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Preface

The'position underlying the work discussed in this paper is that
the study of instruction clearly has not been fruitful, and that the
failure to make substantia]‘advance in knowledge of instruction is due
to three basic reasons:

(1) The purposes of rational study of instruction have

not been set forth with adequate precision and
justification;

(2) The conditions necessary to achievement of adequate .
purpoées have not been set forth in conjunction with
precise and systematic justification, nor have they
been framed in a structure of sufficient power;

(3) There have been remarkably few instructional studies

of sufficient quality to serve as models for research.

The baper is not easy reading. Its language is not familiar to
educationists, not even "educational researchers." It is terse and
K "tightly packed." Its statements are like icebergs; beneath the surface
.there &fe 1mp1{cations to be explicated and examined.

To be comprehended, the paper is 1ikely to take several readings.
The statements require careful study and reflection; to pass over them
lightly without critical examination is to miss their significance and

force.



If the analyses and constructions bresented in this paper have
validity, then the clear imp]iéation js for a substantial change in the
kinds of instructional invéstigations worth undertaking. A significant
corollary to the preceding proposition is that the rationale and the
studies described herein represent an épen and direct challenge to the
policy makers governing investmehts in the study of curriculum and instruc-
tibn, for the foundations upon which these fields of study and decision
stand ére in direct contradiction to the conditions of adequatelinstruction—

al research, and the justifications for them, presented here.
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SCIENCE, TECHNOLOGY, AND JNSTRUCTION:

A RATIONALE FOR AW _INSTRUCTIOMNAL RESEARCH AND DEVEILOPMENT STRATEGY

by Ralph T. Heimer
and
John J. Lottes

1. INTRODUCTION
1.1. The Problem

In every curriculum construction effort, decisions must be made about
how to structure the content, and about how to design and ordcr instruction-
al tasks. Unfortunately, at the present time neither adequately justified
rules nor precise, empirically testable sets of hypotheses are available
for guiding such instructional decisions. It follows, by force of circui-.
stance,Athat instructiona] actions are not governed by deliberate, systematic
thought; on the contrary, instructional moves characteristically are based
on imprecise, inadequately formulated "practitioner's maxims" or "hunches"--
for which there is neither adequéte Togical nor adequate.empirical support.
" Consequently, those people who are responéib]e for instruction at the level
of practice not only employ a trial and error paradigm for making instruc-
tional decisions, but do so under circumstances which virtually prohibit
any substantial opportunity for programmatic iwprovement (Viz. to learn
from their'mistakes).

Rational analysis of the nature of instruction Teaves little doubt



as to the ultimate goal of the study of instruction. The aim is to

<

Tearn how to construct adequate instructional algorithms. The term

"algorithm" as it is used here is consistent with the informal defini-

tion provided by Hull [5] in which he stated that:

An algorithm is a procedure for solving a problen.
Usually one has in mind a class of problems, and the
algorithm is a procedure which can be applied to any
member of the class, not to just one particular problem.
An important requivement is that the individual steps

in an algorithm must be completely unambiguous. More-
over, the algorithm must always produce the solution

to the problem and it must do so in a finite humber of
steps. -

:Thus, every instructional algorithm would consist of a description of
procedures for constructing instructional sequenceslthat, upon being
executed, will maximize the 1iklihood of the attainment of a given class
of objectives under some specified set of learner circumstances. Instruc-
tional algorithms, thgrefore, would deal with empirically validated "cause-
effect" relationships between instructional actions and learning outcomes.
Their ayai]abi1ity would provide educators with the ability to describe,
to explain, and to predict effectively within the instructional domain.

If it is the raison d'etre of the study of instruction to acquire the
foregoing gbi]ities, then not only is it appropriate to seek the knowledge
necessary to construct adequate teaching algorithms, bﬁt it should also be
recognized that the study of instruction is appropriately viewed as an

experimental science and may be treated as such. Indeed, it is the purpose



of the remainder of this paper to consider how the scientific model might
be emp]dyed as a template for deve]oping a science of instruction, and
to briefly describe an instructional research strategy constructed under

the requirements of such a paradigm.

1.2 The Naturc of the Instructional Claim and its Implications

Associated with every raticnal instructional program are claims (or

assumptions or expectations)of the form:

Under the set of circumstances ¢, the set of
instructional activities I will cause student s

to attain a set of objectives &,

in most instances, however, the knowledge of circumstances is inadequate,
the dbjectives are vague; and the choice of instructional actions is not

) mngmgtha de]iberate Tevel of awarenéss.
o In ahy_event, if an instrp;tiona1 system is operatihg~SUbject to the
conditions of an instructional claim of the type cited above, there should
be some rational basis for deciding upon the specific instructional actions
to be taken at any given time. In the absence of an adequate knowledge
strUcture for guiding ones decisions, most instructioral specialists (and
hence curriculum development projects) have resorted éssentia]]y to what

will be referred to here as a trial and error paradigm for making instruc-

tional decisions. Presumably such.a procedure can, given sufficient time,




lead to a reasonably satisfactory curriculum product--in the sense
that som; reasonably high propoftion of students from a specified target
population could be expected to achieve a reasonably high proportion‘of the
objectiveé-encohpassed by the curriculum. Unfortunately, there can be no
assurance that a curriculum product developed under the conditions of the
trial and error paradign is efficient. Of much greater concern, however,
- is the fact that the efficiency of the paradigm itself--by definition--is
not subject to progressive fimprovement. |

It is argued here, therefore, that the trial and ervor strategy is
inadequate as a vehicle for the study of instruction. Rather, an attempt
~should be made to build the kind of knowledge base needed to predictably
fe]ate instructional actions to learning outcomes. 1t is believed that
such a knowledge base must consist of rules for action that are minutely
explicit, and that provide for optimal information flow between instructor
and studént, and vice versa. In short, the aforementioned rules vould
constitute the mortar needed to build instructional algorithms, and hence
instructional systems, that meet minimal conditions of adequacy. These

conditions are discussed below.

