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Foreword 

James G. Greeno 
Stanford University and Institute for Research on Learning 

Marjorie Gardner 
Lawrence Hall of Science, University of California, Berkeley 

This book reflects a vision of a field that is in the process of development. We 
believe that a revised and advanced field of science education can emerge from 
the convergence and synthesis of several current scientific and technological 
activities. This book includes some examples of research progress of the kind 
that we hope will form the integrated discipline of science education. 

The papers in this volume were presented at a conference that was an effort 
toward this revision and advancement. At a previous meeting in 1986, members 
of the communities of science educators, cognitive scientists, and educational 
technologists met to discuss and formulate a research agenda for science educa
tion. In addition to a report of the group's conclusions (Linn, 1987), the meeting 
accomplished a step toward forming an inclusive community of research and 
development for science education. 

The participants in the 1986 meeting agreed that there is an important agenda 
for research in science education and that the communities of science educators, 
science-education researchers, cognitive scientists, and technologists bring 
important perspectives and capabilities to that scientific activity. They did not 
completely agree on every point that should be on the agenda or on the relative 
importance of the points, but that is as it should be. The community should not 
try to work in a single-minded way, but rather should pursue a collection of 
overlapping but nonidentical goals and thereby discover which directions are 
most productive. The shared sense of the group, however, was that important 
programs of research and development are being pursued, and that some of the 
community's effort should be directed toward bringing these various activities 
into closer contact. This led to our decision, along with our colleagues, to hold a 
conference in 1988, at which the papers in this volume were presented. We 
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x GREENO AND GARDNER 

invited individuals working on the social context of science learning, in addition 
to technology, cognitive science, and science education researchers. 

The conference that this volume presents was, in part, a test of the hypothesis 
developed at the 1986 meeting, namely, that there is an important agenda for 
research in science education and that the various communities of researchers are 
engaged in work that is significant for the development of a new integrated field. 
We decided to test this hypothesis directly by bringing together individuals from 
the various communities to present their work and encourage discussion among 
the participants. 

The first condition for developing a new intellectual field is the existence of 
research problems that are productive and about which the community can in
teract meaningfully. We believe that this condition is met, and we present this 
book as our evidence. These are not the only examples of work that would be 
synthesized in the field of science education; any meeting represents a partial 
sample. But the point we wish to make is that significant examples exist, and we 
hope that our colleagues agree that these papers definitely establish that. 

Another condition for developing this field is that individuals working in its 
various subcommunities interact productively about each other's problems as 
well as their own. This is harder to demonstrate in a volume of research papers, 
but on the basis of our experience in the two meetings, we are optimistic about 
that as well. The discussions were mutually engaging and spirited, and partici
pants' comments about the meetings were positive. Many individuals at the 
meetings met each other for the first time and apparently were favorably im
pressed. Most of the final versions of papers that you can read here differ 
significantly from the versions that were presented, reflecting comments and 
questions that were given by other participants. The shared sense of engagement, 
including agreements as well as significant unresolved issues, is reflected in the 
summary section that Linn contributed to this book. The development of a 
genuine scientific community is a long-term process, of course, but we see the 
success of these meetings as a positive sign. 

Organization of the Book 

The papers in this book are in four sections, reflecting four research traditions 
that we feel can come together in a scientific practice of science education. 

First, there is a community of science-education researchers whose intellec
tual homes are in the study of curriculum and teaching of scientific disciplines. 
Discipline-based research and development was the main activity of the science
education field during the important period of curriculum reform in the 1950s and 
1960s and continues to playa major role. 

A second community of researchers in cognitive science studies general prin
ciples of learning, knowing, understanding, and reasoning. Cognitive science is, 
itself, a field in the process of development, forming as a convergence of parts of 
artificial intelligence, cognitive psychology, linguistics, philosophy, and other 
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disciplines. The research in this developing field differs from earlier research, 
especially in psychology, in a way that is important for science education. Mod
ern cognitive science attends to the content of information that people learn, 
know, understand, and reason with. Earlier research on cognition was abstract 
and content-free; however, in cognitive science beginning in the late 1950s, 
simulation models of cognitive structures and processes include hypotheses 
about the specific information structures that are known and understood and the 
specific reasoning operations that are applied to those structures. 

Until about 10 years ago, the communities of discipline-based educators and 
cognitive scientists had very little in common. Since the late 1970s, however, 
there has been an increasing tendency for cognitive scientists to be concerned 
with problem solving, knowing, and learning in subject-matter domains, es
pecially in mathematics and science. And simultaneously, there has been an 
increasing tendency for scientific discipline-based researchers to make use of 
theoretical and empirical methods developed in cognitive science in their re
search and development of instruction. Both of these trends are evident in the 
papers in the first two sections of this volume. Much work remains before the 
science of cognition and discipline-based educational research and development 
are well integrated, but there is a strong and growing intellectual basis for that 
integration, if the communities of researchers choose to develop it. 

The third section of papers is concerned with the social context of learning, a 
topic on which a body of interdisciplinary research and development is beginning 
to grow. Studies of cognition in everyday settings are shedding interesting new 
light on the capabilities of individuals to reason successfully about quantities and 
causal relations in the world, and relations between this everyday reasoning and 
school learning are just beginning to be examined. Investigations of social orga
nization of schools, including socially determined attitudes toward schooling and 
participation in group activities, benefit strongly from use of concepts and meth
ods developed in the social sciences. We are hopeful that a convergence of 
methods and concepts of social science, cognitive science, and discipline-based 
educational study can develop productively to broaden the scientific base of 
science education. 

The final section of this book presents discussions of educational technology 
in science and mathematics education. Development of advanced technology for 
education has had somewhat disconnected components, with some efforts related 
primarily to discipline-based concerns, some to cognitive studies, a few to social 
concerns, and several to general concerns of artificial intelligence. The develop
ment of complex technological systems can serve as a vehicle for further integra
tion of these various intellectual strands as papers in this volume indicate. 

The Idea of a Scientific Practice 

The title we chose for this volume is a coined term, and it may bear a brief 
discussion. As we envision the developing field of science education, it would 
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become an integrated disciplinary activity including development of resources 
and materials for science education as well as development of ideas about learn
ing, knowing, and reasoning in science. The field would also be engaged in 
continuing evaluation, refinement, and restructuring of these resources and 
ideas. We believe that the model of basic research by a group of scientists, with 
results that inform practice by a group of educators, is misconceived. The search 
for knowledge and understanding and the development of educational resources 
must be concurrent concerns and interactive activities. The alternative vision, 
which we prefer, has inquiry coupled with development of resources so that 
development is guided by and informs the growth of scientific principles and 
concepts, and scientific inquiry addresses questions that are important in prac
tice. Such a melding of inquiry and practice might well be called either a 
practical science or a scientific practice of science education. By either name, we 
hope that these papers contribute to its development; we'll hope and work for its 
continued progress. 
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I VIEW FROM 
THE DISCIPLINES 

Marjorie Gardner 
Elizabeth Stage 
University of California, Berkeley 

Whether from the natural or from the synthetic world, science is a whole fabric, a 
beautifully interwoven tapestry. Humans split it into disciplines for study pur
poses. We compartmentalize in order to handle its many subtle complexities, yet 
we yeam to integrate as evidenced by so many efforts toward interdisciplinary 
science and mathematics. 

For the opening session of the Research Conference, active researchers from 
each of the four traditional areas of science instruction-biology, chemistry, 
mathematics, and physics-were asked to summarize recent research results, 
current trends, and recommendations for important research projects for the 
future. The purpose was to set the framework for the more interdisciplinary 
sections to follow. James Stewart from the University of Wisconsin at Madison 
reports on biology; Dudley Herron from Purdue University reports on chemistry; 
Jack Lochhead from the University of Massachusetts at Amherst reports on 
mathematics; and Lillian McDermott from the University of Washington reports 
on physics. Their chapters and reference lists provide the reader with a useful 
summary, a wealth of ideas and sources. 

McDermott notes that there has been more research on learning and teaching 
of physics than in any other science discipline. She discusses physics educational 
research from three perspectives, that of the cognitive psychologist, the physics 
instructor, and the science educator. Major attention is then given to research 
efforts directed toward elucidating students' understanding of physics concepts, 
scientific representations, and the reasoning required for the development and 
interpretation of both concepts and representations. Questions for future studies 
are identified for each of the three areas she discusses. 

Herron takes the constructivist point of view as he reviews recent research in 
chemical education and looks to the future. Citing research done in the United 
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States and internationally, he critiques research efforts related to problem solving 
and conceptual understanding. In surveying research in these two major areas, 
Herron explores misconceptions, experts versus novices, and representations. 
The chapter concludes with a section that looks to the future by summarizing our 
current knowledge and identifying research that is needed. 

Stewart begins by noting that the biological sciences are the most commonly 
taught sciences at all levels as well as the most rapidly changing due to the 
current biological "revolution." The first half of the chapter is concerned with 
the current state of biological sciences educational research; the second part deals 
with the future and identifies some of the important research that needs to be 
done. Stewart notes that much of the research to date has been of the correlation 
studies type as he surveys results of these studies at the elementary, secondary, 
and university levels. More sophisticated studies concerned with genetics and 
evolution are then reviewed. Studies of the uses of advanced technology includ
ing the computer are surveyed. In looking to the future, he calls for a research 
consortium in biological science education. The research for such a consortium 
might include continuation of descriptive research studies, problem-solving re
search, and research related to the findings of cognitive scientists. 

Lochhead describes the recent, rapid, almost explosive advancements in the 
mathematical sciences as well as the heavy demands on mathematics education 
for advances in research. He identifies needed changes throughout the chapter 
and calls for flexibility, and the capacity to respond to rapid change. He also 
examines some of the predictable changes in tenus of the curriculum and instruc
tional materials, modes of instruction and student learning strategies (e.g., prob
lem solving, metacognition). The role and use of calculators and computers are 
explored in tenus of current research. Lochhead turns near the end of the chapter 
specifically to recommended areas for future research. 

As the "View from the Disciplines" was unveiled, the current somewhat 
fragmentary nature of research became more apparent and elevated awareness of 
the need for longitudinal studies and team efforts. Three common threads are 
identifiable in the four chapters: attention to problem solving, the constructivist 
view of how students learn, and the role of technology in instruction. Little 
cross-disciplinary work is being done. Researchers identify themselves as mathe
maticians, chemists, physicists, biologists or geologists when doing educational 
research. All four authors recognize that students construct knowledge for them
selves and that their knowledge of rules, fonuulas, and algorithms is virtually 
useless unless they can apply what they've learned to novel situations. In the 
three science papers, there's further acknowledgment of the importance of under
standing the origin of student misconceptions. The need for interdisciplinary 
collaborative effort and/or perhaps more importantly for Research Centers where 
resources can be garnered for in-depth and longitudinal studies become evident. 

"View from the Disciplines" serves as a backdrop for the more interdisciplin
ary areas of Instructional Design, Science Education in the Social Context, and 
the Impact of Technology. 



1 A View From Physics 

Lillian C. McDermott 
University of Washington 

INTRODUCTION 

There has been more research on the learning and teaching of physics than on any 
other scientific discipline. Until recently, most investigations have focused on 
mechanics, particularly on kinematics and on the relation between force and 
motion. I The field of inquiry is now considerably broader and includes several 
other content areas such as heat, electricity, and optics. 

Physics has been chosen as a domain for investigation by cognitive psychol
ogists, science educators, and physicists. These groups share some of the same 
goals, but their primary motivation for doing research is often different. As a 
consequence, they often do not ask the same questions and even when they do, 
they may interpret the same answers in different ways. The broad range in 
perspective is illustrated by the diagram in Fig. 1.1 In actual practice, differences 
among the groups are not as sharply defined as they appear in the diagram. 

The nature of a paper on the status and future of research in physics education 
is likely to be strongly influenced by the background and orientation of the 
author. The point of view taken here is that of a physics instructor whose primary 
motivation for research is to understand better what students find difficult about 
physics and to use this information to help make instruction more effective. 2 The 

lFor an overview of research on conceptual understanding in mechanics, see McDermott (1984). 
2For examples of the author's approach to research in physics education, see Trowbridge & 

McDermott (1980, 1981); Goldberg & McDermott (1986, 1987); McDermott, Rosenquist, & van 
Zee (1987); Lawson & McDermott (1987). For examples of the application of this research to 
curriculum development, see Hewson (1985); Rosenquist & McDermott (1987). 

3 
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PERSPECTIVES ON RESEARCH IN PHYSICS EDUCATION 

Cognitive 
Psychologist 

Focus on 
Human Cognition 

\ 

\ 
\ 

\ 

Physics 
Instructor 

Focus on Physics 
Subject Matter 

Specific 
Difficulties 

SpeCific 
Instructional 
Strategies 

I 

I 
I 

Theories of Cognition or Instruction 

Science 
Educator 

Focus on General 
Instructional 
Strategies 

FIG. 1.1. Physics has been chosen as a domain for investigation by 
cognitive psychologists, science educators, and physicists. 

direction and methods for research are derived from an interest in physics for its 
own sake and an interest in teaching that particular subject. The emphasis in the 
research is to identify specific difficulties and to develop instructional strategies 
to address these difficulties. This focus is not meant to imply a lack of interest on 
the part of the author in the general theoretical and instructional issues that 
concern the cognitive psychologist and science educator; rather, the approach 
reflects a pragmatic attitude toward instruction that is common among physicists 
who teach the subject. The empirical emphasis is also a consequence of the belief 
that the most effective way to improve instruction is by first concentrating on 
specific instances and generalizing only at later stages. 

Some physicists hold a contrasting point of view. 3 As shown in the diagram in 

3For a discussion by a physicist with a more theoretical perspective, see Reif (1986, 1987 a & b); 
Hestenes (1987). 
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Fig. 1.1, this perspective is closer to that of cognitive psychologists. Physics has 
proved to be an appealing domain for studies that focus on problem-solving. The 
interest that drives the research of these investigations is often less on specific 
subject matter and more on underlying thought processes. An important goal for 
cognitive psychologists is the development of theoretical models of human cog
nition that can be used as a basis for planning instruction.4 

Still another approach toward research in physics education characterizes the 
work of science educators. The title, as used in this paper, does not refer to the 
science instructor who is a subject matter specialist, but is reserved for those who 
are directly concerned with the education of teachers or with curriculum and 
instruction in the schools. As indicated in Fig. 1.1, science educators are usually 
more broadly interested in teaching science in general than physics in particular. 
Although physics may provide the context, the focus for research is often on the 
development of instructional strategies and theories of instruction that extend 
beyond the teaching of physics. 5 

The particular view that is presented in this paper has evolved over several 
years and has been influenced by the experience of the Physics Education Group 
at the University of Washington. The group, which is an integral part of the 
Physics Department, is actively involved in teaching physics to students with a 
wide variety of preparation. The instructional environment provides a setting for 
conducting research and curriculum development from a strong disciplinary per
spective. We have found it useful to organize these activities into categories that 
correspond to various aspects of student understanding in physics. Our investiga
tions are directed toward elucidating the following aspects of student understand
ing: the concepts of physics, scientific representations (e.g., diagrams, graphs, 
equations), and the reasoning required for the development and interpretation of 
both concepts and representations. We make use of problems primarily to gain 
insight into conceptual and reasoning difficulties rather than to examine problem
solving capability as an end in itself. There is a major emphasis in our research 
on the ability of students to make connections among concepts, representations, 
and real world phenomena. 

In this paper, the organizational structure for discussion of research will be 
provided by a loose classification scheme consisting of four categories: (a) con
cepts, (b) representations, (c) reasoning, and (d) problem solving. These are not 
mutually exclusive. An investigation may fit equally well into more than one 
category. The choice has been determined by the aspect of research that a particu
lar study is used to illustrate. To call attention to recent work outside of mechan
ics, the illustrations have been drawn from other content areas whenever 
possible. 

4For a discussion by a cognitive psychologist about implications from research for physics 
instruction, see Larkin (1980). 

sFor a discussion by a science educator about applications of research results to physics instruc
tion, see Gilbert & Watts (1983); Champagne, Gunstone, & Klopfer, (1985). 



CONCEPTS 

The discussion in this section focuses on a line of research in which qualitative 
interpretation of a concept is required. The task presented to the students may 
involve real objects and actual events or deal with a hypothetical situation. Most 
investigations in which actual equipment is used involve one-on-one interviews 
or small group activities in which there is dialogue between the investigator and 
students. Sometimes a laboratory demonstration provides the basis for written 
questions simultaneously administered to a large group. In other investigations, 
the task is presented only in written form and student response is entirely in 
writing. 

Criteria for Understanding 

The determination of what constitutes adequate conceptual understanding de
pends on the type of study and on the point of view of the investigator. In 
investigations based on actual phenomena that the student observes or can easily 
imagine, the emphasis is on the ability of students to use a concept (or set of 
concepts) correctly in performing a specified task. The criteria may include some 
or all of the following: (a) The ability to apply the concept to the situation 
observed and to describe the reasoning used; (b) the ability to recognize circum
stances under which the concept is or is not applicable; and (c) the ability to 
distinguish clearly between the concept under scrutiny and similar but different 
concepts that might apply to the same situation. In some investigations, the 
emphasis may be on student facility with different ways of representing the 
concept (e.g., diagrams, graphs, equations) or with the ability to make connec
tions among these representations and the real world. 

Many studies do not involve actual apparatus. Questions about a physical 
situation may be described on paper or on a computer screen. There mayor may 
not be supplementary interviews. In cases in which the student responds only in 
writing or by typing on a keyboard, it is much more difficult and often impossible 
to extract the amount of conceptual detail that the interview situation allows. On 
the other hand, mass testing by questionnaire or computer allows the investigator 
to estimate the prevalence of a particular response. 

Some studies place less emphasis on the ability to apply concepts than on the 
ability to relate a set of concepts that may be applicable under certain general 
conditions. The students are encouraged to think about the concepts from a 
theoretical perspective. For example, there have been a number of studies in 
which students are asked to draw "maps" showing relationships among con
cepts. From the ways in which students group the concepts, indicate a hierarchy, 
and show connections, inferences are drawn about the level of conceptual under
standing. In such cases, the criterion for understanding refers to the accuracy and 
level of sophistication that the student demonstrates in drawing the diagram. 

6 



Misconceptions 

Although the methods of research are diverse, some generalities emerge. Stu
dents have certain incorrect ideas about physics that they have not learned 
through formal instruction, or at least that they were not intentionally taught. 
Some have resulted from misinterpretation of daily experience; others are of a 
different origin. To the degree that these ideas are in conflict with the formal 
concepts of physics, the physicist considers them to be "misconceptions." The 
term misconceptions will be used here although it is recognized that some inves
tigators would rather refer to alternate conceptions. 

It has been shown by a number of studies that students often complete a 
physics course with some of the same misconceptions with which they began. 
Furthermore, certain errors are characteristic of student responses to certain types 
of questions (see footnote 1). These observations have led some investigators to 
hypothesize that students bring to the study of physics a strongly held system of 
beliefs about how the world operates (McCloskey, 1983). A contrasting point of 
view is that students' knowledge of the world is fragmentary and unstable, with a 
tendency to shift according to the context (di Sessa, 1988). There is disagreement 
about whether certain observed regularities in response occur because students 
have a mental model for cause and effect or for some other reason. For example, 
perhaps the similar features among answers are simply elicited by the way in 
which the questions are asked (Viennot, 1985a, 1985b). 

Although there is a difference of opinion about whether or not students have a 
consistent system, there is no doubt that there are some common misconceptions 
that do not disappear spontaneously as the relevant material is taught. To bring 
about conceptual change, it is frequently necessary to make a conscious effort to 
help students reject certain ideas and accept others (Strike & Posner, 1982). The 
way such instruction is designed may be influenced by the inferences made about 
how students think. 

Constructivist Epistemology 

The results from research are consistent with the view that the mind is not a blank 
slate upon which an instructor may write correct statements that the student can 
learn passively. It is also clear that, whatever their origin, incorrect ideas that are 
well entrenched in the student mind may interfere with the ability to learn what is 
being taught. These circumstances have led to an interest in constructivist epis
temology among science educators. Basic to this approach are the beliefs that (a) 
Each individual must actively construct his or her own concepts, and (b) that the 
knowledge that a person already has will determine, to a large extent, what he or 
she can leam. The implications for instruction that can be derived from these 
tenets may be used to guide the design of curriculum from precollege through 
undergraduate levels (Driver & Bell, 1986; Schuster, 1987). 

7 



Linguistic Complications 

It is not only common experience with the physical world that leads students to 
develop ideas that contradict those of the physicist. Linguistic elements also play 
an important role. Often the picture conjured up in a student's mind is different 
from the meaning the words are intended to convey. For example, a physics 
student who reads a problem about a ball that is "dropped" in an ascending 
elevator may not realize that in this case the ball initially moves upward with 
respect to the ground. When words have both a technical and colloquial mean
ing, the concepts that are associated with them may be muddled. Terms likeforce 
and energy that are understood in an unambiguous way by physicists are often 
interpreted by students in a context-dependent manner (Touger, Dufresne, 
Gerace, & Mestre, 1987). 

Quite apart from the problems caused by differences in the everyday and 
technical use of a word, other linguistic complications may be introduced in the 
course of defining scientific terms. For example, Kenealy (1987) examined how 
various populations interpreted the statement: "Acceleration is the time rate of 
change of velocity." The definition is from one of the most widely used high 
school physics textbooks in the United States (Williams, Trinklein, & Metcalfe, 
1984, p. 48). Participants in the survey included students in eighth grade through 
college and high school science teachers. A significant fraction of answers iden
tified acceleration as an amount of time required to change a velocity. 

