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Occasional Paper Series - Science.

The Occasional Paper Series (Science) is designed to present
reviews of literature or discussions related to specific topics or
educational programs related to the teaching and learning 'of science.
We hope these papers will provide ideas for implementing research,
suggestions for areas that are in need of research, and suggestions
for research design.

The ERIC Science, Mathematics,.and Environmental Education Inf or-
mation Analysis Center has cooperated with the National Association for
Research in Science Teething-in sponsoring this paper as a General
-Session presentation at the 49th Annual Meeting in San-Francisco,
California, April 23-25, 1976.

This paper will serve as the basis for a journal \article to be
published in the near future.

Stanley L. Helgeson
and

Patricia E. Blosser
Editors

.

The material in this publication was prepared pursuant to a con-
tract with\the National Institute of Education, V. S. Department of
Health, Edwpation, and Welfare. Contractors undertaking such projects
under government sponsorship are encouraged to express freely their
judgment in iarpfessional and technical matters.' Prior to publication,
the:manuscrip was submitted to the National AssociatiOn for Research
in Science Teaching for critical review and determination of pro-
fessional,cmPetence. This publiCation has met such standards. Points
of view or opinion, however, do not necessarily represent the 'official
view or opinions'of either the National Association 'for Research in
Science Teaching or the National Institute of Education.
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EDDCATION INFORMATION REPORTS

Thi.Science,_Mathematics, and Environmental Education Information

Reports are being developed to disseminate information concerning docu-

scents analyzed at the ERIC Science, Mathematics, and Environmental

Education Information Analysis Center. The reports. includelour type

of publications. Special BibliqRranhies are developed to announce

Availability of documents in selected interest areas. These bibliog-
.

raphies will list most significant documents that have been published

in the interest area. Guides to Resource Literature for Science,

Mathematics, and Environmental Education Teachers are bibliographies

that, identify references for the professional growth of teachers at

all levels Of science, mathematics, and environmental education.

Research Reviews are issued to analyze and synthesize research related

to science, mathematics, and environmental education over a period of

several years. The Occasional Paper Series is Aesignect to present

research reviews and discussions related to specific educational topics.

The Science, Mathematics,. and Environmental Education Information

Reports, will be announced as they became available.
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In your interactions with secondary school students learning science

you have probably become aware of large differences in studentabilitylto

understand science concepts, conduct investigations, and /or solve specific

problems. Some students are extremely capable, while others demonstrate

peculiar and inappropriate reasoning strategies. Sometimes, even after

your best efforts, they seem unable to grasp ideas that to you are eminently

clear. Often students are able to follow problem solutions but are at a

loss when required'to transfer those strategies to slightly different prob-

lems. You wonder why students are able to respond successfully to examina-

tion questions and then after one month or so forget almgst all of what

they learned.

I believe that teachers' understanding of these situations and of stu-

dent differences'can be significantly aided by the developmental theoryof

Jean Piaget. For several years, my colleagues Warren Wollman and Anton

Lawson and I have investigated the relation of this theory to science teach-

ing at the secondary school level. Other researchers with whom we have been

in touch and whose work has influenced our thinking include Arnold Arons

'(University of Washington, Seattle), Kenneth Lovell (Leeds, England),Eric

Lunzer (Nottingham, England), John W. Renner (Norman, Oklahoma), Michael

Shayr (London), and Antonio Suarez (Zurich, Switzerland).

In addition to researching students' reasoning, we have been concerned

with communicati g the important features of Piagetts theory to secondary

1

school teachers, so that they might apply it in their classrooms and provide

larger field tests of its applicability than our small research group could

undertake. In my presentation here I shall describe our interpretation of

PiagetIktparcy in the light of recent findings applicable to adolescents.



Plaget's Theory and Reasoning Patterns

Plaget.has characterized human intellectual development in terms of four

stages.I The first two, called sensory-motor and pre-operational, are us'u-

ally completed when a child is seven or eight years old. Following these

are two stage's of logical operations, called concrete thought and formal

thought, which are rclevant to secondary school students. I shall give de-

tails below.

