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Jalil:

his report was prepared by the Panel on Learning

and Instruction as a companion document to the

report Strategic Education Research Partnership (SERP),

prepared by the SERP Committee. The committee’s
report provides the vision for a new organization, program, and
partnership that would allow education research and develop-
ment (R&D) to be linked to, and embedded in, educational
practice. This report puts flesh on the bones of the proposal for
an R&D program focused on educational practice.

The panel and the committee worked simultaneously and
separately. Because the staff to both groups was the same and
the panel chair attended all committee meetings, the panel was
kept informed of the committee’s work throughout. The vision
of the possible in this report assumes the research and develop-
ment infrastructure that is proposed in the committee’s report.

The task given to the panel was in some respects an uncom-
fortable one: to create a research and development agenda that
would produce work that is genuinely useful to classroom teach-
ers. To accomplish our mission, we needed to identify both the
problems of practice that are particularly important to tackle
early on, and cases of existing R&D that are particularly promis-
ing for improving classroom practice if carried further. This
required that we make the case that some problems are more
urgent than others, and some approaches to solutions show
more promise than others.

This was a challenge for two reasons. First, a thorough
review of all the literature that is relevant to K-12 education was
beyond our scope and time frame. Instead, we relied on the
syntheses of literatures done by previous National Research
Council committees and committees formed elsewhere (includ-
ing the RAND Corporation and the National Institute of Child

PREFACE
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xii

Health and Human Development), as well as on the breadth
and depth of knowledge brought by panel members. While we
believe our agenda is carefully considered and, if carried out,
would genuinely improve educational practice, we are also
aware that a different group of individuals might have pro-
duced a different agenda with equal merit.

Second, those who engage in research often are inspired by
the interesting questions that still remain to be answered. Re-
search findings are often viewed as an opening to new ques-
tions. But those in the world of educational practice require
closure: When can we say that we know something with enough
confidence to change the way we teach? Closure is anathema to
researchers whose training leads them to question whether they
have seen only a small piece of the puzzle, and whether the next
piece will show them a picture different from what they had
imagined.

If the researchers on the panel were somewhat hesitant,
however, the teachers were less so. They work with children
whose success in school and opportunities for the future they
care deeply about. Their message was clear: we need access to
the best research-based knowledge available, even when there
are questions that remain unanswered, and even when more
work remains to be done. If falling short of certainty means we
do not identify and build on research and development with
high potential for improving practice, then we will miss oppor-
tunities to improve student achievement that are sorely needed.

What we offer in this report, then, is an “illustrative” agenda:
the best effort of a group of practitioners and researchers to
identify research and development opportunities and directions
that can support and sustain improvements in educational prac-
tice. We believe the overall framework we offer is one that can
productively guide the development of a use-inspired R&D
agenda on learning and instruction, even if any specific line of
research we propose is replaced with another deemed to be of
higher priority. We also believe that the lines of research out-
lined in this report have considerable potential for enhancing
educational practice in the near term and for the more distant
future. Most of all, our hope is that the agenda we have out-
lined, and its framing, will be helpful as a point of departure for
a more extended and multifaceted discussion and decision-
making process regarding SERP research priorities that will
become a standard feature of education R&D in the future.

PREFACE
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The panel is grateful to the many people who contributed to
this report. The financial support of our sponsors at the Depart-
ment of Education, the Spencer Foundation, the John D. and
Catherine T. MacArthur Foundation, and Carnegie Corporation
of New York was essential. Our thanks to C. Kent McGuire,
former assistant secretary of education research and improve-
ment, and to his successor and now director of the National
Institute for Education Sciences, Grover J. Whitehurst; thanks
likewise are due to Valerie Reyna, Mark Constas, and Sue Betka.
We are grateful to Daniel Fallon, director of the education pro-
gram at Carnegie Corporation, his predecessor Vivien Stewart,
and colleague Karin Egan; Ellen Condliffe Lagemann, former
president of the Spencer Foundation; and Paul Goren, vice presi-
dent of the Spencer Foundation and before that education of-
ficer at the MacArthur Foundation.

The panel benefited greatly from the contributions of col-
leagues who shared their insights about the challenges of creat-
ing an agenda that could link research and practice more suc-
cessfully than in the past. Catherine Snow of Harvard University
and vice chair of the SERP committee talked with the panel
during a formative stage, and her ideas and insights contributed
significantly to the chapter on reading. Thomas Glennan of the
RAND Corporation also spoke with the panel at the outset,
sharing his extensive experience on issues of linking research
with development and with practice. Kenneth Koedinger of
Carnegie Mellon University and Kathleen Metz of the Univer-
sity of California, Berkeley, responded very helpfully to re-
quests by the panel for further information on their work. Laura
Cooper, assistant superintendent in Evanston Township High
School in Evanston, Illinois, and a member of the SERP commit-
tee, provided feedback to the panel from her extensive experi-
ence in linking research with practice in school settings.

At the National Academies, Alexandra Wigdor provided
suggestions and valuable feedback as the panel shaped its re-
port, giving us the benefit of her vast experience throughout the
process. Carole LaCampagne, a study director for mathematics
projects, provided the panel with assistance on the mathematics
chapter. Several project assistants supported the project. Shirley
Thatcher supported the project at its inception, Allison Shoup
carried the project through several meetings and a first draft of
the report, and Neale Baxter and Elizabeth Townsend saw the
report through its final stages. The panel is grateful to all for
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xiv

their hard work and good spirit. Final editing of the report was
done by Christine McShane, with her trademark skill and care-
ful attention to detail.

This report has been reviewed in draft form by individuals
chosen for their diverse perspectives and technical expertise, in
accordance with procedures approved by the National Research
Council’s Report Review Committee. The purpose of this inde-
pendent review is to provide candid and critical comments that
will assist the institution in making its published report as sound
as possible and to ensure that the report meets institutional
standards for objectivity, evidence, and responsiveness to the
study charge. The review comments and draft manuscript re-
main confidential to protect the integrity of the deliberative
process. We wish to thank the following individuals for their
review of this report: Sherri Andrews, General Studies, North
Carolina School of the Arts, Winston-Salem; Nicholas A. Branca,
Mathematical and Computer Sciences, San Diego State Univer-
sity; James R. Brown, superintendent, Glendale Unified School
District, CA; Williamson M. Evers, Hoover Institution, Stanford
University; Richard M. Felder, Department of Chemical Engi-
neering, North Carolina State University; Henry M. Levin, Teach-
ers College, Columbia University; Marcia C. Linn, Graduate
School of Education, University of California, Berkeley; Barbara
Schneider, Sociology and Human Development, The University
of Chicago; and Neil J. Smelser, Department of Sociology, Uni-
versity of California, Berkeley.

Although the reviewers listed above have provided many
constructive comments and suggestions, they were not asked to
endorse the conclusions or recommendations nor did they see
the final draft of the report before its release. The review of this
report was overseen by Richard ]. Shavelson, School of Educa-
tion, Stanford University, and William H. Danforth, chancellor
emeritus and vice chairman, Board of Trustees, Washington
University. Appointed by the National Research Council, they
were responsible for making certain that an independent exami-
nation of this report was carried out in accordance with institu-
tional procedures and that all review comments were carefully
considered. Responsibility for the final content of this report
rests entirely with the authoring committee and the institution.

Finally, we would like to sincerely thank all of the panel
members who generously contributed their time and intellect to
the completion of this project. Generating a comprehensive re-
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search agenda on learning and instruction in a short period of
time represents an extraordinary challenge, requiring individu-
als with different backgrounds and interests to select among
and prioritize a broad array of possible topics and issues, all of
which may have purchase for improving educational practice.
Throughout the process, the panel members displayed an ex-
traordinary ability to make choices and maintain a sense of
purpose and focus. Simultaneously, they showed a strong com-
mitment to drawing on each other’s expertise and the collective
knowledge of the group. It has been both a professionally stimu-
lating and personally gratifying experience to work with the
members of this panel and everyone at the National Research
Council associated with the SERP effort.

Jim Pellegrino, Panel Chair
Suzanne Donovan, Study Director
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Xeeutive yummar

he Strategic Education Research Partnership (SERP)

is a proposed large-scale, sustained program of edu-

cation research and development (R&D). Its purpose

is to provide a powerful knowledge base, derived
from both research and the study of practice, that can support
the efforts of teachers, school administrators, colleges of educa-
tion, and policy officials to improve student learning. The defin-
ing feature of SERP is the tight coupling of research and prac-
tice: effective educational practice is both the goal and the subject
of the R&D program. Program priorities will be negotiated
among practitioners, policy makers, and researchers, and prac-
titioners will work in collaboration with researchers in the ex-
ecution of the program.

The SERP committee, in its report A Strategic Education Re-
search Partnership, proposes an organizational design for carry-
ing the SERP mission forward. At the heart of that design are
networks through which focused, coordinated, and sustained
programs of R&D are carried out, often in schools or school
districts that serve as field sites. At full function, SERP would
have multiple networks. In the start-up years, the committee
proposes three, one of which would be a learning and instruc-
tion network.

To provide a more detailed vision of the program a SERP
network might undertake, a separate SERP panel was convened
to design an illustrative agenda for the learning and instruction
network. To narrow program focus, the panel asked two ques-
tions:

1. Are there examples of rigorous research and development
efforts that already show impressive gains in student
achievement in research trials? These would provide

EXECUTIVE SUMMARY
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the starting point for R&D that is intended as one of
the hallmarks of SERP: following promising program
outcomes with research on the circumstances under
which the results are obtained, the feasibility of the
intervention in the classroom and the school context,
the teacher knowledge and support required for suc-
cess, and the organizational factors that influence out-
comes. We refer to these as “downstream” cases be-
cause the work in these areas has already traveled
some distance toward classroom usability.

2. Are there pervasive problems of practice that are widely
recognized as critical, but for which the knowledge base is
too weak to guide instructional practice? We refer to
these as the “upstream” cases because the work is
still in early stages. Since there are few promising
interventions in these areas at present, an impact on
practice is likely to require more time.

The panel recommends three areas for focus: reading, math-
ematics, and science. In both mathematics and reading, the
proposed downstream work would address learning in the el-
ementary years. In science, in contrast, the downstream work is
in physics—a subject generally taught in high school—because
of the strength of the research base. The upstream research
proposed for the three domains focuses on reading comprehen-
sion, algebra, and the sequencing and content of science instruc-
tion across the school years.

READING

EARLY READING

There is an unusual degree of consensus regarding the goals
of early reading instruction, as well as a fairly solid research
base both on the contributors to success in achieving those goals
and on assessments to predict reading difficulties. The targets of
early reading instruction are therefore fairly clear.