2.  SCIENCE AS A MODEL FOR THE STUDY OF INSTRUCTION:
EXPLICATION AND JUSTIFICATION .

The assumption has been made fhat a rational study of instruction

constitutesa necessary step in advancing the power to explain, predict,



or control empirical events relevant to instructional claims.
In an attempt to maximize the 1ikelihood and efficiency of acquisition
of the power of explanation, prediction, and control, the scientific model

will be invoked as a template for the study of instruction. To invoke the

.scientific model as a template for the study of instruction means to: (1)

use the characteristics of scientific theory as a model for the characteris-

" tics of instructional systems; (2) use the ways of evaluating scientific

theory as models for the ways of evaluating instructional systems; and
(3) use the way of advancing scientific knowledge as a model for the way
of'advancing know1edge in the instructional domain.

One task of this section is to set forth the fundamental character-
istics of the scientific model., A second task is to justify the use of
the scientific model as a template for the study of instruction. Finally,
essential characteristics of the scientific model will be taken into account

in specifying the conditions of an adequate instructional research and

deve]opment strategy. -

2.1 Fundamental Characteristics of the Scientific Model

What are the essential characteristics of scientific theory? Carl

Hempel, in 4spects of Scientific Explanation [41, has described the
structural characteristics and the functional characteristics of scientific
theory.

The structure of scientific theory satisfies the requirements of a

deductive system. The vocabulary of a theory (i.e. the extralogical terms;

‘the constructs which have empirical referents--at least indirectly) consists

10



6.

of undefined terms (7.e. primitive terms) and defined terms. The set of
sentence; of a theory congists of axioms (primitive sentences) and theoreris
(derived sentences). In the theoretical structures of empirical science,
the deduced theorems are typically called hypotheses. The structure is
formulated under explicit rules for form{ng sentences and for judging
the validity of a deductive inference.

On the other hand, the functional characteristics of a theory of empiri-
cal science are defined by the power of the theory to predict and explain
empirical phenomena. Exp]anatory'and predictive pbwer is made possible by
the deductive rules governing the theory in conjunction with operational
definitions which give the extra-logical terms empirical import. These are

_thereans for bridging the gap between the abstract statementé constituting
a theory and the concrete observational objects and everts to which the
theory is relevant. |

To é]aim to have formulated a theory isbhot sufficient. The theory
formulated must be examined and judged. Adequate evaluation of scientific

- theory must include examinations relevant to both the structural character-
'istics and the functional characteristics of the theory.

What are the ways of evaluating scientific theory? Karl Popper, in

The Logie of Seientific Discovery [11], has identified four different ways
of evaluating scientific theory: (1) assessing the coherence of the theory
by making Togical comparisons among its statements to determine if there

are inconsistencies; (2) assessing the logical form of the theory to

11




determine if it has the characteristics of a theory of empirical science;
(3) asséésing fhe potential of the theory'for contributing to scientific
advance if it should withstand all logical and empirical tests; comparison
with other theories is the methodology for this assessmenty and (4) assess-
ing the correspondence of the theory with real wvorld objects and events;
the methodology for this assessment requires both deduction of more concrete
statements from the sbstract theory statements, and inductive inference
based on empirical voservations which result in judgments of support or
non-support for the truth of the'theory statements.

The essential characteristics of scientific theory have been identified.
The essential characteristics of theory evaluation have been identified.
‘The essential characteristics of the strategies for'bui]ding fruitful theory
now must be identified. |

What are the ways of advancing scientific knowledge?  Advancement of

scientific knowledge involves concurrent efforts to attain ever higher
levels with respect to extralogical terms, the Tinguistic structures which
house the extralogical terms (e.g.'the theoretical constructs, or ébstract
concepts), and the scope and validity of those structures. The essence of
the way in which this complex bootstrapping process is accomp11shed is
descr1bed in the following paragraphs.

" The ways of scientific inquiry--retroduction, deduction and induction--

have been explicated and illustrated by Elizabeth Maccia in two papers:
i Ways of Inquiry [10] and The Model in Theoriaing and Research [9]. Rétroduc¥

tion is the creative process of formulating theory statements. If-a theory state-

12



ment (a hypothesis) has been set forth, it must be tested. Deduction
" and indJction are the ways of inquiry available for distinguishing adequate

statoments from inadequate statements.

Deductive inference is invoked to explicate hypotheses in terms of

~ lower level consequents. These consequents must be of such. concreteness

and specificity that between-observer and within-observer invariance can
be achieved in reporting relevant observ~tional phenomena. |

Induct1ve inference is invoked to br1dge the directional gap from
the reports of observational phenomena to the derived consequent state-
ments, and ultimately to the hypothesis under test. The inductive infer-
ence is represented in the form of a judgment as to Whether a hypothesis
has been tentatively confirmed or disconfirmed.