Piaget has ascribed the process whereby individuals advance from one

stage to the next to four contributing factors: maturation, experience with

the physical environment, social transmission, and "equilibration." The

last item, "equilibration," designates an Internal mental process in which

new experiences are combined with prior expectations and generate new log-

ical operations.

To make the stage concept useful, one has to describe the reasoning of

an individual whosf development has reached each of the stages. This de-

scri.ption has been stated by Piaget in terms of the mentar\operatiOns the

Individual uses when facing certain problems. To- avoid confusion with other

uses of the term'"operation" in science, r prefer to employ the phrase

"reasoning patterns." Two examples of behavior based on reasoning patterns

are (1) serial ordering 'a set of sticks according to their length and (2)
,..

investigating the effect of fertilizer on clover by setting up several test

plantings that are treated alike in all respects except in the amount of

fertilizer applied to them.

7



From 'the research of Piaget and others, certain rules have been formu-

lated for identifying reasoning patterns as belonging to concrete or to

formal thought. In general, reasoning that makes use of direct experience,

concrete objects, and familiar actions is classified as a concrete reason-

/

ing pattern, such as (1) above. Reasoning that is based on abstractions

4

and that transcends experience is classified as a formal reasoning pattern,

such as (2) above, Here is a more extensive list of clues that are help-

ful in classifying reasoning patterns.2

When using concrete reasoning patterns, the individual:

irC1 Applies classifications and generalizations based on observable

criteria (e.g., consistently distinguishes between acids and

bases according to the color of litmus paper; all dogs are ani-

mals, but not all animals are dogs).

C2 Applies conservation logic--a quantity remains the same if noth-

ing is added or taken away, two equal quantities give equal

results if they are subjected to equal changes (e.g., when all

the wat r in a beaker is poured into an empty gradated cylinder,

the amount originally in the beaker is equal to the amount ul-
,

,

timately n the cylinder).

C3 Applies se lal ordering and establishes a one-to-one
%

corretpon-

dente betw en two observable sets (e.g.; small animals have a

fast heart Meat while large animals hive a slow heart beat).
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By .using these pattern's, the individual can reason and solve problems

beyond his ability in the preoperational stage. Yet there are many limit-

ations if concrete reasoning patterns are compared to formal ones.

When using formal reasoning patterns, the individual:

Fl Applies Multiple classification, conservation logic, serial order-

ing, and other reasoning patterns to concepts, abstract properties,

axioms, and theories (e.g., distinguishes between oxidation and,

reduction reactions, uses the energy conservation principle, ar-

ranges lower and higher plants in an evolutionary sequence, makes

inferences from the theory according to which the earth's crust

consists of rigid plates).
1

F2 Applies combinatorial reasoning, considering all conceivable com-

binations (e.g., systematically enumerates the genotypes and

phenotypes with respect to characteristics governed by two or more

.genes) .

ti

F3 States and interprets functional retionships in mathematical

form (e.g., the rate of diffusion o/f a molecule through a semi-

permeable membrane is inversely proportional to the square roof of

its molecular weight).

F4 Recognizes the necessity of an experimentpl design that controls

all variables but the one being investigated (e.g., sets up the

clover, experiment mentioned above).
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F5 Reflects upon hi-s own reasoning to look for inconsistencies or con-

tradictions with other known information.

In the following table, the most important differences between concrete

and formal reasoning patterns are summarized:

TABLE 1. CONCRETE AND FORMAL REASONING PATTERNS

CONCRETE

CO Needs reference to familiar actions,
objects, an observable properties.

(b) Uses reason ng patterns CI,- C3, but
not pattern Fl - F5.

(c) Needs step-by-step instructions in
a lengthy procedure.

(d) Is not aware of his own reasoning,
inconsistencies among various
statements he makes, or contradic-
tions with other known facts.