Still, many children in U.S. schools are not learning to read
well and, in many classrooms, teaching practices have not been
influenced by research knowledge. In the panel’s view there is a

LEARNING AND INSTRUCTION
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gap between the knowledge base on the contributors to success
in early reading and the knowledge base on effective instruction
and teacher knowledge requirements. The goal must be to move
from principles of good literacy instruction to the practices and
programs that will support it. We propose three initiatives for
early reading;:

1. development and testing of instructional approaches
to narrowing the gap in early reading preparedness,
with emphasis on programs to enrich oral language
skills for children at ages 3, 4, and 5 and for native
and nonnative English speakers;

2. the development and testing of models of integrated
reading instruction for early elementary grades; and

3. research on the knowledge requirements for teachers
of early reading, coupled with the development and
evaluation of teacher education programs and tools
and the development and validity testing of assess-
ment measures to evaluate their effectiveness.

READING COMPREHENSION

Many students who learn to read successfully nonetheless
do poorly at reading comprehension. There is remarkably little
instruction to support reading comprehension in schools, per-
haps because there is little science-based understanding of how
comprehension builds or how to support its development over
the years.

We propose four initiatives for reading comprehension:

1. research and development of formative and
summative assessments of reading comprehension
that capture the multiple components of effective com-
prehension and that span the school years;

2. research and development of instructional materials,
protocols, and supports at different grade levels for
teachers who are learning to use metacognitive strat-
egy instruction in the classroom;

3. research on the instructional practices of teachers
whose students “beat the odds” in their reading com-
prehension performance, with companion efforts to
test the emerging hypotheses and incorporate tested

EXECUTIVE SUMMARY
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practices into systematic instructional programs that
can be tested experimentally across a range of stu-
dents;

4. research to support the development of benchmarks
for reading comprehension across the school years.

MATHEMATICS

EARLY MATHEMATICS

Investment in recent decades by federal agencies and pri-
vate foundations has produced a wealth of knowledge on the
development of mathematical understanding and numerous
curricula that incorporate that knowledge. Existing evaluations
of some of these curricula suggest the potential to substantially
improve student achievement outcomes, in some cases raising
the performance of disadvantaged students to the level of their
more advantaged counterparts. But adequate research has not
been done to independently and rigorously evaluate the pro-
grams, to compare outcomes across these programs and with
more traditional curricula, to study the teacher knowledge re-
quirements the programs entail, and to consider the require-
ments for taking the programs to scale.

We propose three initiatives for early mathematics:

1. development of early mathematics assessments that
capture the range of understanding and skills in-
volved in mathematical proficiency, with companion
research and development efforts aimed at identify-
ing and providing the supports needed by teachers to
use assessments effectively in teaching;

2. research and development on the knowledge required
to teach elementary mathematics, on alternative ap-
proaches to teacher education that would support
that knowledge development, and on the teacher sup-
ports required to take promising curricula to scale;
and

3. independent evaluation and comparison of curricu-
lar approaches to the teaching of number and opera-
tions that vary on distinct and theoretically impor-

LEARNING AND INSTRUCTION
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tant dimensions, with further research and develop-
ment of component features of particular interest.

ALGEBRA

Algebra is crucial to the development of mathematical profi-
ciency because it functions as the language system for ideas
about quantity and space and is foundational for much other
mathematics. However, there is currently little agreement re-
garding the content that should be included in the algebra cur-
riculum or the instructional approach that is most effective.

We propose four initiatives aimed at improving algebra
learning and instruction:

1. research and development on alternative approaches
in the teaching and learning of algebra, with con-
trolled experimentation at the level of particular pro-
gram features, with a companion effort to extend
existing curricula in promising directions;

2. research on the knowledge of mathematics needed to
teach algebra effectively at different grade levels and
research and development on effective teacher edu-
cation interventions;

3. research and development of algebra assessments for
the range of grade levels and the range of assessment
purposes; and

4. study of students’ algebra proficiency over time with
the introduction of algebra as a K-12 topic.

SCIENCE

PHYSICS

The existing knowledge base in physics education is rela-
tively advanced. It includes the development and testing of
exemplary instructional programs, with outcomes that suggest
the possibility of a much deeper conceptual understanding of
the subject, and by a broader range of students than are typi-
cally successful at physics today. We propose three initiatives
designed to take research-based knowledge into the classroom:

EXECUTIVE SUMMARY
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1. refining the knowledge base on instructional pro-
grams to better distinguish the programs and their
outcomes from each other and to identify the condi-
tions and the contexts that typically accompany suc-
cess;

2. research on the requirements to take promising phys-
ics curricula to scale in different school contexts, with
companion efforts to develop supports for indepen-
dent use of a curriculum;

3. research on teacher knowledge requirements for ef-
fective use of a curriculum and how that knowledge
builds with teacher learning opportunities and expe-
rience.

SCIENCE EDUCATION ACROSS THE
ScHooL YEARS

International and national test scores highlight the weak-
ness of K-12 science education in the United States. There are
some indications that the absence of an agreed-on content for K-
12 science instruction and the broad coverage of topics typical
in science textbooks have led to weak development of scientific
concepts over the school years. Improvement will require that
choices be made that narrow the set of topics to be covered, and
that instructional approaches to developing a deeper under-
standing of scientific concepts be identified or developed and
evaluated for their outcomes. We propose three initiatives to-
ward that end:

1. development and evaluation of integrated learning-
instruction models aimed at identifying a productive
organizing core for school science across the grades,
with component curriculum and assessment research
and development that extends existing promising ef-
forts;

2. research and development on teacher knowledge re-
quirements to effectively work with the curriculum
under study; and

3. an ongoing effort to identify the feasibility and re-
quired commitments to achieve standards for science
achievement.

LEARNING AND INSTRUCTION
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ENSURING RESEARCH QUALITY AND
IMPACT

The research agenda that we propose would represent a
major, long-term investment in education research and devel-
opment. We note in conclusion some of the features of the SERP
organization, and of the agenda, that support both the quality of
that investment and the likelihood that it will have an impact on
practice.

To ensure quality, method is carefully matched to the ques-
tion under study. No single methodology is favored in the
agenda. We propose programs of research motivated by signifi-
cant questions of educational practice and draw on the variety
of methodologies required both to understand processes and to
rigorously test outcomes.

The proposed program would have the ability to investigate
empirically the problems of instructional practice in SERP field
sites at which high-quality data can be collected longitudinally.
The agenda calls for careful attention at the start to the develop-
ment and testing of outcome measures, work that is often over-
looked in research, but that is critical to the quality and inter-
pretability of the results.

Since much of the research and development will take place
in field sites, the R&D teams will be able to document critical
elements of context; important differences among students from
one classroom or school to the next can substantially affect
outcomes. At the same time, no matter how carefully a single
study is designed, confidence in results can be ensured only
when they are replicated. Hence, the SERP agenda emphasizes
both replication of research findings and testing of their range
of applicability.

Impact requires actively seeking out high-quality research
that is important for educational practice and building on it. But
impact also requires the design of research studies that can take
the knowledge from practice and incorporate it into testable
propositions that can be shared publicly. Much of what teachers
learn from repeated observation of student learning and re-
sponse to instruction is never formally articulated, tested, or
shared with others in their professional community. Proposed
research designed to learn from practice can formalize the knowl-
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edge of teachers, subject it to testing, and make those results
available to be publicly shared and scrutinized.

And finally, to ensure quality oversight, the SERP research
would be subject to both internal and external scrutiny and
critique.

The work we propose here has the potential to substantially
improve the knowledge base to support teaching and learning
by pursuing answers to questions at the core of teaching prac-
tice. It calls for a linking of research and development—of in-
structional programs, assessment tools, teacher education pro-
grams and materials—that is now rare. It would bring research
to bear on the problems of educational practice. And just as
importantly, it would bring the problems of practice to the
agenda of research.

LEARNING AND INSTRUCTION
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ntroduetion

he Strategic Education Research Partnership (SERP)

proposes a large-scale research and development pro-

gram that is tightly coupled with educational prac-

tice. The SERP mission is to develop a well-organized
and powerful knowledge base, derived from both research and
the study of practice, that supports the efforts of teachers, school
administrators, colleges of education, and policy officials to
improve student learning. The proposed initiative is fully de-
scribed in Strategic Education Research Partnership (National Re-
search Council, 2003).

At the heart of the SERP enterprise are networks through
which focused, coordinated, and sustained programs of research
and development are carried out collaboratively by practition-
ers and researchers. The proposed inaugural networks include
one on learning and instruction and one on schools as organiza-
tions, with a network on education policy to follow. The broad
priorities for the research and development networks are to be
set by an advisory board, a group of distinguished practitioners,
policy makers, and researchers who will together define the
issues of greatest importance and with greatest potential payoff
from focused R&D. Defining the specifics of the research and
development program is the job of the SERP director and the
researchers and practitioners who lead each network.

To illustrate the kind of work that the SERP enterprise will
undertake, a panel of practitioners and researchers was con-
vened to design an illustrative agenda for a prototypical net-
work on learning and instruction. The panel members were
chosen in part because they themselves have worked at the
intersection of research and practice.

In the work presented here, we are to some extent simulat-
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ing the role of the future SERP advisory board and network
leadership. We focus broadly on target questions and on the
panel’s view of the nature of the work to be done. Ultimately the
choice of topics and the finer detail of project definition will fall
to those responsible for charting a course of action.

The goal of the panel was narrowly defined by the task of
agenda development. The broad purposes and organizational
structure of the SERP enterprise, and the practical challenges of
creating a successful organization, were questions addressed by
the SERP committee. The panel went about its work assuming
the existence of a SERP organization like that proposed in the
committee’s report. The two reports, then, can be viewed as
companion documents.

The decision to focus on learning and instruction was a
function of the state of the research base from which we could
draw. The National Research Council has in recent years pro-
duced syntheses of the research literature on human learning
(National Research Council, 2000) and on assessment of learn-
ing (National Research Council, 2001b), as well as subject-spe-
cific syntheses in reading and in mathematics (National Re-
search Council, 1998, 2001c). These and other explorations of the
knowledge base on learning and instruction (National Institute
of Child Health and Human Development, 2000; RAND 2002a,
2002b) provide a rich foundation on which our effort could
build. But our focus is not intended to suggest preeminence of
the learning and instruction network. Indeed, it is in combination
with the work of other networks—in particular, the proposed network
on schools as learning organizations—that the R&D on learning and
instruction will best be able to influence practice.