The strategy for scientific advance consists of a continuing series
of repeating retroduction-deduction-induction cycles. Either directly
or indiréct]y they are iﬁvoked over and ovef again on every aspect, .nd
at every.stafe, of the knowledge structures under development: the extra-
logical vocabulary, the statements of the structures, and the relations
among the struc;ures. No assertion is free from critical examination and
judgment except the axioms of the logical meta-system under which all
scientific inquiry operates.

The consequence of the series of retroductfon;deduCtion-induction
.cyc]es is a non-terminating set of.theoreticaT structures characterized

by increasing predictive and explanatory power.- .Inadequate structures




are identified and abandoned, or are replaced by modified structures
“which in’ turn become objects of evaluation. Strong constructions can
withstand the most rigorous tests; investments are made in these strong -

constructions.

2.2 Science as a Model for the Study of Instruction

The intent of this section is to justify the claim that the essential

characteristics of empirical science constitute an adequate model for the

study of instruction. Satisfactory justification of the c1aim_requires
execution of the following steps:
(1) Identification of the purposes of the study of
instruction.
(2) Identification of the essential characteristics
of empirical science.
',(3) Specification of the conditiohs under which the

characteristics of one field of study constitute

an adequate model for another field of study.

(4) Demonstration that the essential characteristics
of empirical science constitute an adequate model

for the study of instruction.

The first two steps already haye been executed. That is, (1) the
purposes of the study of instruction have been identified, and (2) the

essential characteristics of empirical science have been identified.




The last two steps now will be executed.

<

2.2.1 Conditions of an Adequate Model for a Field of Study

Assumg that one field of study, 4, is used as a model for a second
field of study, B. Then under what}conditions should 4 be judged an

adequate model for B--where this judgment must be made prior tg!uti]iza—

" tion of the essential characteristics of A4 in the field of study, B ?

This Jjudgment clearly must be made on logical grounds, for all possible
empirical tests would necessarily be conducted subsequent to ipvoking the
model.

| It seems reasonable to assume that a sché]ar in oné field would not
wish to borrow from the knowledge structures of a second field if the
second field were not distinguishea by quite noteworthy knowledge struc-
tures. That is, one would not wish to borrow from a field where little
édvance has occurred; one would not want to bet on an "also-ran." These
considerations suggest that clearly demonstrable progress should be taken
into account as a condition of 4, ﬁhere field of study 4 is judged an
adequate model for field of study B .

Even if one field of study, 4, has demonstrated progress of consider-
able magnitude, it seems that one would not wish to use 4 as a model for
a sécond field of study, B, if the purposes of A and B were incompatible,
or if it could not be Lhown that 4 and B were analogous fields of study

in certain significant respects. That is, correspondence between 4 and

B also should be taken into account in specifying the conditions of an




11.

adequate model.
The.foregoing considerations lead to the following conditions of an

adequate model for a field of study:

Fie]d.of study, 4, is an adequate model for field of study, B, if

and only if:

1. 4 is characterized by some knowledge structures which
have been validated by cxtensive Togical and empirical
tests, and for which the claim of generative power can
be reasonably supported.

2. If Zh ="'set of purposes associated with 4, and
PBt= set of purposes associated with B,
then

(a) P, is a subset of P,

,or (b) Py - p, is small relative to Py
or (c) 24'15 identical to Py

~, 2.2.2 Justification of Science as an Adequate Model for the Study of

Instruction
The first three steps of the procedure for justifying the claim that

empirical science is an adequate model for the study of instruction have

been executed. One step remains; it must be demonstrated that the relation
between the essential characteristics of empirical science and the study
of instruction satisfies the defining conditions of the relation: "Field

of study 4 is an adequate model for field of study B."

16



12,

Thﬁ first condition of the adequate model relation is clearly satis-
fied by at least the natural sciences, if not the behavioral sciences.
That is, substantially validated theoretical structures characteriz? the
natural sciences. One might point to the knowledge structures of nuclear
physics or the knowledge structures utilized in achieving the objective
of safely transporting men on a round trip between earth and the moén.
These instances should suffice.

The second condition necessary to support the claim that one field

of study is an adequate model for a second field of study specifies a non-

empty intersection between the two sets of purposes. The purposes of the
- study of 1nstruct1on as set forth in this paper are explanation, prediction,
~and contro], explanation and prediction were also spec1f1ed as the functional
characteristics of scientific theory. Hence, the second condition of an
adequate model is satisfied by the re]atfon between the purposes of empirica)
_science and the purposes of the study of inétruction.

Since all requirements of the definition of the adequate model vrelation
have been satisfied, it is concluded that the essential characteristics of

empirical science constitute an adequate model for the study of instruction.

It is of value also to examine the re]atibnship between the instruction-
d]'c]aim (see page 2) and the hypotheses of empfrica]‘science. Both claims
are of the form: If X then Y. Further, in the claims of both empirical
science and instructional study, the statements replacing X and ¥ must

have empirical import. That is, to satisfy the specified purposes of study,

17



13.

the statements must be interpretable against real world phenomena.