Examples of Research 

Theoretical Constructions: Concept Mapping in 
Electricity 

An example of research in which a theoretical construction by the student 
constitutes the primary source of data is provided by the concept-mapping studies 
of Moreira (1987). One study involved engineering students in an introductory 
physics course at a Brazilian university. The students were asked to draw maps 
showing relationships among the main physical concepts that they had studied in 
electricity. They were also asked to write key words along the lines linking the 
concepts to make explicit the relationship between them. Upon completion, the 
maps were discussed on an individual basis with the students who drew them. 

The map shown in Fig. 1.2 is a copy of one drawn by a student. The student 
has selected electric charge as the most important concept and linked it to electric 
current, electric field, and electric potential. However, the field and the potential 
are not linked to each other. (These links and the others shown as dotted lines 
were added during discussion of the map.) Electric force and potential difference 
did not appear on the original drawing. The ensuing discussion revealed that the 
student made no distinction between the concepts of potential and potential 
difference. 

8 
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Real Phenomena: Light and Image Formation in 
Geometrical Optics 

Student observation, or visualization, of real phenomena fonns the basis of 
much of the research on conceptual understanding in physics. To illustrate how 
different investigations can make a cumulative contribution to our knowledge of 
how students think about physical phenomena, we review briefly some of the 
research involving geometrical optics. Other topics (e.g., dynamics, electric 
circuits, or heat and temperature) could also have been used for illustration. 

Children's Ideas about Light. A number of studies have identified some 
incorrect ideas about light that are common among children and adolescents (and 
sometimes among adults) who have not studied the topic fonnally.6 It appears 
that before about the age of twelve children do not usually recognize light as an 
entity independent of its source or its effects. In the early teens, children begin to 
identify light as an entity that can travel in space and that can be obstructed and 
reflected. Their understanding of how light propagates is limited, however. 
Many believe that light travels farther from its source at night than during the day. 
They do not separate the idea of light from how bright it is. They also may think 
of light as a force acting on an object. Often seeing is considered an activity of 
the observer rather than the result of the reception of light by the eye. 

From studies such as the foregoing, we can gain some insight about the state 
of knowledge with which many students begin fonnal study of optics. As a result 
of instruction in optics in high school or college, most of these naive ideas are 
superseded by concepts the physicist uses to explain how light is transmitted 
from a source to an observer and how objects can be seen. The vestiges of some 
of these ideas may remain, however, and may interfere with the development of a 
student's understanding of how an image is fonned and seen. 

Fonnal study of geometrical optics typically begins with the study of image 
fonnation by mirrors and lenses. Students learn how a lens or mirror can fonn an 
image of an object and how the location and size of the image can be predicted. 
They often do experiments with mirrors and lenses in the laboratory and almost 
always work problems involving images. 

Student Understanding of Real Images. Documentation from research is 
beginning to bring about more awareness on the part of high school and college 
teachers that the ability to solve standard physics problems is no indication that a 
sound conceptual understanding has been achieved. Problems in geometrical 
optics are no exception, even though this topic is generally considered one of the 

6For sources for the statements in the summary, see Piaget (1974); Tiberghien, Delacote, 
Ghiglione, & Matalon (1980); Guesne (1984); Stead & Osborne (1980); Watts (1985); Andersson, & 
Kiirrqvist, (1983); Eaton, Anderson, & Smith, (1984); Feher & Rice (1985; lung (1987). 
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simplest in a physics course. The following example illustrates how little we 
sometimes know about what students really understand if we look only at their 
ability to solve standard problems. 

The illustration is taken from research conducted in collaboration with Fred 
Goldberg during the 2-year period he spent with the Physics Education Group at 
the University of Washington (Goldberg & McDermott, 1986, 1987). The work 
described is based on a task from an investigation on student understanding of the 
real image formed by a single mirror or lens. The students involved were volun
teers from the introductory physics sequence required for majors in engineering, 
physics, and other physical sciences. Calculus is required for this course. Most 
of the data were collected from individual interviews in which students were 
asked a series of questions about a simple demonstration that they could observe. 
Each was shown the same demonstration and asked the same questions. The 
demonstration was a simple optical system consisting of a lens, a light bulb, and 
a screen, all mounted on an optical bench. A real, inverted image of the lighted 
filament of the bulb was visible on the screen, as can be seen in Fig. 1.3. 

FIG. 1.3. Investigator asks stu
dent: "Suppose I were to cover 
the top part of the lens, leaving 
the bottom half uncovered. 
Would anything change on the 
screen?" The table shows the 
percentage of students who 
gave the correct answer both 
before and after instruction 
(Goldberg & McDermott, 1987). 

~r ~5 
tftiJ 

Investigator Student 

Interview Data Summary 

Pre Post 
(N=36) (N=23) 

Complete image (correct) 0% 35% 

Half of image 95% 55% 

Other 5% 10% 



12 MCDERMOTT 

Before discussing a question that caused the students difficulty, we first con
sider a task that they could perform. In exploratory interviews, we found that 
students who had completed geometrical optics could generally use the thin-lens 
formula to solve the following problem: Given the focal length and the object 
distance, predict the location, characteristics, and magnification of the image. 
The students could also solve the problem by drawing an appropriate ray dia
gram. Furthermore, they were able to check their solutions by using laboratory 
apparatus and could make the proper connections between the numbers from 
their algebraic solutions and the corresponding distances on an optical bench. 

Let us now contrast what the students could do with what they could not do. 
During the individual demonstration interviews, the investigator asked the fol
lowing question: "Suppose I were to cover the top part of the lens, leaving the 
bottom half uncovered, would anything change on the screen?" The results in 
Fig. 1.3 indicate that many students did not realize that the complete image could 
still be seen with only part of the lens. 

In reporting the results, we refer to the students who had taken physics in high 
school but not yet at the university as prestudents, and those who had completed 
the optics portion of the university course as poststudents. None of the prestu
dents gave the correct response. About one third of the poststudents made a 
correct prediction. In spite of the fact that these students knew how to use the 
thin-lens formula, many did not know how to answer a basic question that they 
had not been asked before. By far the most common response was that only half 
the image would be seen if the upper half of the lens were blocked. Most students 
claimed that the bottom half of the image would disappear, a prediction con
sistent with their knowledge that the image in this situation is inverted. 

It is not only the mistakes that students make that are of interest. The explana
tions they give in support of their answers can give us some insights into their 
thinking. A particularly interesting form of incorrect reasoning on the lens task is 
illustrated by the explanation offered by a student who drew an essentially correct 
ray diagram, similar to the one shown in Fig. 1.4. 

The student drew two rays from the top of the object: (a) one parallel to the 
principal axis (ray #1), and (b) the other toward the center of the lens (ray #2). 
After passing through the lens, ray #1 was drawn so that it passed through the 
focal point and ray #2 was shown undeviated. The image was located at the 
point where the two rays intersected. The student described the ray-tracing pro
cedure correctly, but then went on to say: "Now if you block off the top part of 
the lens, that would block off rays #1 and #2 from getting through, so the 
bottom of the image would be blocked. The bottom part of the object, which 
corresponds to the upper part of the image, would still be there." 

Thus we have a situation in which a student was able to do all that is usually 
required on a typical examination but seemed to have totally missed a crucial 
concept in geometrical optics: From each point on an object, there are an infinite 
number of rays which, to close approximation, will converge at a single image 
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FIG. 1.4. A student was able to draw this essentially correct ray dia
gram even though the reasoning that half the lens would produce half 
the image was incorrect (Goldberg & McDermott, 1987). 

point after passing through the lens. It is unlikely that a complicated numerical 
problem involving several applications of the lens formula would have revealed 
as much about conceptual understanding as the simple qualitative question 
asked. It is also worth noting that the belief that the two rays used to locate the 
image are necessary, rather than merely sufficient, must have developed during 
the course of instruction. Unlike some misconceptions, this one cannot be at
tributed to misinterpretation of everyday experience. 

The results on the lens task cannot be explained on the basis that the partici
pants in the study were poor students. It has been our experience that students 
who participate in interviews generally receive a grade of A or B in physics. The 
less capable students seldom volunteer. Moreover, when a multiple-choice ver
sion of this question was asked on final examinations administered to more than 
200 introductory physics students, only about one fourth recognized that the 
entire image would remain intact if half the lens were blocked. 

Questions for Future Study 

The example taken from geometrical optics illustrates the kind of conceptual 
detail that research can provide. As mentioned earlier, most of the research so far 
has involved concepts in mechanics. To guide the design of curriculum, we need 
answers to questions such as those below for all topics in introductory physics. 

What ideas do students have before instruction that might interfere with devel
oping a sound conceptual understanding? Which ideas can be built upon to 
promote learning and which need to be changed? Are linguistic elements of such 
critical importance that they need to singled out for special attention? What 
conceptual difficulties do students encounter during instruction? What strategies 
can help overcome these difficulties? How can students learn to distinguish 
related concepts? What instructional techniques can help students make connec
tions between concepts and real world phenomena? We need to know more about 
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how conceptual understanding can be developed and how conceptual change can 
be fostered. 

REPRESENTATIONS 

An inability to use and interpret scientific representations of various kinds (e.g., 
diagrams, graphs, equations) is quite common among physics students. A 
number of studies have explored this aspect of student knowledge in which 
elements other than conceptual understanding are involved. 

Diagrams 

Diagrams are a form of scientific representation frequently used in physics as an 
aid in the analysis of a physical situation or in the solution of a theoretical 
problem. Examples are free-body diagrams in mechanics, ray diagrams in op
tics, and circuit diagrams in electricity. Diagrams offer a way to organize infor
mation into an easily accessible form, to show conceptual relationships that may 
not be evident from a physical layout or verbal description, and to make 
predictions. 

Ray Diagrams 

The ray diagram drawn by the student for the lens task described in the 
previous section is essentially correct in form. The student knows the geo
metrical algorithm for construction but is unable to interpret the information the 
ray diagram contains and do the reasoning necessary to make a prediction. Had 
the student drawn the third ray that can be used to locate the image, he or she 
might have realized that at least one ray would emerge from the lens. (This 
particular ray is drawn from the head of the arrow through the focal point. After 
passing through the lens, it emerges parallel to the principal axis.) However, in 
that case, the lack of understanding of the ray diagram might have passed 
undetected. In spite of having learned the procedure for drawing a ray diagram, 
the student cannot extract from it the implicit information. 

As might be expected, secondary school students also have difficulty with ray 
diagrams. In a study conducted in India, Ramadas (1982) found that very few 
students could draw correct ray diagrams for even simple situations. From an 
analysis of responses to written test questions, she found that the students were 
generally unable to abstract from the situation described the information needed 
to construct an appropriate diagram. 

Circuit Diagrams 

Electric circuit diagrams are another form of scientific representation that 
students often do not interpret properly. Difficulties occur both in drawing dia-



Actual circuit 
(a) 

1. A VIEW FROM PHYSICS 15 

Student drawing 
(b) 

FIG. 1.5. (a) An actual circuit shown to a student during an individual 
interview; (b) Circuit diagram drawn by the student, who ignores the 
wire AS that connects the resistor and capacitor across the battery 
(Fredette & Clement, 1981). 

grams to represent real circuits and in interpreting diagrams to answer questions 
about hypothetical circuits. 

When Fredette and Clement (1981) asked students to draw circuit diagrams of 
actual circuits, they found that students frequently did not represent on their 
diagrams wires that "shorted out" elements in the circuit. The students seemed 
to think that shorting wires do not merit inclusion in a circuit diagram because 
they "don't really do anything." An example is provided by the circuit shown in 
Fig. 1.5a. In the diagram in Fig. 1.5b, which was drawn by a student, the wire 
AB that connects the resistor and capacitor across the battery is ignored. The 
failure to represent this wire may indicate one or more related problems. The 
student may not recognize that virtually all of the current will be in the shorting 
wire and may not interpret the situation as eliminating electrically the resistor and 
capacitor from the circuit. The student may not understand that the purpose of a 
circuit diagram is to show electrical connections as clearly and explicitly as 
possible. 

Johsua (1984) found that responses by high school and university students to 
questions about identical electric circuits depended upon the way in which the 
circuit diagrams were drawn. When asked to describe the current between points 
A and B in the circuit of Fig 1.6, approximately 60% of the students answered 
correctly if the circuit was drawn as in Fig. 1.6a. However, only 25% answered 
correctly if the circuit was drawn as in Fig. 1.6b. lohsua found that students 
tended to view the lines on circuit diagrams as a "system of pipes" through 
which fluid can flow. In trying to decide how the current would be distributed, 
the students did not analyze the diagram to determine the potential difference 
between points A and B. Of course, the students' difficulties were not purely 
representational. As in most cases, difficulty with a scientific representation 
cannot be viewed apart from difficulty with the concepts involved. 
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A'~ ____ -L ____ ~B. 

Circuit 

a 
b 

(I) 

Correct 

62 
26 

A.r----L. __ -..l._-iB 

Wrong 

31 
68 

(b) 

No answer 

7 
4 

FIG. 1.6. When asked to describe the current in the circuit between 
points A and 8, approximately 60% of the students answered correctly 
ifthe figure was drawn as in (a), but only 25% answered correctly ifthe 
circuit was drawn as in (b) (Johsua, 1984). 

Motion Graphs 

Several recent investigations on scientific representation have been devoted to 
motion graphs. Similar types of errors have been found among students at all 
levels. Common difficulties include drawing and interpreting graphs as if they 
were spatial pictures and trying to use the height of a graph to extract information 
contained in the slope. 

Microcomputer-based laboratories (MBLs), which were developed at the 
Technical Education Research Center (TERC), allow students to watch a graph 
being generated as an object moves. In particular, they can see an instantaneous 
graph of their own motion (Thornton, 1987). In one study 52 undergraduates, 
who were enrolled in a physics course for students majoring in the humanities, 
participated in a single MBL session. These students performed significantly 
better than calculus-level students on examination questions requiring interpreta
tion of motion graphs (Thornton, 1987). 

Graph-as-a-picture and slope/height confusion were the most prevalent diffi
culties identified by Mokros and Tinker (1987) during clinical interviews with 25 
seventh and eighth graders. Mokros and Tinker examined the development of 
graphing skills among 125 students who participated in a series of MBL lessons, 
in which they made real-time graphs of their own motion. A multiple-choice quiz 
was administered as a posttest. The students were asked to match verbal descrip-
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tions and pictures of various motions with a set of motion graphs. The increased 
success in choosing correct responses on the posttest compared with preinstruc
tional perfonnance suggests that there was an improvement in ability to dis
tinguish the graph of a motion from its physical appearance. 

When a motion was described in words, 75% of the students selected an 
appropriate position versus time graph. However, when a motion was both de
scribed in words and sketched in a diagram, the students were less successful in 
choosing between the correct velocity versus time graph and one that resembled a 
picture of the motion. Another recent study suggests that the simultaneous move
ment of the student and production of the graph may be an important factor in the 
gains reported for MBL instruction. Even a short delay in feedback seems to be 
disadvantageous (Brasell, 1987). 

In another investigation on graphing, students in a calculus-level physics 
course at the University of Washington were given the diagram of the ball and 
track shown in Fig. 1. 7, as well as the following description: The ball moves 
with steady speed along the level segment, accelerates down the incline, and then 
continues at a higher constant speed along the last segment (McDennott, Rosen
quist & van Zee, 1987; van Zee & McDennott, 1987). The students were asked 
to sketch position, velocity, and acceleration versus time graphs for the motion of 
the ball. The only correct response from 118 students is shown in Fig. 1.7. 

From the types of errors that were made, it was possible to identify some 
specific difficulties. All but one student neglected the fact that each segment of 
the motion takes place in a shorter interval of time than the preceding one. There 
were many other more serious errors. A relatively common one was the drawing 
of two or more nearly identical graphs. More frequent was the apparent attempt 
to emulate the appearance of the track in the shape of the graphs. For example, 
haIf of the students represented the motion along the straight inclined track by a 
straight line on the x versus t graph instead of a curved line. Almost as many 
drew parallel lines for the first and third segments of that graph, perhaps because 
the corresponding track segments were parallel in space. 

In an extension of this study, individual interviews were conducted to identify 
whether there were generalizable differences in approach between students who 
could sketch correct graphs and those who could not. It was found that the 
"experts" (successful students) differed from the "novices" (unsuccessful stu
dents) in several ways. Among the more striking contrasts in procedure were the 
following: (a) Experts generally began by defining the axes; novices started by 
drawing a line; (b) experts tried to match the shape of the graph to the way the 
variable was changing in time; novices often tried to match the shape of the graph 
to the shape of the path of the motion; (c) experts used a line to represent a 
constant value of x, v, or a during a time interval; novices sometimes represented 
a constant value with a single point; and (d) experts checked for consistency in 
slopes and heights among graphs; novices seemed to ignore or reject such 
relationships. 
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Let x = The position of ball rOiling along 8 track 
8S shown below: 

A • c 

Sketch graphs of this motion below: 

Position 
vs 

Time 

.x • 
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Velocity v 
vs 

Time 

Acceleration 
vs 

Time 

~----~-+--t 

.a 
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D 

FiG. 1.7. Only one of the 118 calculus-level physics students was able 
to sketch these correct graphs for the motion of the ball on the track 
(van Zee & McDermott, 1987). 

The generally poor performance on this task demonstrates a widespread in
ability even among mathematically able students to relate graphs to actual events. 
As in the case of the ray diagram and circuit diagrams previously discussed, there 
is a lack of understanding of the motion graph as a way of representing and 
analyzing real world phenomena. 

Questions for Future Study 

The examples above illustrate some of the difficulties students have with 
diagrams and graphs. The problems are not solely conceptual in nature, although 
lack of such understanding may playa critical role. To develop appropriate 
instructional strategies, we need to identify the specific difficulties students have 
with various representations. Diagrams, graphs, and equations all involve differ-
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ent ways of thinking. The nature of the problems encountered is different in each 
case. 

An important question is the role of various representations in the develop
ment of conceptual understanding. Because different representations emphasize 
different aspects of a concept, the more ways one can represent a concept, the 
deeper one's understanding is likely to be. What type of instruction can help 
students make connections between a concept and various representations of that 
concept, between one representation and another, and between various represen
tations and the real world? 

Diagrams, graphs, and equations are useful in contexts other than physics. 
The ability to construct and interpret these representations is a valuable skill that 
is worth developing in its own right. Results from research indicate that the 
ability to use representations does not evolve spontaneously during instruction 
but must be specifically cultivated. What type of instruction can promote such 
development? How can students learn to transfer facility with a particular form of 
representation from one context to another? 

REASONING 

Many physicists would maintain that one of the most important benefits that can 
be derived from the study of physics is development of scientific reasoning 
skills. They see problem solving as contributing to this goal. However, there is 
no convincing evidence that reasoning ability improves as students work stan
dard problems in an introductory course. Arons (1976, 1982, 1983, 1984 a, b) 
has written extensively about the necessity of designing instruction to promote 
development of the capacity to reason. 

Several kinds of reasoning processes needed for scientific work could be 
developed in introductory physics. Among them are proportional, ratio, analo
gical, and hypothetico-deductive (model based) reasoning. The list is far from 
complete and the terms lack sharpness. However, they are sufficiently descriptive 
to convey tht nature of certain reasoning skills that many physicists consider 
important. 

Proportional and Ratio Reasoning 

Although most students who survive a physics course can reason with propor
tions to some extent, many do not fully understand the meaning of the number 
obtained by carrying out the division specified in the statement of a proportion 
(Arons, 1976, 1983). For example, students often do not know how to interpret 
the meaning of the result obtained by dividing the mass of a substance by its 
volume. By referring to the formula they may recognize the result as the density, 
but they do not identify this number as the number of units of mass for each unit 
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of volume. In other words, they do not picture a cubic centimeter of the sub
stance as having a mass in grams numerically equal to the density. 

Students have even more difficulty in reasoning with ratios when more than a 
simple proportion is involved. For example, unless numbers are supplied, many 
students cannot tell what happens to the electrostatic force between two charges 
when each charge is increased by a factor of four and the distance between them 
is halved. They cannot conclude that the force increases by a factor of 64. 

Analogical Reasoning 

The ability to reason by analogy is very important in physics. Physicists regularly 
use analogies to analyze unfamiliar systems in terms of systems they understand. 
Physics instructors make frequent use of analogies in teaching new concepts. For 
example, angular velocity and angular momentum are often introduced as analo
gous to the corresponding linear quantities. Relatively little attention is devoted 
to these topics in an introductory course partly because of time constraints, but 
also because the student is expected to understand the material by analogy to the 
linear situation. However, instructors know from experience that student under
standing of dynamics is much poorer when rotations are involved. 

There has been some research on the use of analogies for teaching concepts 
from physics. Gentner and Gentner (1983) examined how students used "flow
ing water" and "teeming crowd" analogies in making predictions about the 
current in an electric circuit. They were interested in determining whether the 
analogy had only a surface effect, that is, affected only the language used in 
speaking about the circuit or whether the analogy generated ideas that the stu
dents used in making predictions. It was found that there was a difference in the 
predictions tbat depended on which analogy was involved. The analogies seemed 
to have influenced the way the students thought about the circuits. 

