DOCUOMERT RESUHE

ED 123 128 95 SE 020 879

AUTHOER Karpluss Robert

TITLE Science Teaching and the Daevelopment of Reasoning.
ODccasional Paper Series.

INSTITOTION E®IC Information Analysis Center for Sclence,

SPONS AGENCY

PUB DATE
NOTE

EDRS PTICE
DESCRIPTORS

Mathematic¢s, and Environmental Educatlion, Columbus,
okio. )

National Inst. of Education (DHEW), Washington,
D.C.
Apr 76 :
20p.: Paper presented at the Annual HMeeting of the
National BEssociation for Research in Science Teaching
{49th, san Francisco, QFlifornia, hpril 23-25,

1976) N :

MF-$0.83 HC-$1.67 Plus Postage

Fducat lonal Research;

*Instruction; Intellectual

Development:

*Learning Theories;

¥Logical Thinking;

"

*Science Education; Secondary Education: Secondary

School Science:

TDENTIFIERS

*Tiaget

(Jean) ;

Thought Processes
Research Reports

ABSTRACT

Piagett's developmental theory is discussed and
several research findings that involve Piaget's theories are
reported. The understanding of reasonring patterns is presented as a
means for the science teacher to identify the conceptual emphasis and
demands of the subject matter and to help students developP more
advanced reasoning pattersns than they use <urrently. (MLH)

e e e o o ol ok ok g SR o ke ol e e e e ol ok ok o e o ke e o o o s o e ool ol ol o ofe o e i ol ok o oo ok o 3 ok e ok ol ok ok ok e ok ok ol o e e ok ok ol ok

Deccuments acquired by ERIC include many informal unpublished
* paterials not available from other sources. ERIC makes every effort
¥ to obtain the best copy available. Nevertheless, items of marginal
* reproducibility are often encountered and .this affects the quality
* of the microfiche and hardcopy reproductions ERIC pakes available
* yia the EFIC Document Reproduction Service {EDRS). EDRS is not
* responsible for the quality of the original document. Reproductions
* supplied by EDRS are the best that can be made from the original.
u

* O % oK BN K N

A2 e e e el sk o e e oot o oo o e R o ok o ok 330 R o e ako o el e o o s gt a o ke e okl ok Rl o ke ol gk e okl o ok




U5 DEPARTMENT OF HE ALTH,
EDUCATION £ WELFARE
NATIONAL INSTITUTE GF

EDUCATION

THIS DOCUMENT HAS pEEN REPROC.
DUCED ExACTLY A5 RECEIVED FROM
THE FERSON OR CRGAMIZATION ORIGIN.
AYING IT POINTS OF vIEW OR OPINIONS
STATED DO NOT NECESSARILY REPRE.

., M SENTOFFICIAL NaTIONAL INSTITUTE OF
SCIENCE EDUCATION INFORMATION REPGORTS EDUCATION p03iTION OR POLICY

128

ED123

OCCASIONAL PAPER SERIES

SCIENCE TEACHING AND THE DEVELOPMENT OF REASONING

By

Robert Karplus

-

' /
ERIC Information Analysis Center for Science

Mathematics, and Envircnmental Educatien
The Ohic State University
College of Education
1200 Chambers Rd., 3rd Fir.
Columbus, Ohic 43212

April, 1976




.

Occasional Paper Series - Science.

?
-
T

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 Infor-~
matfon Analysis Center has cooperated wich the National Association for
Research in Science Teaehing-in sponsoring this paper as a General
‘Session presentation at the 49th Annual Meeting in San Francisco,
California, April 23-23, 1976.

This paper will serve as the basis for a journal %:tlcle to be
published in the near future.

Stanley L. Helgeson
and
" . Patricia E. Blosser
; " Editors

' The material in this publicution was prepared pursuant to a con-
tract with'the Mational Institute of Education, Y. S. Depariment of
Health, Education, and Welfare. Contractors undertaking such projects
under government sponsorship are encouraged to express freely their
judgment in professional and technical matters. Prior te publicatien,
the: manuscript was submizted to the National Association for Research
in Science Teaching for critical review and determination of pro-
fessional competence. This publication has met such standards. Points
of view or opinion, however, do not necessarily represent the official
view or opiﬁions'of either the National Association for Research in
Sclence Teaching or the National Institute of Education. '