Furthermore, if the study is rational--whether in empirical science or
instruction--accountability must be established, and the nature of the claims
in both cases demands empirical test. _

One last examination is enlightening. In The Logic of Scientific Dis-
covery, Karl Popper has examined a variety of potential ways of distinguish-
ing fields of study which are science frdn fields of study which are not
science. Ultimately he proposes a single criterion for distinguishing
science_from non-science. The demarcation criterion is: If the c]aimg of
the field of study are capable of being falsified on the basis of empirical

evidence, then the field of study is appropriately labeled "science."

" Therefore the study of instruction belongs, by definition, to the extension

of the éoncept ‘empirical science;; consequently, it is appropriate to emp]dy
the methods of science in instructional investigations.
Two Tines of reasoning were followed in justifyiﬁg the claim that

empirical science is an adequate model for the study of instruction: (1)

.empirical science was examined to determine if it satisfies the conditions

of an adequate model for the study of instruction, and (2) the nature of an

instructional claim was compared against the demarcation criterion for
distinguishing science from non-science. Both lines of reasoning yielded
the same conclusion: the scientific model is appropriately applied to the

study of instruction.



14.

3. WAYS OF ADVANCE IN INSTRUCTIOMAL PRACTICE

<

The purposes of rational study of instruction have been set forth. The
scientific model has been proposed and justified as a template to guide the
- study of instruction. If this line of reasoning is va]id, Fhen the fuﬁda—
‘mental charécteristics of the scfentific model constitute conditions necessary
to the fruitful study of instruction. However, the characteristics of the
scientific model do not constitute §gfjjgi§ng conditions for productive
and continuing advance in the study of instruction. In order to take into
account conditions not yet considered, the scope of the examination must

be extended; this is the purpose of the present section.
p

3.1 Relation Between Instructional Practice and the Study of Instructicnal

Practice

To provide the framework for a broader analysis, 'instruction' will be

viewed as a field of practical action. Under this view the ways of advance

will be identified and exp]icate&, and their import will be made clear.

In Praxiological Sentences and Eow They Are Proved [8], Taddeus Kotarbin-
ski has set forth the aims and ways of inquiry in a field of practical action.
The purpose of study of practical actions is to develop practical directives--.
thé theorems of the field--which specify relations between pdrticu]ar courses
of action aﬁd their consequences in terms of achievement of specified ends.
Fruitful study of a field of practical action will result in directiVes, or
theorems, which specify actions of'increasfng'gfficiency relative to speci-

fied ends. In highly simplified form, the theorems are cast in the form:

-

19
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"In the presence of circumstances ¢, course of action 4 will cause (with

“some spetified probability) the achievement of objective 8." In view of

the aims of the study of practical action and the empirical nature of the
theorems developed, the study of practical action is appropriately scientific.
As a matter of fact, Kotarbinski defines '‘praxiology' as the "science of
:efficient acfion."

Under Kotarbinski's clarifying analysis, the demarcation betwecn

practical action and the study of practical action is made precise. The

study of practicé] action is science, and its purpose is to develop knowledge

structures which have the power to predict, explain, and control some specified

domain of empirical phenomena; that domain consists of practical actions.

- Practical actions are the phenomena to be predicted, explained, or controlled;

these phenomena do not belong to the extension of the concept 'science,’

The relation between the study of instruction (a_science) and instructional

actions (the phenomena under study) is identical with the relation explicated
in the preceding paragraph.

It should also be noted that the previously discussed "instructional
claims" are gssentia]]y the same as Kotarbinski's "praxiological theorems."
Both are algorithmic in nature and specify the conditions under whicﬁ a
épecified course of action is Tikely to achieve the intended ends. It is'
clear that the efficiency associated with a fie1d"of practical action is

dependent upon the power and va]idity of the theorems developed through

scientific study of relevant actions. That is, efficiency of practical

action is a function of the knowledge structures built through the study of

the field of practical action.




3.2 Conditions of Advance

Eff}ciency ahd poveer of inétructiona] practice ié a function of the
knowledge structures generated by the study of instructional practice.
What are fhe conditions under which the scientiffg ;tudy of instruction
is most likely to result in substantiaﬁ gain? |

In his discussion of praxio]ogica] theorems, Kotarbinski also

. ‘analyzed the circumstances under which substantial advances in a field
of practical action are most Tikely to occur. Kotarbinski's analysis
yielded the conclusion that advances are most 1ikely to occur in the
pre;ence of some'combfnation of these conditions:

(1) There is an advance in the theoretical foundations

of potential relevance to the field of practical
action. .

(2) There is an advance in the teéhno]ogica1 foundations

of potential relevance to the fieid of practical
action. |

(3) Available, but previous]f ignored, information from

' potentially relevant theoretical or technological
foundations is utilized by the field of practical
action. ‘

(4) There is a dif%erent se]ectfbn or different ordering

of actions in the field of practical action.

It is enlightening to examine further Kotarbinski's analysis, where

_instructicn is the field of practice under consideration. In this event,

ERIC - -oal




some potentia]]y relevant theoretical foundations are Tearning theory,

“ theory of action, communication theory, logic, the knowledge structures

of the disciplines under.iﬁstruction, and so on. Some potentially relevant
technological foundations are available languages, electronic media, computer
: téchno]ogy,-systems engineering, and so on.

| The re]étions of the theoretical foundations and technological founda-
tions to the sets of statements which gu{ﬂe iﬁstructiona] practice are
displayed in the graphic’representation on the following pége.