The goal of the SERP initiative is to improve student learn-
ing. The panel reached a critical decision at the outset that gives
structure to a learning and instruction research agenda that will
further that goal: to focus on practice. How effectively students
learn in school is in large part a function of the effectiveness of
educational opportunities teachers provide to students, as well
as the transactions between the teacher and the students that
make those experiences productive. The problem before the
panel, then, was to consider how research and development can
support the teacher’s effectiveness in providing—and helping
students make use of—powerful learning opportunities. This
means that the point of departure in defining the research and
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development program is not the intriguing questions that are at
the frontiers of disciplines relevant to education (such as cogni-
tive science and developmental psychology) that might have
important implications for practice. Rather, it is the set of ques-
tions for which a classroom teacher needs answers in the con-
duct of instructional practice. Although the two would intersect
in what has been referred to as Pasteur’s quadrant (Stokes,
1997), the program of work will be shaped differently if practice
is made central.

FOCUS ON PRACTICE

The potential role for research and development in support-
ing practice is perhaps seen more easily in health care, for which
productive links between research and practice have been es-
tablished over the past century. At the core of medical practice
is the doctor’s decision making, which is grounded in a knowl-
edge base about the human body, about disease, and about
interventions that can promote health and cure disease. That
knowledge is embedded in the training of medical profession-
als; in the tools, protocols, and interventions that are standard in
medical practice; and in the infrastructure for communicating to
medical practitioners changing standards of practice. The gen-
eration of knowledge and its effective incorporation into train-
ing, tools, and protocols are not all that is required. But there
can be no question that they are a necessary condition of sound
practice.

A parallel core knowledge base for educational practice is
that on learning, instruction, and subject matter. It is this knowl-
edge base with which a learning and instruction network must
concern itself. Broadly speaking, its task would entail research
and development on the questions at the core of classroom
practice: on the generation of knowledge of how students learn
(both generically and in the contexts of particular content areas),
the elaboration of that knowledge at the level of detail required
for classroom practice, and the incorporation of that knowledge
into tested curricula and assessments, educational tools, teach-
ing protocols, and teacher education programs.

Medicine and education differ in a great many respects.
Teaching, for example, focuses far more on promoting growth
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l'l|

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10858.html

12

in a diverse group of students simultaneously, while medicine
focuses on curing the individual case.! The analogy is illuminat-
ing, however, regarding the relationship between research and
practice. Physicians regularly exercise a great deal of judgment
and expertise in the conduct of a practice that brings new phe-
nomena, or new presentations of familiar phenomena, daily.
Yet we rely on a powerful link between research and practice to
ensure that the knowledge stores from which the physician
draws in the course of practice are well stocked and reasonably
current. With the pace of change in medical research, ensuring
currency is not a trivial problem (McGlynn et al., 2003; Avorn et
al., 1982). But the need to grapple with that problem is consid-
ered central to maintaining professional standards.

In any field, research informs but does not define profes-
sional practice. Teaching, like many other professional prac-
tices, is a highly complex, multidimensional enterprise. It draws
on standards of practice, professional education, background
knowledge, tradition, and the personal characteristics and intui-
tions of the teacher. Research can play a major role in shaping
these influences—for example by influencing professional edu-
cation and standards of practice. But it is more likely to play that
role if it is focused on the problems of classroom teaching and
learning.

In medicine we would recognize as common professional
practice the pursuit of answers to a core set of questions:

* How is the patient’s health currently, and how does
this compare to developmental expectations?

e What should the practitioner do to promote health
and prevent disease or medical problems given cur-
rent health and development?

When a medical problem exists:

* What are the patient’s symptoms?
* What is the patient’s personal history?

'Even this difference is a matter of degree and not kind, however. Recently
there has been greater attention to “population health” issues that focus on
characteristics of communities that produce or reduce medical risk (see Na-
tional Research Council, 2001d), and the individual education plans required
for special education placements focus on the learning needs and challenges
of individual students.
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¢ What tests can aid diagnosis?

¢ What diagnosis is warranted given the symptoms,
history, and test results?

¢ What treatments are available?

e What is the best match between the patient, symp-
toms, and treatments?

¢ How is the patient responding to treatment?

While experience, intuition, and traditions of practice all
contribute to a physician’s approach to each question, research-
based knowledge is at the core of professional practice. Indeed,
the professionalization of medicine in the first half of the 20th
century can be viewed as a transformation that placed research-
based knowledge at the center of practice. Most certainly, knowl-
edge flows in both directions; observations from medical prac-
tice generate many questions and hypotheses that fuel research.
New discoveries quite often emerge as unanticipated by-prod-
ucts of medical treatments. But research is required to answer
the questions and test the hypotheses and insights generated by
practice.

Using the example of medicine, we can view a teacher’s
practice as organized around a set of core questions about hu-
man learning and instruction. These questions focus on the
normal course of development and learning, as well as on diag-
nosing and responding to student problems in mastering new
concepts and acquiring new knowledge and skills. And as in
medicine, the questions provide a schema for approaching prac-
tice, as well as a set of dimensions on which knowledge must be
supported through preparatory education for professional prac-
tice. The questions can be asked for any subject or topic that is
taught:

¢ What should students know or be able to do?

¢ What common understandings and preconceptions
do students bring to a topic?

* What is the expected progression of understanding,
and what are the predictable points of difficulty or
hurdles that must be overcome?

e What instructional interventions (curricula, instruc-
tional activities, etc.) can support the desired student
learning?

INTRODUCTION
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¢ What general and discipline-specific norms and prac-
tices best comprise and support student learning?

* And finally, how can students” understanding and
progress be monitored and instruction redirected in a
responsive fashion?

Because of the disconnect between research and practice,
teachers grapple with these questions for the most part without
reference to a research base. The “what” and “how” might be
answered by adherence to a textbook that reflects little of the
research knowledge on student learning. And individual stu-
dent differences in understanding are often overlooked entirely
because textbooks rarely provide the tools for formative assess-
ment and guidance on instructional responses to student diffi-
culties. But as accumulating evidence points to the complexity
of the underlying learning processes, the need for research-
based knowledge to support professional practice becomes ever
more apparent.

The decision to focus the agenda on practice has three closely
linked entailments: (1) that the program of work be highly
interdisciplinary, drawing on the range of knowledge bases and
competences required to improve practice; (2) that the program
emphasize and tightly integrate research and development and
be carried through all stages necessary for classroom relevance;
and (3) that the interdependence of student learning, teacher
knowledge, and the organizational environment that character-
izes practice be reflected in the SERP program of work.

THE RESEARCH BASE

To answer the questions that define practice will require an
effort to bring together types of research and development that
are now done separately, often by researchers who work in
isolation from each other, and from program developers. If the
questions of practice raised above are presented schematically,
they might appear as in Table 1.1, where the questions are
mapped for both student and teacher learning. The elements in
the schema for educational practice are informed by several
very different knowledge bases (see National Research Council,
2000, 2001c).
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TABLEI.l Schematic Questions for Teaching and Learning

StudentLearmer TeacherasLearner

Destination Whatshoulds/heknow Whatshoulds/heknowabout
and/orbeabletodo thedisciplineortopic? VWhat
(regardingthedisciplineor shoulds/heknowaboutstudent
topic)! learningof,andtheteachingof,

thedisciplineortopic?

Pointofdeparture Whatarethetypical Whataretheteacher'sexisting
preconceptionsandinformal understandingsaboutthetopic
understandingsthatstudents andaboutstudentlearning?
bringtothetopic?

Route Whatistheexpected Whatarethetypicalpre-service
progressionofunderstanding, andin-serviceleaming
andwhatarethepredictable trajectoriesandwhatdifficulties
pointsofdifficultyorhurdles? arelikelytobeencountered?

Vehide Whatcurriculum/pedagogy Whatfactors/experiences
anddlassroomnormsand fadilitatelearning?
practicesfacilitatelearning?

Checdlpoints/course Howecanindividualstudent Howcanprogressbemonitored

corrections progressbemonitoredand andinstructionalactivities
instructionalactivities matchedtocurrent
matchedtocurrent understanding?
understanding?

* What students should know or be able to do in an area is
informed by disciplinary expertise. It requires an un-
derstanding of the core concepts around which the
disciplinary knowledge is organized, characteristic
methods of reasoning and problem solving, and lan-
guage and patterns of discourse. What to teach be-
comes a matter not only of the information and skills
considered desirable for students to possess, but also
of helping the student to build the conceptual frame-
work that transforms information into understand-

ing.
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* Knowledge of students” common understandings and pre-
conceptions of a topic and the expected progression of
student thinking requires careful research on the typi-
cal trajectory of understanding. In part this research
attempts to identify the nature and limits of children’s
changing cognitive abilities with age and instruction.
And in part it attempts to uncover common under-
standings that can either support learning (the ability
to halve or double relatively easily in mathematics)
or undermine it (the common belief that heat and
temperature are the same thing). Research findings
suggest that students” everyday understandings are
resilient, even after specific instruction to the con-
trary. That resilience highlights the importance of a
carefully designed research program to inform and
support teaching to achieve conceptual change. Re-
search of this sort is generally done by cognitive sci-
entists and education researchers, although the
knowledge may emerge from the experience of ex-
pert teachers and the observation of exemplary prac-
tice.

* The instructional interventions to move students along a
learning path constitute the core of what is generally
considered education. These interventions may be
designed by curriculum developers, teachers, or re-
searchers. But regardless of the source, the contribu-
tors to skill development, knowledge acquisition, and
conceptual change are themselves a research agenda,
and the effectiveness of the instructional approach a
matter for empirical testing.

* General and discipline-specific norms and practices to sup-
port student learning define the rules for interaction in
the classroom. Learning takes place in classrooms
that are themselves communities. Every community
is distinguished by norms for work and interactions,
ranging from when and how people collaborate to
how they speak with one another. Some of those
norms are general, rooted in an understanding of
schools in a democratic society; others are discipline-
specific, for what it means to do mathematics differs
from what it means to do literary analysis, chemistry,
or history. In all cases, the relationships between par-
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ticular norms and the learning outcomes of interest
are a matter for empirical investigation.

* Assessing a student’s progress is the task of research
and development on methods and systems of assess-
ment. This knowledge base can quite naturally be
developed and tested in the context of curriculum
R&D, but it may also draw on more fundamental
research—such as research on the nature and mea-
surement of “comprehension.” A key element of this
work is linking assessment results to instructional
responses (see Appendix A).

The parallel knowledge base for teacher learning would be
similar in its disciplinary foundations and theoretical underpin-
nings. But the learning context, the learning goals, and the sub-
ject-matter content (particularly regarding pedagogical content
knowledge) are different enough that the research base on
teacher learning is quite distinct from (if overlapping with) that
on student learning.

These various knowledge bases are not adequately devel-
oped to support teaching practice. Nor is the infrastructure in
place to bring together people with the variety of competences
required and to link their efforts in a program of work. SERP
proposes to create that infrastructure, and the agenda we pro-
pose must build those linkages.

