

does it have to do with teaching procedures? If we are talking about pro-
cedures when we mention “heuristic teaching" are we limited to those pro-
cedures which the teache; uses when teaching about problem solving, or do

we include more general procedures?

Instruction and Content

Let us agree that by heuristic teaching in mathematics we are re-
ferring to a category of teaching procedures which are applicable to a
wide range of mathematics content. Furthermore, let us attempt to relate
heuristic teaching as closely as possible to the meaning of heuristic in
mathematics. One possible way to do this is to define heuristic teaching

in mathematics as a category of instructional methods which make primary

use of one or more problem-solving strategies in mathematics.

Now strategies of problem solving are only minimally relevant apart
from problems. If our definition is to have any import at all we must
assume and find support for the assumption chat a nontrivial part of school
mathematics content can be approached as if it were a problem. This require-
ment alone may require a major shift in the teacher's philosophy and view
of the teaching situation. If ccntent is to be approachned as if it were

a problem, then the classroom must change from a place where information

ERIC
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is sought. A student has a problem when he has been given tha description
of comething but does not yet have anything that satisfies the description.
More explicitly (a) he has a clearly defined goal that he desires to attain;
(b) the path toward the gual is blocked and his habitual responses and
fixed patterns of behavior are not sufficient for removing the block; and
(c) he can discriminate between alternative courses of action and deliber-
ate about their feasibility.3 Thus, to approach mathematics content as

a problem the mathematics content must be established as a goal related

to possible courses of action. The forming of the goal is related to ths
establishment of objectives; the related courses of action to the deter-
mination of hierarchical prerequisite knowledge. Each of these areas pro-
vides a wealth of research questions related to teaching. In particular,
the form of the statement of objectives would seem particularly important
to the establishment of content-as-problem. A statement like "Today we
will learn how to compute the distance between two points in a Cartesian
coordinate plane by usiig the Pythagorean theorem" destroys any content-
as-problem approach since it establishes a goal but then proceeds to re-
move the blocking of that goal by removing the tieed to discriminate between
various courses of action. 1In this case, a far simpler goal statement
seemS much more preferabie, viz.: '"Let's see if we can figure out how to
compute the distance between any two points in a Cartesian plane." What

is the relationship of cognitive set or advanced organizers to such goal
statements? It would be valuable to explore the form of teacher gnal-
statements which lead to the widest variety of problem-solving activity

for the greatest number of students.

Much of the ability to present content as problems depends upon just
this ability to break mathematics intoc "let's-see-if-we-can-figure-cut"
blocks. This is the most easily done by asking tha student to redevelop
or recreate many of the principles which form the body of mathematics.
This recreation wasz a formidable if not impossible task when the teacher

used traditional mathematics curricula. These curricula viewed mathematics

3Kenneth B. Henderson and Robert E. Pingry, "Problem Solving in Mathe-
matics," in The Learning of Mathematics: Its Theory and Practice (Washington,
D.C.: The National Council of Teachers of Mathematics), p. 230.
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as little more than a collection of facts and principles. But modern
mathematical definitions, concepts, and principles. As a result, the
possibility of presenting mathematics content as problems has come within

closer reach.

But we must realize that the concern of heuristic is not just obtain-
ing an answer to a problem. Heuristic seeks generalities from problem

solutions. The last category of Polya's How To Solve It list is entitled

"looking back." He admonishes the problem solver to "examine the solution
obtained. Can you check the result? Can you check the argument? Can you
derive the result differently? Can you see it at a glance? Can you use

the result, or the method, for some other problem?"4

It is this looking back which is all too often ignored in the usual
problem-solving sessions in many mathematics classrooms. The result is
an almost totally answer-oriented student. He does not want to know about
the structure of mathematics. He cannot be bothered with basic laws and
principles. He will only grudgingly tolerate explanations of why a par-
icular mathematical procedure works. We have conditioned him toc a belief
that, in mathematics, answers are all-important. Answers are almost always
the goal of mathematics tests, not discussions or explanatioms. Thus he

seeks not the "why" of a solution but the "how," the tricks, the manipula-

tions.

