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Two beliefs widely shared among the contributors to this volume are that
(a) theoretical and empirical advances in cognitive and developmental psy-
chology can provide a solid basis for improved instructional practice; and
{b) the challenge of instructional innovation can raise new questions for
basic cognitive research. Evidence supporting the first belief—implicit in
the large dose of cognitive and developmental psychology contained in
most degree programs in education-—comes from the type of chapters in
this and related vofumes (e.g., Bruer, 1993, McGilly, 1994), as well as the
articles appearing 1n two influential mterdisciplinary journals—Journal of
the Learning Sciences and Cognition and Instruction—that have appeared
since the first Carnegie Symposium on this topic (Klahr, 1976). The second
belief is a particularization of the commonly held view that applied work
always raises novel questions to be addressed by further basic research. In
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this case, the applications involve the development and implementation of

effective instructional methods and the basic research is carried out in the
psychologist’s laboratory. Taken together, these two beliefs support the
“mutual illumination” metaphor in the title of this chapter.

However, there is another view-—one that supports instead the second
metaphor in our ttle, in which the two enterprises of cognitive research
and instructional practice have no more in common than “ships passing in
the night” Consider, for example, the somewhat pessimistic assessment
by Strauss (1998) that appeared recently in a prestigious handbook op
applied topics in developmental psychology (Sigel & Renninger, 1998),
Although Strauss acknowledged that one can find, at the margins of both
fields, several atypical examples of such mutual influence, he argued that
an honest [ook at the bulk of the work published in each field reveals that
“cognitive developmental psychologists rarely involve themselves in top-
1cs that are of interest to science educators” (Strauss, 1998, p. 358). In
other words, perhaps the education ship and the research ship traverse the
same seas and visit the same ports, but they pass in darkness, with neither
one illuminating the other.

Strauss offered several explanations for the relatively small proportion
of published work that is of interest to both cognitive psychologists and
science educators. One problem is lack of common interest in content:
Developmentalists often study topics that, while providing useful indices
for cognitive development, may have little relevance for science educa-
tion. Another problem is that developmentalists focus on universal and
invariant sequences that may be largely irrelevant to educators who are
more interested in what can, rather than what can'’t, be changed. A third
problem is the tendency for researchers in cognitive development to study
the child in 1solation, whereas educators have to work in complex social
and institutional seftings in which cognitive processes may account for
only a small part of the vartance in outcomes. Finally, Strauss argued that
there is scant shared knowledge between developmentalists and science
educators: The former know a lot about children, but little about topics In
the nonpsychological sciences, whereas the latter know a ot about their
science, but little about the psychology of thinking, learning, and
development.

Unfortunately, there is much that 1s correct about Strauss’s gloomy
assessment. Except for a few notable exceptions (e.g., Brown, 1992, 1997
Fennema, Carpenter, Franke, Levi, Jacobs, & Empson, 1996; White &
Frederiksen, 1998), most of the research in the intersection between cog-
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nition and instruction is carried out by researchers whose predilection is
to conduct their work in either the psychology [aboratory or the class-
room, but not both. Consequently, reports of Eaboratory—basefi research
having clear instructional mmplications typically conclude with a sug-
gested instructional innovation, but one rarely finds a subsequent report on
an associated specific action resulting in instructional change. Similarly,
many instructional interventions are based on theoretical positions that
have been shaped by laboratory findings, but the [ab procedures have been
adapted to the pragmatics of the classroom by a different set of researche‘r.s
(e.z., Christensen & Cooper, 1991; Das-Smaal, Klapwijk, & van det Leij,
1996). This division of labor between laboratory-based cognitive research
and classroom research is understandable, but, in our view, unnecessary
and inefficient because much can be lost in the translation from the psy-
chology laboratory to the classroom. .

In this chapter, we propose a two-part rermedy to this situation. The first
part provides a conceptual framework for cfassifying research on chil-
dren’s scientific thinking along lines that are relevant to science education.
We hope that by providing a Kind of “reader’'s guide” to some of the basic
research on the development of scientific reasoning, we may clarify its
refevance to science education while at the same time providing some
insight into why such work is not always immediately embraced by those
facing the challenge of improving instruction. The second part of our
chapter provides a counterexample to Strauss’s claim: We offer a concrete
instance of a productive two-way flow between the psychology lab and
the science classroom. The example is based on a project i which, over
the past several years, we have been developing, implementing, and
assessing a set of instructional matenals for teaching children 1n grades
two to four the concepts and skills associated with the design of uncon-
founded experiments and the derivation of valid inferences.