In another study, Clement (1987) found that high school students could reason 
with analogies if the corresponding quantities and relationships were made ex
plicit and a great deal of time was devoted to consideration of the analogy. The 
focus of the research was not on analogical reasoning but on conceptual change 
in mechanics. Clement explored the effectiveness of using analogies to help 
students overcome some common misconceptions that seem to be firmly held. 
One of these involves the normal force exerted by a table on a book. Many 
students are unwilling to accept the idea that a table, an inert object, can exert a 
force upward on a book. In trying to address this difficulty, Clement used an 
approach similar to one used by Minstrell but placed greater emphasis on reason
ing by analogy (Minstrell, 1982). 

To make the existence of an upward force plausible, Clement introduces an 
anchoring situation to which the target situation (the book on the table) can be 
compared. For example, he might ask the students if a hand placed under a book 
exerts an upward force. Students usually admit that the hand exerts a force but 
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FIG. 1.8. An example of anchor, target, and bridging analogies that 
might be used to convince students that a table exerts an upward force 
on a book (Clement, 1987; Murray, Schultz, Brown, & Clement, 1987). 

may not believe that an analogy between a hand and a table is valid. One is alive 
and one is not. To make this analogy more acceptable, Clement suggests one or 
more bridging analogies. A possible sequence is shown in Fig. 1.8. In this 
instance, a book on a coiled spring serves as an intermediate analogy. Although 
students usually recognize that the spring can exert an upward force when com
pressed from above, they often do not see the table and spring as analogous. 
Other bridging analogies may then be proposed, such as a book on foam rubber 
that sags or a book on a thin board that bends slightly. These analogies have the 
advantage that the deformation of the foam rubber or thin board suggests a 
mechanism that could account for the ability of the table to exert an upward force 
on the book. 

When this teaching experiment was tried in several high school classes, there 
was a significant difference in favor of experimental over control groups in 
acceptance of the physicist's interpretation that the table exerts an upward force 
on the book. Similar results were obtained when analogies were used to help 
students understand frictional forces and Newton's third law. In each case, the 
instructors found that the students needed to participate in many discussions 
before they would accept the validity of the analogies that were suggested. When 
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a belief is strongly held, it is particularly difficult to convince students that an 
analogy exists if acceptance of the analogy requires giving up the belief. 

Clement and his associates have found that sometimes a long chain of bridg
ing analogies is necessary to convince some students that the target and anchor 
systems are indeed similar with respect to the feature under consideration. To 
individualize instruction, the group has designed a prototypical computer pro
gram for an analogy-based tutor. The computer can generate a series of bridging 
analogies that can be selected to make long or short steps on the basis of student 
response (Murray, Schultz, Brown, & Clement, 1987). 

Hypothetico-Deductive Reasoning 

The construction of a scientific model involves many steps of inductive and 
deductive reasoning. The building of a model usually begins with an observation 
that may trigger an analogy. The analogy may suggest a hypothesis. The hypoth
esis is formulated with as few assumptions as possible. Deductions that follow 
are tested against other observations. The process is repeated. When necessary, 
new assumptions are made and new hypotheses generated. Constantly tested by 
observation, the model grows in complexity. It is continuously being verified and 
its predictive capability tested. 

The process summarized above is important in physics. However, students in 
a traditional physics course seldom have the opportunity to become actively 
engaged in the type of thinking required. As a consequence, even good students 
who are mathematically able are often unable to reason from a scientific model 
and may not even understand what a scientific model is. 

There are topics in introductory physics that can provide opportunities for 
students to gain direct experience in model-building (Arons, 1982). The study of 
electric circuits is one. There is some evidence that students who have developed 
a coherent model for an electric circuit from their own observations can re
member and use this model to solve qualitative circuit problems that are difficult 
for students who have not had this experience (McDermott & van Zee, 1984). 

Questions for Future Study 

In addition to content, students taking physics are assumed to be learning the 
processes of science. It is not clear that in a typical introductory course that the 
ability to do scientific reasoning is consciously developed. To design instruction 
to accomplish this goal, we need to identify the specific difficulties students have 
with different types of reasoning. 

To what extent is reasoning a critical element in conceptual understanding? 
Often students are expected to memorize the definition of a concept, such as 
velocity or acceleration, but are not expected to demonstrate that they can do the 
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reasoning by which the concept is constructed. They may not be able to give a 
clear operational definition (or in Reif's terms, the procedural specification) that 
gives an unambiguous meaning to the concept (Heller & Reif, 1984; Reif, 1985; 
Trowbridge & McDermott, 1980, 1981). Does going through the step-by-step 
reasoning involved in the construction of a concept enhance a student's ability to 
apply the concept, especially in situations that have not been expressly taught? 

How capable are students of using a suggested analogy if they are not specifi
cally shown how to make the necessary correspondences (as they are by Clem
ent). Can students be taught how to generate their own analogies for new situa
tions? What disadvantages are there in teaching new ideas by having students 
reason by analogy? Can students learn how to recognize the limitations or are 
they likely to develop new misconceptions by making correspondences that are 
not valid? Would examining many instances in which a concept is applicable and 
helping students abstract a common feature be pedagogically wiser than suggest
ing analogies to them? 

What is the most effective way to help students learn to use a scientific model 
to predict and explain simple phenomena? Is it sufficient to present a model as a 
set of rules that students can memorize and apply deductively, or is the ability to 
use a model best developed by requiring students to engage in the deductive and 
inductive reasoning that are part of the model-building process? 

How can the study of physics contribute to the development of higher order 
thinking skills? What kinds of instruction can help students develop the ability to 
ask questions of themselves that can help them recognize what they do or do not 
understand? How can we elicit from students the type of qualitative reasoning 
that can guide them toward coherent understanding of a topic? What role does 
awareness of one's own thinking play in developing the conceptual understand
ing and scientific skills needed to do well in physics? 

PROBLEM-SOLVING 

The precision with which concepts are defined and the formal reasoning required 
to use and interpret them make physics a fertile field in which to investigate 
problem-solving. The primary objective in some studies in this area is to under
stand human thought processes. In others, the goal is to identify the knowledge 
and procedures needed to solve physics problems successfully. Some investiga
tions are directed toward both of these outcomes. 

Many studies on problem-solving focus on identifying differences between 
novices and experts. Often a major emphasis is to determine the nature of 
expertise and to use this knowledge to develop procedures to effect transition 
from the novice to the expert state. The research often has a strong theoretical 
element and the construction of performance models may play an important role. 



Descriptive Performance Models 

In some research projects, the emphasis is on describing differences in what 
novices and experts actually do. For example, Chi, Feltovich, and Glaser (1981) 
have shown that novices and experts classify physics problems into types in very 
different ways. Whereas experts consider general underlying principles, such as 
the conservation of energy, novices tend to concentrate on surface features, such 
as an inclined plane or a pulley. 

Observation of a novice or expert in the process of solving a problem may lead 
to other generalizations about differences. A task analysis can be carried out that 
describes the procedures that were followed. Larkin (1983) found that novices 
typically work physics problems backwards in a linear fashion, identifying the 
unknown quantity and then searching for equations that contain it. Experts typ
ically work forward, constructing a representation of the problem from general 
physics principles and then writing the appropriate equations. 

By characterizing the differences between novice and expert behavior, it is 
hoped that techniques can be developed to teach novices suitable procedures that 
will help them make the transition from novice to expert. For example, Gerace 
and Mestre have developed a computer program, the Hierarchical Analysis Tool, 
that leads students to analyze problems qualitatively in the manner typical of 
experts (Dufresne, Gerace, Hardiman, & Mestre, 1987). 

The computer may be used to simulate the differences between novice and 
expert behavior and to construct a dynamic perfonnance model for the transition 
from novice to expert. For example, Larkin (1981) has designed a program 
(ABLE) that can "learn" from solving successively more complicated problems 
in mechanics and thus develop into a more expert program (MORE ABLE). A 
more recent program (FERMI) incorporates general problem-solving procedures 
that can be applied in different topics in physics, such as fluid statics or electric 
circuits (Larkin, Reif, Carbonell, & Gugliotta, 1988). It is anticipated that such 
computer models may guide development of effective, intelligent tutoring 
systems. 

Prescriptive Performance Models 

Another approach to developing a model for good problem-solving performance 
is theoretical and involves a hypothetical task analysis. From the determination 
of what is necessary in the way of tacit knowledge and implicit procedures to 
solve a problem successfully, Reif (1985, 1987) constructs a prescriptive model. 
In this case, there is no requirement that the model replicate what an expert 
actually does. It is recognized that an expert may use intuitive knowledge that 
may not be accessible to a novice. The important feature is that the procedures 
lead effectively to a solution. The expectation is that by learning these pro-

24 
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cedures, students will become better problem-solvers. The instructional mate
rials that are developed on the basis of the research are evaluated in terms of the 
problem-solving performance of students. 

From his prescriptive model, Reif has formulated guidelines for teaching 
scientific concepts. These include teaching an explicit procedure for specifying a 
concept as well as descriptive knowledge about the concept, asking the student to 
apply this procedure systematically in various specially selected cases, guiding 
the student to summarize knowledge acquired through examining these special 
cases, and teaching the student to detect, diagnose and correct errors. 

Rule-based Problem-Solving Models 

In research motivated by Siegler's rule-based studies (1976), Maloney (1985) 
analyzed responses on multiple-choice tests to infer the rules students used to 
compare the behavior of two systems. In a study that involved carts rolling on 
inclined planes, he identified patterns in student responses and noted that the 
strategies employed often seemed to depend on the order of the questions. 

A different approach to problem-solving research is illustrated by the work of 
White and Frederiksen (1987). A goal of the research was the development of an 
effective method for use on a computer to teach students how to troubleshoot 
electric circuits. The procedures that experts appear to use to solve circuit prob
lems were analyzed and put into the form of rules. The rules were arranged into 
sets (student models) that increase in size and complexity as they approach the 
level of the expert. Instruction on the use of this problem-solving model begins 
with the presentation of a simple set of rules sufficient for solving simple circuit 
problems. The students gradually progress to more difficult problems that require 
use of increasingly larger numbers of rules for solution. The rules are taught as 
the need for them arises. On the basis of their ability to solve more difficult 
problems, the students are described as moving from a novice to a more expert 
state. 

Questions for Future Study 

The ability to solve standard problems is frequently taken as a measure of 
student understanding in physics. It is often assumed that successful problem
solving involves all the other aspects of understanding that have been discussed. 

How much does instruction in how to solve problems contribute to student 
understanding of concepts and representations? Does practice in problem-solving 
promote the development of scientific reasoning ability so that a student can 
reason successfully about new situations? When students follow prescribed pro
cedures, are they thinking of the physics involved or is their attention devoted to 
following directions? What happens when problems are presented that cannot be 
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solved by the patterns taught? To what extent do students transfer problem
solving techniques learned in one context to new areas and to domains outside 
physics? 

How can the computer help improve problem-solving performance? Should it 
be used to calculate, to simulate, to provide drill and practice, to tutor? Is there 
sufficient similarity between computers and the human mind to gain useful 
insights for instruction from models of novice/expert behavior or from models of 
transition from novice to expert? How should intelligent tutoring systems be 
designed? 

Is the fact that mathematical complexity does not have to limit the selection of 
problems for a physics course an advantage or a disadvantage? Removal of this 
constraint allows the use of real-world problems that may be quite complicated. 
For example, the inclusion of air resistance and other nonlinear phenomena 
makes possible consideration of more realistic situations in mechanics. Are 
students sufficiently motivated by real-world examples to warrant using them in 
place of problems that are conceptually simpler and more readily understood? 

CONCLUSIONS 

It is a consequence of the broad scope of activity in research in physics education 
that the brief overview presented here has omitted so much of what has been 
done in the last few years. Only a few examples of recent work in mechanics 
have been cited and even fewer illustrations taken from optics and electricity. 
Some topics, such as heat, have not been included. Suggestions for future study 
have been limited to questions for which a foundation was laid in the discussion. 

The emphasis on subject matter reflects the disciplinary orientation from 
which the paper was written. Underlying the discussion is the belief that many of 
the difficulties students encounter in learning physics are a consequence of the 
nature of the material and must be addressed in that context. Other difficulties 
that may cut across subject matter boundaries are also often best treated in the 
same way since the ability to transfer reasoning skills from one context to another 
seems to develop slowly. Our knowledge about how students think is still too 
incomplete to provide a firm foundation for constructing useful theories of gener
al applicability. Thus it seems prudent for the present to continue acquiring data 
rich in conceptual detail and to concentrate on developing instructional strategies 
that are demonstrably effective with specific content. 

If the major goal of research is to improve instruction, then the ultimate test of 
its validity must involve students and teachers. We need to consider carefully 
what students should be expected to know and be able to do as a result of 
studying a particular body of material. It is important that the objectives for 
teaching introductory physics represent some sort of consensus among instruc
tors. We must recognize that we cannot make realistic recommendations for 
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improving instruction without consulting those who teach the subject at the level 
involved. To influence practice in the classroom, the results from research should 
be reported in journals that physics instructors read and in language that they can 
understand. The vocabulary used should be straightforward and not require fa
miliarity with the psychological and educational literature to be comprehensible. 

In working toward a scientific practice of science education, we must be sure 
to maintain continual blending of research with curriculum development and 
instruction. The three components reinforce one another and their joint presence 
helps insure that a project is kept relevant to the needs of students and teachers. 

ACKNOWLEDGMENTS 

The substantive contributions by Emily H. van Zee to the preparation of this 
paper are deeply appreciated as is the invaluable assistance provided by Joan 
Valles. Support by the National Science Foundation for the work of the Physics 
Education Group at the University of Washington is also gratefully 
acknowledged. 

REFERENCES 

Andersson, B., & Kiirrqvist, C. (1983). How Swedish pupils, aged 12-15 years, understand light 
and its properties. European Journal of Science Education, 5 (4), 387-40. 

Arons, A. B. (1976). Cultivating the capacity for formal reasoning: Objectives and procedures in an 
introductory physical science course. American Journal of Physics, 44 (9), 834-838. 

Arons, A. B. (1982). Phenomenology and logical reasoning in introductory physics courses. Ameri
can Journal of Physics, 50 (1), 13-20. 

Arons, A. B. (1983). Student patterns of thinking and reasoning. Part One. The Physics Teacher, 21 
(12), 576-581. 

Arons, A. B. (1984). Student patterns of thinking and reasoning. Part Two. The Physics Teacher, 
22 (1), 21-26. 

Arons, A. B. (1984). Student patterns of thinking and reasoning. Part Three. The Physics Teacher, 
22 (2), 88-93. 

Brasell, H. (1987). The effect of real-time laboratory graphing on learning graphic representations 
of distance and velocity. Journal of Research in Science Teaching, 24 (4), 385-395. 

Champagne, A. B., Gunstone, R. F., & Klopfer, L. E. (1985). Instructional consequences of 
students' knowledge about physical phenomena. In L. H. T. West & A. L. Pines (Eds.), Cognitive 
structure and conceptual change (pp. 61-90). Orlando, FL: Academic Press., Inc. 

Chi, M. T. H., Feltovich, P. 1., & Glaser, R. (1981). Categorization and representation of physics 
problems by experts and novices. Cognitive Science, 5, 121-152. 

Clement, 1. (1987). Overcoming students' misconceptions in physics: The role of anchoring intui
tions and analogical validity. In J. Novak (Ed.), Proceedings of second international seminar; 
Misconceptions and educational strategies in science and mathematics Jl1 (pp. 84-97). Ithaca, 
NY: Cornell University. 

di Sessa, A. (1988). Knowledge in pieces. In G. Forman & P. Pufall (Eds.), Constructivism in the 
computer age (pp. 49-70). Hillsdale, NJ: Lawrence Erlbaum Associates. 



28 MCDERMOTT 

Driver, R., & Bell, B. (1986). Students' thinking and the learning of science: a constructivist view. 
School Science Review, March, 443-456. 

Dufresne, R., Gerace, W, Hardiman, P., & Mestre, J. (1987). Hierarchically structured problem 
solving in elementary mechanics: Guiding novices' problem analysis. In 1. Novak (Ed.), Pro
ceedings of Second International Seminar: Misconceptions and Educational Strategies in Science 
and Mathematics lll. (pp. 16-130). Ithaca, NY: Cornell University. 

Eaton, J., Anderson, C., & Smith, E. (1984). Students' misconceptions interfere with science 
learning: Case studies of fifth-grade students. Elementary School Journal, 84 (4), 365-379. 

Feher, E., & Rice, K. (1985). Development of scientific concepts through the use of interactive 
exhibits in a museum. Curator, 28, 35-46. 

Fredette, N. H., & Clement, J. (1981). Student misconceptions of an electric circuit: What do they 
mean? Journal of College Science Teaching, 11, 280-285. 

Gentner, D., & Gentner, D. R. (1983). Flowing waters or teeming crowds: Mental models of 
electricity. In D. Gentner & A. L. Stevens (Eds.), Mental models (pp. 99-129). Hillsdale, NJ: 
Lawrence Erlbaum Associates. 

Gilbert, J. K., & Watts, D. M. (1983). Concepts, misconceptions and alternative conceptions: 
Changing perspectives in science education. Studies in Science Education, 10, 61-98. 

Goldberg, F. M., & McDermott, L. C. (1986). Student difficulties in understanding image forma
tion by a plane mirror. The Physics Teacher, 24 (8), 472-480. 

Goldberg, F. M., & McDermott, L. C. (1987). An investigation of student understanding of the real 
image formed by a converging lens or concave mirror. American Journal of Physics, 55 (2), 108-
119. 

Guesne, E. (1984) Children's ideas about light. In E. 1. Wenham (Ed.), New trends in physics 
teaching IV (pp. 179-192). Paris: UNESCO. 

Heller, J. I., & Reif, F. (1984). Prescribing effective human problem-solving processes: Problem 
description in physics. Cognition and Instruction, 1 (2), 177-216. 

Hestenes, D. (1987). Toward a modeling theory of physics instruction. American Journal of Phys
ics, 55 (5), 440-454. 

Hewson, P. W. (1985). Diagnosis and remediation of an alternative conception of velocity using a 
microcomputer program. American Journal of Physics, 53 (7), 684-690. 

Johsua, S. (1984). Students' interpretation of simple electrical diagrams. European Journal of Sci
ence Education, 6 (3), 271-275. 

Jung, W. (1987). Understanding student's understandings: The case of elementary optics. In J. 
Novak (Ed.), Proceedings of Second International Seminar: Misconceptions and Educational 
Strategies in Science and Mathematics III (pp. 268-277). Ithaca, NY: Cornell University. 

Kenealy, P. (1987). A syntactic source of a common "misconception" about acceleration. In J. 
Novak (Ed.), Proceedings of Second International Seminar: Misconceptions and Educational 
Strategies in Science and Mathematics III (pp. 278-292). Ithaca, NY: Cornell University. 

Larkin, J. H. (1980). Teaching problem solving in physics: The psychological laboratory and the 
practical classroom. In D. T. Tuma & F. Reif (Eds.), Problem solving and education: Issues in 
teaching and research (pp. 111-125). Hillsdale, NJ: Lawrence Erlbaum Associates. 

Larkin, J. H. (1981). Cognition of learning physics. American Journal of Physics, 49 (6),534-541. 
Larkin, J. H. (1983). The role of problem representation in physics. In D. Gentner & A. L. Stevens 

(Eds.), Mental models (pp. 75-98). Hillsdale, NJ: Lawrence Erlbaum Associates. 
Larkin, 1. H., Reif, F., Carbonell, J., & Gugliotta, A. (1988). FERMI: A flexible expert reasoner 

with multi-domain interfacing. Cognitive Science, 12 (1), 101-138. 
Lawson, R. A., & McDermott, L. C. (1987). Student understanding of the work-energy and im

pulse-momentum theorems. American Journal of Physics, 55 (9),811-817. 
Maloney, D. (1985). Rule-governed approaches to physics: Conservation of mechanical energy. 

Journal of Research in Science Teaching, 22 (3), 261-278. 



1. A VIEW FROM PHYSICS 29 

McCloskey, M. (1983). Naive theories of motion: In D. Gentner & A. L. Stevens (Eds.), Mental 
models (pp. 299-324). Hillsdale, NJ: Lawrence Erlbaum Associates. 

McDermott, L. C. (1984). Research on conceptual understanding in mechanics. Physics Today, 37, 
24-32. 

McDermott, L. C., Rosenquist, M. L., & van Zee, E. H. (1987). Student difficulties in connecting 
graphs and physics: Examples from kinematics. American Journal of Physics, 55 (6), 503-513. 

McDermott, L. C., & van Zee, E. H. (1984). Identifying and addressing student difficulties with 
electric circuits. In R. Duit, W. Jung, & C. von RhOneck (Eds.), Proceedings of an international 
workshop: Aspects of understanding electricity (pp. 39-48). Ludwigsburg, W. Germany: 
Padagogische Hochschule Ludwigsburg. 

Minstrell, J. (1982). Explaining the "at rest" condition of an object. The Physics Teacher, 20 (I), 

10-14. 
Mokros, J. R., & Tinker, R. F. (1987). The impact of microcomputer-based labs on children's 

ability to interpret graphs. Journal of Research in Science Teaching, 24 (4), 369-383. 
Moreira, M. (1987). Concept mapping as a possible strategy to detect and to deal with misconcep

tions in physics: In J. Novak (Ed.), Proceedings of Second International Seminar: Misconcep
tions and Educational Strategies in Science and Mathematics III (pp. 352-360). Ithaca, NY: 
Cornell University. 

Murray, T., Schultz, K., Brown, D., & Clement, J. (1987). Remediating physics misconceptions 
using an analogy-based computer tutor. The Journal of Interactive Learning Environments, 1 (I), 
(In press: January 1990). 