Presenting content as problems, then, is not the same as presenting
a series of answer-seeking exercises. The content-proltlems of heuristic
teaching must look back overjcontent,ntechniques, and concerns that have
previously entered into a student's experience. They must look forward,
as well, to new relationships and new problems. What does this mean in
terms of lesson design and sequencing for heuristic teaching? Let us look

at some examples of lessons constructed for heuristic teaching.

Logical Construction and Instructional Procedures

Heuristic teaching has been considered by some mathematics educators

as a teaching pfocedure which makes use of a series of directed questions.

4Polya, How To Solve It, p. xvii.
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"By (heuristic teaching) we mean a method which aims to lead the student,
through well-chosen questions, to discover facts, information, relation~
ships and principles for himself."5 This may well have arisen from a con-
fusion sbout whether Polya's lists of questions formed a method or a goal.
(Indeed, much of what makes Polya a master teacher is this intimate inter-
mingling of method and goal.) The difficulty is compounded by the fact

that no criteria or guidelines were established to select or evaluate "well-
chosen questions" or well-chosen sequences. The following excerpt from

the 21st Yearbook of the National Council of Teachers of Mathematics is

an example of what was considered heuristic teaching.

First lesson on circles: "If you wished to construct another

circle equal to this one, what would you measure? Consider this

circle with the 5-inch radius. With respect to the circum-

ference, where would a point three inches from the center be?

8 inches? 5 inches? What are your conclusions with respect

to distance from the center and the circumference? Here are

two equal circles, 0 and 0'. Mark off equal arcs AB and A'B'

and draw the radii. What would you expect ¢o be the relatic:i-

ship between angles AOB and A‘0'B'? 'that is one method of

proving two angles equal in two equal circles? What doc you

think is true about chords AB and A'B' in these circles?

How do you usually prove two line segments equal? But there

are no triangles here! How wou&d you draw lines to make the

triangles which you mentioned?"

Consider the sequence of questions in this example of heuristic teach-
ing. Do they bear any relationship to the list of questions that comprise
Polya's heuristic? To be sure, we are faced with a problem: how can a
given circle be duplicated? DPolya would begia by exploring the given data
and conditions; would continue by looking for similar problems (have you
solved problems where other geometric figures were duplicated?); and would
try a simpler problem (how can you construct a circle if the exact size
is not important?). The questions in our example bear little relationship
to any general problem-solving techniques. Teaching by simply asking a

series of direct questions would, of and by itself, certainly not seem worthy

5Charles H. Butler and F. Lynwood Wren, The Teaching of Secondary
Mathematics, 3rd ed. (New York: McGraw-Hill Book Company, 1960), p. 167.

6Irving Allen Dodes, "Planned Instruction,” in The Learning of Mathe- .
Qrﬂtics: Its Theory and Practice. (Washington, D.C.: The National Council
[ERJ!:‘Teachers of Mathematics), p. 317.
et Sh . P
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of the designation "heuristic teaching." What we should sezk in a definition

of heuristic teaching is a relating of the logic of the teaching sequence

to the logical patterns of problem solving. ILet us consider a few of these
patterns to see how they can determine logical instructional sequences.

1. One problem-solving technique involves guessing an answer, work-
ing out its consequences and by comparing these with the original conditions
of the problem, improving the original guess. The implications of this
heuristic for classroom teaching strategy are fairly obvious. Suppose we
want to teach students how to square a binomial. We want an equivalent
name for (x + 3)2. We ask for a guess; a common response would be x2 + 9,
But now we must look for the consequences of our guess. Suppose the vari-
able x has the value 1. Then the value of

x+3D2=1+2=42-16

and of

x2 +9 = l2 +9=1+9 =10,

Here is a case where these two expressions do not name the same number.

Somehow x> + 9 is "too small." Can we improve our guess? How about
(x + 3)2 = 2x2 + 9? Then, if x=1

2 _ 16

e+ D= @ +E =4
and

2%x2 +9=2-124+9 =2+ 9 = 11,

2 2 :
This seems a little better. How about (x + 3)" = 7x" + 9? Then, if x= 1

42 = 16

x+ 3% =1+ 3>

and

%2 +9 =712+ 09

7+ 9 = 16.