IMPROVING RESEARCH AND
DEVELOPMENT

While much remains to be done to shore up the knowledge
base, it is also the case that existing relevant knowledge is rarely
incorporated extensively into classroom teaching. That this is so
is disappointing, but hardly surprising when one considers the
complexity of the task with which teachers are confronted. They
face a class of students with different needs, behaviors, and
preparation for learning. They must make choices about how to
provide appropriate and powerful learning experiences for their
students. They must simultaneously attend to their students’
understanding while planning next steps. They must manage
and monitor the students’ learning and their learning environ-
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ment. A program that is coherent—that guides instruction from
one class to the next—can be of tremendous help in managing
complexity. While the findings of researchers may be relevant to
practice, if they are not easily incorporated into the teacher’s
instructional program, they may not be useful. Indeed, they may
simply add to the complexity of an already highly complex task.

More targeted and instruction-relevant research (Hiebert et
al., 2002) would be a good place to start. We can take as an
example the research on the misconceptions students harbor in
physics. In the course of everyday experience, people develop
understandings or models of how the physical world works: as
one moves closer to a heat source, temperature rises. One then
draws inferences based on one’s experiences that are very often
scientifically incorrect: in the summer, the earth is closer to the
sun. A persuasive body of evidence suggests that the models of
physical principles that students deduce incorrectly from every-
day experience are powerful and resilient (National Research
Council, 2000; Vosniadou and Brewer, 1989; diSessa, 1982). While
students may “learn” physics in the classroom and even per-
form quite well on tests, outside the classroom they revert to
their untrained model (see Box 1.1).

The principle at work in physics is at play in all disciplines,
undermining the effectiveness of the educational process. Nu-

BOXI.IMisconceptionsAboutMomentum

AndreadiSessa( | 982)conductedastudyinwhichhecomparedtheperformanceof
collegephysicsstudentsatatoptechnologicaluniversitywiththeperformanceofelementary
schoolchildrenonataskinvolvingmomentum.Heinstructedbothsetsofstudentstoplaya
computerizedgamethatrequiredthemtoapplyaforce (usingajobstick) toasimulated
objectmovingacrossthecomputerscreen(adynaturtle)sothatitwouldhitatarget,anddo
sowithminimumspeedatimpact. Participantswereintroducedtothegameandgivena
hands-ontrialthatallowedthemtoapplyafewtapswithawoodenmallettoaballona

tablebeforetheybegan.

DiSessafoundthatbothgroupsofstudentsfailedmiserablyatthetask. Giventhe
momentumofthedynaturtle,studentsshouldhaveappliedalightforceveryearlytoensure
minimumspeedatimpact. Despitetheirtraining, collegephysicsmajors,justliketheelemen-
taryschoolchildren,appliedtheforcewhentheobjectwasjustbelowthetarget failingto
takemomentumintoaccount. Furtherinvestigationwithonecollegestudentrevealedthat
sheknewtherelevantphysicalpropertiesandformulasandwouldhave performedwellona
writtenexam. Yetinthecontextofthegame,shefellbackonheruntrainedconceptionsof
howthephysicalworldworks.
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merous examples have been identified in history and math-
ematics, as well as in science (National Research Council, forth-
coming). Such “relevant” knowledge regarding the tenacity of
everyday understandings becomes usable for a teacher only
when it is applied to the subject and topic that are being taught,
and when it is incorporated into instructional activities that
draw out and effectively work with students” preconceptions.
These activities must have potential for being incorporated into
existing instructional practice, or be an acceptable replacement
for that practice, if they are to have an effect. Only the most
extraordinary teachers will be able to undertake such a task on
their own. Furthermore, only the most inefficient profession
would require the design of individual solutions to a general
problem.

To effectively “bridge” research and practice, then, a re-
search and development program must generate and draw on
existing robust, relevant knowledge from a variety of disci-
plines, elaborate that knowledge so that it is usable in instruc-
tional practice, and then incorporate it into carefully tested tools
and programs, directed both at student learning and at teacher
learning. The research and development must be closely inter-
twined, so that program features are designed in response to
research knowledge (derived either from disciplinary research
or from the study of educational practice), and so that knowl-
edge is continuously revised in the iterative cycles of design,
study, and redesign. This necessarily means that the research
and practice relationship is neither linear nor unidirectional.
Instead, researchers and practitioners must interact in meaning-
ful, progressively more sophisticated ways. Research is not
neatly packaged and sent out to teachers to be implemented.
Instead, researchers and teachers are mutually engaged in re-
search and development in the context of practice.

Critical to the notion of follow-through is that when re-
search findings are compelling, sustained attention is required
to ensure independent replication of research and evaluation
results in the range of environments of intended use for an
educational intervention. Because education is a complex enter-
prise in which any outcome is influenced by a variety of factors,
the conditions that support success in one setting may not be
understood until it is attempted in other settings in which con-
ditions differ. Moreover, evaluations are often conducted only
by the designers of the intervention or their “critical friends.”
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While many research findings are criticized for this reason,
research attention in the field of education is rarely directed at
independent replication. Too often promising outcomes mark
the end point of a research endeavor, rather than the beginning
of a research effort aimed at replication and scientific generali-
zation.

Finally, to be broadly useful to practice, attention must be
sustained through careful study of the scaling up of successful
interventions. When researchers design and study educational
interventions, the process of study itself entails involvement by
the researchers. The tacit and explicit knowledge of the re-
searcher may support the teacher’s effective use of the interven-
tion. Similarly, an expert teacher’s tacit knowledge and skill
may be crucial to an intervention’s success. But when the origi-
nal researcher and teachers are no longer present, the innova-
tion is often much harder to implement and sustain. Thus, the
requirements for effective, sustainable use of an innovation must
themselves be the subject of study.

INTERDEPENDENCE:

STUDENT LEARNING,

TEACHER KNOWLEDGE, AND
ORGANIZATIONAL ENVIRONMENT

Whether in teaching or in medicine, practice is not embod-
ied solely in the tools and protocols of the trade. Rather, these
work in tandem with both the practitioner’s knowledge and
skill and the organizational environment. One shudders to imag-
ine a magnetic resonance imaging (MRI) machine provided to
doctors in a hospital with no more than an instruction manual
on how to use it. Patients trust that doctors will be thoroughly
versed in an understanding of the diagnostic power of the tool,
the meaning that can be drawn from its images, and the confi-
dence one can have in the information it provides under various
circumstances. One also trusts that the organizational structure
in which the physician operates will both appropriately support
and impose standards on its use.

Similarly, in education, professional practice relies on all
three simultaneously and interdependently: the tools and pro-
tocols designed for student learning, practitioner knowledge,
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and organizational structures. They serve as the three legs of the
stool supporting student learning. While each is, in a sense,
independent of the other two, the effectiveness of any one in
supporting student achievement depends on the strength of the
other two. Itis a lesson learned repeatedly in education reform
efforts: focusing on the strength of one without attending to the
other two is a strategy that holds little promise for success. The
SERP focus on practice, then, requires coordination not only of
the knowledge from different fields on effective instructional
programs to promote student learning, but also research on the
knowledge requirements for teachers to carry out instruction
effectively, and requirements of the environment to support
effective instruction.

Teacher knowledge and skill matters a great deal in student
learning. Ferguson (1991) analyzed data from 900 Texas school
districts and found that teacher licensing exam scores, master’s
degrees, and experience accounted for over 40 percent of the
variance in students’ reading and math achievement scores af-
ter controlling for socioeconomic status. Other studies suggest
a similarly powerful effect (Ferguson and Ladd, 1996; Strauss
and Sawyer, 1986). Yet despite its importance, the research base
on teacher learning is relatively undeveloped. SERP proposes to
strengthen that knowledge base and, importantly, to tightly link
the R&D on teacher learning and knowledge to that on student
learning.

As we have already noted, the schematic questions that
frame student learning also apply to teacher learning (see Table
1.1). For teachers, however, the questions that shape their prac-
tice provide a good start on our first question: “What should
teachers know and be able to do?” The answer implied by the
questions of practice is that teachers should understand the
learning process of the student well enough to assess and guide
it; understand the content to be taught well enough to select and
use appropriate instructional materials; guide the pace and di-
rection of instruction and flexibly respond to student questions
and thoughts; understand the curriculum materials well enough
to use them flexibly as a means to an end rather than as the end
itself; understand the effects of classroom norms and practices
well enough to create a supportive learning environment; and
understand assessments well enough to interpret the outcomes
and respond appropriately.

What is not well defined are the forms of knowledge a
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teacher must master in order to reach that end and the levels of
mastery needed. What mathematics must a teacher know, and
what pedagogical knowledge does she or he need to make and
implement appropriate decisions about the next best instruc-
tional steps to develop student thinking about gravity, for ex-
ample? Although these questions are central to effective prac-
tice, little research has been done to provide answers.

Moreover, learning is as complex an undertaking when the
teacher is the target as it is when the student is the target. A
teacher’s existing conceptions of teaching and learning, of stu-
dent thinking, and of the subject matter must be understood
and engaged. And experiences that bring about conceptual
change for the teacher must be designed and effectively de-
ployed for learning to occur.

The task is challenging; conceptual change is difficult to
achieve when everyday experiences reinforce a misconception.
In many everyday experiences one can simply tell people what
they want or need to know. This is likely to influence a teacher’s
view about learning and instruction. When the frame of refer-
ence is common, simply telling works just fine. But when con-
ceptions differ, telling is unlikely to be enough. “Elephants are
bigger than pigs” may be completely adequate to communicate
intended meaning, while “the orientation of the earth’s axis
relative to the sun determines the seasons” may be entirely
inadequate. If the conception of teaching as telling is to be
replaced by a more variegated model, powerful experiences
that facilitate conceptual change on the part of the teacher about
how students learn will be required.

The typical learning trajectory for teachers, and how it
changes with learning opportunities, also requires empirical
investigation. Much that teachers need to know cannot be
learned apart from practice. This raises several questions for
inquiry: Under what conditions can teachers best learn while
engaged in practice? What knowledge and skill must teachers
acquire at the beginning of their careers? What knowledge and
skill is best acquired once they enter the profession? What orga-
nizational, material, and human resources are necessary to sup-
port and sustain teacher learning over time?

Widespread adoption and use of improved instructional
methods are often hampered by institutional barriers that pre-
vent or frustrate efforts to change: these may include problems
of organizational structure, incentive structures, organizational
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culture, career patterns of teachers and administrators, and fi-
nancial constraints. Even when presented with demonstrably
effective instructional reforms, school systems are frequently
incapable of moving the organizational machinery to achieve
systemwide adoption (Briars and Resnick, 2000). And even when
change is effectively instituted with the help of program devel-
opers, it is frequently not sustained when the developer de-
parts.