Novak,1.(Ed.). (1987). Proceedings of Second International Seminar: Misconceptions and Educa-
tional Strategies in Science and Mathematics III. Ithaca, NY: Cornell University. 

Piaget, 1. (1974). Understanding causality. New York: Norton. 
Rarnadas,1. (1982). Use of ray diagrams in optics. School Science, 10, 1-8. 
Reif, F. (1985). Acquiring an effective understanding of scientific concepts. In L. H. T. West & L. 

Pines (Eds.), Cognitive structure and conceptual change (pp. 133-151). Orlando, FL: Academic 
Press, Inc. 

Reif, F. (1986). Scientific approaches to science education. Physics Today, 39, 48-54. 
Reif, F. (1987a). Instructional design, cognition, and technology: Applications to the teaching of 

scientific concepts. Journal of Research in Science Teaching, 24 (4), 309-324. 
Reif, F. (1987b). Interpretation of scientific or mathematical concepts: Cognitive issues and instruc

tional implications. Cognitive Science, 11, 395-416. 
Rosenquist, M. L., & McDermott, L. C. (1987). A conceptual approach to teaching kinematics. 

American Journal of Physics, 55 (5), 407-415. 
Schuster, D. G. (1987). Understanding scientific derivations: A task analysis and constructivist 

learning strategy: In 1. Novak (Ed.), Proceedings of Second International Seminar: Misconcep
tions and Educational Strategies in Science and Mathematics III, (pp. 448-456). Ithaca, NY: 
Cornell University. 

Siegler, R. S. (1987). Three aspects of cognitive development. Cognitive Psychology, 8, 481-522. 
Stead, B. F., & Osborne, R. 1. (1980). Exploring science students' concepts of light. Australian 

Science Teaching Journal, 26 (3), 84-90. 
Strike, K. A., & Posner, G. J. (1982). Conceptual change and science teaching. European Journal 

of Science Education, 4 (3), 231-240. 
Thornton, R. K. (1987). Access to college science: Microcomputer-based laboratories for the naive 

science learner. Collegiate Microcomputer, V (I), 100-106, 
Thornton, R. K. (1987). Tools for scientific thinking-microcomputer-based laboratories for phys

ics teaching. Physics Education, 22 (4), 230-238. 
Tiberghien, A. (1983). Revue critique sur les recherches visant 11 elucider Ie sens de la notion de 

lumiere pour les eleves de 10 11 16 ans. English translation in book: "Critical review of research 



30 MCDERMOTT 

aimed at elucidating the sense that notions of light have for students aged 10 to 16 years." 
Research on Physics Education: Proceedings of the First International Workshop (pp. 125-134). 
La Londe les Maures, France. 

Tiberghien, A., Delacote, G., Ghiglione, R., & Matalon, B. (1980). Conceptions de la lumiere 
chez I'enfant de 10-12 ans. English translation in book: "Conceptions of light in children aged 
10-12." Revue FraTlfaise de Pedagogie, 50, 24-41. 

Touger, J. S., Dufresne, R., Gerace, W., & Mestre, J. (1987). Hierarchical organization of knowl
edge and coherent explanation in the domain of elementary mechanics. In J. Novak (Ed.), 
Proceedings of Second International Seminar: Misconceptions and Educational Strategies in 
Science and Mathematics III. (pp. 517-530). Ithaca, NY: Cornell University. 

Trowbridge, D. E., & McDermott, L. C. (1980). Investigation of student understanding of the 
concept of velocity in one dimension. American Journal of Physics, 48 (12), 1020-1028. 

Trowbridge, D. E., & McDermott, L. C. (1981). Investigation of student understanding of the 
concept of acceleration in one dimension. American Journal of Physics, 49 (3), 242-253. 

van Zee, E. H., & McDermott, L. C. (1987). Investigation of student difficulties with graphical 
representations in physics. In J. Novak (Ed.) Proceedings of Second International Seminar: 
Misconceptions and Educational Strategies in Science and Mathematics III. (pp. 531-539). 
Ithaca, NY: Cornell University. 

Viennot, L. (I 985a). Analyzing students' reasoning in science: A pragmatic view of theoretical 
problems. European Journal of Science Education, 7 (2), 151-162. 

Viennot, L. (I 985b). Analyzing students' reasoning: Tendencies in interpretation. American Jour
nal of Physics, 53 (5), 432-436. 

Watts, D. M. (1985). Student conceptions of light: A case study. Physics Education, 20, 183-187. 
White, B., & Frederiksen, J. (1987). Causal model progressions as a foundation for intelligent 

learning environments. (Report No. 6686). Cambridge, MA: BBN Laboratories Inc. 
Williams, J., Trinklein, F., & Metcalfe, H. C. (1984). Modern physics. New York: Holt, Rhinehart 

and Winston. 



A View From Physics 
Andersson, B. , & Kärrqvist, C. (1983). How Swedish pupils, aged 12-15 years, understand light
and its properties. European Journal of Science Education , 5 (4), 387-340. 
Arons, A. B. (1976). Cultivating the capacity for formal reasoning: Objectives and procedures in
an introductory physical science course. American Journal of Physics , 44 (9), 834-838. 
Arons, A. B. (1982). Phenomenology and logical reasoning in introductory physics courses.
American Journal of Physics , 50 (1), 13-20. 
Arons, A. B. (1983). Student patterns of thinking and reasoning. Part One. The Physics Teacher
, 21 (12), 576-581. 
Arons, A. B. (1984). Student patterns of thinking and reasoning. Part Two. The Physics Teacher
, 22 (1), 21-26. 
Arons, A. B. (1984). Student patterns of thinking and reasoning. Part Three. The Physics
Teacher , 22 (2), 88-93. 
Brasell, H. (1987). The effect of real-time laboratory graphing on learning graphic
representations of distance and velocity. Journal of Research in Science Teaching , 24 (4), 385-
395. 
Champagne, A. B. , Gunstone, R. F. , & Klopfer, L. E. (1985). Instructional consequences of
students' knowledge about physical phenomena. In L. H. T. West & A. L. Pines (Eds.),
Cognitive structure and conceptual change (pp. 61-90). Orlando, FL: Academic Press., Inc. 
Chi, M. T. H. , Feltovich, P. J. , & Glaser, R. (1981). Categorization and representation of
physics problems by experts and novices. Cognitive Science , 5 , 121-152. 
Clement, J. (1987). Overcoming students' misconceptions in physics: The role of anchoring
intuitions and analogical validity. In J. Novak (Ed.), Proceedings of second international
seminar; Misconceptions and educational strategies in science and mathematics III (pp. 84-97).
Ithaca, NY: Cornell University. 
di Sessa, A. (1988). Knowledge in pieces. In G. Forman & P. Pufall (Eds.), Constructivism in the
computer age (pp. 49-70). Hillsdale, NJ: Lawrence Erlbaum Associates. 
Driver, R. , & Bell, B. (1986). Students' thinking and the learning of science: a constructivist
view. School Science Review , March, 443-456. 
Dufresne, R. , Gerace, W. , Hardiman, P. , & Mestre, J. (1987). Hierarchically structured
problem solving in elementary mechanics: Guiding novices' problem analysis. In J. Novak (Ed.),
Proceedings of Second International Seminar: Misconceptions and Educational Strategies in
Science and Mathematics III . (pp. 16-130). Ithaca, NY: Cornell University. 
Eaton, J. , Anderson, C. , & Smith, E. (1984). Students' misconceptions interfere with science
learning: Case studies of fifth-grade students. Elementary School Journal , 84 (4), 365-379. 
Feher, E. , & Rice, K. (1985). Development of scientific concepts through the use of interactive
exhibits in a museum. Curator , 28 , 35-46. 
Fredette, N. H. , & Clement, J. (1981). Student misconceptions of an electric circuit: What do
they mean? Journal of College Science Teaching , II , 280-285. 
Gentner, D. , & Gentner, D. R. (1983). Flowing waters or teeming crowds: Mental models of
electricity. In D. Gentner & A. L. Stevens (Eds.), Mental models (pp. 99-129). Hillsdale, NJ:
Lawrence Erlbaum Associates. 
Gilbert, J. K. , & Watts, D. M. (1983). Concepts, misconceptions and alternative conceptions:
Changing perspectives in science education. Studies in Science Education , 10 , 61-98. 
Goldberg, F. M. , & McDermott, L. C. (1986). Student difficulties in understanding image
formation by a plane mirror. The Physics Teacher , 24 (8), 472-480, 
Goldberg, F. M. , & McDermott, L. C. (1987). An investigation of student understanding of the
real image formed by a converging lens or concave mirror. American Journal of Physics , 55
(2), 108-119. 
Guesne, E. (1984) Children's ideas about light. In E. J. Wenham (Ed.), New trends in physics
teaching IV (pp. 179-192). Paris: UNESCO. 
Heller, J. I. , & Reif, F. (1984). Prescribing effective human problem-solving processes: Problem
description in physics. Cognition and Instruction , 1 (2), 177-216. 
Hestenes, D. (1987). Toward a modeling theory of physics instruction. American Journal of
Physics , 55 (5), 440-454. 
Hewson, P. W. (1985). Diagnosis and remediation of an alternative conception of velocity using
a microcomputer program. American Journal of Physics , 53 (7), 684-690.



Johsua, S. (1984). Students' interpretation of simple electrical diagrams. European Journal of
Science Education , 6 (3), 271-275. 
Jung, W. (1987). Understanding student's understandings: The case of elementary optics. In J.
Novak (Ed.), Proceedings of Second International Seminar: Misconceptions and Educational
Strategies in Science and Mathematics III (pp. 268-277). Ithaca, NY: Cornell University. 
Kenealy, P. (1987). A syntactic source of a common "misconception" about acceleration. In J.
Novak (Ed.), Proceedings of Second International Seminar: Misconceptions and Educational
Strategies in Science and Mathematics III (pp. 278-292). Ithaca, NY: Cornell University. 
Larkin, J. H. (1980). Teaching problem solving in physics: The psychological laboratory and the
practical classroom. In D. T. Tuma & F. Reif (Eds.), Problem solving and education: Issues in
teaching and research (pp. 111-125). Hillsdale, NJ: Lawrence Erlbaum Associates. 
Larkin, J. H. (1981). Cognition of learning physics. American Journal of Physics , 49 (6), 534-
541. 
Larkin, J. H. (1983). The role of problem representation in physics. In D. Gentner & A. L.
Stevens (Eds.), Mental models (pp. 75-98). Hillsdale, NJ: Lawrence Erlbaum Associates. 
Larkin, J. H. , Reif, F. , Carbonell, J. , & Gugliotta, A. (1988). FERMI: A flexible expert reasoner
with multi-domain interfacing. Cognitive Science , 12 (1), 101-138. 
Lawson, R. A. , & McDermott, L. C. (1987). Student understanding of the work-energy and
impulse-momentum theorems. American Journal of Physics , 55 (9), 811-817. 
Maloney, D. (1985). Rule-governed approaches to physics: Conservation of mechanical energy.
Journal of Research in Science Teaching , 22 (3), 261-278. 
McCloskey, M. (1983). Naive theories of motion: In D. Gentner & A. L. Stevens (Eds.), Mental
models (pp. 299-324). Hillsdale, NJ: Lawrence Erlbaum Associates. 
McDermott, L. C. (1984). Research on conceptual understanding in mechanics. Physics Today ,
37 , 24-32. 
McDermott, L. C. , Rosenquist, M. L. , & van Zee, E. H. (1987). Student difficulties in connecting
graphs and physics: Examples from kinematics. American Journal of Physics , 55 (6), 503-513. 
McDermott, L. C. , & van Zee, E. H. (1984). Identifying and addressing student difficulties with
electric circuits. In R. Duit , W. Jung , & C. von Rhöneck (Eds.), Proceedings of an international
workshop: Aspects of understanding electricity (pp. 39-48). Ludwigsburg, W. Germany:
Pädagogische Hochschule Ludwigsburg. 
Minstrell, J. (1982). Explaining the "at rest" condition of an object. The Physics Teacher , 20 (1),
10-14. 
Mokros, J. R. , & Tinker, R. F. (1987). The impact of microcomputer-based labs on children's
ability to interpret graphs. Journal of Research in Science Teaching , 24 (4), 369-383. 
Moreira, M. (1987). Concept mapping as a possible strategy to detect and to deal with
misconceptions in physics: In J. Novak (Ed.), Proceedings of Second International Seminar:
Misconceptions and Educational Strategies in Science and Mathematics III (pp. 352-360).
Ithaca, NY: Cornell University. 
Murray, T. , Schultz, K. , Brown, D. , & Clement, J. (1987). Remediating physics misconceptions
using an analogy-based computer tutor .  The Journal of Interactive Learning Environments , 1
(1), (In press: January 1990). 
Novak, J. (Ed.). (1987). Proceedings of Second International Seminar: Misconceptions and
Educational Strategies in Science and Mathematics III . Ithaca, NY: Cornell University. 
Piaget, J. (1974). Understanding causality . New York: Norton. 
Ramadas, J. (1982). Use of ray diagrams in optics. School Science , 10 , 1-8. 
Reif, F. (1985). Acquiring an effective understanding of scientific concepts. In L. H. T. West & L.
Pines (Eds.), Cognitive structure and conceptual change (pp. 133-151). Orlando, FL: Academic
Press, Inc. 
Reif, F. (1986). Scientific approaches to science education. Physics Today , 39 , 48-54. 
Reif, F. (1987a), Instructional design, cognition, and technology: Applications to the teaching of
scientific concepts. Journal of Research in Science Teaching , 24 (4), 309-324. 
Reif, F. (1987b). Interpretation of scientific or mathematical concepts: Cognitive issues and
instructional implications. Cognitive Science , 11 , 395-416. 
Rosenquist, M. L. , & McDermott, L. C. (1987). A conceptual approach to teaching kinematics.
American Journal of Physics , 55 (5), 407-415. 
Schuster, D. G. (1987). Understanding scientific derivations: A task analysis and constructivist
learning strategy: In J. Novak (Ed.), Proceedings of Second International Seminar:



Misconceptions and Educational Strategies in Science and Mathematics III , (pp. 448-456).
Ithaca, NY: Cornell University. 
Siegler, R. S. (1987). Three aspects of cognitive development. Cognitive Psychology , 8 , 481-
522. 
Stead, B. R. , & Osborne, R. J. (1980). Exploring science students' concepts of light. Australian
Science Teaching Journal , 26 (3), 84-90. 
Strike, K. A. , & Posner, G. J. (1982). Conceptual change and science teaching. European
Journal of Science Education , 4 (3), 231-240. 
Thornton, R. K. (1987). Access to college science: Microcomputer-based laboratories for the
naive science learner. Collegiate Microcomputer , V (1), 100-106, 
Thornton, R. K. (1987). Tools for scientific thinking—microcomputer-based laboratories for
physics teaching. Physics Education , 22 (4), 230-238. 
Tiberghien, A. (1983). Revue critique sur les recherches visant à élucider le sens de la notion
de lumière pour les élèves de 10 à 16 ans. English translation in book: "Critical review of
research aimed at elucidating the sense that notions of light have for students aged 10 to 16
years." Research on Physics Education: Proceedings of the First International Workshop  (pp.
125-134). La Londe les Maures, France. 
Tiberghien, A. , Delacote, G. , Ghiglione, R. , & Matalon, B. (1980). Conceptions de la lumiére
chez l'enfant de 10-12 ans. English translation in book: "Conceptions of light in children aged
10-12." Revue Française de Pedagogie , 50 , 24-41. 
Touger, J. S. , Dufresne, R. , Gerace, W. , & Mestre, J. (1987). Hierarchical organization of
knowledge and coherent explanation in the domain of elementary mechanics. In J. Novak (Ed.),
Proceedings of Second International Seminar: Misconceptions and Educational Strategies in
Science and Mathematics III . (pp. 517-530). Ithaca, NY: Cornell University. 
Trowbridge, D. E. , & McDermott, L. C. (1980). Investigation of student understanding of the
concept of velocity in one dimension. American Journal of Physics , 48 (12), 1020-1028. 
Trowbridge, D. E. , & McDermott, L. C. (1981). Investigation of student understanding of the
concept of acceleration in one dimension. American Journal of Physics , 49 (3), 242-253. 
van Zee, E. H. , & McDermott, L. C. (1987). Investigation of student difficulties with graphical
representations in physics. In J. Novak (Ed.) Proceedings of Second International Seminar:
Misconceptions and Educational Strategies in Science and Mathematics III . (pp. 531-539).
Ithaca, NY: Cornell University. 
Viennot, L. (1985a). Analyzing students' reasoning in science: A pragmatic view of theoretical
problems. European Journal of Science Education , 7 (2), 151-162. 
Viennot, L. , (1985b). Analyzing students' reasoning: Tendencies in interpretation. American
Journal of Physics , 53 (5), 432-436. 
Watts, D. M. (1985). Student conceptions of light: A case study. Physics Education , 20 , 183-
187. 
White, B. , & Frederiksen, J. (1987). Causal model progressions as a foundation for intelligent
learning environments . (Report No. 6686). Cambridge, MA: BBN Laboratories Inc. 
Williams, J. , Trinklein, F. , & Metcalfe, H. C. (1984). Modern physics . New York: Holt,
Rhinehart and Winston. 

 
Research in Chemical Education: Results and Directions 
Abraham, M. , & Renner, J. (1985). The sequence of learning cycle activities in high school
chemistry. Journal of Research in Science Teaching , 22 , 121-143. 
Albert, E. (1978). Development of the concept of heat in children. Science Education , 62 , 389-
399. 
Alcorn, F. L. (1985). The relationships between problem solving style as measured by the
Myers Briggs type indicator and achievement in college chemistry at the community college (
Doctoral dissertation, Virginia Polytechnic Institute and State University, 1984 ). Dissertation
Abstracts International , 46 , 939A. 
Allen, J. , Barker, L. , & Ransden, J. (1986). Guided inquiry laboratory. Journal of Chemical
Education , 63 , 533-534.



Anamuah-Mensah, J. (1986). Cognitive strategies used by chemistry students to solve
volumetric analysis problems. Journal of Research in Science Teaching , 23 , 759-769. 
Anamuah-Mensah, J. , Erickson, G. , & Gaskell, J. (1987). Development and validation of a
path analytic model of students' performance in chemistry. Journal of Research in Science
Teaching , 24 , 723-738. 
Andersson, B. (1980). Some aspects of children's understanding of boiling point. In U. A.
Archenhold (Ed.), Cognitive development research in science and mathematics (pp. 252-259).
Proceedings of an International Seminar. The University of Leeds, Leeds, England. 
Andersson, B. (1986). Pupils' explanations of some aspects of chemical reactions. Science
Education , 70 , 549-563. 
Arzi, H. , Ben-Zvi, R. , & Gamiel, U. (1986). Forgetting versus savings: The many facets of long-
term retention. Science Education , 70 , 171-188. 
Barke, H. (1982). Problems bei der verwendung von symbolen im chemieunterricht. Eine em
pirische untersuchung an schulern der sekundarstufe 1 [Problems associated with the
application of symbols in chemistry teaching: An empirical study of secondary school children].
Natur wissenschaften im Unterricht Ph/Ch , 30 , 131-133. 
Beasly, W. (1985). Improving student laboratory performance: How much practice makes
perfect. Science Education , 69 , 567-576. 
Ben-Zvi, R. , Eylon, B. , & Silberstein, J. (1982), Studeilts vs. chemistry: A study of student
conceptions of structure and process (Unpublished technical report), Rehovot, Israel:
Weizmann Institute, Dept. of Science Teaching. 
Ben-Zvi, R. , Eylon, B. , & Silberstein, J. (1986). Is an atom of copper malleable? Journal of
Chemical Education , 63 , 64-66. 
Bleichroth, W. (1965). Was wissen unsere volksschulkinder vom atom? [What do our
elementary school children know about the atom?] Zeitschrift fur Naturlehre unter Naturkunde ,
4 , 89-94. 
Bodner, G. (1986). Constructivism: A theory of knowledge. Journal of Chemical Education , 63 ,
873-878. 
Bodner, G. (1987). The role of algorithms in teaching problem solving. Journal of Chemical
Education , 64 , 513-514. 
Bodner, G. , & McMillen, T. (1986). Cognitive restructuring as an early stage in problem solving.
Journal of Research in Science Teaching , 23 , 727-737. 
Bunce, D. M. (1985). The effects of teaching a complete and explicit problem solving approach
on mathematical chemistry achievement of college students (Doctoral dissertation, University of
Maryland, 1984). Dissertation Abstracts International , 46 ( 3 ), 665A. 
Bunce, D. M. , & Heikkinen, H. (1986). The effects of an explicit problem solving approach on
mathematical chemistry achievement. Journal of Research in Science Teaching , 23 , 11-20. 
Cachapuz, A. , & Martins, I. (1987). High school students ideas about energy of chemical
reactions. Proceedings of the Second International Seminar on Misconceptions and Educational
Strategies in Science and Mathematics . Vol.  III (pp. 60-68). Ithaca, NY: Cornell University. 
Carter, C. (1987). The role of beliefs in general chemistry problem solving . Unpublished
doctoral dissertation, Purdue University. 
Case, R. (1972). Validation of a neo-Piagetian capacity construct. Journal of Experimental Child
Psychology , 14 , 287-302. 
Cassels, J. R. T. (1976). Language in chemistry: The effect of some aspects of language on
101 grade chemistry candidates . Unpublished Master's thesis, University of Glasgow, Glasgow,
Scotland. 
Cassels, J. R. T. (1980). Language and thinking in science: Some investigations with multiple
choice questions . Unpublished doctoral dissertation, University of Glasgow, Glasgow,
Scotland. 
Cassels, J. R. T. , & Johnstone, A. H. (1980). Understanding of non-technical words in science 
.  London: Royal Society of Chemistry. 
Chadran, S. , Treagust, D. , & Tobin, K. (1987). The role of cognitive factors in chemistry
achievement. Journal of Research in Science Teaching , 24 , 145-160. 
Chiappetta, E. (1982). A review of Piagetian studies relevant to science instruction at the
secondary and college level. Science Education , 66 , 85-93. 
Choi, B. , & Gennaro, E. (1987). The effectiveness of using computer simulated experiments on
junior high school students' understanding of the volume displacement concept. Journal of