Success! But what if we vary the problem slightly? Have we gained any
insight which would let us expand expressions like (x + 4)2 or (x + 178)2?
And what happens if the variable X has a value other tham one? These
variations will lead to many more modificationrs of our original guess be-

fore the problem is solved.

2. Sometimes a problem-solving technique involves finding a simpler

related problem. In some cases this simpler problem may actually be a part

21
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of the original problem with certain conditions ignored. This heuristic
adapts itself to instructional strategy particularly well when the general
objective is the exploration of a relatively wide area of topics. Suppose
we want to teach a sequence of theorems about secants, tangents, and chords
of circies. Many of these ideas can be subsumed in the problem "given three
noncollinear points, can we find a way to construct a circle which will

pass through these three points?"

To the uninitiated, this is not a trivial problem. A trial-and-error
approach will usually require many attempts before solution, and if a
circle is fit to the points it usually does not suggest a definite pro-
cedure. What we need is some way to locate the center of the required
circle. But suppose we take a simpler related problem. Can we construct
a circle through any two points? Compare the solutions of all the mem—
bers of the class ~- are they identical? Do they form a pattern? Suppose
we pui two or three ¢f these simple problems together. After all, in our
original problem of three points we nave three possible combinations of
pairs of points. What arcs and lines do the patterns suggest; what relation-
ships seem to exist between these arcs and lines? Can we establish these

relationships deductively from what we already know?

Fig. 1. The 3-poiat problem can be solved as two 2-point.
Q problems by considering the pattern of possible circles.

ERIC -
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3. Polya discusses decomposing and recombining as important mental
operations, and as an important technique in problem solving. We can often
consider a problem as a complex situation made up of many details. We be-
gin by focusing upon the details individually, decomposing the whole into
its parts. In this process it may be necessary to go back to the original
definition of a term, and to introduce new elements involved in this def-
inition. We then attempt to reorder and recombine our new original and

new elements in some new and different way.

This problem-solving technique is useful in designing instructional
procedures where our ultimate aim is one of classification or definition
on the basis of a classification. Suppose, for example, that we wish to
explore the definition of similarity in geometry. We could generate a set
of triangles by comsidering many different images of a given cardboard
triangle projected by an overhead projector at varying distances and angles
from the screen or blackboard. The problem to be posed is to form sets
of triangles and then to describe some criteria for including or excluding
triangles from this set. The ensuing class discussion should proceed along
the decomposition and recombining approach in a very natural manner, even-

tually generating the essence of the similarity definitionm.

It is always possible that students will stop short of an accepted
definition when this technique is employed. When this happens, the role
of the teacher should not be to force the accepted definition upon students,
but to lead them to explore the consequences of their own definitiom.
Studying the consequences of a particular answer is always good problem-
solving technique. For example, students may be satisfied with a statement
like "two figures are similar when cor~esponding angles are congruent."
There is nothing incorrect with this statement, but it defines quite a dif-
ferent kind of "similarit»" than that usually meant by mathematicians.

By this definition all of the rectangles in Figure 2 would be "similar."
(What would happen for five, six, or seven-sided polygons?) The choice
here is not a matter of deciding between a right or wrong amnswer, but

deciding whether or not to accept the consequences of that answer.
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Fig. 2. Are these rectangles similar?

The most obvious effect of these examples is their effect upon the
organization of instructional sequences. They provide the beginning of
a set of logical principles for the construction of classroom lessons and
instruction. The logic of teaching is a vital compcnent of any instruc-
tional theory. But to come to fruition such a theory must encompass not
only the lcgic of teaching, but the actions of teaching as well. What do
our examples say about the actions of the teacher during heuristic teach-
ing? At first inspection théy make little or no determination of actionm.
One can deliver a lecture where the problem-organized content is developed
by reference to simpler related problems just as well as a student-centered
discussion. A similar statement could be made about each of our other ex-

amples.

But heuristic does imply some determination of instruct:ional action
as well as logic. To understand this we must return once again to an exam-
inatfon of the basic meaning and principles of heuristic. We will do this
by comparing our original example of heuristic teaching from the NCTM 2lst
yearbook with a statement about heuristic from the field of computer sim-

ulation of human problem seclving.