A TAXONOMY OF APPROACHES
TO STUDYING
AND TEACHING SCIENTIFIC THINKING

Scientific reasoning—both as it is studied by developmental psychologists
and as it is taught by elementary school science teachers—can be ciassi-
fied along two dimensions: one representing the degree of domain speci-
ficity or domain generality, and the other representing the type of
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discovery processes involved, such as generating hypothe;es, designing
experiments, and evaluating evidence (see Table 3.1). Dunng the course
of normal scientific discovery, the various cells in Table 3.1 are traversed
repeatedly. However, it is very difficult to study thinking processes that
involve all of them simultaneously. Consequently, much of the research on
scientific thinking has been intentionally designed to focus on only one or
two of the cells in Table 3.1, although some studies have used complex
contexts involving several cells. The entries in Table 3.2 illustrate some of
the ways that psychologists have attempted to study different aspects of
scientific thinking in isolation. (For a more complete description, see
Klahr & Carver, 1995, and Klahr, 2000.)

Integrative Investigations
of Scientific Reasoning

The types of investigations spanning the bottom row n TabEeAB.l and sum-
marized as the final entry in Table 3.2 reveal the large grain of truth in
Strauss’s complaint about the perceived irrelevance of psychological
research to science instruction. On the one hand, the Bruner concept for-
mation task and the Wason “2-4-6" task are among the most widely cited
and replicated studies in the cognitive psychology literature. On the other
hand, few science teachers would deem it worthwhile to teach children
these kinds of skills or to use these puzzlelike materials in therr class-
rooms, even though, from a psychologist’s perspective, they elegantly
illustrate some of the fundamental cognitive processes involved in scien-
tific thinking.

The classroom teacher does not have the {aboratory psychologist’s lux-
ury of isolating different components of scientific thinking in order to bet-
ter understand them. Instead, the teacher must attempt to orchestrate all of
these aspects in various combinations. For example, consider the com-
plexity faced by a teacher attempting to teach her students the classic

TABLE 3.1
Types of Foci in Investigations of Scientific Reasomng Processes
Designing .
Generating & Executing Evaiuating
Hypotheses Experiments Evidence
Pomara-specific knowledge A B C
Domain-general knowledge D E F

TABLE 3.2
Examples of {nvestigations Located in Vanous Cells of Table 3.1

Cell(s) from
Table 3.1 Focus of Study Reference
A BDomain-specific hypothesis generation. Carcy, 1985;
Participants are asked to make predictions or give explanations 1a | McCloskey,
a specific domasa in order to reveal their inwilive theones of 1983,
mechanical or biological phenomena. They are not allowed to run
experunents, and they are not presented with any evidence to
evaluale,
Domam-specific experimental design. Tschirgi, 1980,
Participants are asked 1o decide which of a set of prespecified
B experiments will provide the most informaltive test of a prespeci-
fied hypothesis. There 15 no search of the hypothesis space and
the expertment space search is limited to choosing from among
the given expenments, rather than generating them.
Domain-general expenmentai design. Case, 1974;
People are asked to design factonal expenments in relativeiy Kubin &
E sparse contexts. The use of domain-specific knowiedge 15 mini- Angelev, 1976;
uzed as is seasch in the hypothesis space and the evidence evalu-| Siegler &
allon process. Liebert, 1975.
Domain-specific and domain-generai evidence evaluation. Amsel & Brock,
Studies in this category focus on people's ability to decide which | 1996; Bullock,
C&F of several hypotheses is supporied by evidence. Typically, partict- | Ziegler, &
pants are presented tables of covanation data, and asked to decidei Marun, 1993;
which of several hypotheses 15 supported or refuted by the data. Ruffmaa,
In some cases, the factors are abstract and arbitrary—in which Pemer, Olson,
case we would classify the studies m Cell F~and in others, they | & Doherty,
refer to real world factors, such as studies that present data on 1993; Shaklee
plant growth in the context of different amounts of sunlight and & Paszek, 1983,
water.
Doemain-specific hypothesis generation and evidence evaluation. Vosaradou &
Children are asked to integrate a vanety of forms of exisung Brewer, 1992,
A&C evidence in order to produce a theory that is consistent with that
evidence. They do not have the opportunity to generate new
evidence via experimentation, and the context of their searchk in
the hypaothesis space is highly domain specific.
Domain-specific hypothesis generation and domain-specific and Koslowski,
domain-general evidence evaluation. 1996;
AC&F In these studies, participants are presented with a complex mix- Koslowski &

ture of covariation data, possible causal mechamisms, analogous

Okagaki, 1986;

effects, sampling procedures, and afternative hypotheses from Koslowski,
which they are asked to make a deciston about a potentialiy Okagki, Lorenz,
causai factor. People are given the opportunity to go beyond just | & Umbach,
the covanation data—that 1s, to use both thesr domain-specific 1989.
knowledge as well as other domain-general features, such as
sample size, In making their decisions.