Schools are certainly not unique in resisting change. Change
is effortful. It imposes uncertainty and requires risk of failure.
Resistance to change would be expected to weaken if uncer-
tainty is reduced by providing effective supports for success, if
risk is minimized by careful evaluation of candidate changes
and the circumstances under which they are successful, and if
effort and risk taking are rewarded. However change is not, in
and of itself, a desirable end. There are certainly changes for the
worse, and one hopes schools have mechanisms in place to
resist such changes. What is desirable is an organization that
can systematically assess its own performance, evaluate the
potential of alternative approaches to improve performance,
monitor the effect of change, and alter course to improve out-
comes—an organization that can learn.

In the field of business management, attention has been
devoted in the past few decades to the features of learning
organizations. The focus of concern is corporations, and learn-
ing refers to the ability to incorporate new knowledge and
technology required for effective competition and changing
products to align with, or create, market demand. Business
schools have drawn from a variety of disciplines: economics,
statistics, political science, behavioral psychology, organizational
psychology, and others. The potential contribution of these dis-
ciplines to the organization of medicine, agriculture, and the
military has also been considered. However, their attention has
not as yet been turned in a sustained way to the organization of
schools.

If advances in instructional programs and teacher knowl-
edge are to have a sustained impact on student learning, the
organizational structure of schools must support that change.
Because the success of each component (instructional program,
teacher knowledge, and organizational structure) in contribut-
ing to improving student learning depends on the success of the
others, all three must be integrated in a SERP research program.
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The work of our panel, however, was to focus on learning
and instruction. The committee that proposed a design for the
SERP organization considers organizational issues to be of criti-
cal importance, as do we, and argues for a network on schools
as organizations as a companion to the learning and instruction
network from the start. To avoid mounting a research program
that could otherwise be narrow and insular, it is essential that
these two networks be closely tied as intended.

FRAMEWORK FOR A RESEARCH
AGENDA

The committee considered two common strategies for orga-
nizing the research agenda: one focuses on specific subject areas
taught in schools (science, history, etc.), and the other highlights
research questions that cross subject domains (integrated as-
sessment, teacher education, etc.). Much of the work on cross-
domain issues is relevant regardless of the subject. This would
include, for example, research on the relative effectiveness of
professional development tools (like videotaped demonstrations,
small group lesson study, etc.).

The proposed agenda embraces both, embedding the cross-
cutting issues in subject-matter research. The rationale for this
choice stems from the overarching commitment to focus on
practice. We have argued that research is often not used in
practice because it is not elaborated at the level of classroom
practice, and classroom practice is subject specific. Furthermore,
many of the cross-cutting issues are best illuminated with sub-
ject-specific examples. While the productive role that high-qual-
ity assessments can play in supporting effective instructional
practice crosses topics, a deep understanding of the issues can
be seen clearly in looking at a specific case, like the Force Con-
cept Inventory described in Chapter 4.

The organization described in the Strategic Education Re-
search Partnership is one in which regular stock-taking and coor-
dination across research domains is given a high priority. In the
panel’s view, this coordination will be central to maximizing the
potential of the program of research and development. Through-
out the chapters that follow, the parallels across subjects are
striking, and much can be learned if those engaged in different
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subject areas inform each others” work. Indeed, a good deal of
the value added by a SERP organization is the opportunity
created for the accumulation of knowledge, and the coordina-
tion of research protocols and data collection efforts across sub-
jects that will make that accumulation possible.

Among the many cross-cutting issues, assessment deserves
specific mention at the outset. The development of effective
measures of the outcomes of learning and instruction is critical
to producing high-quality evidence that can support the work
of practitioners, policy makers, and researchers. Without an
initial investment in developing reliable measures, even good-
quality research leaves critical issues unresolved. Different as-
sessments may show different instructional approaches to be
beneficial, and often none of the assessment instruments is de-
signed to fully capture the range of competences that are the
desired outcome of instruction. Appendix A describes the na-
ture of the work that in the committee’s view needs to be done
in the area of assessment research, development, and testing.

In the agenda described below, then, both cross-cutting and
subject-specific topics are integrated into a program of research
designed to support educational practice in the specific subjects
targeted. The schematic questions posed in Table 1.1 provide a
starting point for evaluating what is known currently that can
support effective practice and where the research and develop-
ment foundation is weak. We portray learning as a journey,
using a travel metaphor to illuminate certain features of the
schematic questions. Planning the trip requires first that one is
clear about the destination, although it may change for a variety
of reasons. There are multiple routes to get from a departure
point to a destination, but routes will differ in the opportunities
they afford for interesting experiences along the way, as well as
in their efficiency at reaching the endpoint. Yet to reach the
destination, the directional options are constrained, and there
are likely to be critical points (passes) through which the path
must lead. As with the route, there is no single vehicle required
for a journey, but some work far better than others over a
particular terrain. Finally, the challenge of monitoring progress
is very different for different journeys. When a route is well
marked, it can be a simple effort to clock the miles; but when the
area is poorly mapped, frequent assessment and course correc-
tion are critical. For any subject matter taught, one can assess
the quality of the research base by the knowledge it provides to
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support effective decision making regarding each of these is-
sues.

In the long run, providing research-based knowledge to
support answers to the schematic questions for every subject
taught in schools is a desirable end, just as one expects the
treatment by a physician of any ailment to be based on research-
based knowledge. Yet the reality of the limited resources de-
voted to education research, as well as the existing capacity to
conduct that research, suggest the need for focus on a limited
set of subjects in order to ensure that work can be carried through
all stages necessary for usability. As a knowledge base is con-
solidated in some areas, attention can be devoted to new areas.

CRITERIA FOR CHOOSING ToOPICS

The areas in which research and development could be
useful to educational practice are innumerable. To narrow the
focus, the panel asked two questions:

1. Are there examples of rigorous research and devel-
opment efforts that already show impressive gains in
student achievement in research trials? These would
provide the starting point for R&D that is intended as
one of the hallmarks of SERP: following promising
program outcomes with research on the circumstances
under which the results are obtained, the feasibility
of the intervention in the classroom and the school
context, the teacher knowledge and support required
for success, and the organizational factors that influ-
ence outcomes. We refer to these as “downstream”
cases because the work in these areas has already
traveled some distance toward classroom usability.

2. Are there pervasive problems of practice that are
widely recognized as critical, but for which the knowl-
edge base is too weak to guide instructional interven-
tions? We refer to these as the “upstream” cases,
since the work is still in early stages. Since the up-
stream research will need to go through all phases of
research and development required for usability, the
impact on practice is likely to require more time.

While question 1 is driven by the opportunities provided by
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the current knowledge base, question 2 is driven by the needs of
practitioners. Precisely because the knowledge base is weak for
the latter, R&D on these questions would draw more heavily on
the study of practice and the extension of research from the
social and behavioral sciences to strengthen the education knowl-
edge base.

As we worked through agenda development, the upstream-
downstream distinction became somewhat blurred. The down-
stream examples often involve unanswered questions about
teacher learning or taking practice to scale that are likely to
require a sustained research effort. And in areas in which the
knowledge base is not well consolidated, there are individual
practices or curricula that appear promising. Nonetheless, the
distinction continued to be useful as an indicator of the poten-
tial impact on practice in the short run.

RESEARCH DOMAINS

The panel recommends three areas for focus: reading, math-
ematics, and science. These three domains emerged when we
looked for downstream areas in which current research and
development shows promising results that could substantially
influence practice. In both mathematics and reading, the stron-
gest research bases address learning in the early elementary
years. In science, in contrast, physics was identified as the area
that is furthest downstream—a subject generally taught in high
school.

All three domains are recommended for upstream research
as well, but for reasons that are not uniform. Practitioners on the
panel emphasized the central role standardized tests play in the
lives of students, particularly as they reach the upper grades.
There was considerable disagreement regarding the desirability
of these tests and a common concern regarding the ability of
tests to distort and undermine good instructional practice. But
the tests play a role in setting the emotional stage for students,
touching their sense of identity and self-confidence. Since per-
formance in mathematics and in reading comprehension is a
major contributor to test results, these are seen as important
areas for improving both student outcomes and the experience
of schooling itself. The choice of these areas was further sup-
ported by the need for proficiency in order to successfully meet
the demands of modern life.
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Reading comprehension also features prominently in the
teaching of most subject areas, including English, history and
social studies, mathematics, and science. Teachers of these sub-
jects must decide to what extent reading comprehension in-
struction is required as part of their effort to teach the subject
matter. There is currently little guidance in this regard. Re-
search on reading comprehension therefore has the potential to
provide benefits in virtually all subject areas. Furthermore, read-
ing comprehension is poorly measured. Current tests empha-
size the speed of reading and short-term recall of factual infor-
mation. But existing research suggests that both speed and
short-term recall are weak predictors of the construction of
understanding from text that comprehension requires. Given
the importance of reading comprehension in standardized tests,
making progress on test measurement issues would have sub-
stantial potential to influence practice.

In contrast to mathematics and reading comprehension, sci-
ence was identified for upstream research because the develop-
ment of science curricula, particularly for the elementary and
middle school years, has been remarkably weak. The American
Association for the Advancement of Science recently reviewed
widely used textbooks in middle school science. “The study
probed beyond the usual superficial alignment by topic heading
and examined each text’s quality of instruction aimed specifi-
cally at the key ideas, using criteria drawn from the best avail-
able research about how students learn” (Roseman et al., 1999).
Not one of the middle school science texts evaluated by the
project was rated as satisfactory. High school biology texts
scored slightly higher than the middle school texts, but the
evaluation found serious shortcomings in both their content
coverage and instructional design (Budiansky, 2001). Textbooks
across the grades were characterized as “overstuffed and un-
dernourished,” with presentation of a great many facts and too
few opportunities to present the concepts that make those facts
meaningful (Budiansky, 2001). In contrast to mathematics, there
is little agreement in science as to the sequence and content of
study, or even when science education should begin.

The areas the committee has chosen for focus are strategic:
they provide either the opportunity to leverage existing invest-
ments in research by carrying promising findings through to
practice, or they hold promise for providing new knowledge in
areas of critical need. We emphasize, however, that a SERP

LEARNING AND INSTRUCTION

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10858.html

network would probably undertake a more thorough investiga-
tion of candidate opportunities, and it is likely to be shaped in
significant measure by the opportunities that emerge for pro-
ductive work in schools as SERP is launched. In particular, the
link between cognition and context is likely to be better under-
stood and incorporated into the developing agenda as the SERP
work progresses.