A Kotarbinskian view of the relation of the theoretical fgundations
and,techno]ogfca! foundations to instructional theory statements and
'instructiona1 practice distinguishes clearly between the tasks of the
disciplines--humanities, formal sciences, natural sciences, behavioral
Sciences--the tasks of the technologist, and the tasks of the educational

investigator.

In the study of instruction, informatfon from the theoretical and
technological foundations is examined and judged as to it; potential for
contribut%ng to the knowledge structures which are unigque to the instruc-
tional domain. Information which is judgéd to be capable of being accommodat-
ed by a knowledge structure of instructional science and which also has .
reasonable potential for contributing substantially tﬁ the scientific
worth of the knowledge structure may be selected by the educational in-
vestigator for utilization in some Way. The information examined, the
information selected, and the way in which selected information is mani-

pulated and utilized is the free choice of the educational investigator.

A
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His only burden, under the scientific model, is for rigorous testing of
- his uniqhe structures undér the'compiete range of evaluative methods
characferistic of empirical science.
| It is enlightening to examine the complementary roles played by the

- theoretical and technological foundations of potential relevance to a

.field of prdctice. The theoretical foundations provide variables, relations,
and forms which may be taken into accounp_in the theorems associated with
a field of practice. For example, in the studies described later, the
reversibility relation of Piaget's theory of cognitive development was
utilized in building theorems of instructional science. -

While the theoretical foundations provide potentfa11y relevant substance
or_fomn for knowledge structures of sciences of efficient action, the power

to manipulate a particular set of variables or to take a particular set of

relations into account is a function of the available technological founda-
tions. For example, the instructural studies to be described in section 5
involve deliberate within-task variation of modes of representation in
conjunctibn with complex branching options which are contingent upon indivi-
~dua1 pupil responses. The systems of hypbtheses--major and auxiliary--
discussed in this paper were formulated in the presence of computer technology
as a necessary condition of application. In the absence of computer techno1ogy
these systems of hypotheses would, for the time being, be of little signi-
ficénce to the study of ‘instruction since they would not be capable of

empirical test; hence they would have no application to instructional practice.

24
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4, CONDITIONS OF ADEQUATE INSTRUCTIONAL RESEARCH AND DEVELOPMENT
The ways of advance in the study of instruction have been identified
and explicated. The scientific model has been examined and justified as a
- template for such a study. The conclusions reached by these lines of
'reasoning imb]y that certain requivements must be satisfied if the study
of instruction is to be potentially fruitful. These requirements are set

forth in the following sections as "conditions of adequacy."

4.1 Conditions of an Adeouate Instructional Research Strategy

The following set of statements specifies the conditions of an adequate
strategy for instructional research:
(1) Development of the extralogical vocabulary of instruc-
tional theorems should take into account knowledge of
" the potentially relevant theoretical and technological
foundations. This requirement demands continuing re-
" :search into these foundations,as well as the phiioso-
phical foundations. |
(2) If individualization of instruction is desired, then
the knowledge structures formulated should take the
capability of computer technology fully into account.
(3) Instrucfiona] inquiry should satisfy the essential
conditions of the scientific model: '
a) the knowledge structures of ingtfdctional

studies should satisfy the structural and.
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functional characteristics of scientific
theory;

_ b) the knowledge structures formulated should
.be judged under each of the four ways of
evaluating scientific structures;

c) the research Strategy should invoke the
continuing retroduction-deduction-induction

cycles of the scientific paradigm.

(4) A]te}natingvphi]osophica] and empirical inquiries should be
' deliberately undertaken to develop the extralogical Tanguage
to more refined levels.
(5) Continuing study should be undertaken into the full range
. of scientific curricu]uh inquiry and the relations between
the different logical levels of cufricu]ar and instructional
knowledge structures; that is, the strategy should be a

comprehensive strategy.

4.2 Conditions of an Adequate Instructional System

If each instructional problem (how to cause studeﬁts to attéin objective
6) is unique, then there can be no useful general procedures; under such
circumstances each instructional problem must be sd]ved by trial and error
methods. However, if substantial overlap exists among different instruc-

tional problems, then it might be pbssib]e to construct useful sets of




generalizations for solving classes of instructional problems. Of course,
to invoke any set of generalizations to solve a problem, two conditions

must be satisfied:

(1) The set of generalizations must exist.
(2) The problem must belong to a class of problems
for which the set of generalizations provides a

guaranteed method of solution.

These two conditions must be taken into account in establishing criteria
for an adequate instructional system.
Another fact which needs to be taken into account is that the worth

of an instructicnal system, I, is dependent upon the validity of the claim:

»If I is invoked in the presence of circumstances, C,

then the student, S, will attain a set of objectives, @.

(%

Such a claim demands an empirical te;t. Any meaningful empirical test

requires the reproducibility of results over different occasions; a

necessary condition to reproducible results is-the ability to manipulate

a set of independent variables in the same way over different occasions.
Every instructional system can be-represented in a variety of formats

and at different levels of abstraction. Distinctions will be made here

among three different levels of representation: -theory level, design

level, and interactive level. Descriptions of the use of these terms

follow.




Theory level:*

€

Desigh level:*

Interactive
level:

23.