{Contiried)

79



3. COGNITIVE DEVELOPMENT AND SCIENCE EDUCATION 81

TABLE 3.3
Cells Traversed Dunng Typical Elementary Schoot Science Lab Sessions
on Finding the Penod of a Pendulum
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TABLE 3.2
(connnued)
Celi(s) from
Tuble 3.1 Focus of Suudy Reference
DE,&F Domatn-peneral hypothesis generation, expenimentai design, and evi- | Bruner,
dence evaluanon. Goodnow, &
Participants are asked 10 discover an arbitrary rule or concept Austn, 1956;
based on formal properties of the sumulus, No deman-specific Wason, 1960.
knowledge of any kind is required, but parucipants have to use
domamn-general reasoming pracesses such as hypathesis forma-
tion, instance sclectton, and rule induction.

problem in mechanics of discovering the penod of a pendulum. As illus-
trated in Table 3.3, her students would traverse all of the cells as they
worked with this problem. Even though the instruction would tend to
focus on the domain-specific aspects of force and acceleration that under-
lie the phenomenon being investigated, the teacher would also attempt to
convey some important domain-general processes and knowledge about
scientific methodology. Thus, if they are to be of relevance to educators,
psychological studies must somehow be more representative of the com-
plexity faced by the teacher.

First, they must cross the row boundaries in Table 3.1 in order to study
the interaction between domain-specific and domain-general knowledge.
Second, they must integrate the processes of hypothesis search, experi-
mentation, and evidence evaluation in order to examine their mutual influ-
ence. In recent years, several investigators have begun to address these
questions by integrating the six different aspects of the scientific discov-
ery process represented in Table 3.1 while still posing the research ques-
tions at a sufficiently fine grain so as not to lose relevant detail about the
discovery process (cf. Dunbar, 1993; Klahr, 2000; Klahr & Dunbar, 1988:
Klahr, Fay, & Dunbar, 1993; Kuhn, 1989; Kuhn, Amsel, & O'Loughlin,
1988; Kuhn, Schauble, & Garcia-Mila, 1992; Kuhn, Garcia-Mila, Zohar,
& Andersen, 1995; Schauble, 1990; Schaubie, Glaser, Raghavan, &
Reiner, 1991).

The study that we describe later in this chapter also focused primarily
on a domain-general skill—or what is usually called a “process skill” (in
contrast to “content knowledge™). The particular skill had to do with how
to design unconfounded experiments, and our study can therefore be clas-
sified as belonging primarily in Cell E. However, as will become evident,
our experiments also involved evaluation of real experiments with real
devices in the physical world, and thus were experiments “about” some-
thing. So we would also implicate Cells B, C, and F.

Ceneraiing Dusigming & Executing
Hypotieses Experintents Fvalwanng Evidence
Poman-specific | + Length? + Sclecunyg and isoiating some * Averaging and com-
knowledge aspect (length, mass, force, elc.) paring severat trials of
* Initial Force? same selup

« Counting cycles of penduizm

* Mass? * Cross-selup compar-
« Establishing a iming basis ssons to [ook for dif-
ferences in pertod
fength
+ Eliminate noncasual
factors (mass, 1nitial
hesght, initial force,
eic.}
Domain-general | « Asking "goed” * Varying one thing at a ume + Recording data
knowledge guestions
» Choosing tractable vajues for » Making tables
+ Proposing plausi- variables
ble causal * Distinguishing deter-

mechanisms + Minimizing error minate from indeter-
minant data patterns
» Inducing "ruies” + Observing reievant culcomes

from regularities

Finding most repre-
seniative measures

To summarize, we have briefly described a taxonomy in which scien-
tific reasoning is classified along two dimensions—domain specificity
and type of processes—and we have attempted to illustrate how this clas-
sification can be useful for understanding and characterizing both basic
lab investigations and classroom teaching. One problem that this taxo-
nomic exercise has revealed is that although science education aims to
impart domain-general scientific reasoning skills, it 1s almost always
couched in-—perhaps even overwhelmed by—specific context, whereas
lab research, although unambiguously identifying general reasoning com-
ponents, often fails to indicate its relevance to classroom practice.

In the next section, we offer an example of how lab research can gen-
erate a solid basis for classroom research, which in turn can generate new
theoretical 1ssues for further study in the {ab. We describe the process
whereby we translated a theoretically motivated, carefully crafted, and
laboratory-based instructional procedure of proven effectiveness into a