Uncertainty and Heuristic Teaching

Look again at the lesson ou circles (page 18) which served as an
example of the old notion of heuristic teaching. It has little to do with

problem-solving techniques, as we have seen. But it differs from the in-
structional strategies we have just discussed in yet another important way.
It is painfully apparent in the circles lesson that the teacher has pre-
determined the correct solution to the problem of duplication. Further-
more, this solution and only this one solution is determined by both the

sequence and specificity of the teacher's questions. The student is im-

4
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mediately directed to consideration of metric geometry in the juestion
LI T

whal would you measure?”" The radius is specified by the teacher in the

example used.

It is not sufficient to comsider heuristic teaching simply as a fancy
phrase for discovery teaching. Most of what passes for discovery teaching
could (like our example} be more correctly described as "uncovery teaching."
An inductive sequence of steps is constructed around a particular problem
solution or concept organization. If the teacher knows of only one means
to the end, the task of the studerit becomes one of uncovering this partic-
ular solution or organization. The option of unusual solutions or organi-
zations is not entertained, and the discovery lesson degenerates into a

game of "guess what's on my mind."

But the ifreedom to consider alternate possibilities lies at the heart
of heuristic. This has been recognized as a cardinal principle even in
the area of research in the computer simulation of human problem solving.

Geleunter and Rochester put it cogently:

We shall consider that a heuristic method (or a heuristic,

to use the noun form) is a procedure that may lead us by a
shortcut to the goal we seek or it may lead us down a blind
alley. It is impossible to predict the end result until the
heuristic has been applied and the results checked by formal
processes of reasoning. If a method dues not have the charac-
teristic that it may lead us astray we would not call it a
heuristic, but rather an algorithm.

How differznt this is from the usual teaching procedure where an
avowed purpose of the teacher is to prevent childrem from going astray.

If we are to make heuristic teaching compatible with heuristic, our defi-

nition must not only allow, but demand, the flexibility to entertain un-

certainty and alterncte-solution approaches. This may be, in practice,

the area of heuristic teaching which will be hardest to achieve.

' option necessary for heuristic teaching apgzars

.The "unusual solutions'
to be something that is particularly hard to incorporate in written text
materials. Textbooks which utilize a discovery approach tend, paradoxically,

to lock both the student and the teacher to a programmed sequence of steps.

o
Q
[ERJ!:‘ 7H. L. Geleunter and N. Rochester, "Irtelligent Behavior in Problem-
s Solving Machines,"” I.B.M. Journal of Research and Development, 2 (October 1958),

- p.. 337. I
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The provision of alternate discovery sequences is an overwhelming task.
(One mathematics curriculum group estimated that to provide a reasonable
nunber of options for a first-year algebra course would require a text of
50,000 pages!) Enough steps must be provided to insure that the student
has the necessary prerequisite knowledge so important in mathematics.

Yet possible shortcuts cannot be clearly marked for fear of giving more

authoritarian guidance.

The result of this dilemma is to place more responsibility for de-
termining teaching materials and sequences in the hands of the teacher.
But how are teachers to be trained to accommodate uncertainty and alternate
solutions? The movement in the past decade to strengthen a teacher's prep-
aration in subject matter by raising the number of required hours of math-
ematics for purposes of the credential attempts to make this accommodation.
Certainly, if teachers are to be able to entertain the possibilities of
alternate solutions in their classroom, tley must know a great deal of
mathematics. In particular, they must know very much more mathematics
than they will actually teach. But what kind of mathematics should this
be? Typical mathematics courses in a teacher training program do little
to explore a given area in more depth, but generally introduce thz pro-
spective teacher to new areas of mathematics instead. These new areas are
necessary in light of new content being introduced to school mathematics,
but they are not sufficient for freeing the teacher from one rigid way to
approach mathematics. We must find ways to do more to teach teachers to

cope with uncertainty.

When a teacher can face uncertainty, the results can be astounding.