The highest level of abstraction; the mode of represent-
ation is symbolic. At the theory level, an instruction-
al system is represented as a set of statements formulat-
ed in mathematics terms. Precision, coherence, and
generative power are condition§ necessary to a theory

level representation of non-trivial import.

The mode of representation is symbolic or iconic. At
the design level, an instructional system is represented
as a set of sequential tasks, parficu1ar branéhing in-
structions, particular evaluative procedures, data
storage procedures, feedback messages, particular flow-

charts, and the like.

At the interactive level, the design is implemented.
A pupil exchanges information with the instructional
system. The interactive level of representation occurs

when the act of influencing a pupil occurs.

These considerations lead to a third conditibn which must be taken into

account in establishing criteria for an adequaté instructional system:

*@t should be qbted that theory and design aré merely two differenf levels
in a single hierarchical system of statements. The point of division
between the theory level and design level descriptions is an arbitrary

matter.

N
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(3), The instructional system must be capable of replication

~over occasions at the interactive level.

The foregoing reflections, in toto, lead to the following conditions

of an adequate instructional system:

(1)

(3)

The instructional system must be represented at thé theory
level, preferably as a set of well-formulated mathematical
statements. This system of statements must satisfy logical
tests of precision, coherence, and potential generative
power.

The instructional systeﬁ must include an associated class

of instructional objectives over which the system guarantees

some specified level of efficﬁency} These objectives must

take into account:stimu]us conditions,, response conditions,
and student circumstances.

The instructiona] system must yield deﬁign-]eve] and
interactive-level conseduents which are capable of replica-

tion.

5. AN ILLUSTRATION OF A STRATEGY FOR THE DEVELOPMENT OF KNOWLEDGE ABOUT
INSTRUCTION IN MATHEMATICS

The purposes of rational study of instruction have been identified.

The scientific model and the ways of advance in a field of practical action

N
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have beep proposed and justified as sources of information of potenfia1
vorth to the study of instrdction. The conclusions of these examinations
have been set forth as conditions of.an adequate instruétiona1 research
and development strategy.

A research project is now underway at The Penn§y1vania_8tate University

in which a deliberate effort is being made to study selected finstructional

-phenomena under the conditions of adequacy which have been set forth.

Specifically, an attempt is being made to censtruct a framework of investi-
gation that will promote the long-term development of the type of knowledge
base needed to predictably relate instructional actions to Tearning outcomes.

It is the purpose of this section to describe the essential characteristics

. of the line of research that has been undertaken.

5.1 The Modes of Representation Studies.

Two studies have been completed, several are now in progress, and

numerous others are planned a11'of which deal with modes of representation

(MR) variables. The MR constructions employed in all investigations to-date

are consistent with those stated by Brumer [1]:

Any domain of knowledge (or any problem within that
“domain of knowledge) can be repeated in three ways

(a) by a set of actions appropriate for achieving

a certain result (enactive representation), (b) by

a-set of summary images or graphics that stand for

a concept without defining it fully (iconic repre-

sentation), and (c) by a set of symbolic or logical

propositions drawn from a symbolic system that is

governed by rules or laws for forming and transform1ng

propositions (symbolic representat1on) :
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5.1.1 The Impact of MR variables on the Formulation of Objectives

| .Interestingly, the interaction of the study of MR variables and the
task of designing a frameﬁork for formulating instructional objectives
(anothet‘requirement of an adequate instructional system--see p.24)

immediately led *o the idea of classifying objectives as MR ordered pairs.

For example, consider the objective:

Given : Required Performance Criteria
Two partially Write the pair of equi- 75% of 4
shaded rectangles valent fractions items in
which depict a suggested by the time ¢.
pair of equiva- diagrams.

lent fractions.

The above objective defines an unambiguous "test" pool, as do all of the

objectives that have been written. An instance in the present case would

be:

"Write the pair of -equivalent fractions suggested by

the following diagrams.

N

77
///A

N

The foregoing objective would be classified as an (I, S) ordered pair since

the mode of repwesentat1on of the given (the i inpu t) is iconic, and the mode

of representat1on of the requ1red performance (the output) .is symbo11c
The scheme of classifying objectives in the way described above then
gave rise to the npotion of constricting an MR ﬁatrix of objectives for any

given unit of content. The collection of objectives arrived at in this way

| 31.
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is called a cluster and an i1lustration of one is provided in Table 1}

below.

:Tab]e 1

A gluster of Objectives for the Concept of Equivalent Fractions

|
Given: A pair of Given: Two par- Given: A fraction.
equivalent frac- tially shaded rec-
tions depicted _ tangles depicting a
with Cuisenaire pair of equivalent
rods. . fractions.
S
Req. Perf.] Req. Perf. - Req. Perf.
Write a pair of Write a pair of Select from a set of
equivalent frac- equivalent frac- 4 fractions the one
tions suggested tions suggesiad by - that is equivalent to
by the rods. the diagrams. the given fraction.
0] |Given: A pair of :Given: Two partially Given: A fraction.
Ui lequivalent frac- ishaded rectangles
T| [tions depicted with idepicting a pair of.
P| |Cuisenaire rods. tequivalent fractions.
Uil
T| |Reg. Perf. ~ iReq. Perf, - Reg. Perf.
Select from a set tSelect from a set Select from a set of
M| 1of 4 diagrams the tof 4 diagrams the 4 diagrams the one
0§ jone which depicts ‘one which depicts which depicts an
D| |the -same equivalence. ‘the same equivalence %;equiva]ent fractiocn.
E ' A
Given: A pair of - Given: A Pair of par- { Given: A pair of
equivalent frac- tially shaded rec- equivalent fractions.
tions depicted tangles depicting two
with rods. equivalent fractions.
E : S
Req. Perf. Req. Perf, - { Req. Perf.
Construct the Demonstrate the . Demonstrate the equi-
same equivalence equivalence of the valence using Cuisen-
using different fractions suggested usingl aire rods.
colored rods. Cuisenaire rods. :
E I N - §
INPUT MODE