I

' SCIENCE, MATHEMATICS, AND. ENVIROMMENTAL

EDUCATION INFORMATION REPORTS

~

Thé Science, Mathematics, and Environmental Education Information

Reports are being developed to disseminate information concerning docu-
ments analyzed at the ERIC Science, Mathematics, and Environmgptal

Education Information Analysis-Center. The repnrts.include’four types

of publications. Special Bibljographies are developed to announce

gvalilability of documents in selecfed interest areas. These bibliog-
raphies will list most s{gnificant documents that have been published

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

Mathematics, and Environmental Fducation Teachers are bibliographies

- that.ldentify references for the professional growth of teachers at

all levels of science, mathematics, and environmental education.

o

Research Reviews are issued to analyze and synthesize research related

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

R—

several years. The Occasional Paper Series is designed to present

research reviews and discussions related to specific educational topics.

The Science, Mathematics, and Environmental Fducation Information

Reports will be announced as they become available,




Advancing Education Through Science~9r§epted Programs ,
Report ID~33

A

SCIENCE TEACHING AND THE DEVELOPMENT OF REASON NG

cav

y "

Robert Karplus
AESOP*, Lawrence Hall of Science
University of California, Berkeley
Berkeley, California 94720

Presented to
The National Association for Research In Science Teaching

April 23, 1976

*AESOP Is supported by a grant from the National Science Foundatlon.

5 .




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

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

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

_I_ ) ; B ‘j

In your interactions with secondary school students learning science

. , )
you have probably become aware of large differences in student-ability‘to

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

M

problems. Some students are extremelyhcapabie, while others demonstrate
peculiar and inaphropriate reasoningﬂstrategies. Sometimes, éven after

your best efforts, théy seem unable to grasp ideas that to you are eminentty
c]eéri Often students are able to follow problem solutions but are at a
loss when requifed to transfer those strategies to slightly diF;;;;Ht Erob—

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. : -

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

dent differences can be significantly aided by the developmental thebfy-of

Lawson and | have investigated the relation of this theory to sclence teach=~
ing at the secondary school level, Other reseafchers with whom we have been

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

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

Shayer (London), and Antonlo Suarez (Zurich, Switzerland).

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

with communicatijng the important features of Piaget's theory to secondary

larger field tests of its app}icaS%Pity than our smail research group could
undertake. In my presentation here | shall describe our interpretation of

Piaget'ihgpébﬁy in the light of recent findings applicable to adolescents,

6




Piaget's Theory and Reasoning Patterns
Piaget. has characterized human intellectual development in terms of four

1

s tages. The firs{ two, called sensory-motor and pre-operational, are usu-

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

are two stages of logical operations, called concrete thought and formal

thought, which are rclevant to secondary school students. ! 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? soc¢ial tyansmission, and “équilibration.“ 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, ene has to describe the reasoning of
an individual whosg development has reached each of the stages. This de-

scription has been stated by Piaget in terms of the mentalxoperatidns the,

N\

individual uses when facing certain problems. To‘avoid €onfusion with ot her

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

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

are {1) serial ordering a set of sticks accordipg to their length and (2)
. L
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

fercilizer applied to them.

-3
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From the research of Piaget and others, ¥ertain rules have been formu- '

lated for idehtiﬁying reasoning patterns as belonging to concrete or to

formal thought. 1In general, reasoning that makes use of direct experience,

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

/ .

s ‘ ing pattern, such as (1) above. ﬁeasoning that i;-based on abstractions
and that transcends experience is ctassified as a formal reasoning pattern,‘
such as (2) above. Here is a more extensive list of gjues that are help-

: )

ful in classifying reasoning patterns,

“w

When using concrete reasoning patterns, the individual:

: /m1 Applies classifications and generalizations based on cobservable
criteria (e.g., consistently distinguiShE? 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 $ubjected to equal changes (e.g.? when all
the watlr in a beaker s poured - into an empty gradugted cylinder,

- 'R

the amoufjt originally in the beaker is equal to theamount ul-

»

timately §in the cylinder}.

s : .