Research in Science Teaching , 24 , 539-552. 
Cobb, P. J. , & Steffe, L. P. (1983). The constructivist researcher as teacher and model builder.
Journal of Research in Mathematics Education , 14 , 83-94. 
Craney, C. L. , & Armstrong, R. W. (1985). Predictors of grades in general chemistry for allied
health students. Journal of Chemical Education , 62 , 137-129. 
Cros, D. , & Maurin, M. (1986). Conceptions of first year university students of the constituents
of matter and the notion of acids and bases. European Journal of Science Education , 8 , 305-
313. 
De Boer, G. (1987). Predicting continued participation in college chemistry for men and women.
Journal of Research in Science Teaching , 24 , 527-538. 
Dombrowski, J. , & Hagelberg, R. (1985). The effects of a safety unit on student safety
knowledge and behavior. Science Education , 69 , 527-533. 
Drake, R. F. (1985). Working backwards is a forward step in the solution of problems by
dimensional analysis. Journal of Chemical Education , 62 , 414. 
Driscoll, D. (1978). Comments on ionization. Journal of Chemical Education , 55 , 465. 
Ehindero, O. (1985). Differential cognitive responses to adjunct study questions in the learning
of chemistry textual materials. European Journal of Science Education , 1 , 423-429. 
Ellerton, N. , & Ellerton, H. (1987). Mathematics and chemistry problems created by students.
Proceedings of the Second International Seminar on Misconceptions and Educational
Strategies in Science and Mathematics . Vol.  Ill (pp. 131-136). Ithaca, NY: Cornell University. 
Ericson, G. (1979). Children's conceptions of heat and temperature. Science Education , 63 ,
221 230. 
Ericson, G. (1980). Children's viewpoints of heat: A second look. Science Education , 64 , 323
336. 
Fasching, J. , & Erickson, B. (1985). Group discussions in the chemistry classroom and the
problem-solving skills of students. Journal of Chemical Education , 62 , 842-846. 
Frank, D. (1986). Implementing instruction to improve the problem-solving abilities of general
chemistry students (Doctoral dissertation, Purdue University, 1985). Dissertation Abstracts
International , 47 , 141 A. 
Frazer, M. , & Sleet, R. (1984). A study of students' attempts to solve chemical problems.
European Journal of Science Education , 6 , 141-152. 
Freeman, W. A. (1984). Relative long-term benefits of a PSI and a traditional-style remedial
chemistry course. Journal of Chemical Education , 61 , 617-619. 
Fiichs, H. (1987). Thermodynamics: A "misconceived" theory. Proceedings of the Second
International Seminar on Misconceptions and Educational Strategies in Science and
Mathematics , Vol.  Ill (pp. 160-167). Ithaca, NY: Cornell University. 
Gabel, D. L. (1981). Facilitating problem solving in high school chemistry (NSF Technical
Report No. RISE-SED-79-20744). Bloomington: Indiana University, School of Education. (ERIC
Document Reproduction Service No. ED 210 192) 
Gabel, D. L. , & Enochs, L. (1987). Different approaches for teaching volume and students'
visualization ability. Science Education , 71 , 591-597. 
Gabel, D. L. , & Samuel, K. (1986). High school students' ability to solve molarity problems and
their analogue counterparts. Journal of Research in Science Teaching , 23 , 165-176. 
Gabel, D. L. , & Sherwood, R. D. (1984). Analyzing difficulties with mole-concept tasks by using
familiar analogue tasks. Journal of Research in Science Teaching , 21 , 843-851. 
Gabel, D. L. , Sherwood, R. D. , & Enochs, L. (1984). Problem-solving skills of high school
chemistry students. Journal of Research in Science Teaching , 21 , 221-233. 
Gardner, P. L. (1972). Words in science . Melbourne: Australian Science Education Project. 
Garrett, J. (1983). Teaching factor-label method without sleight of hand. Journal of Chemical
Education , 60 , 962. 
Genyea, J. (1983). Improving students' problem-solving skills: A methodical approach for a
preparatory chemistry course. Journal of Chemical Education , 60 , 478-482. 
Gilbert, G. L. (1980). How do I get the answer? Problem solving in chemistry. Journal of
Chemical Education , 57 , 79-81. 
Gilbert, J. , & Swift, D. (1985). Towards a Lakatosian analysis of the Piagetian and alternative
conceptions research programs. Science Education , 69 , 681-696. 
Glassman, S. (1967). High school students' ideas with respect to certain concepts related to
chemical formulas and equations. Science Education , 51 , 84-103.



Gorodetsky, M. , & Gussarsky, E. (1986). Misconceptualization of the chemical equilibrium
concept as revealed by different evaluation methods. European Journal of Science Education ,
8 .  427-441. 
Gorodetsky, M. , & Gussarsky, E. (1987). The roles of students and teachers in
misconceptualization of aspects in "chemical equilibrium." Proceedings of the Second
International Seminar on Misconceptions and Educational Strategies in Science and
Mathematics . Vol.  Ill (pp. 187-193). Ithaca, NY: Cornell University. 
Gorodetsky, M. , & Hoz, R. (1985). Changes in the group cognitive structure of some chemical
equilibrium concepts following a university course in general chemistry. Science Education , 69
, 185-199. 
Greenbowe, T. (1984). An investigation of variables involved in chemistry problem solving
(Doctoral dissertation, Purdue University, 1983). Dissertation Abstracts International , 44 ,
3651A. 
Greeno, J. G. (1980). Trends in the theory of knowledge for problem solving. In D. T. Tuma & F.
Reif (Eds.), Problem solving and education: Issues in teaching and research (pp. 9-23).
Hillsdale, NJ: Lawrence Erlbaum Associates. 
Hackling, M. , & Garnett, P. (1985). Misconceptions of chemical equilibrium. European Journal
of Science Education , 7, 205-214. 
Hall, J. (1973). Conservation concepts in elementary chemistry. Journal of Research in Science
Teaching , 10 , 143-146. 
Herron, J. D. (1975). Piaget for chemists. Journal of Chemical Education , 52 , 146-150, 
Herron, J. D. (1977). Are chemical terms well defined? Journal of Chemical Education , 54 ,
758. 
Herron, J. D. (1978). Response to 'Are chemical terms well defined?' Journal of Chemical
Education , 55 , 393-394. 
Herron, J. D. , & Greenbowe, T. (1986). What can we do about Sue: A case study of
competence. Journal of Chemical Education , 63 , 528-531. 
Hewson, M. (1984). The influence of intellectual environment on conceptions of heat. European
Journal of Science Education , 6 , 245-262. 
Hewson, M. (1986). The acquisition of scientific knowledge: Analysis and representation of
students' conceptions concerning density. Science Education , 70 , 159-170. 
Hodson, D. (1984). Some effects of changes in question structure and sequence on
performance in a multiple choice chemistry test. Research in Science and Technological
Education , 2 , 177-185. 
Hodson, D. (1984). The effect of changes in item sequence on student performance in a
multiple choice chemistry test. Journal of Research in Science Teaching , 21 , 489-495. 
Horton, P. B. , Fronk, R. H. , & Walton, R. W. (1985). The effect of writing assignments on
achievement in college general chemistry. Journal of Research in Science Teaching , 22 , 535
541. 
Isom, F. , & Rowsey, R. (1986). The effect of a new pre-laboratory procedure on students'
achievement in chemistry. Journal of Research in Science Teaching , 23 , 231-235. 
Johnstone, A. , & El-Banna, H. (1986). Capacities, demands and processes: A predictive model
for science education. Education in Chemistry , 23 , 80-84. 
Johnstone, A. , MacDonald, J. , & Webb, G. (1977). Misconceptions in school thermodynamics.
Physics Education , 12 , 248-251. 
Karmiloff-Smith, A. , & Inhelder, B. (1974), If you want to get ahead, get a theory. In P. N.
Johnson-Laird & P. C. Wason (Eds.), Thinking: Readings in cognitive science (pp. 293-306).
Cambridge: Cambridge University Press. 
Kempa, R. , & Nicholls, C. (1983). Problem-solving ability and cognitive structure: An
exploratory investigation. European Journal of Science Education , 5 , 171-184. 
Klainin, S. (1987). Learning achievement in upper secondary school chemistry in Thailand:
Some remarkable sex reversals. International Journal of Science Education , 9, 217-227. 
Kleinman, R. , Griffin, H. , & Kerner, N. K. (1987). Images in chemistry. Journal of Chemical
Education , 64 , 766-770. 
Kramers-Pals, H. , Lambrecht, J. , & Wolff, P. (1983). The transformation of quantitative
problems to standard problems in genera! chemistry. European Journal of Science Education ,
5 , 275-287.



Lawson, A. (1985). A review of research on formal reasoning and science teaching. Journal of
Resarch in Science Teaching , 22 , 569-617. 
Lazonby, J. , Morris, J. , & Waddington, D. (1985). The mole: Questioning format can make a
difference. Journal of Chemical Education , 62 , 60-61. 
Lehman, J. R. , Koran, J. J. , & Koran, M. L. (1984). Interaction of learner characteristics with
learning from three models of the Periodic Table. Journal of Research in Science Teaching , 21
, 885-893. 
Lynch, P. , Chipman, H. , & Pachaury, A. (1985). The language of science and the high school
student: The recognition of concept definitions. A comparison of Hindi speaking students in
India and English speaking students in Australia. Journal of Research in Science Teaching , 22
, 675 686. 
Mahan, B. (1975). University chemistry (3rd Ed.). Reading, MA: Addison-Wesley. 
Mathews, G. , Brook, V. , & Kran-Gandapus, T. (1984). Cognitive structure determination as a
too! in science teaching. Part I: A new method of creating concept maps. European Journal of
Science Educaion , 6 , 169-177. 
Mathews, G. , Brook, V. , & Kran-Gandapus, T. (1984). Cognitive structure determination as a
tool in science teaching. Part II: The measurement of Piaget-specific levels. European Journal
of Science Education , 6 , 289-297. 
Mathews, G. , Brook, V. , & Kran-Gandapus, T. (1984). Cognitive structure determination as a
tool in science teaching. Part III: Results. European Journal of Science Education , 7, 263-279. 
McIntosh, W. (1986). The effect of imagery generation on science rule learning. Journal of
Research in Science Teaching , 23 , 1-9. 
Mettes, C. T. C. W. , Pilot, A. , & Roossink, H. J. (1981). Linking factual and procedural
knowledge in solving science problems: A case study in a thermodynamics course.
Instructional Science , 10 , 303-316. 
Mettes, C. T. C. W. , Pilot, A. , Roossink, H. J. , & Kramers-Pals, H. (1980). Teaching and
learning problem solving in science. Part I: A general strategy. Journal of Chemical Education ,
57 , 882 884. 
Mettes, C. T. C. W. , Pilot, A. , Roossink, H. J. , & Kramers-Pals, H. (1981). Teaching and
learning problem solving in science. Part II: Learning problem solving in a thermodynamics
course. Journal of Chemical Education , 58 , 51-55. 
Mikkelson, A. (1985). Computer assisted instruction in remedial teaching in first year chemistry.
Education in Chemistry , 22 , 117-118. 
Mitchell, H. , & Kellington, S. (1982), Learning difficulties associated with the particulate theory
of matter in the Scottish Integrated Science Course. European Journal of Science Education , 4
, 429-440. 
Mulder, T. , & Verdonk, A. H. (1984). A behavioral analysis of the laboratory learning process;
Redesigning a teaching unit on recrystallization. Journal of Chemical Education , 61 , 451-453. 
Niaz, M. (1985). Evaluation of formal operational reasoning by Venezuelan freshmen students.
Research in Science and Technological Education , 3 , 43-50. 
Niaz, M. (1987). Relation between M-space of students and M-demand of different items of
general chemistry and its interpretation based upon neo-Piagetian Theory of Pascual-Leone.
Journal of Chemical Education , 64 , 502-505, 
Niaz, M. , & Lawson, A. (1985). Balancing chemical equations: The role of developmental level
and mental capacity. Journal of Research in Science Teaching , 22 , 41-51, 
Novick, S. , & Mannis, J. (1976). A study of student perception of the mole concept. Journal of
Chemical Education , 53 , 720—722. 
Novick, S. , & Nussbaum, J. (1978). Junior high school pupils' understanding of the particulate
nature of matter: An interview study. Science Education , 62 , 273-281. 
Novick, S. , & Nussbaum, J. (1981). Pupils' understanding of the particulate nature of matter: A
cross-age study. Science Education , 65 , 187-196. 
Nurrenbern, S. C. (1980), Problem solving behaviors of concrete and formal operational high
school chemistry students when solving chemistry problems requiring Piagetian formal
reasoning skills (Doctoral dissertation, Purdue University, 1979) Dissertation Abstracts
International , 40 , 4986A. 
Nurrenbern, S. , & Pickering, M. (1987). Concept learning versus problem solving: Is there a
difference? Journal of Chemical Education , 64 , 508-510.



Okebukola, P. (1987). Students' performance in practical chemistry: A study of some related
factors. Journal of Research in Science Teaching , 24 , 119-126. 
Osborne, R. , & Bell, B. (1983). Science teaching and children's views of the world. European
Journal of Science Education , 5 , 1-14. 
Osborne, R. , & Cosgrove, M. (1983). Children's conceptions of the changes of state of water,
Journal of Research in Science Teaching , 20 , 825-838. 
Pankiewicz, P. R. (1985). The effects of a self-designed introductory junior high school organic
chemistry module on selected student charateristics (Doctoral dissertation, Clark University,
1984). Dissertation Abstracts International , 45 , 2057A. 
Pascual-Leone, J. (1970). A mathematical model for the transition rule in Piaget's
developmental stages. Acta Psychologica , 63 , 301-345. 
Pascual-Leone, J. , & Smith, J. (1969). The encoding and decoding of symbols by children:
New experimental paradigm and a neo-Piagetian model. Journal of Experimental Child
Psychology , 8 , 328-355. 
Perez, D. , & Torregrosa, J. (1983). A model of problem-solving in accordance with scientific
methodology. European Journal of Science Education , 5 , 447-455. 
Pfundt, H. (1981). The atom: The final link in the division process or the first building block? Pre
instructional conceptions about the structure of substances. Chemica Didactica , 7 , 75-94. 
Pfundt, H. (1982). Pre-instructional conceptions about transformation of substances. Chemica
Di dactica , 8 . 
Pickering, M. (1986). Laboratory education as a problem in organization, Journal of College
Science Teaching , 16 , 187-189. 
Pines, A. L. , & West, L. (1986). Conceptual understanding and science learning: An
interpretation of research within a sources-of-knowledge framework. Science Education , 70 ,
583-604. 
Polya, G. (1957). How to solve it: A new aspect of mathematical method (3rd ed.). Princeton,
NJ: Princeton University Press. 
Rafel, J. , & Mans, C. (1987). Alternative framework about the learning of changes of state of
aggregation of matter: Sorting of answers into models. Proceedings of the Second International
Seminar on Misconceptions and Educational Strategies in Science and Mathematics . Vol.  Ill
(pp. 392-399). Ithaca, NY: Cornell University, 
Raines, S. J. (1984). Problem-similarity recognition and problem-solving success in high school
chemistry. Dissertation Abstracts International , 45 , 800A. 
Reif, F. (1981). Teaching problem solving: A scientific approach. The Physics Teacher , 19 ,
310 316. 
Reustrom, L. (1987). Pupils' conceptions of matter: A phenomenographic approach.
Proceedings of the Second International Seminar on Misconceptions and Educational
Strategies in Science and Mathematics , Vol.  III (pp. 400-419). Ithaca, NY: Cornell University, 
Resnick, L. (1987). Education and learning to think . Washington, D. C.: National Academy
Press. 
Roberts, W. , & Sutton, C. (1984). Adults' recollections from school chemistry—facts, principles
& learning. Education in Chemistry , 21 , 82-85. 
Rowell, J. , & Dawson, C. (1983). Laboratory counterexamples and the growth of understanding
in science. European Journal of Science Education , 5 , 203-215. 
Ryan, M. , Robin, D. , & Carmichael, J. (1980). A Piagetian-based general chemistry laboratory
program for science majors. Journal of Chemical Education , 57 , 642-645. 
Scardamalia, M. (1977). Information processing capacities and the problem of horizontal
decalage: A demonstration using combinatorial reasoning tasks. Child Development , 48 , 28-
37. 
Schmidt, H. (1987). Secondary school students' learning difficulties in stoichiometry.
Proceedings of the Second International Seminar on Misconceptions and Educational
Strategies in Science and Mathematics , Vol.  I (pp. 396-404). Ithaca, NY: Cornell University. 
Scott, P. (1987). The process of conceptual change in science: A case study of the
development of a secondary pupil's ideas relating to matter. Proceedings of the Second
International Seminar on Misconceptions and Educational Strategies in Science and
Mathematics . Vol.  II (pp. 404-418). Ithaca, NY: Cornell University, 
Seddon, G. , & Moore, R. (1986). An unexpected effect in the use of models for teaching the
visualization of rotation in molecular structure. European Journal of Science Education , 8 , 79



86. 
Seddon, G. M. , & Shubber, K. E. (1984). The effects of presentation mode and colour in
teaching the visualization of rotation in diagrams of molecular structures. Research in Science
and Technological Education , 2 , 167-176. 
Seddon, G. , & Tariz, R. (1982). The visualization of spatial transformation in diagrams of
molecular structures. European Journal of Science Education , 4 , 409-420. 
Shayer, M. , & Wylam, H. (1981). The development of the concept of heat and temperature in
1013 year olds. Journal of Research in Science Teaching , 18 , 419-434. 
Solomon, J. (1982). How children learn about energy or Does the first law come first? The
School Science Review , 63 , 415-422. 
Solomon, J. (1983). Learning about energy: How pupils think in two domains, European Journal
of Science Education , 5 , 49—59. 
Staver, J. R. , & Halsted, D. A. (1985). The effects of reasoning, use of models, sex type, and
their interactions on post-test achievement in chemical bonding after constant instruction.
Journal of Research in Science Teaching , 22 , 437-447. 
Stavy, R. (1987). Acquisition of conservation of matter. Proceedings of the Second International
Seminar on Misconceptions and Educational Strategies in Science and Mathematics , Vol.  I
(pp. 456-465). Ithaca, NY: Cornell University. 
Streitberger, H. E. (1985). College chemistry students' recommendations to high school
students Journal of Chemical Education , 62 , 700-701. 
Strike, K. , & Posner, G. (1982). Conceptual change and science teaching. European Journal of
Science Education , 4 , 231-240. 
Vermont, D. F. (1985). Comparative effectiveness of instructional strategies on developing the
chemical mole concept. Dissertation Abstracts International , 45 , 2473A. 
Voelker, A. (1975). Elementary school children's attainment of the concepts of physical and
chemical change: A replication. Journal of Research in Science Teaching , 12 , 5-14. 
Waddling, R. E. L. (1983). Titration calculations—a problem-solving approach. Journal of
Chemical Education , 60 , 230-232. 
Wainwright, C. L. (1985). The effectiveness of a computer-assisted instruction package in
supplementing teaching of selected concepts in high school chemistry: Writing formulas and
balancing chemical equations. Dissertation Abstracts International , 45 , 2473A. 
Weninger, J. (1982). Fundamental remarks on so-called reaction equations. European Journal
of Science Education , 4 , 391-396. 
Wheeler, A. , & Kass, H. (1978). Student misconceptions in chemical equilibrium. Science
Education , 62 , 223-232. 
Widing, R. W., Jr. (1985). Systematic Analysis of chemistry topics. Dissertation Abstracts
International , 45 , 2057A. 
Wienekaup, H. , Jansen, W. , Fickenfrerichs, H. , & Peper, R. (1987). Does unconscious
behavior of teachers cause chemistry lessons to be unpopular with girls. International Journal of
Science Education , 1 , 281-286. 
Williams, H. , Turner, C. , Debreuil, L. , Fast, J. , & Berestiansky, J. (1979). Formal operational
reasoning by chemistry students. Journal of Chemical Education , 56 , 599. 
Wilson, A. (1987). Teaching use of formal thought for improved chemistry achievement.
International Journal of Science Education , 9 , 197-202. 
Yackel, E. (1984). Characteristics of problem representation indicative of understanding in
mathematics problem solving (Doctoral dissertation, Purdue University, 1984). Dissertation
Abstracts International , 45 , 2021 A. 
Yarroch, W. (1985). Student understanding of chemical equation balancing. Journal of
Research in Science Teaching , 22 , 449-459. 
Zitzewitz, B. , & Berger, C. (1985). Application of mathematical learning models. Journal of
Research in Science Teaching , 22 , 775—777. 