FORMAL

Can reason with, concepts,
relationships, abstraCt pro-
perties, axioms, and,theories;
uses symbols to express ideas.

Uses reasoning patter Fl - F5
as well as Cl - C3.

Can plan a lengthyspriedure
given certain overall goals
and resources.

Is aware and critical of his
own reasoning; actively seeks
checks on the validity of his
conclusions by appealing to
other known inforMation.

Present Status of the Theory of Formal Thought

While each of the two lists in the previous section has a certain theme,

my enumeration of formal reasoning patt4rns.does,not communicate the unity

originally proposed by Piaget, Piaget conceived of formal reasoning patterns

as dealing with logical propositions and having the organizational structure

of an algebraic group called the INRC group. I will omit detiils because
\

recent workers have not found evidence to support Plaget's proposals in .these

respects. Neimark3 has summarized he present status by concluding that there

is more advanced intellectual functioning than concrete thought, but that

10
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such reasoning is not used as reliably and uoiversally as Piaget's writings

Lunzer has expressed similar views. 4 In fact, Piaget-has adop-ed a

more flexible position in the last few years.5

To give you one example of a study that leads to difficulty for the

highly unified view of formal thought, I refer to unpublished data collected

in a survey' of student reasoning in seven countries carried out.in 1974.
6

My collaboratods and I presented.several thousand eighth and ninth grade stu-

dents with a task in proportional reasoning and a second task requiring con-

trol of variables (reasoning patterns F3 and F4). We found that United States'

students succeeded more frequently on control of variables, while Austrian

students succeeded more frequently on proportional reasoning. For British

students, performance on the two tasks was more closely similar than for

either of the other two samples mentioned. Using the British results as a

gufde one might claim that the two tasks are about equally difficult. The

lack of correspondehze.in Austria and the United States can then not be ex-

plained by asserting that eighth graders in one of these countries are more

or less advanced toward formal thought than students in the other. We con-

cluded that there were differential- effects of instruct -14n that did not
_

generalize directly from one formal reasoning pattern to another.

In spite of the fact that the unity of formal reasoning patterns appears

to be elusive, some research studies suggest strongly that there is a bond

relating them. Consider, for'instance, the fActor structure of ten Piagetlan

tasks reported by Lawson and Nordland7 after interviewing ninety-six seventh

graders in anurban school.' They identified two principal components that



accounted for fifty-fiNe getc4nt_cif the variance in their data. Four tas

equilibrium in the balance; separaXion of variables, conservation of dis lacetf.

volume (both cylinders and clay)--loaded primarily on the first compdnglnt.

Three other tasks (conservathon of number, solid amount, and liquid rount)
I

.

loaded exclusively on the second component. The last three tasks (fonserva-

\
tion of length, area, and weight) loaded on both components. The ,utilors

concluded that the first and second components represent formal 44d concrete
,

I.,
0

thought more comprehensively than these are represented in any Ongle reason-
.

ing pattern. Perhaps, then, there is a unity after all!

I

One shortcoming of the Lawson-Nordland study is its emphasis on corser-

vation-tasks. Lawson is now 'planning a more comprehensive 'investigation that

includes a wider variety of reasoning patterns.

Applications to Science Teaching

113

The science teacher who Is interested in applying Pi ge-t's theory can

benefit but must be cautious to avoid the difficulties ¶ith thetheory/that

are even more prominent in a classroom tharNthey are dulring a research

i
.

,

study. 1, therefore, urge teachers to concentrate on dentifying their stu-

dents' reasoning patterns and not to expect that each ptudent's entire be-

havior can be classified neatly as reflecting either doncrete or formal

thought. Most important is the teacher's willingness/to accept the fact,

documented in recent studies, that a large fraction cif students will use
i

I

concrete reasoning patterns extensIvely.6.809

iBy becoming aware of reasoning patterns needed o understand a parti-

cular science course, a teacher can (1)
.(
identify t conceptual emphasis

1

O

12
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and demands of the subject matter and (2) help students, develop more advanced

reasoning patterns than they use currently. I shall nowelaborate on item I

and then devote the next section of Ws article to item 2.