ORGANIZATION OF THE REPORT

In describing our proposed agenda for research and devel-
opment, we organize the work by domain. Chapters 2, 3, and 4
address reading, mathematics, and science in sequence. Each
discipline is treated at some length because our purpose is to
consider the program of research and development that would
be required to strengthen the knowledge base on the entire set
of questions that define teaching practice, as well as an under-
standing of the knowledge requirement for teachers of the sub-
ject. Because we focus so broadly, however, we do not go into
depth in any single area. Readers looking for more depth are
referred to other reviews intended for that purpose.

Structuring the program around the questions of practice as
we propose brings coherence to the agenda, but it may tax the
reader who finds the same issues of assessment or teacher knowl-
edge treated similarly in three different chapters. We consider
the repetition in the agenda important, however, because the
state of the art in education research and development is one in
which many of the most critical principles of instruction are
understood at a general level, but the work of R&D to incorpo-
rate those principles into the teaching of individual subjects has
not been done. That work must be repeated for each subject if
learning and instruction are to be improved.

At a time when the quality of education research is a matter
of heated debate not only among researchers, but also in the
halls of Congress, careful consideration of methodological rigor
and quality control are critical elements of a research agenda.
The final chapter discusses how the proposed agenda addresses
contemporary concerns about education research quality and
impact. We also consider the extent to which proposed SERP
features are required to effectively carry out that agenda.
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astering the mechanics of fluent reading and the

ability to comprehend text provides a key to ac-

quiring knowledge in all other domains of learn-

ing. Given the escalating demands for text compre-
hension that pervade virtually every aspect of contemporary
life in the United States, as well as the stagnating performance
of students in reading mastery and reading comprehension,
strengthening the knowledge base in ways that can support
practice should be a high priority.

This chapter is divided into two parts: one on early reading
and one on reading comprehension beyond the early years. In
many respects the parts overlap: teacher education is a major
theme in both, as is research and development to improve in-
structional interventions. In the school context, reading is treated
differently in the early years than it is in the years after third
grade. From fourth grade on, the emphasis switches from learn-
ing to read to reading to learn. Because a central purpose of the
SERP work is to provide R&D that is useful to practice, we
adopt the division used by schools. We would expect the SERP
R&D network to operate in a highly interactive fashion, with
research and methods used on one set of questions informing
those used on other, related research efforts.
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EARLY READING

STUDENT KNOWLEDGE

The Destination: What Should Children
Know and Be Able to Do?

There is an unusual degree of consensus regarding the goals
of early reading instruction. The consensus is captured in the
National Research Council report, Preventing Reading Difficulties
in Young Children (National Research Council, 1998) and in the
report of the National Reading Panel, Teaching Children to Read
(National Institute of Child Health and Human Development,
2000). The goals are often expressed in terms of the competen-
cies children should be able to demonstrate at the end of third
grade: (a) reading age-appropriate literature independently with
pleasure and interest, (b) reading age-appropriate explanatory
texts with comprehension for the purpose of learning, and (c)
talking and writing about those texts in age-appropriate ways.
Achieving these goals requires simultaneous development of an
interdependent set of abilities: decoding skills, reading fluency,
oral language development, vocabulary development, compre-
hension skills, and the ability to encode speech into writing.

The Route: Progression of Understanding

The foundation for early reading lies in the earlier, informal
acquisition of language. With little effort, children with intact
neurological systems acquire the sounds of their language, its
vocabulary, and its methods of conveying meaning (National
Research Council, 1998). The path that children travel in acquir-
ing language is predictable (National Research Council, 1998),
although the age at which particular skills and abilities are
mastered varies somewhat. Babies comprehend words during
the first year of life generally well before they can produce
them. Once production begins, usually during the second year,
vocabulary grows steadily, and single word utterances become
sentences that increase in length and complexity. As the ability
to produce and understand more complex sentences develops,
children are less reliant on the immediate context to support
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meaning. This “decontextualized” language eases the transition
to school, where it is the common parlance.

As proficiency with language use grows, children develop
the ability to think about language. Before that ability develops,
they do not distinguish between the word and the object to
which it refers. “Snake” is thus deemed to be a “long” word,
and “caterpillar” a “short” word (National Research Council,
1998:50). Children can begin to develop rudimentary meta-
linguistic skills as early as age 3. Acquiring this ability allows
children to play with, analyze, and pass judgment on the cor-
rectness of language.

The trajectory of language development described above is
universal, although the richness of the environment affects the
pace and extent of language development powerfully (Hart and
Risley, 1995; Huttenlocher, 1998). For example, Graves and Slater
(1987) found that first graders from higher income families had
a vocabulary that was double the size of those from lower
income families. The differences are highly relevant because
verbal ability generally, and vocabulary development particu-
larly, are good predictors of success in early reading.

While normal language development supports reading ac-
quisition, other abilities required for effective reading mastery
are unlikely to develop unless children receive formal instruc-
tion. With few exceptions, children need systematic instruction
in the alphabetic principle to learn to decode words and to learn
how to encode words in writing (Adams et al., 1998). This
instruction is what is referred to as “phonics.” But successful
phonics instruction rests on a more fundamental ability: phone-
mic awareness. This is the awareness, for example, that the
word “cat” consists of three separable sounds: ¢/ a/ t. The
distinction is important because phonics instruction that teaches
the mapping of separate sounds onto letters requires for success
that a student hear those separate sounds.

Learning the alphabetic principle is a prerequisite to read-
ing. However, it is not nearly sufficient to help children reach
the desired third grade competencies. Phonics instruction must
be integrated with comprehension instruction, opportunities to
develop fluency in reading through practice, instruction to en-
hance and practice oral and written language abilities, and op-
portunities to acquire rich vocabulary and background knowl-
edge. The failure of any one of these will result in falling short
of the third grade goals. If fluency does not develop, little mean-
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ing is taken from a text that a child must plod through. If
background knowledge is inadequate, even a fluent reader will
be unable to engage with and learn from the text.

The components of successful reading are tightly inter-
twined. There is strong empirical support, for example, for the
relationship between young children’s oral language and subse-
quent reading proficiency (Bishop and Adams, 1990;
Scarborough, 1989; Share et al., 1984). Oral language, vocabu-
lary in particular, is essential for understanding the text that is
read. In addition recent longitudinal research suggests that
young children’s vocabulary is associated with improved de-
coding skills (Lonigan et al., 2000; Wagner et al., 1997), as well as
growth in phonological sensitivity (Bowey, 1994; Lonigan et al.,
1998, 2000; Wagner et al., 1993, 1997).

In addition to building vocabulary, oral language instruc-
tion can extend a child’s ability to understand and use aca-
demic, or literate, language. This is the decontextualized lan-
guage that minimizes contextual cues and shared assumptions
(e.g., by explicitly encoding referents for pronouns, actions, and
locations; Olson, 1977; see Box 2.1).! These extensions of dis-
course in the decontextualized register of academic language
are what predict literacy success into middle school, controlling
for home variables (Dickinson and Sprague, 2001). These rela-
tionships between preschool oral language and middle school
reading comprehension are clearly mediated by decoding in-
struction in the primary grades (Whitehurst and Lonigan, 2001).
But the point is that language intervention that builds vocabu-
lary and decontextualized language structures needs to occur
prior to and during decoding instruction, rather than later.

Writing is at the heart of mastering the alphabetic system.
Writing starts with the encoding of speech to print. The ability
to phonemically segment sounds in speech and represent them
in conventional writing develops over time. A complete repre-

'Decontextualized language is at the core of literacy instruction because it
allows literate individuals to communicate without personal interaction. This
literate language or academic language is a specific oral language register
valued in traditional schooling (Cook-Gumperz, 1973; Heath, 1983). For ex-
ample, in conversation we rely on shared context to disambiguate pronouns
and referents in the sentence “He wants to go there next time.” In written
language we are expected to clarify the who, where, when (e.g., Sally wants to
go to the beach the next time you make a trip.)
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sentation of a word’s spelling in memory developed through
writing will enhance the speed and accuracy with which it is
recognized (Ehri, 1998; Perfetti, 1992). Thus, the writing of words
supports the reading of words and, over time, builds toward the
writing of text, which can support the comprehension of text.

In addition to understanding the contributors to successful
reading acquisition, there is also an extensive research base on
the typical hurdles that children encounter (National Research
Council, 1998; National Institute of Child Health and Human
Development, 2000). It is now well established that a significant
number of children have difficulty learning the alphabetic prin-
ciple because they have not developed phonemic awareness.
Among children who learn to decode words but do not compre-
hend well, fluency is often the culprit; if children struggle slowly
through a text, their comprehension when they have finished
will be poor. Fluency can suffer if children spend too little time
actively engaged in effective reading practice, or if vocabulary
and background knowledge are too weak to allow the student
to read with understanding.

BOX 2.1 Decontextualized Language Instruction in the Early Years

Links between decontextualized language and literacy have been made by Dickinson and
his colleagues in a longitudinal study of 85 children from low-income families started in 1987
(Dickinson and Tabors, 2001; Dickinson and Sprague, 2001). Significant prekindergarten
variables that influenced literacy development were quality of teachers’ talk and curriculum
quality. Quality of teacher talk was measured in rare word usage, ability to listen to children
and to extend their comments, and tendency to engage children in cognitively challenging
conversations (i.e., conversations about nonpresent topics). The prekindergarten variables of
quality of teacher talk, vocabulary environment, and curriculum quality predicted kindergar-
ten outcomes above and beyond home variables, thereby emphasizing the importance of
instruction in literate language and a quality emergent literacy curriculum in preschool
classrooms for children from low-income homes.

Composite variables that significantly influenced kindergarten literacy and vocabulary
scores were home variables of literacy support, density of rare words used, and extended
discourse. Kindergarten outcomes in turn predicted vocabulary and reading comprehension
scores in middle school (Dickinson and Sprague, 2001).
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The Vehicle: Curriculum and Pedagogy

Because there is general agreement on the goals of early
reading instruction and a fairly solid research base on the con-
tributors to success in achieving those goals, the targets of qual-
ity early reading instruction are fairly clear: phonemic aware-
ness and phonemic decoding skills, fluency in word recognition
and text processing, construction of meaning, vocabulary, spell-
ing, and writing (Foorman and Torgesen, 2001). Box 2.2 repro-
duces the curricular components for first to third grade recom-
mended by the National Research Council Committee on the
Prevention of Reading Difficulties in Young Children.

Knowing the components of effective instruction is critical,
but it is only a start. It falls far short of knowing how to effec-
tively integrate the various components, how to allocate time
among those components, and how to carry out instruction
effectively in a classroom context in which children differ sig-
nificantly in their preparation for learning and rate of progress
on each of the components. And when a goal of instruction is to
motivate children to read for pleasure, the how of instruction is
at least as important as the what.