 



Biology Education Research: A View from the Field 
Albright, W. C. (1987). A description of the performance of university students solving realistic
genetics problems . Unpublished master's thesis, University of Wisconsin-Madison. 
Bishop, B. , & Anderson, C. (1986a). Student conceptions of natural selection and its role in
evolution (Research Series No. 165). East Lansing: Michigan State University, The Institute for
Research on Teaching. 
Bishop, B. , & Anderson, C. (1986b), Evolution by natural selection: A teaching module
(Occasional Paper No. 91). East Lansing: Michigan State University, The Institute for Research
on Teaching. 
Chi, M. T. H. , Feltovich, P. J. , & Glaser, R. (1981). Categorization and representation of
physics problems by experts and novices. Cognitive Science , 5 , 121-152. 
Collins, A. (1989). A description of the strategic knowledge of experts solving transmissions
genetics problems . Manuscript submitted for publication. 
Collins, A. , & Stewart, J. (1988). A description of the strategic knowledge of experts solving
realistic genetics problems (MENDEL Research Report No. 1). Madison: University of
Wisconsin-Madison. 
Collins, A. , Stewart, J. , & Slack, S. (1988). A comparison of the problem solving performance
of experts and novices on realistic genetics problems (MENDEL Research Report No. 3).
Madison: University of Wisconsin-Madison. 
Fisher, K. M. (1985). A misconception in biology: Amino acids and translation. Journal of
Research in Science Teaching , 22 , 53-62. 
Fisher, K. M. , Faletti, J. , Thornton, R. , Patterson, H. , Lipson, J. , & Spring, C. (1987).
Computer-based knowledge representation as a tool for students and teachers . Unpublished
manuscript. 
Hildebrand, A. C. (March, 1986). Cognitive representations of basic biological entities . Paper
presented at the annual meeting of the American Education Research Association, San
Francisco, CA. 
Jungck, J. R. , & Calley, J. N. (1985). Strategic simulations and post-Socratic pedagogy:
Constructing software to develop long-term inference through experimental inquiry. American
Biology Teacher , 47 , 11-15. 
Laudan, L. (1977). Progress and its problems: Towards a theory of scientific development . Los
Angeles: University of California Press. 
National Academy of Sciences & National Academy of Engineering . (1982). Science and
mathematics in the schools: A report of a convocation , Washington, DC: National Academy
Press. 
Newell, A. , & Simon, H. (1972). Human problem solving . Englewood Cliffs, NJ: Prentice-Hall,
Inc. 
Peard, T. L. (1983). The microcomputer in cognitive development research (or putting the byte
on misconceptions). In H. Helm & J. D. Novak (Eds.), Proceedings of the International Seminar
on Misconceptions in Science and Mathematics (pp. 112-126). Ithaca, NY. 
Peterson, N. , Jungck, J. , Sharpe, D. , & Finzer, W. (1987). A design approach to learning
science, simulated laboratories: Learning via the construction of meaning. Machine-Mediated
Learning , 2 , 111-127. 
Peterson, N. , Jungck, J. (1988). Problem posing, problem solving and persuasion in biology
education. Academic Computing . March/April, 14-17 and 44-50. 
Resnick, L. B. (1987). Learning in school and out. Educational Researcher , 16 , 13-20. 
Reif, F. (1983). Understanding and teaching problem solving in physics . In Research on
physics education: Proceedings of the first international workshop , editions du Centre National
de la Researche Scientificue 15, quai Anatole-france, 75700 Paris pp. 15-53. 
Schwab, J. (1964). Problems, topics, and issues. In S. Elam (Ed.), Education and the structure
of knowledge (pp. 4-43). Fifth annual Phi Delta Kappa Symposium in Education Research.
Chicago: Rand McNally, 
Slack, S. , & Stewart, J. (1988). High school students problem-solving performance on realistic
genetics problems. (MENDEL Research Report No. 2). Madison: University of Wisconsin-
Madison. 
Smith, E. , & Anderson, C. (1984). Plants as producers: A case study of elementary science
teaching. Journal of Research in Science Teaching , 21 , 685-698.



Smith, M. (April, 1986). Problem solving in classical genetics: Successful and unsuccessful
pedigree analysis. Paper presented at the annual meeting of the American Educational
Research Association, San Francisco, CA. 
Smith, M. , & Good, R. (1984). Problem solving and classical genetics, successful versus
unsuccessful performance. Journal of Research in Science Teaching , 21 , 895-912. 
Stewart, J. (1983). Student problem solving in high school genetics. Science Education , 67 ,
523-540. 
Stewart, J. (1988). Potential learning outcomes from solving genetics problems: A topology of
problems. Science Education , 72 , 2, 237-254. 
Stewart, J. , & Dale, M. (1981). Solutions to genetics problems: Are they the same as correct
answers? Australian Science Teacher , 27 , 59-64. 
Stewart, J. , & Dale, M. (1988). High school students understanding and chromosome/gene
behavior during meiosis. (MENDEL Research Report No. 4). Madison: University of Wisconsin
Madison. 
Streibel, M. , Stewart, J. , Koedinger, K. , Collins, A. , & Jungck, J. (1987). MENDEL: An
intelligent computer tutoring system for genetics problem-solving, conjecturing, and
understanding. Machine-Mediated Learning , 2 , 129-159. 
Thomson, N. , & Stewart, J. (1985). Secondary school genetics: Making problem solving
instruction explicit and meaningful. Journal of Biological Education , 19 , 53-62. 
Tolman, R. (1982), Difficulties in genetics problem solving. The American Biology Teacher , 44 ,
525-527, 
Walker, R. A. , Mertens, T. R. , & Hendrix, J. R. (1980). Sequenced instruction in genetics and
Piagetian cognitive development. The American Biology Teacher , 42  ( 2 ), 104-108. 

 
Toward a Scientific Practice of Mathematics Education 
Becker, H. J. (1987). The importance of a methodology that maximizes falsifiability: its
applicability to research about LOGO. Educational Researcher , 16 (5), 11-16. 
Bell (1987). Microcomputer-Based Course for School Geometry. In Wirszup, I. & Streit, R.
(Eds.), Developments in school mathematics education around the world pp. 604-622. Reston,
VA: National Council of Teachers of Mathematics. 
Benazet, L. P. (1935-1936). The story of an experiment. The Teaching of Arithmetic , 24 #8 p.
241-244, 24 #9 p. 301-303, 25 #1 p. 7-8. 
Brown, A. L. , & Campione, J. C. (in press). On the importance of knowing what you are doing:
Metacognition and mathematics. In E. A. Silver & R. I. Charles (Eds.), The teaching and
evaluation of mathematics problem solving . Reston, VA: National Council of Teachers of
Mathematics; Hillsdale, NJ: Lawrence Erlbaum Associates. 
Brown, J. S. , & Burton, R. R. (1978). Diagnostic models for procedural bugs in basic
mathematical skills. Cognitive Science , 2 , 155-192. 
Campbell, P. F. (1987). Measuring Distance: Children's Use of Number and Unit. Final report
submitted to NIMH. 
Carpenter, T. P. , Moser, J. , & Romberg, T. A. (Eds.). (1982). Learning to add and subtract: A
cognitive perspective . Hillsdale, NJ: Lawrence Erlbaum Associates. 
Carpenter, T. P. , Lindquist, M. M. , Matthews, W. , & Silver, E. A. (1983). Results of the third
NAEP mathematics assessment: Secondary school. Mathematics Teacher , 76(9), 652-659. 
Charles, R. , & Silver, E. (Eds.), (in press). Teaching and evaluating mathematical problem
solving .  Reston, VA: National Council of Teachers of Mathematics. 
Clement, J. (1977). Quantitative problem solving processes in children . Unpublished doctoral
dissertation, University of Massachusetts at Amherst. 
Clement, J. , Lochhead, J. , & Monk, G. (1979, April). Translation difficulties in learning
mathematics. American Mathematical Monthly , 88 (4) 287-290, 
Collins, A. , Brown, J. S. , & Newman, S. (in press). The new apprenticeship: Teaching students
the craft of reading, writing, and mathematics. In L. B. Resnick (Ed.), Cognition and instruction:
Issues and agendas . Hillsdale, NJ: Lawrence Erlbaum Associates. 
Crockcroft, W. H. (1982). Mathematics counts (Report of the Committee of Inquiry into the
Teaching of Mathematics in Schools). London: Her Majesty's Stationery Office.



Davis, R. B. (1984). Learning mathematics: The cognitive science approach to mathematics
education .  Norwood, NJ: Ablex. 
Dugdale, S. (1982). Green Globs: A Microcomputer application for graphing equations. The
Mathematics Teacher , 75, 208-214. 
Erlwanger, S. H. (1974). Case studies of children's conceptions of mathematics . Unpublished
doctoral dissertation, University of Illinois, Champaign-Urbana. 
Fawcett, H. P. (1938). The nature of proof (1938 Yearbook of the National Council of Teachers
of Mathematics) . New York: Columbia University Teachers College Bureau of Publications. 
Gelman, R. , & Gallistal, C. (1978). The child's understanding of number . Cambridge, MA:
Harvard University Press. 
Ginsburg, H. (1977). Children's arithmetic: The learning process . New York: Van Nostrand 
Hansen, V. P. (Ed.). (1984). Computers in mathematics education . 1984 NCTM Yearbook.
Reston, VA: National Council of Teachers of Mathematics. 
Hatano, G. (1982). Learning to add and subtract: A Japanese perspective. In T. Carpenter , J.
Moser , & T. Romberg (Eds.), Learning to add and subtract: A cognitive perspective . Hillsdale,
NJ: Lawrence Erlbaum Associates, 
Heid, M. K. (1988). Resequencing skills and concepts in applied calculus using the computer as
a tool. Journal for Research in Mathematics Education , 19 , 3-25. 
Heid, M. K. , & Kunkle, D. (1988). Computer generated: Tools for concept development in
elementary algebra. In A. F. Coxford & A. P. Shulte (Eds.), 1988 Yearbook of the NCTM (pp.
170-177). Reston, VA: National Council of Teachers of Mathematics. 
Hembree, R. , & Dessart, D. (1986). Effects of hand-held calculators in precollege mathematics
education: A meta-analysis. Journal for Research in Mathematics Education , 17 (2), 83-89. 
Hiebert, J. (Ed.). (1986). Conceptual and procedural knowledge: The case of mathematics .
Hillsdale, NJ: Lawrence Erlbaum Associates. 
Kulik, S. (Ed.). (1980). Problem solving in school mathematics . 1980 NCTM Yearbook. Reston,
VA: National Council of Teachers of Mathematics. 
Kulik, J. A. , Bangert, R. L. , & Williams, G. W. (1983). The effects of computer-based teaching
on secondary school students. Journal of Educational Psychology , 75 , 19-26. 
Lave, J. (in press). The practice of mathematics. In R. Charles & E. Silver (Eds.), Teaching and
evaluating mathematical problem solving . Reston, VA: National Council of Teachers of
Mathematics. 
Lesh, R. (1986). The evolution of problem representations in the presence of powerful
conceptual amplifiers. In C. Janvier (Ed.), Problems of representation in the teaching and
learning of mathematics (pp. 107-206). Hillsdale, NJ: Lawrence Erlbaum Associates. 
Linn, M. C. (Ed.). (1986). Establishing a research base for science education: Challenges,
trends and recommendations . (Report). Berkeley: University of California-Berkeley. 
Lochhead, J. (1985). Teaching analytical reasoning skills through pair-problem solving. In
Segal, J. , & Chipman, S. (Eds.), Thinking and learning skills: relating instruction to basic
research , 109-131, Hillsdale, NJ: Lawrence Erlbaum Associates. 
Maurer, S. (1987). New knowledge about errors and new knowledge about learners: What they
mean to educators and more educators would like to know. In A. Schoenfeld (Ed.), Cognitive
science and mathematics education (pp. 165-187). Hillsdale, NJ: Lawrence Erlbaum
Associates. 
Noddings, N. (in press). Preparing teachers to teach mathematical problem solving. In E. A.
Silver & R. I. Charles (Eds.), The teaching and evaluation of mathematics problem solving .
Reston, VA: National Council of Teachers of Mathematics; Hillsdale, NJ: Lawrence Erlbaum
Associates 
Palmiter, J. R. (1986). The impact of a computer algebra system on college calculus. (Doctoral
dissertation, Ohio State University 1986), Dissertation Abstracts International , 47 , 1640A. 
Papert, S. (1980). Mindstorms . New York: Basic Books. 
Papert, S. (1987). Information technology and education: computer criticism vs. technocentric
thinking. Educational Researcher , 16 (1). 
Pea, R. D. (1987a). The aims of software criticism: Reply to Professor Papert. Educational
Researcher , 16 (5), 4-8. 
Pea, R. (1987b). Cognitive technologies for mathematics education. In A. Schoenfeld (Ed.),
Cognitive science and mathematics education (pp. 89-122). Hillsdale, NJ: Lawrence Erlbaum
Associates.



Peterson, P. L. , & Carpenter, T. L. (Eds.), (in press). Learning through instruction: The study of
students' thinking during instruction in mathematics [Special issue]. Educational Psychologist . 
Peterson, P. L. (in press). Teaching for higher-order thinking in mathematics: The challenge for
the next decade. In D. A. Grouws & T. J. Cooney (Eds.), Perspectives on research on effective
mathematics teaching . Reston, VA: National Council of Teachers of Mathematics; Hillsdale,
NJ: Lawrence Erlbaum Associates. 
Piaget, J. (1954). The construction of reality in the child . New York: Basic Books. 
Piaget, J. (1973). To understand is to invent: The future of Education ( G. Robberts , Trans.).
New York: Grossman. (Original work published 1948) 
Polya, G. (1945). How to solve it . Princeton, NJ: Princeton University Press. 
Resnick, L. (1976). Task analysis in instructional design: Some cases from mathematics. In D.
Klahr , (Ed.), Cognition and instruction (pp. 51-80). Hillsdale, NJ: Lawrence Erlbaum
Associates. 
Resnick, L. (1983, April). Mathematics and science learning: A new compilation. Science , pp.
477-478. 
Resnick, L. B. (in press). Treating mathematics as an ill-mannered discipline. In E. A. Silver &
R. I. Charles (Eds.), The teaching and evaluation of mathematics problem solving . Reston, VA:
National Council of Teachers of Mathematics; Hillsdale, NJ: Lawrence Erlbaum Associates. 
Reusser, K. (in Press). Problem solving beyond the logic of things. Manuscript submitted for
publication. 
Rhoads, C. (1986). Organization of microcomputer instruction in secondary mathematics
education (Doctoral dissertation, University of Maryland, 1985). Dissertation Abstracts
International 46 , 3641 A. 
Romberg, T. A. , & Carpenter, T. P. (1986). Research on teaching and learning mathematics:
Two disciplines of scientific inquiry. In M. C. Wittrock (Ed.), Handbook of research on teaching
(3rd ed.), (pp. 850-873). New York: MacMillan. 
Schoenfeld, A. H. (1985). Mathematical problem solving . New York: Academic Press. 
Schoenfeld, A. H. (in press-a). Mathematics, technology, and higher-order thinking. In R.
Nickerson (Ed.), Technology in education in 2020: Thinking about the future . Hillsdale, NJ:
Lawrence Erlbaum Associates. 
Schoenfeld, A. H. (in press-b). Problem solving in context(s). In R. Charles & E. Silver (Eds.),
Teaching and evaluating mathematical problem solving . Reston, VA: National Council of
Teachers of Mathematics. 
Schwartz, J. L. , & Yerushalmy, M. (1987). THE GEOMETRIC SUPPOSER: An Intellectual
Prosthesis for Making Conjectures. College Mathematics Journal, Vol. 18, 58-65. 
Shavelson, R. J. (in press). Teaching mathematical problem solving: Insights from teachers and
tutors. In E. A. Silver & R. I. Charles (Eds.), The teaching and evaluation of mathematical
problem solving . Reston, VA: National Council of Teachers of Mathematics; & Hillsdale, NJ:
Lawrence Erlbaum Associates. 
Shumway, R. (Ed.). (1980). Research in mathematics education . Reston, VA: National Council
of Teachers of Mathematics. 
Silver, E. (Ed.). (1985). Teaching and learning mathematical problem solving: Multiple research
perspectives . Hillsdale, NJ: Lawrence Erlbaum Associates. 
Steffe, L. P. , von Glasersfeld, E. , Richards, J. , & Cobb, P. (1983). Children's counting types:
Philosophy, theory, and application . New York: Praeger. 
Sudyam, M. N. (1982). The use of calculators in pre-college education: Fifth annual state-of-
the-art review . Columbus, OH: Calculator Information Center. (ERIC Document Reproduction
Service No. ED 220 273). 
Walker , Decker, F. (1987). LOGO needs Research: A Response to Papert's Paper.
Educational Researcher , 16 (5), 9-11. 
Wearne, D. , & Hiebert, J. (1987, May). Constructing and using meanings for mathematical
symbols: The case of the decimal fractions . Paper presented at the Conference on Middle
School Number Concepts, Northern Illinois University. 
Yerushalmy, M. , Chazan, D. , & Gordon, M. (1987). Guided inquiry and technology: A year-
long study of children and teachers using the geometric supposer (ETC Final Report). Harvard
University. 



Transcending Prevailing Approaches to Science Education 
Bereiter, C. , & Scardamalia, M. (1987). The psychology of written composition . Hillsdale, NJ:
Lawrence Erlbaum Associates. 
Brown, A. L. , & Palincsar, A. S. (in press). Reciprocal teaching of comprehension strategies: A
natural history of one program for enhancing learning. In J. Borkowski & J. D. Day (Eds.),
Intelligence and cognition in special children: Comparative studies of giftedness, mental
retardation, and learning disabilities . New York: Ablex Publishing. 
Caramazza, A. , McCloskey, M. , & Green, B. (1981). Naive beliefs in "sophisticated" subjects:
Misconceptions about trajectories of objects. Cognition , 9 , 117-123. 
Clement, J. (1982). Students" preconceptions in elementary mechanics. American Journal of
Physics , 50 , 66-71. 
Cohen, R. , Eylon, B. , & Ganiel, U. (1983). Potential difference and current in simple circuits: A
study of students' concepts. American Journal of Physics , 51 , 407-412. 
Collins, A. , Brown, J. S. , & Newman, S. E. (1989). Cognitive apprenticeship: Teaching the craft
of reading, writing, and mathematics. In L. B. Resnick (Ed.), Knowing, learning, and instruction:
Essays in honor of Robert Glaser . Hillsdale, NJ: Lawrence Erlbaum Associates. 
diSessa, A. (1983). Phenomenology and the evolution of intuition. In D. Gentner & A. Stevens
(Eds.), Mental models . Hillsdale, NJ: Lawrence Erlbaum Associates. 
diSessa, A. (1987). Knowledge in pieces. In G. Forman & P. Pufall (Eds.), Constructivism in the
computer age . Hillsdale, NJ: Lawrence Erlbaum Associates. 
Driver, R. , Guesne, E. , & Tiberghien, A. (Eds.). (1985). Children's ideas about the physical
world . Milton Keynes, England: Open University Press (Taylor & Francis.) 
Eylon, B. , & Reif, F. (1984). Effects of knowledge organization on task performance. Cognition
and Instruction , 1 , 5-44. 
Gardner, H. (1985). The mind's new science: A history of the cognitive revolution . New York:
Basic Books, 
Halloun, I. A. , & Hestenes, D. (1985a). The initial knowledge state of college students.
American Journal of Physics , 53 , 1043-1055. 
Halloun, I. A. , & Hestenes, D. (1985b). Common sense concepts about motion. American
Journal of Physics , 53 , 1056—1065. 
Heller, J. I. , & Reif, F. (1984). Prescribing effective human problem-solving processes: Problem
description in physics. Cognition and Instruction , 1 , 177—216. 
Helm, H. , & Novak, J. D. (Eds.). (1983). Proceedings of the International Seminar on
Misconceptions in Science and Mathematics . Ithaca, NY: Cornell University. 
Kahnemann, D. , & Tversky, A. (1982). On the study of statistical intuitions. In D. Kahnemann ,
A. TVersky , & P. Slovic (Eds.), Judgment under uncertainty: Heuristics and biases (pp. 493-
508). Cambridge, England: Cambridge University Press. 
Labudde, P. , Reif, F. , & Quinn, L. (1988). Facilitation of scientific concept learning by
interpretation procedures and diagnosis. International Journal of Science Education , 10 , 81-
98. 
Linn, M. C. (Ed.). (1986). Establishing a research base for science education: Challenges,
trends, and recommendations (Report of a NSF-sponsored conference.) Berkeley: University of
California. 
McCloskey, M. , Caramazza, A. , & Green, B. (1980). Curvilinear motion in the absence of
external forces: Naive beliefs about the motion of objects. Science , 210 , 1139-1141, 
McDermott, L. C. (1984, July). Research on conceptual understanding in mechanics. Physics
Today , 37 , 24-32. 
National Academy of Sciences (1984). Report of the research briefing panel on information
technology in precollege education (Research Briefings 1984). Washington, DC: National
Academy Press, 
Ohanian, H. C. (1985). Physics . New York: W. W. Norton. 
Palincsar, A. L. , & Brown, A. L. (1984). Reciprocal teaching of comprehension-fostering and
comprehension-monitoring activities. Cognition and Instruction , I , 117-175. 
Pirolli, P. (1986). A cognitive model and computer tutor for programming recursion. Human-
Computer Interaction , 2 , 319-355. 
Reif, F. , (1983). Understanding and teaching problem solving in physics. In Research on
physics education: Proceedings of the first international workshop (pp. 15-53). Paris: Centre
National de la Recherche Scientifique.