]Required Performance
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Thé conceptua]izatioh of the MR matrix idea and the resultant clusters
" of objec%ives provided by them has several important attributes. Firsf,
it has made possible the systematic construction of worthy instructional
objéctives some of which apparently have been overlooked by instructional
'_specia]ists and curriculum developers. (This assertion is based on the
fact that a preliminary search of selected school mathematics curricular
materials fevea]ed no attempt to provide_instructional experiences related
to certain identified objectives.) If this assertion is correct, it is an
outcome of great importance, for it moét assuredly will lTead to the develop-
meﬁt of instrﬁctiona] actions here-to-fore never attempted. Second, it
presents a highly tractable opportunity to investigate an age-old problem
in pedagogy--~hamely the propef presentatfon order of instructional experiences
with respect to modes of representation. (It is believed here that most
extant "knowledge" about. this matter is best categorized as speculation.)
In any event, the prob]eﬁs of Tearning 1) how to attend to the objectives
in a cluster, and 2) the interrelationships among them (e.g. how the
écquisitidn of one objective in a c]uster.affects the acqﬁisition of another)
has opened for scientific study a huge domain of important instructional

phenomena.

5.1.2 The Construction of a Language for Representing the Modes of

Representation--Objectives System

In an'attempt to cope with the foregoing.prob]ems--and to do so by

adhering to the requirements imposed by app]yih§ the scientific model, the

e
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first step that was taken consjsted of trying to develop a theory-level

represeritation of the system. This necessitated the construction of a

symbolic language which it was hoped would afford an opportunity to draw

upon the underlying logical meta-system, and hence increase the generative

power of the representation. The basic elements of the MR language that

was constructed is summarized below.

O

A cluster of objectives, 5, 1s defined to

be a set of objectives all of which pertain to

" the same mathematical content, but which differ

in their input-output modes of representation.
s 4 . . : A
An arbitrary objective from some cluster 6.

The enactive mode of representation; it is
considered to be synonomous with the object
mode and is such that the physical characteris-

tics of the exemplar can be felt and manipulated.

The iconic mode of representation; it is synonomous

with the picture mode, and is sych that the physical
characteristics or qualities can be viewed, but can-
not be felt or manipulated independenf of the medium

in which it is presented.

The symbolic mode of representation; it is ‘taken

to be a form of words or symbols {usually mathe-

-matica]) having only ideational relation to the

referent.



,C(ek)

M.
7 o]

M, ~—3H
T o

A(Mi" Mo)

The set consisting of the modes of representa-
tion.

M=1{E, I, 8}

The classification of the objective Qk as an
MR ordered pair (Mi’ Mb) where M, is the mode
of representation of the input phase of ek

and M is the mode of representation of the

. output phase.

An instructional sequence whose purpose is the
accomh]ishment of an objective 0y
An instructional sequence deemed adequate accord-
ing to some we]]-formu]atéd criterion; for
example, 1et'n.be the number of the students who
fail to reach criterion on a pre-test for an
objective 6; s let s be the number of students
reaching criterion after instruction, and let

t be the greateét integer less than 0.8n + 0.5.
Then the instructional sequence for 6ixis deemed

adequate if and only if & =2 ¢.

The achievement of an instructional objective

without explicit instruction.

o
<
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5.1.3 Tpe Construction of Statements With the iMR-Objectives System

and their Potential Significance

By using the above symbo]ism, the original questions of int-rest can

be expressed succinctly--as illustrated by the following example.

A
(I —> §)==p Z(S_, I)

This statement may be interpreted to mean that if explicit instruction to
criterion 1s given on an objective with iconic input and symbolic output,
then without explicit instruction, achievement of an objective of like
content with symbolic input and iconic output will occur. Altogether,
some 72 conditional statements of the above type can be formed from the
3x3 MR matrix of objectives, and each can be subjected to empirica1 test.
Moreover, the outcomes could have signiffcant implications for designing

instructional a]gqrithms; for example, suppose that the statement

y) o
(I —38)==p A(S, I)

receives strong empirical support over some specified class of objectives,

but that the statement

4
(S — I)==> A(I, S)
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doe§ not; In such a situation, if it is desired that both the (s, I)

and (I, S) objectives be achieved, the presentation order vould call for the
I—> S sequence first--in the interest of instructional efficiency. Actuaily,
some of the outcomes of the research conducted to-date hint at the possibi-

1ity of outcomes of this sort.