The research literature makes clear that there is no single
answer to the instructional questions posed (National Research
Council, 1998; Fletcher et al., 2002). Effective reading teachers
use a variety of instructional strategies and curricula success-
fully. For example, while teaching phonics is a critical compo-
nent of effective instruction, there are multiple approaches to
doing so effectively (see Box 2.3). Many teachers rely largely on
basal readers for teaching the alphabetic principle, supplemented
by trade books for children’s reading practice, guided reading
for comprehension instruction, and books read aloud for vo-
cabulary development and further comprehension modeling.
Other teachers place more emphasis on children’s writing as
one source of instruction about the alphabetic principle, system-
atic minilessons in grapheme-phoneme correspondences using
word sorts and other procedures (but no basals), and careful
assignment of trade books to children for practice and compre-
hension instruction. Some reading curricula that have shown
gains for groups of at-risk children involve fairly strict adher-
ence to instructional scripts to deliver all the literacy instruction
to highly homogeneous reading groups, whereas others use
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BOX 2.2 Curriculum Components for Reading Instruction in First
Through Third Grade

Beginning readers need explicit instruction and practice that lead to an appreciation that
spoken words are made up of smaller units of sounds, familiarity with spelling-sound corre-
spondences and common spelling conventions and their use in identifying printed words,
“sight” recognition of frequent words, and independent reading, including reading aloud.
Fluency should be promoted through practice with a wide variety of well-written and engag-
ing texts at the child’s own comfortable reading level.

Children who have started to read independently, typically second graders and above,
should be encouraged to sound out and confirm the identities of visually unfamiliar words
they encounter in the course of reading meaningful texts, recognizing words primarily
through attention to their letter-sound relationships. Although context and pictures can be
used as a tool to monitor word recognition, children should not be taught to use them to
substitute for information provided by the letters in the word.

Because the ability to obtain meaning from print depends so strongly on the develop-
ment of word recognition accuracy and reading fluency, both of the latter should be regularly
assessed in the classroom, permitting timely and effective instructional response when
difficulty or delay is apparent.

Beginning in the earliest grades, instruction should promote comprehension by actively
building linguistic and conceptual knowledge in a rich variety of domains, as well as through
direct instruction about such comprehension strategies as summarizing the main idea,
predicting events and outcomes of upcoming text, drawing inferences, and monitoring for
coherence and misunderstandings. This instruction can take place while adults read to
students or when students read themselves.

heterogeneous grouping for most instruction, reverting to ho-
mogeneous grouping only to teach specific skills.

To extend the metaphor, there are different vehicles that are
capable of making the journey to the desired destination. But
the route traveled by any vehicle must cover certain territory to
reach the destination, including decoding territory, oral lan-
guage and vocabulary development territory, comprehension
territory, and writing territory. But while there are multiple
instructional approaches used by effective teachers, there are
many ineffective teachers whose students do not reach the des-
tination at all. The National Assessment of Educational Progress
(NAEP) for the year 2000 found 37 percent of all fourth graders
and 60 percent of black and Hispanic graders reading below the

| 36 LEARNING AND INSTRUCTION

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10858.html

Once children learn some letters, they should be encouraged to write them, to use them
to begin writing words or parts of words, and to use words to begin writing sentences.
Instruction should be designed with the understanding that the use of invented spelling is not
in conflict with teaching correct spelling. Beginning writing with invented spelling can be
helpful for developing understanding of the identity and segmentation of speech sounds and
sound-spelling relationships. Conventionally correct spelling should be developed through
focused instruction and practice. Primary grade children should be expected to spell previ-
ously studied words and spelling patterns correctly in their final writing products. Writing
should take place regularly and frequently to encourage children to become more comfort-
able and familiar with it.

Throughout the early grades, time, materials, and resources should be provided with
two goals: (a) to support daily independent reading of texts selected to be of particular
interest for the individual student and beneath the individual student’s frustration level, in
order to consolidate the student’s capacity for independent reading, and (b) to support daily
assisted or supported reading and rereading of texts that are slightly more difficult in word-
ing or in linguistic, rhetorical, or conceptual structure in order to promote advances in the
student’s capabilities.

Throughout the early grades, schools should promote independent reading outside
school by such means as daily at-home reading assignments and expectations, summer
reading lists, encouraging parent involvement, and working with community groups, including
public librarians, who share this goal.

SOURCE: National Research Council (1998).

“basic” level (National Center for Education Statistics, 2001).2 It
is therefore of utmost importance that knowledge gleaned from
the study of effective practice and from research on reading
instruction be carefully articulated, tested in rigorous research,
and incorporated into instructional programs and into teacher
education programs.

Checkpoints: Assessment

The general consensus in the field of early reading that has
emerged from a relatively strong research base extends to the

*Categories include below basic, basic, proficient, and advanced.
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early indicators of reading difficulties. Effective indicators are
emerging from longitudinal databases (e.g., Fletcher et al., 2002;
O’Connor and Jenkins, 1999; Scarborough, 1998; Torgesen, 2002;
Vellutino et al., 2000; Wood et al., 2001). These indicators can
provide valuable information to teachers regarding the instruc-
tional needs of individual students. Predictiveness of particular
skills depends on how and when they are assessed, but, in
general, phonological awareness and its theoretically related
construct of letter-sound knowledge in kindergarten and the
beginning of first grade are predictive of first grade outcomes,
as is word recognition at the beginning of first grade. In second
grade word reading continues to be a strong predictor of second
grade outcomes, with reading fluency and reading comprehen-
sion becoming increasingly important predictors of reading out-
comes. For children at risk of reading difficulties due to poverty
and language background, oral language in general and vo-
cabulary in particular are critical to reading success (Foorman et
al., in press; National Research Council, 1998; Dickinson and
Tabors, 2001).

There are a number of models for screening children in
kindergarten, first grade, and second grade for reading prob-

BOX 2.3 Phonics Instructional Approaches

Analogy phonics: teaching students unfamiliar words by analogy to known words (e.g.,
recognizing that the rime segment of an unfamiliar word is identical to that of a familiar
word, and then blending the known rime with the new word onset, such as reading brick by
recognizing that ick is contained in the known word kick, or reading stump by analogy to
jump).

Analytic phonics: teaching students to analyze letter-sound relations in previously
learned words to avoid pronouncing sounds in isolation.

Embedded phonics: teaching students phonics skills by embedding phonics instruction
in text reading, a more implicit approach that relies to some extent on incidental learning.

Phonics through spelling: teaching students to segment words into phonemes and to
select letters for those phonemes (i.e., teaching students to spell words phonemically).

Synthetic phonics: teaching students to explicitly convert letters into sounds (pho-
nemes) and then blend the sounds to form recognizable words.

SOURCE: National Institute of Child Health and Human Development (2000).
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lems.? These assessments engage teachers—some more and some
less formally—in collecting data on which to base curricular
decisions about individual children. Both the Texas Primary
Reading Inventory (TPRI) and the Virginia Phonological Aware-
ness and Literacy Screening (PALS) have been implemented on
a statewide basis.

Many children who master the process of reading nonethe-
less do poorly at developing broader literacy skills (RAND,
2002a). While there are fairly good predictors of difficulty in
learning to read, predictors of comprehension problems are less
well developed. Assessments of vocabulary and writing ability,
both of which support comprehension, are underdeveloped.
While there are many standardized tests of vocabulary and
writing in use, they provide only normative information rela-
tive to students in the same age or grade and therefore are not
adequate to provide individual feedback that can guide instruc-
tion. Vocabulary tests that assess the breadth and depth of word
meanings are required to give teachers information about which
words to target for instruction. Likewise, writing protocols that
are evaluated for spelling, mechanics, grammar, word choice,
ideas, and organization are needed to provide the basis for the
revision process so fundamental to the development of skilled
writing.

TEACHER KNOWLEDGE

Reading teachers need to understand the current state of
knowledge on the course of literacy development, and the role
of reading instruction in supporting that development. The spe-
cific areas of study that would align teacher preparation with
the learning experiences that should be provided to children in
the classroom are outlined in detail in Preventing Reading Diffi-
culties (National Research Council, 1998:285-287). We are far
from the goal of effectively providing all reading teachers with

*These include the Observation Survey developed in New Zealand (Clay,
1993); the South Brunswick, New Jersey, Early Literacy Portfolio (Salinger and
Chittenden, 1994); the Primary Language Record (Barr et al., 1988); the Work
Sampling System (Meisels, 1996-1997); the Texas Primary Reading Inventory;
and the Phonological Awareness and Literacy Screening developed at the
University of Virginia (see Foorman et al., 2001, for summaries of all of these
programs).
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access to that knowledge base. But we know a great deal about
what the knowledge is. There are two major teaching chal-
lenges, however, that are likely to require more than under-
standing the knowledge base: integrating the components of
early reading instruction into an effective reading program and
differentiating instruction for children with different
competences.

Integrating Instruction Knowing the components of effective
reading instruction does not ensure that a teacher will be able to
integrate these in practice. With the multiple demands of man-
aging a classroom, teachers often look to curriculum materials
to simplify their complex task. For the majority of teachers in
the United States, these are basal readers (National Research
Council, 1998). The content of the basals influence’s how teach-
ers allocate instructional time. The research base on phonics
instruction is stronger than that on vocabulary instruction, oral
language instruction, writing, and comprehension. Perhaps be-
cause dimensions of effective phonics instruction are better de-
fined, basal reading programs place more emphasis on phonics.
In many places, considerably more time is now invested in
phonological awareness teaching and practice than would be
recommended based on the research, which suggests that 18-20
hours is sufficient (National Institute of Child Health and Hu-
man Development, 2000).

With little attention paid to vocabulary and writing instruc-
tion in the basals, Foorman and Schatschneider (in press) ob-
served little attention to these critical activities (i.e., less than 10
percent of instruction) in observations of 114 first and second
grade teachers in 17 high-poverty schools. The National Read-
ing Panel concluded that “teachers must understand that. . . .
systematic phonics instruction should be integrated with other
reading instruction in phonemic awareness, fluency, and com-
prehension strategies to create a complete reading program”
(National Institute of Child Health and Human Development,
2000:11). But this is not now standard practice.

Differentiating Instruction Children who have mastered the al-
phabetic principle simply do not need phonics instruction that
is as intense as that needed by their peers who have not achieved
such mastery. Furthermore, as Box 2.2 suggests, a critical aspect
of an effective instructional program is daily practice reading
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within the student’s mastery level and daily supported practice
working with text that is just beyond mastery level. With chil-
dren at multiple mastery levels in a classroom, an effective
teacher must be able to assess current mastery, provide students
with work that is appropriate, and manage a classroom in which
groups of students are engaged in different activities.