. Here are nine concepts that are usually included in secondary school

science'courses: density, temperature, cell, gene, environment, chemical

bond, /periodic- system of elements, acid-base, and ideal gas. What reasoning

patterns must a student use to understand theseIG -

Let us first look at density, Density must be understood in terms of

other concepts--mass and volume-- rather than in terms of direct:expvience.

Furthermore, the ratiorelatiophip.must be applied to mass and volume. Both

of these mental steps make use of fo'rmal reasoning patterns, items Fl and F3
ce

in my earlier list; For this reason 4ensity may be cal id anformal" conept.

-'

Temperature can be defined in terms of sensati6nOwarWcoid) or therm-

ometer readings. When'this is done,' temperature may be called a "concrete"

concept, because it is based on observable,criteriA and thus requires con-

crete reasoning patterns (item Cl in my list) for understanding. Temperature,

however, can also be definedas a measure of the average molecular kinetid,

energy. if this is-done, temperature l'ecomes a "formal" concept whose un-

derstanding derive( from other concepts (molecule, kinetic energy), the

kinetic-moleculet7. theory, And mathematical relationships (items Fl and F3).

1

This example Illustrates hat a con.cept with several meanings may be

----
either "concrete" or "formal, ' depending on the mea used To identify

,

the reasoning required of Ca students in a course, the teacher m e clear
. .

13
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abOut.ther6aning of the concepts that arel introduced. Special care must

be taken to use a concept always with the meaning that was explained to

the students, and not to expect that the introduction of temperature or

another concept as "concrete" concept can be extended to an

/
app11,-.avron of the concept's "formal" significance.

Now I shall briefly comment on the other concepts I -have listed above.

It seems to me that All of them can be defined as "formal" concepts, but

that cell, environ4nt, and acid-base can also be given definition's as

"concrete" concepts-in terms-of familiar actions and examples. The cell

can be observed when tissue is examined through a microscope; the environ-

ment and environmental factors such as heat, moisture, and light can be

Obseryed easily; and acid-base can be distinguished by the use of a chemical 1,

indicator, interaction with washing soda, or--in safe cases - -by tasting.

The remaining concepts--gene,-chemical bond, periodic system, and idea)

gas--all requirefonnal reasoning patterns for their understanding. They calf

only be defined .in. terms 'oof other concepts,, abstract properties, theories,

and mathematical relationships. I see no way of defining them as "concrete

1

/

The Formation of Patterns by Self-Regulation
u.

At, the beginning of this article, I enumerated problems that a secondary

school science teacher is likely to encounter. -In my discusOon, I have

indicated that some of the problems- can be ascribed to the 'fa'ct 'that many

students use concrete reasoning patterns, yet that the subjeCt_matter oftOn

14
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requires formal thought- Unless science courses are to become highly

selective and admit only students who use formal reasoning patterns with

ease, I strongly recommend that the formation of formal reasoning patterns

be made an important course objective, as important as the covering of a

certain body of subject matter.

Let us, therefore, return to the process of intellectual development.

Rather than using Piaget's term "equilibration" for the essential bUt hard-

to-define fourth contribution,
,
A prefer the term "self-regulation," which

has fewer science connotations and emphasizes the active role played by the

individual.

The key to the formation of new reasoning patterns is an,individuals'

responding to his or her inadequacy in using the present reasoning patterns

to cope with a demand. An analogy in physical actions is your response to
\

driving an unfamiliar car with a brake of different stiffness from that in

your car. You first use your accustomed, foot pressure, discover that it is

unsatisfactory, and then try variations until the car responds smoothly.