Reif, F. (1985). Acquiring an effective understanding of scientific concepts. In L. H. T. West & A.
L. Pines (Eds.), Cognitive structure and conceptual change (pp. 133-151). New York: Academic
Press. 
Reif, F. (1986, November). Scientific approaches to science education. Physics Today , 39 , 48-
54. 
Reif, F. (1987a). Instructional design, cognition, and technology: Applications to the teaching of
scientific concepts. Journal of Research in Science Teaching , 24 , 309-324. 
Reif, F. (1987b). Interpretation of scientific or mathematical concepts: Cognitive issues and
instructional implications. Cognitive Science , 11 , 395-416. 
Reif, F. , & Heller, J. I. (1982). Knowledge structure and problem solving in physics.
Educational Psychologist , 17 , 102-127. 
Resnick, L. B. (1983). Mathematics and science learning: A new conception. Science , 220 ,
477-478. 
Scardamalia, M. , Bereiter, C. , & Steinbach, R. (1984). Teachability of reflective processes in
written composition. Cognitive Science , 8 , 173-190. 
Schoenfeld, A. H. (1983). Beyond the purely cognitive; Belief systems, social cognitions, and
metacognitions as driving forces in intellectual performance. Cognitive Science , 7, 329-363. 
Schoenfeld, A. H. (1985). Mathematical problem solving . New York: Academic Press. 
Trowbridge, D. E. , & McDermott, L. C. (1980). Investigation of student understanding of the
concept of velocity in one dimension. American Journal of Physics , 48 , 1020-1028. 
Trowbridge, D. E. , & McDermott, L. C. (1981). Investigation of student understanding of the
concept of acceleration in one dimension. American Journal of Physics , 49 , 242-253. 
Viennot, L. (1979). Spontaneous reasoning in elementary mechanics. European Journal of
Science Education , 1 , 205-221. 

 
Interactive Learning Environments and the Teaching of Science and
Mathematics 
Baker, L. , & Brown, A. L. (1984a). Cognitive monitonng in reading. In J. Flood (Ed.),
Understanding reading comprehension (pp. 21-44). Newark, DE: International Reading
Association. 
Baker, L. , & Brown, A. L. (1984b). Metacognitive skills and reading. In D. Pearson , M. L. Kamil
, R. Barr , & P. Mosenthal (Eds.), Handbook of reading research (pp. 353-394). New York:
Longman. 
Bereiter, C. , & Scardamalia, M. (1987). The psychology of written composition . Hillsdale, NJ:
Lawrence Erlbaum Associates. 
Brophy, J. E. , & Good, T. (1969). Teacher-child dyadic interaction: A manual for coding
classroom behavior . Austin: University of Texas, The Research and Development Center for
Teacher Education. 
Brown, A. L. (1975). The development of memory: Knowing, knowing about knowing, and
knowing how to know. In H. W. Reese (Ed.), Advances in child development and behavior (Vol.
10, pp. 103-152). New York: Academic Press. 
Brown, A. L. (1978). Knowing when, where, and how to remember: A problem of metacognition.
In R. Glaser (Ed.), Advances in instructional psychology (Vol. 1, pp. 77-165). Hillsdale, NJ:
Lawrence Erlbaum Associates. 
Brown, A. L. (1980). Metacognitive development and reading. In R. J. Spiro , B. C. Bruce , & W.
F. Brewer (Eds.), Theoretical issues in reading comprehension (pp. 453-481). Hillsdale, NJ:
Lawrence Erlbaum Associates. 
Brown, A. L. (in press). Analogical transfer and learning in children. What develops? In S.
Vosniadou & A. Ortony (Eds.), Similarity metaphor and analogy . Hillsdale, NJ: Lawrence
Erlbaum Associates. 
Brown, A. L. , Bransford, J. D. , Ferrara, R. A. , & Campione, J. C. (1983). Learning,
remembering, and understanding. In J. H. Flavell & E. M. Markman (Eds.), Handbook of child
psychology (Vol. 3, pp. 77-166). New York: Wiley. 
Brown, A. L. , & Campione, J. C. (1978). Permissible inferences from cognitive training studies
in developmental research. In W. S. Hall & M. Cole (Eds.), Quarterly Newsletter of the Institute



for Comparative Human Behavior , 2(3), 46-53. 
Brown, A. L. , & Campione, J. C. (1984). Three faces of transfer: Implications for early
competence, individual differences, and instruction. In M. Lamb , A. Brown , & B. Rogoff (Eds.),
Advances in developmental psychology (Vol. 3, pp. 143-192). Hillsdale, NJ: Lawrence Erlbaum
Associates. 
Brown, A. L. , & Campione, J. C. (1986). Psychological theory and the study of learning
disabilities, American Psychologist , 41 (10) 1059-1068. 
Brown, A. L. , Campione, J. C. , & Day, J. D. (1981). Learning to learn: On training students to
learn from texts. Educational Researcher , 10 , 14-21. 
Brown, A. L. , & Kane, M. J. (1988). Preschool children can learn to transfer: Learning to learn
and learning from example. Cognitive Psychology , 20 , 493-523. 
Brown, A. L. , & Palincsar, A. S. (1982). Inducing strategic learning from texts by means of
informed, self-control training. Topics in Learning and Learning Disabilities , 2 (1), 1-17. 
Brown, A. L. , & Palincsar, A. S. (in press). Guided cooperative learning and individual
knowledge acquisition. In L. B. Resnick (Ed.), Cognition and instruction: Issues and agendas .
Hillsdale, NJ: Lawrence Erlbaum Associates. 
Brown, A. L. , & Reeve, R. A. (1987). Bandwidths of competence: The role of supportive
contexts in learning and development. In L. S. Liben (Ed.), Development and learning: Conflict
or congruence? (pp. 173-223). Hillsdale, NJ: Lawrence Erlbaum Associates. 
Brown, J. S. , & Burton, R. R. (1978). Diagnostic models for procedural bugs in basic
mathematics skills. Cognitive Science , 2 , 155-192. 
Campione, J. C. , Brown, A. L. , & Connell, M. L. (1988). Metacognition: On the importance of
understanding what you are doing. In R. I. Charles & E. A. Silver (Eds.), Research agenda for
mathematics education: The teaching and assessing of mathematical problem solving (pp. 93-
114). Hillsdale, NJ: Lawrence Erlbaum Associates. 
Campione, J. C. , Brown, A. L. , & Ferrara, R. A. (1982). Mental retardation and intelligence. In
R. J. Sternberg (Ed.), Handbook of human intelligence (pp. 392-490). New York: Cambridge
University Press. 
Chi, M. T. H. , Bassok, M. , Lewis, M. W. , Reimann, P. , & Glaser, R. (1989). Self-explanations:
How students study and use examples in learning to solve problems. Cognitive Science , 13 ,
145-182. 
Collins, A. , Brown, J. S. , & Newman, S. E. (in press). Cognitive apprenticeship: Teaching the
craft of reading, writing, and mathematics. In L. B. Resnick (Ed.), Cognition and instruction:
Issues and agendas . Hillsdale, NJ: Lawrence Erlbaum Associates. 
Collins, J. (1980). Differential treatment in reading groups. In J. Cook-Gumperz (Ed.),
Educational discourse . London: Heinemann. 
Davis, R. R. (1984). Learning mathematics: The cognitive science approach to mathematics
education .  Norwood, NJ: Ablex. 
Day, J. D. (1986). Teaching summarization skills: Influences of student ability level and strategy
difficulty. Cognition and Instruction , 3 (3), 193-210. 
Flavell, J. H. , & Wellman, H. M. (1977). Metamemory. In R. V. Kail, Jr. & J. W. Hagen (Eds.),
Perspectives on the development of memory and cognition (pp. 3-33). Hillsdale, NJ: Lawrence
Erlbaum Associates. 
Gelman, R. , & Greeno, J. G. (in press). On the nature of competence: Principles for
understanding in a domain. In L. B. Resnick (Ed.), Knowing and learning: Issues for a cognitive
psychology of instruction . Hillsdale, NJ: Lawrence Erlbaum Associates. 
Gentner, D. , & Landers, R. (1985). Analogical reminding: A good match is hard to find.
Proceedings of the International Conference on Systems, Man and Cybernetics . Tucson, AZ. 
Glenberg, A. M. , & Epstein, W. (1985). Calibration of comprehension. Journal of Experimental
Psychology: Learning, Memory and Cognition , 11 , 702-718. 
Glenberg, A. M. , Wilkinson, A. C. , & Epstein, W. (1982). The illusion of knowing: Failure in the
self-assessment of comprehension. Memory and Cognition , 10 , 597-602. 
Greenfield, P. M. (1984). A theory of the teacher in the learning activities of everyday life. In B.
Rogoff & J. Lave (Eds.), Everyday cognition: Its development in social context (pp. 117-138).
Cambridge, MA: Harvard University Press. 
Hatano, G. , & Inagaki, K. (1987). A theory of motivation for comprehension and its application
to mathematics instruction. In T. A. Romberg & D. M. Steward (Eds.), The monitoring of school
mathematics: Background papers. Vol. 2. Implications from psychology, outcomes of instruction



(Program Report 87-2, pp. 27-66). Madison: Wisconsin Center for Educational Research. 
Inagaki, K. (1981). Facilitation of knowledge integration through classroom discussion. The
Quarterly Newsletter of the Laboratory for Comparative Human Cognition , 3 , 26-28. 
Inagaki, K. , & Hatano, G. (1977). Amplification of cognitive motivation and its effects on
epistemic observation. American Educational Research Journal , 14 , 485-491. 
Itakura, K. (1962). Instruction and learning of the concept force. Kasetsu—Jikken—Jugyo
[hypothesis—experiment—instruction]: A new method of science teaching. Bulletin of the
National Institute for Educational Research , Vol.  52 . 
Lampert, M. (1986). Knowing, doing, and teaching multiplication. Cognition and Instruction , 3
(4), 305-342. 
Lesh, R. (1982). Metacognition in mathematical problem solving . Unpublished manuscript,
Northwestern University, Chicago. 
Maki, R. H. , & Berry, S. L. (1984). Metacomprehension of text material. Journal of Experimental
Psychology: Learning, Memory and Cognition , 10 , 663-679. 
Newell, A. (1979). One final word. In D. T. Tuma & F. Reif (Eds.), Problem solving and
education: Issues in teaching and research . Hillsdale, NJ: Lawrence Erlbaum Associates. 
Noddings, N. (1985). Formal models of knowing. In E. Eisner (Ed.), Learning and teaching the
ways of knowing: Eighty-four yearbook of the National Society for the Study of Education: Part II
. Chicago: Chicago University Press. 
Palincsar, A. S. , & Brown, A. L. (1984). Reciprocal teaching of comprehension-fostering and
monitoring activities. Cognition and Instruction , 1 (2), 117-175. 
Paris, S. G. , & Myers, M. (1981). Comprehension monitoring and study strategies of good and
poor readers. Journal of Reading Behavior , 13 , 5-22. 
Petitto, A. L. (1985). Division of labor: Procedural learning in teacher-led small groups.
Cognitive and Instruction , 2 , 233-270. 
Polya, G. (1973). How to solve it: A new aspect of mathematical method (2nd ed.). Princeton,
NJ: Princeton University Press. 
Putnam, R. T. (1987). Structuring and adjusting content for students: A study of live and
simulated tutoring of addition. American Educational Research Journal , 24 , 13-48. 
Resnick, L. (1988). Treating mathematics as an ill-structured discipline. In R. I. Charles & E. A.
Silver (Eds.), Research agenda for mathematics education: The teaching and assessing of
mathematical problem solving (pp. 32-60). Hillsdale, NJ: Lawrence Erlbaum Associates. 
Resnick, L. , & Omanson, S. F. (1987). Learning to understand arithmetic. In R. Glaser (Ed.),
Advances in instructional psychology (Vol. 3, pp. 41-95). Hillsdale, NJ: Lawrence Erlbaum
Associates. 
Rohwer, W. D., Jr. (1973). Elaboration and learning in childhood and adolescence. In H. W.
Reese (Ed.), Advances in child development and behavior (Vol. 8, pp. 1—57). New York:
Academic Press. 
Schoenfeld, A. H. (1983). Beyond the purely cognitive: Belief systems, social cognitions, and
metacognitions as driving forces in intellectual performance. Cognitive Science , 7 , 329-364. 
Schoenfeld, A. H. (1985). Mathematical problem solving . New York: Academic Press. 
Stodolsky, S. (1988). The subject matters: Classroom activity in math and social studies .
Chicago: University of Chicago Press. 
Vygotsky, L. S. (1978). Mind in society: The development of higher psychological processes . (
M. Cole , V. John-Steiner , S. Scribner , & E. Souberman , Eds. and Trans.). Cambridge, MA:
Harvard University Press. 
Whitehead, A. N. (1916). The aims of education . Address to the British Mathematical Society.
Manchester, England. 
Wood, D. , Bruner, J. , & Ross, G. (1976). The role of tutoring in problem solving. Journal of
Child Psychology and Psychiatry , 17 , 89-100. 

 



A Practical Authoring Shell for Apprenticeship Learning 
Bahill, A. T. , & Ferrell, W. R. (1986). An introductory course in expert systems (Technical
Report). University of Arizona, Systems and Industrial Engineering Dept. 
Bennett, J. S. , & Engelmore, R. S. (1979). SACON: A knowledge-based consultant for
structural analysis. Proceedings of the Sixth International Joint Conference on Artificial
Intelligence (pp. 47-49). Tokyo, Japan. 
Clancey, W. J. (1986). GUIDON to NEOMYCIN and HERACLES in twenty short lessons [ONR
Final Report 1979-1985]. The AI Magazine , 7 (3), 40-60. 
Clancey, W. J. (1987). Knowledge-Based tutoring: The GUIDON program.Cambridge, MA: MIT
Press. 
Collins, A. , Brown, J. S. , & Newman, S. E. (1986). Cognitive apprenticeship: Teaching the craft
of reading, writing, and mathematics (BBN Technical Report 6459). 
Sleeman, D. , & Brown, J. S. (Eds.). (1982). Intelligent tutoring systems . New York: Academic
Press. 

 
An Applied Science of Instructional Design 
Anderson, J. R. (1983). The architecture of cognition . Cambridge, MA: Harvard University
Press 
Anderson, J. R. , Boyle, F. , & Reiser, B. (1985). Intelligent tutoring systems. Science , 228 ,
456-467. 
Bloom, B. S. (1984). The 2-sigma problem: The search for methods of instruction as effective
as one-to-one tutoring. Educational Researcher , 13 , 3-16. 
Brownston, L. , Farrell, R. , Kant, E. , & Martin, N. (1985). Programming expert systems in
OPS5: An introduction to rule-based programming . Reading, MA: Addison-Wesley. 
Chabay, R. W. , & Sherwood, B. A. (in press). A practical guide for the creation of educational
software. In J. H. Larkin & R. W. Chabay (Eds.), Computer-assisted instruction and intelligent
tutoring systems: Shared issues and complementary approaches . Hillsdale, NJ: Lawrence
Erlbaum Associates. 
Chi, M. T. H. , Feltovich, P. J. , & Glaser, R. (1981). Categorization and representation of
physics problems by experts and novices. Cognitive Science , 5 , 121-152. 
Freeland, R. J. , & Larkin, J. H. (1987). Model-based instructional design for problem solving in
organic chemistry (Technical Report). Claremont, CA: Harvey Mudd College. 
Heller, J. I. , & Reif, F. (1984). Prescribing effective human problem-solving processes: Problem
description in physics. Cognition and Instruction , 1 ( 2 ), 171-216. 
Johnson, W. L. , & Soloway, E. (1985). PROUST: Knowledge-based program understanding.
IEEE Transactions on Software Engineering . 
Laird, J. E. , Rosenbloom, P. S. , & Newell, A. (1986). Chunking in SOAR: The anatomy of a
general learning mechanism. Maching Learning , 1 . 
Larkin, J. H. (1983). The role of problem representation in physics. In D. Gentner & A. L.
Stevens (Eds ), Mental models (pp. 75-98). Hillsdale, NJ: Lawrence Erlbaum Associates. 
Larkin, J. H. (In press, 1990). Expert systems and instruction . Paper prepared for the National
Academy of Sciences, National Research Council, Committee on Human Factors. 
Larkin, J. H. , & Chabay, R. W. , (Eds.), (in press). Computer-assisted instruction and intelligent
tutoring systems: Shared issues and complementary approaches . Hillsdale, NJ: Lawrence
Erlbaum Associates. 
Larkin, J. H. , & Simon, H. A. (1987). Why a diagram is (sometimes) worth 10,000 words.
Cognitive Science , 11 ( 1 ), 65-100. 
Lepper, M. R. , & Chabay, R. W. (in press). Socializing the intelligent tutor: Bringing empathy to
computer tutors. In H. Mandl & A. Lesgold (Eds.), Learning issues for intelligent tutoring
systems . New York: Springer. 
McDermott, L. C. , & Trowbridge, D. E. (1980). An investigation of student understanding of the
concept of velocity in one dimension. American Journal of Physics , 48 ( 12), 1020-1028. 
Melmed, A. S. , & Burnham, R. A. (1987). New information technology directions for American
education: Improving science and mathematics education (Final Report No. MDR-8652287).



National Science Foundation. 
Palincsar, A. S. , & Brown, A. L. (1984). Reciprocal teaching of comprehension-fostering and
comprehension-monitoring strategies. Cognition and Instruction , 2 , 117-175. 
Pea, R. B. , & Soloway, E. (1987). Mechanisms for facilitating a vital and dynamic education
system: Fundamental roles for education science and technology. Final report for the Office of
Technology Assessment, U.S. Congress. 
Sack, W. , & Soloway, E. (1987). Assessing the educational benefits of PROUST (Technical
Report). New Haven: Yale University, Department of Computer Science. 
Trowbridge, D. , Larkin, J. , & Scheftic, C. (1987). Computer-based tutor on graphing equations.
Proceedings of the National Educational Computer Conference . 
Trowbridge, D. E. , & McDermott, L. C. (1981). An investigation of student understanding of the
concept of acceleration in one dimension. American Journal of Physics , 49 ( 3 ), 242-253. 

 
Using Social Context for Science Teaching
                          1 
Collins, A. , & Brown, J. S. (1987), The computer as a tool for learning through reflection. In H.
Mandl & A. Lesgold (Eds.), Learning issues for intelligent tutoring systems . New York:
Springer. 
Dore, J. , Gearhart, M. , & Newman, D. (1978). The structure of nursery school conversation. In
K. Nelson (Ed.), Children's language (pp. 337-395). New York: Gardner Press. 
Fox, B. (1987). Interactional reconstruction in real-time language processing. Cognitive Science
, 11 ( 3 ), 365-387. 
Goldman, S. V. , & Newman, D. (in press). Electronic interactions: How students and teachers
organize schooling over the wires. Discourse Processes . 
Johnson, D. W. , Johnson, R. T. , Holubec, E. , & Roy, P. (1984). Circles of learning:
Cooperation in the classroom . Association for Supervision and Curriculum Development. 
Lansdown, B. , Blackwood, P. E. , & Brandwein, P. F. (1971). Teaching elementary science
through investigation and colloquium . New York: Harcourt, Brace, Jovanovich. 
Newman, D. (1988, September). Sixth graders and shared data: Designing a LAN environment
to support cooperative work . Paper presented for the second conference on Computer
Supported Cooperative Work, Portland, OR. 
Newman, D. (in press). Cognitive change by appropriation. In S. Robertson & W. Zachary
(Eds.), Cognition, computation, and cooperation . Norwood, NJ: Ablex Publishing. 
Newman, D. , & Gearhart, M. (1978, March). The nursery school child's contributions to the
social context of teacher-child interaction. In W. Russell (Chair) , Discourse Processes.
Symposium conducted at the annual meeting of the American Educational Research
Association, Toronto, Canada. 
Newman, D. , & Goldman, S. V. (1988). Supporting school work groups with communications
technology: The Earth Lab experiment. Children's Environments Quarterly , 5(4), 24-31. 
Newman, D. , & Goldman, S. V. (1987). Earth Lab: A local network for collaborative classroom
science. Journal of Educational Technology Systems , 15 ( 3 ), 237-247. 
Newman, D. , Goldman, S. V. , Brienne, D. , Jackson, I. , & Magzamen, S. (1989). Peer
collaboration in computer-mediated science investigations. Journal of Educational Computing
Research , 5(2), 151-166. 
Newman, D. , Griffin, P. , & Cole, M. (1989). The construction zone: Working for cognitive
change in school . Cambridge: Cambridge University Press. 
Petitto, A. L. (1985). Division of labor: Procedural learning in teacher-led small groups.
Cognition and Instruction , 2(3&4), 233-270. 
Piaget, J. , & Inhelder, B. (1975). The origin of the idea of chance in children ( C. Leake, Jr. , P.
Burrell , & H. D. Fishbein , trans.). New York: Norton. 
Vygotsky, L. S. (1978). Mind in society: The development of higher psychological processes (
M. Cole , V. John-Steiner , S. Scribner , & E. Souberman , Eds.). Cambridge: Harvard
University Press. 
Vygotsky, L. S. (1986). Thought and language . ( A. Kozulin , Ed.). Cambridge, MA: MIT Press.



Wood, P. , Bruner, J. , & Ross, G. (1976). The role of tutoring in problem solving. Journal of
Child Psychology and Psychiatry , 17 , 89-100. 