In an article in the Arithmetic Teacher, Joan R. Needleman describes a

seventh~grade lesson on locating points in a plane. Given a point on the
blackboard, and faced with the problem of describing its location, a student
made the unexpec¢ted suggestion that it could be located between regions

determined by two oblique coordinate lines as suggested in Figure 3.

ﬂ.{S
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Fig. 3. The point is located in the region determined
by the 6th and 7th units.

Obviously, a teacher who is concerned with preventing children from miss-
ing the correct solution would have stopped the procedure at this point.
But on the basis that "mathematics is a game, and that mathematicians can
make different sets of rules and then play the game according to the rules
selected,” this teacher let the class proceed. The next student suggestion

was the following figure, locating the point on a particular ray.

Fig. 4. The point is located on ray number 3.

r
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And the final suggestion was that two kinds of information were needed to
locate the point: the number of the ray, and the distance of the point

from the origin of the ray.8

By accommodating uncertainty this teacher was rewarded with a very
successful but most unusual solution! It is precisely this freedom of

responseé which is a most necessary condition for heuristic teaching.

Heuristic Teaching and Student Involvment

One way to increase the probability of alternate-solution approaches
is to increase the input of ideas fed into the problem situation. This
argues, in turn, for involving as many different sources of ideas as pos-
sible. Some authors distinguish between teaching methods which consider
the c¢lass as a wholes and methods which point to students as individuals.9
Only the latter are termed "heuristic'; group processes are called '"genetic.”
There is very little in the nature of heuristic that would indicate that
this is a useful distinction. To be sure, prcblem solving in mathematics
may be an intemsely personal matter; yet at the same time few problem
solvers would deliberately remove themselves from the input of other great
thinkers and writers. Few mathematicians would be willing to foregu oppor-
tunities for contacts with either their libraries or their colleagues!

Why should the heuristic teacher deny students the opportunity to consult
with their libraries or their colleagues? To be sure, the kinds of ideas
offered by a fellow studeat will be rough and unsophisticated, but can we
be sure that ithe student is any better able to use a precise, powerful,
and sophisticated idea from a mathematician? The sophisticated idea of
the mathematician is treasured for its brilliant logical leap; a much more
pedestrian and detailed development of ideas may well be more suitable for
pedagogical purposes. In sum, then, the searching process common to so
much of heuristic would argue that heuristic teaching should make great

use of group processes.

8Joan R. Needleman, ''Discovery Approach - Polar Coordinates in Grade
Seven?", The Arithmetic Teacher, 14 (November 1967), pp. 563-565.

9Harold P. Fawcett and Kenneth B. Cummins, The Teaching of Mathematics
from Counting to Calculus (Columbus, Ohio: Charles E. Merrill Publishing

Company, 1970), p.33.
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At the same time, problem solving is in an ultimate sense an extremely
individual matter. The mathematician R. L. Moore points out that no one
‘of personal integrity who is in the process of solving a problem wants to
be given outright the solution to the problem as dene by another persom.
Moore invites and encourages his students to leave the classroom if they
are not ready to see the solution of the problem under discussion. His
students have been known to run frantically from the classroom, hands on
ears, and not to return for weeks until they could reappear with their owa
solution to the problem in hand. If we are to pursue the matter of heu-
ristic teaching we must be open to such uncrthodox activities. We must
especially be prepared to abandon the rather preposterous assumption that
the most valuable problem-solving activities can only occur within the con-
fines of a classroom. And we must realize that problem solving is ultimately
an individual process. The important question is how we can get students

as individuals involved in the problem at hand. Any definition of heuristic

teaching must seek to maximize student action and participation in the

teaching process.

There is some probability that a student will become invelved in almost
any kind of teaching act. It seems reasonable to assume however that the
‘value of this probability rises in direct proportion to a rise in the extent
to which students participate overtly. Thus, while it is entirely possible
that a student will become caught up in a skillfully delivered lecture,
the chances of his involvement would seem to be much greater (though not
certain) if he is manipulating laboratory apparatus. Similarly, working
together with a small group of his peers to solve a problem may for the
younger student result in much more involvement than being isolated to

struggle with the problem by himself.