L

ial ordering and establishes a one-to-one corre$pon-
i

H) C3 Applies e
p

ERIC
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-h- : . . ¢
. ‘ . &
'k By using these patterns, 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:

F1 Applies multiple classification, conservation logic, serial order-
L ing, and other reaéoning patterns to concepts, abstract properties,
axioms, and theories (e.g., distinguishes between oxidation and.

reduction reactions, uses the energy conservation principle, ar-
£

1

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).‘ |

Fz Applies combinatoriél r;asoning, considering all concejvable com-
binations (e.q., systematically enumerates the genotypes and
phenotypes Qith respect to characteristics governed by two or more
.genes) .

L]

“F3 States and interprets functional reladtionships in mathematlcal

L

form (e.g., the rate of diffusion %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 experimental design that controls’

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

¥

clover experiment mentioned above).

Q - _ ' ; 9
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FE Reflects upon his 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 - FORMAL
(a} MNeeds reference to familiar actions, Can reason with concepts,
objects, ang obsérvable properties., relationships, abstract pro-

perties, axioms, and.theories;
uses symbols to express ideas.

(b} Uses reasoning patterns Cl - €3, but Uses reasoning patterss F1 - F5
not patterns F1 - F5, as well as €1 - C3,

(c} MNeeds step-by-step instructions in Can plan a lengthysprgcedure
a lengthy procedure. given certain overail goals

and resources.

(d) 1s not aware of his own reasoning, Is aware and critical of his
inconsistencies among various own reasoning; actively seeks
statements he makes, or contradic- checks on the validity of his
tions wlth other known facts. conclusions by appealing to

other known information.

L]

I3

Presént Status of the Theory of Formal Thought
whfle each of the two lists in the previous section.has 3 certain theme,
my enumeration of formal reasoning patté&rns does.not communicate the unity
" originally proposed by Piaget.- Piaget conceived of formal reaséning patterns
as dea?ing with logical propésitions and having fhe ofganizational structure
of an algebraic group called the INBCIgroup. | will omit details because
recent workers ha;e not found evidence ﬁb support Piaget's proposals in these
respects. Neimarks has summarized ‘the present sfatbs by ﬁoncluéing that there

is more advanced intellectual functaoﬂing than concrete thought, but that

¢

10
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such reasoning is not used as reltably and_yaivékéally as Piaget's writings

implty. Lunzer has expressed '_=.imilar,\.r'iews..Li In fact, Piaget-has adopted a

more flexible position in the last few years.>

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

highly unified view of formal thought, | refer to unbublished data collecred

in a survey of student reasonlng in seven countries carried out.in - 1974,

L]

My collaboratods and | presented.-several thousand eighth and ninth grade stu-
dents with a task in proportional reasoning and a second task reguiring con-
trol of variables (reason?ng‘patterns F3 and Fi). We found that United States

students succeeded more frequently on control of variables, while Austrian
1

students succeeded more frequently on proportional reasoning. For British

—

students, perfofmance on the two tasks was more closely similar thén for
either of the other two samples mentioned. Using the B}Itish résults as a
gufdgx one might claim that the two tasks are about equally difficult. The
lack of correspondei.ce in Austria and the United States c;n then not be ex~
plained by asserting that.éighth graders in one of these countries are more
-gr less advanced toward formal thought than students in the other. We con-

cluded that there were differenttat -effects of instructisn that did not

- R

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, forfinstance, the faztor structure of tep Piagetian

I\ . . . .
tasks reported by Lawson and N('J_rdland7 after interviewing ninety-six seventh.

graders iIn an‘:urban school. - Théy identified two principal components that




accounted for fifty-five ggrc%nthgf the variance in their dwta. Four tasks--

o P t ~ g . -
equilibrium in the balance, skparatlon of variables, conservation of displaced.

i

volume (both cylinders and cfag)—-loaded primarily on the First compdngnt.

N i - o - .

Three other tasks (c0nservatﬁon of number, solid amount, and liquid 7mount)
. v

loaded exclucively on the sécond component. Tﬁe fast three tasks (7bnserva-
N, ) Y
tion of length, area, and welght) loaded on both components. The!ﬁuthqrs

concluded that the first and second components represent formal‘aAd concrete
s . I

thought more comprehensively than theseé are represented in any §ingle reason-

Il
i

ing pattern. Perhaps, then, there is 2 unity after alf!

+

B

One shortcoming of Lhe L awson-Nord tand study

is its eamphésis on corser-
f

vation-tasks. Lawson is now Planning a more comprehensive'ﬁnvestigation that

includes a wider varietfy of reasoning patterns. !