 
Adolescent Social Categories—Information and Science Learning 
Bott, E. (1957). Family and social network . New York: Free Press. 
Bourdieu, P. (1977). Outline of a theory of practice . ( R. Nice , Trans.). Cambridge: Cambridge
University Press. 
Colernan, J. S. (1961). The adolescent society . New York: The Free Press of Glencoe. 
Coleman, J. S. (1966). Equality of educational opportunity . Washington, DC: U.S. Government
Printing Office. 
Eckert, P. (1989). Jocks and burnouts . New York: Teachers College Press. 
Hollingshead, A. B. (1949). Elmtown's youth . New York: John Wiley & Sons. 
Perry, W. G. (1970). Forms of intellectual arid ethical development in the college years . New
York: Holt, Rinehart, & Winston. 
Stinchcombe, A. (1964). Rebellion in a high school . Chicago: Quadrangle. 

 
The Interplay Between Children's Learning in School and Out-of-School
Contexts 
Gick, M. L. , & Holyoak, K. J. (1980). Analogical problem solving. Cognitive Psychology , 12 ,
306-355. 
Greenfield, P. M. , & Childs, C. P. (1977). Weaving, color terms, and pattern representation:
Cultural influences and cognitive development among the Zinacantecos of Southern Mexico.
Interamerican Journal of Psychology , 11 , 23-48. 
Lave, J. (1977). Cognitive consequences of traditional apprenticeship training in West Africa.
Anthropology and Education Quarterly , 8 , 177-180. 
Laboratory of Comparative Human Cognition . (1986). Culture and cognitive development. In W.
Kessen (Ed.), Manual of child psychology: History, theory, and methods (pp. 295-356). New
York: Wiley. 
Price-Williams, D. , Gordon, W. , & Ramirez, M. (1969). Skill and conservation: A study of
pottery-making children. Developmental Psychology , 1 , 769. 
Rogoff. B. (1981). Schooling and the development of cognitive skills. In H. Triandis & A. Heron
(Eds.), Handbook of cross-cultural psychology (Vol. 4, pp. 233-294). Boston: Allyn & Bacon. 
Saxe, G. B. (1988a). Candy selling and math learning. Educational Researcher , 17 ( 6 ), 14-21. 
Saxe, G. B. (1988b). The mathematics of child street venders. Child Development , 59 , 1415-
1425. 
Saxe, G. B. (in press). Culture and cognitive development: Studies in mathematical
understanding .  Hillsdale, NJ: Lawrence Erlbaum Associates. 
Saxe, G. B. , Guberman, S. R. , & Gearhart, M. (1987). Social processes in early number
development. Monographs of the Society for Research in Child Development , 52(2, Serial No.
216). 
Stevenson, H. W. (1982). Influence of schooling on cognitive development. In D. A. Wagner &
H. W. Stevenson (Eds.), Cultural perspectives on child development (pp. 208-223). San
Francisco: W. H, Freeman. 
Werner, H. , & Kaplan, B. (1962). Symbol formation . New York: Wiley. 

 



Cooperative Learning in Science, Mathematics, and Computer Problem
Solving 
Bargh, J. A. , & Schul, Y. (1980). On the cognitive benefits of teaching. Journal of Educational
Psychology , 72 , 593—604. 
Cole, M. , & Griffin, P. (1987), Contextual factors in education . Madison, WI: Center for
Education Research. 
Derry, S. J. , & Murphy, D. A. (1986). Designing systems that train learning ability: From theory
to practice. Review of Educational Research , 56 , 1-39. 
Deutsch, M. (1962). Cooperation and trust: Some theoretical notes. In M. R. Jones (Ed.),
Nebraska Symposium on Motivation (pp. 275-319). Lincoln: University of Nebraska Press. 
Gallagher, J. J. (1985). Secondary school science (Interim Report). East Lansing: Michigan
State University, Institute for Research on Teaching. 
Goodlad, J. L. (1984). A place called school: Prospects for the future . New York: Macmillan. 
Haber-Schaim, U. , Cross, J. B. , Dodge, J. H. , & Walter, J. A. (1971). Laboratory guide PSSC
physics . (3rd ed.). Lexington, Massachusetts: Heath. 
Hill, G. (1982). Group versus individual performance: Are N + 1 heads better than one?
Psychological Bulletin , 91 , 517-539. 
Hofstein, A. , & Lunetta, V. N. (1982). The role of the laboratory in science teaching: Neglected
aspects of research. Review of Educational Research , 52 (2), 201-217. 
Johnson, D. W. , & Johnson, R. T. (1983). The socialization and achievement crisis: Are
cooperative learning experiences the solution? In L. Bickman (Ed.), Applied Social Psychology ,
4 , pp. 119-164. 
Johnson, D. W. , & Johnson, R. T. (1986). Computer-assisted cooperative learning.
Educational Technology , January 1986, 12-18. 
Johnson, D. W. , & Johnson, R. (1985). Classroom conflict: Controversy versus debate in
learning groups. American Educational Research Journal , 22 (2), 237-256. 
Johnson, D. W. , & Johnson, R. T. (1987). Learning together and alone: Cooperative,
competitive and individualistic learning (2nd ed.). Englewood Cliffs, NJ: Prentice-Hall. 
Johnson, R. T. , & Johnson, D. W. (1988). Cooperative learning and the gifted science student .
In Brandwein, P. F. , & Passo, A. H. (Eds.), Gifted Young in Science , Washington, D.C.:
National Science Teachers Association. 
Johnson, D. W. , Johnson, R. T. , & Maruyama, G. (1983). Interdependence and interpersonal
attraction among heterogeneous and homogeneous individuals: A theoretical formulation and a
meta-analysis of the research. Review of Educational Research , 53 , 5-54. 
Johnson, R. T. , Johnson, D. W. , & Stanne, M. B. (1985). Effects of cooperative, competitive,
and individualistic goal structures on computer-assisted instruction. Journal of Educational
Psychology , 77 (6), 668-677. 
Johnson, R. T. , Johnson, D. W. , & Stanne, M. B. (1986). Comparison of computer-assisted
cooperative, competitive, and individualistic learning, American Educational Research Journal ,
23 (3), 382-392. 
Johnson, D. W. , Maruyama, G. , Johnson, R. T. , Nelson, D. , & Skon, L. (1981). Effects of
cooperative, competitive, and individualistic goal structures on achievement: A meta-analysis.
Psychological Bulletin , 89 , 47-62. 
Krajcik, J. S. , Simmons, P. E. , & Lunetta, V. N. (1988). A research strategy for the dynamic
study of students' concepts and problem solving strategies. Journal of Research in Science
Teaching , 25 (2), 147-155. 
Linn, M. C. (1986). Establishing a research base for science education: Challenges, trends, and
recommendations. Journal of Research in Science Teaching , 24 (3), 191-216. 
Lunetta, V. N. , & Tamir, P. (1981). An analysis of laboratory activities, project physics and
PSSC. School Science and Mathematics , 81 (8), 635-642. 
Novak, J. (Ed.), (1987). Proceedings of the Second International Seminar, Misconceptions and
Educational Strategies in Science and Mathematics . Ithaca, NY: Cornell University. 
Ogbu, J. U. (1986). The consequences of the American caste system. In U. Nesser (Ed.), The
school achievement of minority children (pp. 19-56). Hillsdale, NJ: Lawrence Erlbaum,
Associates. 
Rutherford, F. J. , Holton, G. , & Watson, F. G. (1970). The project physics course handbook .
New York: Holt, Rinehart & Winston.



Sharan, S. (1980). Cooperative learning in small groups: Recent methods and effects on
achievement, attitudes and ethnic relations. Review of Educational Research , 50 , 241-271. 
Showers, C. , & Cantor, N. (1985). Social cognition: A look at motivated strategies. In M.
Rosenzweig & L. Porter (Eds.), Annual review of psychology , 36 , 275-306. 
Siegel, M. H. (1983). The statistical survey: A felt need. In G. Shufelt & J. R. Smart (Eds.), The
agenda in action . Reston, VA: National Council of Teachers of Mathematics. 
Slavin, R. (1977). Classroom reward structure: An analytic and practical review. Review of
Educational Research , 47 , 633-650. 
Slavin, R. E. (1983). When does cooperative learning increase student achievement?
Psychological Bulletin , 94 (3), 429-445. 
Stake, R. E. , & Easley, J. A. (1978). Case Studies in Science Education (Vols. 1 & 2). Urbana:
University of Illinois at Urbana-Champagne, Center for Instructional Research and Curriculum
Evaluation and Committee on Culture and Cognition. 
Tamir, P. , & Lunetta, V. N. (1981). Inquiry related tasks in high school science laboratory
handbooks. Science Education , 65 (5), 477-484. 
Tobin, K. , & Fraser, B. J. (1987). Exemplary practice in science and mathematics education .
Perth, Australia: Curtin University of Technology. 
Webb, N. M. (1982). Student interaction and learning in small groups. Review of Educational
Research , 52 , 421-445. 
Webb, N. M. (1983). Predicting learning from student interaction: Defining the interaction
variables. Educational Psychologist , 18 (1), 33-41. 
Webb, N. M. (1985). Student interaction and learning in small groups. In R. Slavin , S. Sharan ,
S. Kagan , R. H. Lazarowitz , C. Wells , & R. Schmuck (Eds.), Learning to cooperate,
cooperating to learn (pp. 147-172). New York: Plenum Press. 
Wittrock, M. C. (1974). Learning as a generative process. Educational Psychologist , 11 , 87-95. 

 
Views of the Classroom: Implications for Math and Science Learning
Research 
Apple, M. (1979). Ideology and curriculum . London: Routledge and Kegan Paul. 
Brown, A. , & Palincsar, A. , (in press). Reciprocal teaching and comprehension strategies: A
natural history of one program for enhancing learning. In J. Borkowski and J. Day (Eds.),
Intelligence and cognition in special children . Norwood, N.J.: Ablex. 
Brown, J. , Collins, A. , & Newman, S. (in press). Cognitive apprenticeship: Teaching the craft of
reading, writing and mathematics. In L. B. Resnick (Ed.), Knowing, learning, and instruction:
Essays in honor of Robert Glazer . Hillsdale, NJ: Lawrence Erlbaum Associates. 
Carraher, T. , Carraher, D. , & Schliemann, A. (1982). Na vida dez, na escola, zero: Os
contextos culturais da aprendizagem da matematica [Life 10, School 0: The cultural contexts of
math learning] Caderna da Pesquisa , 42 , 79-86. 
Carraher, T. , & Schliemann, A. (1982). Computation routines prescribed by schools: Help or
hindrance? Paper presented at NATO conference. Keele, England. 
de la Rocha, O. (1986). Problems of sense and problems of scale: An ethnographic study of
arithmetic in everyday life . Unpublished doctoral dissertation, University of California, Irvine. 
Herndon, J. (1971). How to survive in your native land . New York: Simon & Schuster, Inc. 
Hutchins, E. (in press). Learning to navigate. In S. Chaiklin & J. Lave (Eds.), Situated Learning 
.  New York: Cambridge University Press. 
Lunetta, V. & Tamir, P. (1981). An analysis of laboratory activities, project physics, and PSSC.
School Science and Mathematics , 81(8), 635—642. 
McNeil, L. (1986). Contradictions of Control: School structure and school knowledge . New
York: Routledge and Kegan Paul. 
Murtaugh, M. (1985). A hierarchical decision process model of American grocery shopping.
Unpublished doctoral dissertation, University of California, Irvine. 
Schoenfeld, A. (1985). Mathematical problem solving . New York: Academic Press. 
Scribner, S. , & Fahrmeier, E. (1982). Practical and theoretical arithmetic: Some preliminary
findings (Industrial Literacy Project, Working Paper No. 3). New York: City University of New



York, Graduate Center. 

 
The Mechanical Universe and Beyond: Physics Teaching Enters the
20th Century 
Apostol, T. M. , Campbell, D. A. , Dukes, T. S. , & Sirko, R. J. (1988). The mechanical universe:
trigonometry primer and student study notes . New York: Cambridge University Press. 
Blinn, J. F. (1987). The mechanical universe: An integrated view of a large scale animation
project .  Unpublished manuscript. California Institute of Technology, Pasadena. 
Campbell, D. A. , Dukes, T. S. , & Sirko, R. J. (1988). Beyond The mechanical universe:
Student study notes . New York: Cambridge University Press. 
Dirr, P. (1987, July). Report on Usage (Unpublished Annenberg/CPB Report). 
Feynman, R. P. , Leighton, R. B. , & Sands, M. (1963-1965). The Feynman lectures on physics 
, Vol. I, Vol. II, Vol. III. Reading, Massachusetts: Addison-Wesley. 
Frautschi, S. C. , Olenick, R. P. , Apostol, T. M. , & Goodstein, D. L. (1985). The mechanical
universe: Mechanics and heat, advanced edition . New York: Cambridge University Press. 
Goodstein, D. , (1986). Physics teaching today (Annenberg CPB Project Report to Higher
Education). Washington D.C. p. 8. 
Goodstein, D. , & Olenick, R. (1988). The making of the mechanical universe. American Journal
of Physics , V. 56 p. 779. 
Unsigned editorial (1986, March 27). More than a promise The Los Angeles Times , editorial
page. 
Millikan, R. , Roller, D. , & Watson, E. (1937). Mechanics, molecular physics, heat and sound .
Boston: Ginn & Co. 
Olenick, R. P. , Apostol, T. M. , & Goodstein, D. L. (1985). The mechanical universe:
Introduction to mechanics and heat . New York: Cambridge University Press. 
Olenick, R. P. , Apostol, T. M. , & Goodstein, D. L. (1986). Beyond the mechanical universe:
From electricity to modern physics . New York: Cambridge University Press. 
Riccobono, J. A. (1986). Instructional technology in higher education . Washington, D.C.:
Corporation for Public Broadcasting. 
Staff. (1987; Fall). Reports from the field, Meisner, G. , Mogge, M. E. , Rotter, C. A. , The
Mechanical Universe and Beyond , p. 3. 
Yager, R. E. (1980). Tech. Rep. No. 21): University of Iowa, Science Education Center. Armes. 

 
Grapher: A Case Study in Educational Technology, Research, and
Development 
Dugdale, S. (1984). Computers: Applications unlimited. In V. P. Hansen (Ed.), Computers in
mathematics education (1984 yearbook of the National Council of Teachers of Mathematics)
(pp. 82-88). Reston, VA: National Council of Teachers of Mathematics. 
Papert, S. (1980). Mindstorms . New York: Basic Books. 
Pea, R. D. (1987). Cognitive technologies for mathematics education. In A. Schoenfeld (Ed.),
Cognitive science and mathematics education (pp. 89—122). Hillsdale, NJ: Lawrence Erlbaum
Associates. 
Schoenfeld, A. H. , Smith, J. P. , & Arcavi, A. A. (1989). Learning. In R. Glaser (Ed.), Advances
in instructional psychology , Vol.  4 . Hillsdale, NJ: Lawrence Erlbaum Associates. 

 



Social Niches for Future Software 
diSessa, A. (1985). Learning about knowing. In E. Klein (Ed.), Children and computers . San
Francisco: Jossey-Bass Inc. 
Halasz, F. G. , & Moran, T. P. (1983). Mental models and problem solving in using a calculator.
Proceedings of CHI '83, 212-216. 
Larkin, J. , McDermott, J. , Simon, P. , & Simon, H. (1980). Expert and novice performance in
solving physics problems. Science , 208 ( 20 ), 1335-1342. 
Leinhardt, G. (1987). The development of an expert explanation: An analysis of a sequence of
subtraction lessons. Cognition and Instruction , 4 ( 4), 225-282. 
Papert, S. , Watt, D. , diSessa, A. , & Weir, S. (1979). Final report of the Brookline Logo Project
(Memo 545). Cambridge, MA: M.I.T. A.I. Laboratory. 
Ploger, D. , & diSessa, A. A. (1987). Rolling dice: Exploring probability in the Boxer computer
environment (Boxer Technical Report E1). Berkeley, CA: University of California, School of
Education. 
Tinker, R. F. (1987). Educational technology and the future of science education. School
Science and Mathematics , 87 ( 6 ), 466-476. 

 
Summary: Establishing a Science and Engineering of Science
Education 
Brophy, J. (1986). On motivating students . Unpublished manuscript, Michigan State University,
The Institute for Research on Teaching, East Lansing. 
Brown, A. L. , & Palincsar, A. S. (1987). Reciprocal teaching of comprehension strategies: A
natural history of one program for enhancing learning. In J. G. Borkowski & J. D. Day (Eds.),
Cognition in special children: Comparative approaches to retardation, learning disabilities, and
giftedness . Norwood, NJ: Ablex Publishing. 
Brown, A. L. , & Campione, J. C. (in press). Academic intelligence and learning potential. In R.
J. Sternberg & D. K. Detterman (Eds.), What is intelligence? Contemporary viewpoints on its
nature and definition . New York: Ablex Publishing. 
Collins, A. , Brown, J. S. , & Newman, S. E. (in press). Cognitive apprenticeship: Teaching the
craft of reading, writing, and mathematics. In L. B. Resnick (Ed.), Cognition and instruction:
Issues and agendas . Hillsdale, NJ: Lawrence Erlbaum Associates. 
Dewey, J. (1902). The child and the curriculum . Chicago: The University of Chicago Press. 
di Sessa, A. (1988). Knowledge in pieces. In G. Forman & P. Pufall (Eds.), Constructivism in the
computer age . Hillsdale, NJ: Lawrence Erlbaum Associates. 
Dossey, J. A. , Mullis, I. V. S. , Lindquist, M. M. , & Chambers, D. L. (1988). Mathematics: Are
we measuring up? Princeton, NJ: National Assessment of Educational Progress. 
Hoftstein, A. , & Lunetta, V. N. (1982). The role of the laboratory in science teaching: Neglected
aspects of research. Review of Educational Research , 52(2), 201-217. 
International Association for the Evaluation of Educational Achievement (IEA) . (1988). Science
achievement in seventeen countries: A preliminary report . New York: Pergamon Press. 
Larkin, J. , McDermott, J. , Simon, D. P. , & Simon, H. A. (1980). Expert and novice
performance in solving physics problems. Science , 208 , 1335-1342. 
Leinhardt, G. , & Greeno, J. G. (1986). The cognitive skill of teaching. Journal of Educational
Psychology , 78 , 75-95. 
Lepper, M. R. (1985), Microcomputers in education: Motivational and social issues. American
Psychologist , 40 , 1-18. 
Linn, M. C. (1970). Effects of a training procedure on matrix performance and on transfer tasks 
.  Unpublished doctoral dissertation, Stanford University, Stanford, California. 
Linn, M. C. (1987). Establishing a research base for science education: Challenges, trends, and
recommendations. Journal of Research in Science Teaching , 24 (3), 191-216. 
Linn, M. C. (1989). Science education and the challenge of technology. In J. Ellis (Ed.),
Informal technologies and science education (The Association for the Education of Teachers in
Science [AETS] yearbook). Washington, DC: ERIC Clearinghouse for Science, Math, and
Environmental Education.



Linn, M. C. , & Songer, N. B. (1988, April). Cognitive research and instruction: Incorporating
technology into the science curriculum . Paper presented at the annual meeting of the American
Educational Research Association, New Orleans, LA. 
McDermott, L. C. (1984). Research on conceptual understanding in mechanics. Physics Today ,
37 , 24-32. 
National Commission on Excellence in Education . (1983). A nation at risk: The imperative for
reform . Washington, DC: Government Printing Office. 
National Science Board . (1988). Science and engineering indicators—1987 . Washington, DC:
National Science Foundation. 
Pea, R. D. , & Kurland, M. D. (1987). On the cognitive effects of learning computer
programming. In R. D. Pea & K. Sheingold (Eds.), Mirrors of minds: Patterns of experience in
educational computing (pp. 147-177). Norwood, NJ: Ablex Publishing. 
Pea, R. D. , & Soloway, E. (1988). The state of the art in educational technology R & D: Issues
and opportunities . Report to the Office of Technology Assessment, Washington, DC. 
Piaget, J. (1972). Science of education and the psychology of the child . New York: The Viking
Press. 
Rutherford, J. A. (1988, April). Science education in the United States: A report from the
Longitudinal Study of American Youth . Symposium presentation at the annual meeting of the
American Educational Research Association, New Orleans, LA. 
Rutherford, F. J. , Holton, G. , & Watson, F. G. (1970). The Project Physics course handbook .
New York: Holt, Rinehart & Winston. 
Schoenfeld, A. H. (in press). On mathematics as sense-making: An informal attack on the
unfortunate divorce of formal and informal mathematics. In D. N. Perkins , J. Segal , & J. Voss
(Eds.), Informal reasoning and education . Hillsdale, NJ: Lawrence Erlbaum Associates. 
Schwab, J. (1973). The practical 3: Translation into curriculum. School Review , 81 (4), 501-
522. 
Stewart, J. (in press). Potential learning outcomes from solving genetics problems: A topology
of problems. Science Education . 
Vygotsky, L. S. (1978). Mind in society: The development of higher psychological processes (
M. Cole , et al., Eds.). Cambridge, MA: Harvard University Press. 
Vygotsky, L. S. (1986). Thought and language ( A. Kozulin , Ed. and Trans.). Cambridge, MA:
MIT Press. 
White, B. Y. (in press). ThinkerTools: Causal models, conceptual change, and science
education. Cognition and instruction . Hillsdale, NJ: Lawrence Erlbaum Associates. 

 