These are assumptions which need to be investigated in a systematic
way. We have invested much energy in observing what the teacher does in
a classroom. What does a child do during a lesson? Are his observable
actions related in quantity or in quality to his learning? What teacher
actions result in desirable student actions? What kinds of actions en-

courage the generalizations and insights that we call discovery?

619
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Summary

We have begun a reformulation of the concept of heuristic teaching
in terms of mathematical heuristic or problem-solving methods. In the
process we have seen this reformulation touch almost every aspect of class-
room instruction: from the organization of content and lesson sequénces
to the determination of teacher-student interactions, to the evaluation
of student learning and response. By its very nature, heuristic does not
uniquely determine ome particular approach in any of these areas, just as
it does not relate to cne particular problem-solving technique. Heuristic
does tend to define broadly a category of instructional methods. This
category is delineated by four general characteristics of heuristic teach~

ing. We have seen that heuristic teaching:

1. Approaches content through problems.

2. Reflects problem-solving techniques in the logical
construction of instructional procedures.

3. Demands the flexibility for uncertainty and alternate
approaches.

4. Seeks to maximize student action and participation
in the teaching process.

Any teaching technique which meets all of these criteria may be called
heuristic teaching. At present, the number of teaching practices which
would qualify is distressingly small. In particular, characteristics 1
and 3 seem to be especially restrictive. It is far from clear that all
mathematics content can or should be approached as a problem. (How, for
eiample, can the definition of the trigonometric functions be approached
as a problem?) Nor does it always seem possible to allow for alternate
solutions in the advance preparation of teaching materials. Yet at the
same time these are the characteristics that give heuristic teaching so
much of its distinction. Under this reformulation, heuristic teaching re-
gains much importance as a field of study, development and research.
Perhaps Polya states its importance mosf elegantly:

A great discovery solves a great problem but there is a

grain of discovery in the solution of any problem. Your problem
may be modest; but if it challenges your curiosity and brings

30
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into play your inventive faculties, and if you solve it b
your own means, you may experience the tension and enjoy the
triumph of discovery. Such experiences at a susceptible age
may create a taste for mental work anioleave their imprint
on mind and character for a lifetime.

10Polya, How To Solve It, p. V.
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HEURISTIC SCIENCE TEACHING

Robert Bridgham
Stznford University

Science teaching is teaching of or about science; but what is heuristic
science teaching? One dictionaryl indicates that the meaning of "heuristic"
is opposite to that of "ostensive." "Ostensive," according to a second,2
means "manifestly demonstrative." A heuristic act, then, is not a demonstra-
tion of what has been made manifest, not a public act of showing what has

become obvious, but a personal act of revealing what had been hidden.

Who is the actor in the act of heuristic science teaching; who is the
person for whom the teaching is heuristic? If it is the student (or the
teacher as a student), then teaching is heuristic when it helps him to
address problems arising in or from sciemce. If it is the teacher, then %
teaching is heuristic when it helps him to address problems arising in or
from science teaching. It is possible (and certainly desirable) that
teaching may be heuristic for both student and teacher. However, since
the problems of concern are not necessarily the same for both, it is not
clear that what is heuristic for one will also be heuristic for the other.
We need some sense of what would be heuristic science teaching from the

student's point of view and of what would be heuristic from the teacher's.

Another definition of "heuristic" (from still a third dictionary3)
indicates that whatever is héuristic serves "to guide, discover, or reveal"
and, specifically, is "valuable for stimulating or conducting empirical
research but unproved or incapable of proof." Once again the heuristic
act is seen as pointing to something hidden which if revealed would count
as a discovery. But this narrows considerably the definition of heuristic
teaching, for, as Michael Polanyi reminds us, "nothing is a problem or
discovery in itself; it can be a problem oniy if it puzzles and worries
somebody, and a discovery only if it relieves somebody from the burden of

a problem."4

1The Dictionary of Philosophy (New York: Philosophical Library, 1942)-.

2The American College Dictionary (New York: Random House, 1956).

3Webster's Third New International Dictionary (Springfield, Mass.:
G. and C. Merriam Company, 1961).