There are a multitude of additional statements about MR clusters that

- can be constructed and tested; fortunately, most, if not all, of these are

readily obtainable because of the logical form of the language that has

been developed. In addition to the simple conditionals described above,

‘the major forms of such statements may be classified as follows:

1. Equivalence Statements;
2. Transitivity Statements;
3. Conjunctive Statements

A little reflection on the above possibilities reveals that they are not
only numerous, but that they have considerable meaning and significance.
This seems to be adequate evidence in support of the claim that the language

construction has made a substantial contribution to the generatiVe power of

the system.

5.2 The Utilization of Information From a Re]evaht Theoretical Structure

to Enhance Knowledge About the MR-Objectives System

As was pofnted out earljer, continued improvement of a field of

“practical action (e.g. instruction) is contingent in part upon the advance

Ca
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of knowledge in potentially relevant theoretical foundations, or upon

the app]%cation of available information not previously utilized. An

advance of highest significance has occurred in the Penn State project,

one that has resulted from the utilization of information from the cognitive
' theoty of Piaget--information which had not previously been.taken into

account. This instance, described briefly below, provides support of

compelling force for the conditions under which the strategy for the Penn

State project has been developed.

One of the instructional objectives involved in several of the project

studies was as follows:

Given Required Performance Criterion
A set of Cuisenaire Select from a set of 2 of 3 items
rods, one of which four colored rods the in time #.
has been designated one which represents
as the unit, and a : X
proper fraction Y

X \
y-for which there
exists a rod whose
length is é-times

" the ]engthoof the
unit rod.

An instructiona1 sequence was designed to enable a selected class of learners

' .to achieve this objective--the design being based primarily on a Gagné type

s
ety
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learning hierarchy constructed and approved by several members of the

staff. anortunate]y, however, the instructional sequence that was con-
structed proved to be inadequate (under the criterion for adequacy speci-
fied on the bottom of p. 30), and an analysis of it was undertaken in an

effort to determine the cause of.failure. Since the micro hypotheses (e.g.

rule-example patterns, feedback rules, etc.) employed in building the
sequence vere identical to those used in.bui]ding other sequences that
vere judged adequate, two lines of investigation began to emerge: 1) flaus
in the learning hierarchy were sought, and 2) the set of micro hypotheses
were examined with the thought that they might be insufficiently complete
or precise to account for the outcomes being observed.

In the meantime, a breakthrough of major importance occurred when a

graduate student who was concerned with Piaget's concept of operational

reversibility incorporated this idea wifh the MR matrix, and discovered

that under certain conditions it is possible to create another 3x3 cluster

of objectives that is related to the iR cluster, Zell for cell, as shown

~ below.

e
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In the case of the instructional situation under study, it was possible
to const;uct a cluster of the foregoing type, and the result of doing so was
the development of a set of related objectives which were deemed extremely
vorthy, bﬁt which had been overlooked by the entire staff. (More interest-
ing, however? is the fact that some of these particular objectives apparent-
1y have been missed by other curriculum developers as well--in view of the
fact that the staff has been unable to find planned instructional experiences
related to them in any curricular materials examined to-date.) This outcome,
-in turn, prompted the development of an entirely different type of.instruc—
tional sequence--one which is believed to be unusual, if not unique.
The moral of the story is that the conditions under which the Penn
State instructional research and development strategy was developed are
proving to be fruitful conditions. The specified conditions of an
adequate research and development strategy are "proving their mettie."
In the case of the above éxamp]e, the advancé in information about the
matter of practical cbncern, Z.e. the design of an instructional sequence,
came about as the result of a deliberate attempt to utilize information from
a potenfia]iy relevant knowledge structure of the theoretical foundations,

namely Piaget's work. (In actual fact, one of the initial studies that

was conducted dealt with state reversibilities, e.g. (B, 5), (S, E) objec-
tives, and an examination of the reversibility iésué in a broader perspective
gatuva11y led to the consideration 6f Piaget's efforts and'their ﬁmp]ications
H?bv our vork.) It should be pointgd out, however, that a number of other

conditions were "right" for the events reported'above: 1) the extra-logical
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language empioyed by Piaget in his studies had to be compatible with our
extra-]obical'language, and it was; and 2) our conceptual and linguistic
structures had to be characterized by a form and substance capable of
accommodating the new ihformation, and they were. It also should be

- pointed out' that our research strategy of insisting upon a conceptual
framework which guarantees a connectedness or interrelatedness among'studies,
but which follows a rational course of action toward an ever-inereasing
ability to explain, predict and control provided the impetus for the

search for relevant "outside" information in the first place.

6. SUMMARY AND CONCLUSIONS

The purposes of rational study of instruction have been identified
and the ways of inquiry judged most Tikely to attain those purposes have
been proposed and justified. Essential characteristics of the ways of
inquiry have been set forth'as “"conditions of adequate instructional re-
search." These conditions have been derived fr&n the scientific model in

S conjunctién with the philosophy of practice, and are judged necessary to

fruitful instructional research. |

Unfortunately, the foregoing conditions have seldom, if ever, been
sﬁtisfied by a strategy for the study of instruction. * If this assertion

is valid, then the absence of fruitful instructional theory and adequate

instructiona1 algorithms is explained. The conditions necessary to advance

in instructional knowledge have not been present.
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<

A program of instructional research developed under the specified
"conditions of adeguacy" has been described and the significance of
component studies demoﬁstrated. Although it would be premature to claim

" success in the development of fruitful instructural algorithms with

reference to mathematics, the theoretical and empivical outcomes to this

point are extremely encouraging. -
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