Appiications to Science Teaching

) {
The science teacher who is fnterested in applying Pi geE'S theory can
penefit but must be caut}ous to avoid the difficulties 7ith the-th;ory/that
are even more prominent In a classroom thadx}hay are du#ing a research
study. !, therefore, urge teache}s to concentrate Anl den;ifyinq ;Héir stu-
dents' reasoning patterns and not to expect that each jstudent's entlre be;
- .

havior can be classified neatly as reflectlng either doncrete or formal

A

thought. Most important Is the teacher's willingness|to accept the fact,

documented in recent studies, that a large fraction 4F stuflents will use
. " '
6.8,9 f

concrete reasoning patterns extensively,
1

By becoming aware of reasonlng patterns needed ko understand & partil-

cular sclence course, a teacher can (!k/identify the conceptual emphasis

-

“r

19 ' |
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and demands of the subject matter and (2} help students, develop more advanced

reasoning patterns than they use currently. | shall now‘e1ab0(ate on i{tem 1

and then devote the next sectlon of this article to item 2,

Here are nine concepts that are usually included in secondary school
science courses: density, temperature, cell, gene, environment, chemica)
bond, periodic system of elements, acid-base, and ideal gas. What reasoning

w

pattarns must a student use to understand these?io : - .

[T

il

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

other concepfs--mass and volume-- rather than in terms of direct -experience.
Furthermore, the ratlo»relatiaﬂghip-must be applied to mass and volume. Both

of these mental steps makes use of F&rhal reasbning palterns, items F1 and F3
. E ‘ - *
in my eartier Tist., For this reason, dwn51ty may be called a "formal“ cancept.

3

..an‘ (

Tenperature can be defined in terms of sensatibns {war/cold) or therm-
ometer readings., VWhen 'this is done, temperature may_bé called a ''concrete’’
concept, because it is based 6h‘ob§ervabie,cr¥tef}a and thus requires con- ; N

crete reasoning patterns (item Cl.in my Iist)_For undeésténdfng.‘ Temperakuge'. p
however, can also be d;flned'as’a meégufa of the average-molegularwgin;tié

energy. - {f this Is. done, temperature pgcomes 3 a"j’.cn'mal” concept-;hosé ur- 1 _*j
derstanding 9eriveé from other conﬁepfs {molecule, kinatic enérgv); t hie ? -f

T T
i

kinetic~molecu?affﬁheory,‘andimathematical're!atibnships (items F1 and F3).

|
i .
, This example Ii!ustrates Thar 3 cennept with severa! meanings may be
e -

either "concrete“ aor "formal," depending on the me3d identify

[3

the reasoning Fequlred of v 2 students in a course, the teacher m e clear
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N

éb0ut'tha\$eaning of the concepts that aré introduced. Special care must 1
e }

be taken to use a concepf aiways 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 automatiCj}Iy to an

applization of the concept's 'formal'' significance.

R How ! shall briefly comment on the other concepts | have listed above.

/' It seems to me that al) of them can be defined as '"formal" concepts, but

that cell, environmént, and acid-base can also be given definitions as . :

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

i

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

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

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

indicator, ‘interaction with washing soda, or--in safe cases--by tasting.
A )
3 ' '__“-"K

The remaining concepts--gene,~chemical bond, periodic system, and idea)
. gas--all require formal reasoning patterns for their understanﬂing; They can

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

< |

and mathematical relationships. | see ho way of defining them as ''concrete’

concepts. / =

. /

~ﬁ/;/ Tﬁé Formation of/ “

Reasonifg Patterns by Self-Regulation
At the beginning of this article, | enumerated problems ;%at.a secondary
' ~ - .

school science teacher is likely to encounter, -In my discussiion, i have

3

i

.

indicated that sbme_of the problems- can be ascribed to the‘fict that many 3

i

students use concrete reasoning patterns, yet that the 5ubje§t_matter-oftén

N




_responding to his or her inadequacy in using the present reasoning patterns _ L

| .
requires formal thought. Unless science courses are to become highly
sélective and admit only students who use formal reasoning patterns with
ease, | strongly recommend that the formation of formal reasoning patterns o

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

certain body of subject matter., . o

Let us, therefore, return to the process of intellectual development .
Rather than using Piaget's term "equilibration' for the essential but hard- e
to-define fourth contribution, 1 prefer the term Yself-reguiation,” which ST

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’

to cobe with a demand. An arralogy in physical actions is your response to

hi "

driving an unfamiliar ¢car with a brake of d?ffgrent stiffness from that in .