4M. Polanyi. Personal Knowledge (New York: Harper Torchbooks,
1964), p. 122. €«
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Real Problems

The first condition for heuristic teaching is that the problems
addressed be problems indeed. Studernts (and teachers) must be perplexed
and must care about their perplexity. The science teacher must lead his
students to see phenomena problematically, as offering problems for them.
Similarly, the teacher must see teaching as problematic. Consider, for

example, three classroom treatments of Mendel's work.

The first (and most common) treatment is simply to recapitulate Mendel's
crosses of peas. The characters studied, the data reported, the inferences
drawn are all described in turn. The teaching has the character of a dem~

onstration; it is the opposiFe of heuristic teaching.

A second approach to Meﬁdel's work starts with the question apparently
asked by him: 'What is the basis of inheritance in peas?" The teacher
provides some background on the observable variations in the characteristics
of pea plants, along with some information about the possibility of breed-
ing "pure strains." Students are asked to suggest experiments that might
shed light on Mendel's question; Mendel's experiment is offered as an ex-
ample of an experiment that one might do; Mendel's data are presented and
students are asked "how can we interpret this?" The teaching has the appear-
ance of an inquiry but is not an inquiry. Most of the students don't care
how the question is answered and take the classroom activity to pe either
a form of intellectual exercise (like filling in a crossword puzzle) or
an approved form of social interchange (like the questions and answers of
strangers at a cocktail party). The "problem" is isolated from any genuine

problem the student might face.

It has an artificial beginning, an artificial end, and since it is
unrelated to the larger problems that have characterized biological thought
or the immediate pfoblems that students may have, it can be dealt with at
any time. At its best this treatment of Mendel's work is like a "finger

exercise"; at its worst it is a caricature of inquiry.

A third treatment of Mendel's investigations would begin with some
questions about the sources of variability in populations (human populations

would receive particular attention). The approach to these questions could
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be practical -- can we arrange the "optimization" of the characteristics

of entire populations? -- or it could be explanatory -- how is it that vari-
ability in a species is maintained at all, and how is it that variability
doesn't destroy a species' identity? In either case we would be concerned
with the rival claims of environmental effect and inheritance and, in order
to evaluate these claims, would want to know the mechanisms of inheritance
and environmental effect. Mendel's work could then be examined (using either
.of the formats previously discussed), but it would be seen, not as an end

in itself, but as the source of a heuristic conjecture.

Is the mechanism of inheritance first sketched in Mendel's work appli-
cable to other and very distantly related species? To other characteristics?
Is there an identifiable something in the living organism that corresponds

to one of Mendel's "factors?"

Following this line of inquiry the student
is brought to the growing edge of modern biology. Following it far enough
to see the cenjecture grow in complexity and power, the student is faced
with other questions and problems. If from an increased understanding of
the mechanisms of inheritance we gain the ability to affect inheritance,
how should that ability be used? Would a reduction in the variability of
species be économically or aesthetically advantageous? Does the analysis
give different answers if we look at long-term as well as short-term con-
sequences? Have we gained a better understanding of inheritance through
the science of genetics, or ﬁave we reduced our idea of inheritance to what
can be explained mechanistically -- or have both occurred? This teaching
of Mendel's work is heurist;ﬁ in two ways: é problem that has been made
genuine for students is broﬁght nearer to solution by the use of a series
of heuristic devices common in science -~ the search for a mechanism, re-
definition in terms of the mechanism, the use of a disccvered mechanism

as an "ideal of matural order" -- and the achievement of a partial solution

becomes the occasion for facing new problems or redefined older problems.

The whole of science is, of course, a heuristic enterprise. The achieve-
ments of science —- its laws, models, and theories -- are "unproved or in-
capable of proof" in any rigorous sense of "proof." Thus, an analysis of
discovery in science may suggest heuristics that will be valuable in science

teaching.
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Any "discovery" in science has two aspects: (a) the uncovering of
something —- an idea, a technique, a fact -- that seems relevant to the
solution of a problem in science, and (b) the testing of that something
to determine whether it is helpful in attacking the problem, whether it
should be counted ae a discovery. The second aspect is stressed most in
philosophies of science since the knowledge claims of science rest on the
adequacy of the procedures used to assess any purported bit of "new knowl-

edge."