Your first encounter with an unsuspected power brake can lead to near-disaster!

tat

A child using a concrete reasoning pattern in a pizza parlor may decide' ='

that the eight-inch pizza costing $1.25 is too small and may order a sixteen-
,

inch size without looking at the price,-in expectation that is costs $2.50,

"Because its twice as big." imagine the dismay when the giant pizza arrives,

together with a, check for about $5.7.-1. .Here is a surprise that may trigger

the search for a more success'ul reasoning pattern to cope with the pizze,size/

price problem, a mathematical relationship requiring a formal r,easoning pattern.

15



My colleagues have been gathering eVidence120130 14 that the learning

cycle, which was introduced as part of the Science Curriculum Improvement

Study 15
to facilitate concept development at the elementary school level,

;

is also effective with older students and the introduction of formal con-

cepts.16 The learning cycle consists of three instructional phases that

combine experience, serial transmission and encourage self-regulation.17

For our purpoies here I shall call the three phases exploration, concept

introduction, and concept application.

During exploration,> the students gain experience with the environment- -

they learn through their own actions and reactions in a new situation. In

this phase they explore new. materials and new ideas with minimal guidance

or expectation of specific 'accomplishments. The new experience should raise,

questions or complexities that they cannot resolve with their accustomed

Patterns of reasoning,.as in the pizza example. As a result, mental dis- -

equilibrium will occur and the students will be. ready for self-regulation.

1

i

The second phase, concept introduction, provi

I

es social transmission--

it starts with Nthe definition.of a new concept of principle that helps the
.

. ,

i

students apply a new pattern of:reasoning tosthf experiences. In the

-\

pizza problem, the relation ofarea to diameter would he the key idea, but !
i .

might be'first illustrated by means of the area and side of a square rather

/
.44

than a circle. The concept may be introduced by the teacher, a textbook,. '
1

a film, or another medium. This step, which aids self-regulation, should!

rm
always follow exploration and relate to the exploration activities.

...- 1
. i

(
1

1

;

16'
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Concept introduction is especially effective when it involves the for-

mal definition of a concept whose concrete definition is already understood

by the students. Since, for instance, a square can easily be subdivided

into unit squares, determining the area of a square need only make use

of concrete reasoning patterns. This illustratioh, as I suggested, would

help lead the students toward'conceptualizing and approximating the area of

a circle, a step that requires a formal reasoning pattern because a circle

cannot be subdivided completely into unit squares by a finite number of steps.

An the last phase.of.the learning cycle, concept application, familiar

ization takes place as students apply the new concept and/or reasoning pat-
,

tern to additional situations. In the pizza area example, a Valuable appli-

t2v

dation activity might involve the constrUctibn of sets of similar rectangles;

elAipsA-S.-, and other figures out of cardboard and investigating the-relation-
,

ship of their diameter to their weight. In this phase, physical experience

with materials and social interactions with teacher and peers play a role.

Concept application is necessary to extend the range of applicability of

the_new concept. Thisphase provides additional time and experiences for

self-regulation. Furthermore, concept application.activities aid the students

whose conceptual, reorganization takes place more slowty than average or .4o
4

did not adequately relate the teacher =s original explanation to their ex-
-,

11.

periences. Individual conferen6es with these students to identify and re-

solve their.difficuities.are especially valuable.
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Conclusion

In this brief presentation I have only been able to make a very simpli-

fied introduction to a complicated area of research that holdsa great

deal of promite for the improvement of secondary science teaching. It is

most important.that Piaget's ideas can and should be used actively for in-

structional- improvement, and should not' be interpreted as implying that

. ,

education must wait until development has occurred spontaneously. Piaget1§-
i

has described the interaction of educatiOe'and development in these words:

"Thus education is. . a'necessary formative abri'dition toward' natural de-

,

velopment itself." Of course, the theory will not solve all.edueational

....-,: .

problems, but it can help in those asprectstOf concept development and under-

standing which make science courses especially difficult for any students.

v

I am indebted to Anton E. Lawson for critical.comments and helpful fug--

gestions in the preparation of-this presentation.
.,,

k
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