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

. . N

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

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

‘ s

A chi'ld using a concrete reasoning pattern in a pizzé parlor may decide ™ 8
that the eight-inch pizza coéting $1.25 is too small and may order a sixteen-
inch size without Iooking.at the price, in expectation that is costs $2.50,

"Because it's twice as big." |Imagine the dismay when the giant pizza arrives, -

together with a;check for about $5.--! Here is a éurprise that may trigger

the search for a more successvul reasoning pattern to cope with the pizza size/ T

price problem, a mathematical relationship requiring a formal reasoning pattern,

- N I‘g - 15 ‘ I " \I
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12,13, 14 that the learning

My colleagues have been gathering evidence

cfcle,.whichlwas introduced as part of the Sclence Curriculum improvement

Studyls 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.]7

For our purposes here | shall call the three phases exploration, concept

~

introduction, and concept application. .

During éxploratio&; the students gain experience wlith the environment--
they learn through their own actiéns and'reactlonslin a new situation, ’In N
this phase tHey explore new_m;terials‘and new ideaé with ﬁinimé] guidance
or expectation of specific ‘accomplishments. The new experience should raise
qUestion% or complexitles that they cannot resolve Q{th their accustomed
ﬁatterns of reasoning, as in the pizza example.  As a result, mental dis- .

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

X © . Ny - .
The second phase, concept introduction, provides social transmission--
) ) i

it starts with'the deflni¢10n:of a new concept 67 principle that helps the

: N o : o
students apply a new pattern of:reasoning to;th?ir experiences., In the /
. N , J

the relation of area to diameteriwould be the key idea, but;
f - I

might be first illustrated By means of the;areé and side of a square rathef

pizz§ problem,

L

.‘5 -y —.
than a circle, The concept may be introduced/by the teacher, a textbook,;

a film, or another medium. This step, which aids self-regulation, should[
- i - r
alyays follow exploration and relate$to the exploration activities. -
. . H . :;
]

o

—r
—_—
-y,
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..]2..

Concept introduction ig especial]y effective when it involves the for-
mat definition ofha concept whose concrete definition is already understood
by the students., Since, for instance, a square can easify be subdivided
into unit squares, determining the area of a square need only make use
of concrete reasoning patterns, ‘This iT!ustratioﬁ; as | suggested, would
help lead the students toward conceptualizing and approximating the area of
a circle, a step that requirés.a-formal reasoniﬁg pattern beéause acircle

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

- -

-

‘In the last phase-of.tﬁe Iearn$ng cycle, concept applicatfon, familiar~
ization takesjplace as students apply the new ;oncept and/or reasoning pét—
tern to additionai'situations. 'n the pizza area exanmple, a valuable appli~
cation act}vity might }nvolve ;%e const;UCti%q of seés of similar rectangles,
elﬂipsﬁgl and other figures out af cardboard and }nvestigating‘the're?ati9n~*

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

y .
~

with materials and social interactions'ﬁith teacher and peers play a rolg.

Conceht application is nebgssary to extend the range of applicability of
the new concépt. This phase provides additional time and experiences for
self-regulation, Furthermore, Zoncept application activities aid the students
whose conceptual reorganization takes place more slowkz than average oréggo
did not adequately relate the téacher’s‘origfnal explanaéion to thg}r ex~

. Pt ' . -
periences, Individual conferentes with these students to identify and re~

solve their.difficulties are especially valuable,

o,

17




Conciusion
in this brief preséntation | have only been ablebto make a very simpli- .ﬂh

fied introduction to a‘compligated a;ea of regearch that hé!ds-a great -

deal of promise for the improvement of seéondary 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

' 18

education .must wait until deve]opmeqt has occurred spontaneously. Plaget'”"

has described the interaction of education and development in these words:

\\ "Thus education is, . . a’necessary formaf?vg cﬁﬁd{tion toward natural de-
‘ velopment itsel£," Of course, the theory will not solve all educational

. N .I » ) t '
problems, but it can help in those aspects of concept development and under-

standing which make science courses especialfy difficuly for many students.

| am indebted to Ariton E. Lawson for critical comments and helpful sug-

w

gestions in the preparation of-this presentation.

i ‘ ~ L .
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