The critical aspect of science, the policy of subjecting selected
hypotheses to a program of active doubt until the hypotheses are suffi-
ciently justified -- these should be taught as part of the heuristic of
science. Students should from time to time be confronted with the problem
of the adequacy of justification for particular elements of the corpus of
science: What quantity and variety of evidence would be required for an
"adequate" justification? What action on our part follows from a judgment
that justification has been adequate; what is the justification adequate

for?

There can be no heuristic teaching without problems, but there must
also be successful solutions to some of the problems if the teaching is
to be heuristic. Students, like scientists, must learn when to count their
work in science a success. If their standards are too low, they will leave
their problems too quickly; if their standards are too high, they waste

time in needless buttressing of already acceptable work.

Learning the standards of public criticism is an important part of
learning the heuristics of science, but it is clearly only a part. How
do scientists go about generating ideas that may deserve a critical test?
The process by which scientisits recognize significant problems and senerate
fruitful hypotheses is not algorithmic. But while it relies on an unspeci-
fiable artistry and taste, the process does have more form than Bridgman's

"doing one's damndest with one's mind, no holds barred"5 would suggest.

5

P. W., Bridgman, "Prospect for Intelligence," in Reflections of a

Physicist. (New York: Philosophical Library, 1950), p. 342.
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For an individual scientist, inquiry is a continuing interplay between
his expectations of phenomena and his (and others') observations of phenomena.
Observations, of course, are not made without expertise and intellectual
effort. An investigator will behave in one way when he believes his obser-
vations to be trustworthy and in another way vhen he does not. Ceusider,
for example, the oft~quoted cases of Fleming's observation of a zone of
inhibition around a growth of penicillium and Roentgen's observation of
fogged phnotographic plates. Other investigators had seen similar phenomena
in similar circumstances6 but weren't "prepared" to make the discovery.

What was lacking in their preparation? An inquisitiveness, perhaps, but

more likely it was confidence that the phenomenon seen could be reliably
replicated. If a scientist is mnot especially careful, his experiments will

be dogged by a considerable "background" of random events, and he is likely
 to pass off unanticipated (and potentially interesting) events as mere "noise."
Only the scientist who is confident of his observational and experimental
skills and care can be sure of a stable background against which events

may stand out as discrepant.

Observation and Experiment

A warranted confidence in one's experimental ability is heuristiec,
but high school science stmdents are rarely given the opportunity to de-
velop their observational and experimental techniques to the point where
they can be used with confidence. Students in laboratories are almost
never provoked to "clean up" their initially messy data and to perfect
their technique to the point where the trend of the data is unmistakable.
Instead, data which are at best suggestive are taken as solid evidence for
the "fact" or "law" that the teacher had in mind. The dishonesty of this

practice and the sloppiness engendered in students are antiheuristic.

Mastering existing techniques and strategies is not the only way sci-
entists arrive at accurate and revealing observations. First attempts to

observe a new set of phenomena may suggest the existence of a pattern that

6W. I. B. Beveridge, The Act of Scientific Investigation (New York:
Random House Vintage, 1957), p. 47.
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can only be made clear by modifications of existing procedures, by the
measurement and removal (often by calculation) of unwanted effects, or by
devising completely new observational or experimental techniques. Devel-
opment of these novelties in technique is often related to conceptual ad-
vancement; conceptual and ‘theoretical treatments of phenomena may become
clarified in the attempts to develop new techniques or instruments, and
advances in instrumentation are the consequence of both practical and the-
oretical inventiveness. The phenomena made available for study by new
techniques and instruments often stimulate new bursts of theoretical ac-
tivity. Thus, the invention and extension of technique is a heuristic ac-

tivity in science.

Because of our predilection for demonstratione in science teaching,
students are rarely given the opportunity to devise or modify techniques
that would make clearer the pattern of phenomena. Too often, students
make their first (and only) observational contact with phenomena that have
been superclarified by an instrument like an Atwood machine, or by a well-
developed technique like biological staining. Where this is not the case,
as in some of the laboratoiies of the new science curricula, students are
not provoked or given time to develop refined or novel procedures that will
improve their