Without the opportunity for teachers to learn how to inte-
grate research knowledge into instructional practice, the knowl-
edge has a weak influence at best. Most basal reading instruc-
tion, for example, happens at the whole-class level. Students are
rarely grouped for instruction because of concerns about man-
aging the rest of the class and lack of knowledge about how to
translate assessment results into small-group instruction. Most
pre-service teacher credential programs do not provide
coursework on assessment, and most reading basals do not
provide assessments that clearly translate to differentiated in-
struction. Exceptions are well-implemented Success for All and
Reading Mastery programs. The result is a preponderance of
whole-class instruction in which, if assessment is present at all,
results are not linked to instruction tailored to the needs of
individual students.

RESEARCH AGENDA

The research base supporting principles of good literacy
instruction has been in place for at least 20 years, and policies
and strategies designed to improve reading outcomes have
similarly been a priority at the federal level and in many states
for a long time. Nonetheless, many children in U.S. schools are
not learning to read well, and in many primary classrooms
good teaching practices are not being implemented. While ac-
countability and incentives may be part of the solution, the
committee believes there are important gaps in knowledge and
know-how that must be filled if effective reading instruction is
to become the norm. The discussion above points to three criti-
cal questions:

1. How can we ensure that all children have the foun-
dational experiences to support success in reading
mastery? How can oral language development, in-
cluding vocabulary acquisition, be supported in the
preschool and early elementary years to counter the
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effects of disadvantage? The question is particularly
urgent for the growing numbers of children whose
native language is not English.

2. How can the knowledge base on components of ef-
fective reading instruction be refined to address im-
portant instructional questions and classroom man-
agement issues? The goal must be to move from
principles of good literacy instruction to the practices
and programs that will support it.

3. How can pre-service and in-service teacher educa-
tion be designed and combined to most effectively
support the development of expertise in teaching
reading?

These are the questions that motivate our early reading R&D
initiatives.

Initiative 1: Narrowing the Gap

Awareness of the critical role of early experiences in prepar-
ing children for school success has been heightened in recent
years by data collection efforts that document striking differ-
ences among socioeconomic groups when children first pass
through the schoolhouse door (West et al., 2001). Several recent
NRC reports have emphasized the importance of addressing
these disparities in the preschool years.* The report on prevent-
ing reading difficulties argues that preschool and kindergarten
programs should pay ample attention to the skills that play a
causal role in future reading achievement (National Research
Council, 1998:9):

Instruction should be designed to stimulate verbal interaction; to
enrich children’s vocabularies; to encourage talk about books; to
provide practice with the sound structure of words; to develop
knowledge about print, including the production and recognition
of letters; and to generate familiarity with the basic purposes and
mechanisms of reading.

Federal policy makers have responded with concern, as the
Reading Excellence Act, the Early Reading First Guidelines, and

*See National Research Council (1998, 2001a, 2002a).
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the No Child Left Behind legislation attest. With seeming agree-
ment about what should be done, the time is ripe for investing
in research and development on how to do it. How can pre-
school programs best enrich the oral language skills, including
the vocabulary, of young children? How does the answer differ
for children ages 3, 4, and 5?

There are examples of interventions for preschool and kin-
dergarten programs that are designed to build children’s ca-
pacities with practices that the current knowledge base sug-
gests are important. For classroom purposes, these must be
subjected to systematic evaluation to determine whether they
are indeed effective—both in general and for subgroups of
children (e.g., English-language learners). These practices in-
clude the following:

¢ Regular use of read-alouds that focus on engag-
ing children in discussion of the text and that offer op-
portunities to reuse and to expand on the meaning of the
more challenging vocabulary items in the text (e.g.,
Whitehurst et al., 1994; Lonigan and Whitehurst, 1998;
Valdez-Menchaca and Whitehurst, 1992; Beck and
McKeown, 2001).

¢ Use of science-, number-, or world-knowledge-
focused curricula to raise the quality of talk going on in
the classroom and thus on children’s language growth
(for examples of such curricula, see National Research
Council, 2001b).

¢ Increasing the amount of one-on-one or small
group, adult-child conversation during the daily activi-
ties of the classroom, since considerable evidence (e.g.,
Dickinson and Tabors, 2001) suggests that such oppor-
tunities are both relatively rare and highly facilitative of
children’s language growth.

* Professional development programs that provide
rich practice-embedded knowledge about vocabulary
and oral language development, whether or not paired
with explicit guidelines about the use of such activities
as dialogic reading, text-talk sessions, science curricula,
and so on.
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Initiative 2: Models of Integrated
Reading Instruction

Moving from the principles to the practices of effective read-
ing instruction will require attention to the detailed instruc-
tional decisions teachers must make on a daily basis. How much
attention should be paid to writing, to oral language develop-
ment, and to decoding? At the same time that the National
Reading Panel emphasized the importance of what research
says about phonics instruction, for example, they point to the
instructional questions that remain unknowns (National Insti-
tute of Child Health and Human Development, 2000:10):

If phonics has been systematically taught in kindergarten and Ist
grade, should it continue to be emphasized in 2nd grade and
beyond? How long should single instruction sessions last? How
much ground should be covered in a program? Specifically, how
many letter-sound relations should be taught, and how many
different ways of using these relations to read and write words
should be practiced for the benefits of phonics to be maximized?

Phonics is by no means atypical with regard to unanswered
instructional questions. Reading practice is generally recognized
as an important contributor to fluency. Two instructional ap-
proaches—guided repeated oral reading and independent si-
lent reading—are generally used to support fluency develop-
ment. While evidence regarding the effectiveness of the first is
strong, evidence on independent silent reading is more mixed
(National Institute of Child Health and Human Development,
2000). Either approach, however, uses valuable instructional
time. Questions regarding the amount of time that is optimal for
reading practice at each stage of the learning process and whether
the combination of oral and silent reading that is desirable
changes as mastery level changes are central to everyday in-
struction. Similarly, while much is known about the importance
of vocabulary to success in reading, there is little research on the
best methods or combinations of methods of vocabulary in-
struction.

To make headway on the instructional questions, the re-
search and development we propose would consist of two
closely sequenced and intertwined efforts. The first is the study
of exemplary teaching practice in early reading instruction, and
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the second is the design and study of specific interventions,
with particular attention to basal readers.

Learning from Exemplary Practice We know that very successful
reading teachers manage to integrate the components of early
reading instruction. But many teachers are less successful. An
important resource for advancing understanding of the prac-
tices that promote student success is the study of contrasting
practices and outcomes.

One approach to this research would be to identify teachers
who consistently beat the odds with the performance of their
students on the full range of literacy skills. Observing these
teachers—the constellation of practices that they employ, the
mix of activities, the distribution of time spent on various tasks,
and the assessment measures to which they attend and re-
spond—would allow for hypothesis formation regarding the
features of effective, integrated reading instruction programs.
These beat-the-odds teachers would be compared with teachers
in the same school and teaching the same grade level whose
students consistently make only average progress for their
school, in order to identify the crucial features that differentiate
the two groups of teachers.

These features are likely to differ by grade, and by the
average achievement level and language development of the
students in the classroom. Designing the research to look at
various levels (kindergarten, first, second, third grade) and at
classrooms chosen to represent a wide variety of demographic
factors (e.g., in suburban high-scoring schools, in urban low-
scoring schools, in schools serving language minority learners)
would be required to draw implications for practice.

A first level of analysis of the data would be to see whether
the features that differentiate the beat-the-odds teachers are the
same for different groups of learners. It is entirely plausible that
the characteristics of excellent teaching for inner-city or for En-
glish-language learners are different from those that work best
with suburban youth. It is even more strongly to be suspected
that the characteristics of excellent instruction in one year (e.g.,
third grade) will vary from the instruction that has gone on in
earlier years. Clarity about these and other dimensions that
require instructional responsiveness is an important target for
this research.
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Developing and Testing Reading Intervention Once hypotheses are
generated regarding the components of effective instruction for
different groups and grades, the next phase of R&D would
involve the design of interventions that incorporate those com-
ponents into instruction systematically, in an effort to verify
their effectiveness experimentally and to assess their efficacy
with a wider array of students and reading curricula or subject
matter.

Since basal readers are the primary reading curriculum ma-
terials for the majority of American classrooms (National Re-
search Council, 1998), they are an obvious target for improve-
ment in reading instruction. Two studies have examined first
grade basal readers for their theories of learning (Foorman et al.,
2002; Hiebert et al., 2002), and both studies report their limita-
tions. For example, the vast majority of words presented in text
selections in a lesson in first grade basals are used only once, yet
research clearly indicates that multiple presentations of a word
are required before it becomes part of a student’s vocabulary
(National Institute of Child Health and Human Development,
2000). Basals also differ significantly on the decodability of the
text (the composition with respect to length, grammatical com-
plexity, the number of unique and total words, repetition of
words, and coverage of important vocabulary). Iterative cycles
of design and research on the features of instructional interven-
tions generally, and basals specifically, could make a direct
contribution to instructional practice.

The development projects should be undertaken in compet-
ing efforts in order to maximize creativity and entrepreneur-
ship, and each project should be conducted with a research
component to test critical features (e.g., variation in time spent
on vocabulary instruction.) Once instructional interventions have
gone through sufficient iterations of design, testing, and rede-
sign, the interventions should be tested more broadly. More
powerful, large-scale, longitudinal, planned variation studies
could be undertaken to test the relative benefit of different
instructional programs, and data on student achievement re-
sults should be collected to ascertain how large an impact the
intervention has on students with different characteristics (so-
cioeconomic status, primary language, achievement level, etc.).
Simultaneously, teacher knowledge and support requirements
should be studied.
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Initiative 3: Teacher Education

While the research base is quite strong on the elements of
effective reading instruction (what we want teachers to be able
to do), we know surprisingly little about how to provide teach-
ers with the learning experiences that can support effective
practice in teaching reading (National Institute of Child Health
and Human Development, 2000).

We do know, however, that existing teacher preparation has
not been adequate to support widespread use of research-based
practices in the classroom (Moats and Lyon, 1996; Moats, 1994).
The problem is as difficult as it is important. Teachers have
long-standing beliefs about student learning and teaching prac-
tice that are built on personal experience, and many believe that
a knowledge base in pedagogy is not needed (Lanier and Little,
1986; RAND, 2002a). Some research indicates that even teachers
who say they use reform models use traditional practices (Stigler
et al., 1999). Heibert and Martin (2001) found, for example, that
teachers distort knowledge about mathematics reform to make
it consistent with what they already do. True changes in prac-
tice are difficult to effect. Yet mounting evidence suggests that
the quality of teaching strongly predicts student achievement,
explaining as much as 43 percent of the variance after control-
ling for socioeconomic variables (Ferguson, 1991; National Re-
search Council, 2002a). Clearly, if student learning is the ulti-
mate goal, teacher learning must be a target. In developing the
agenda, we ask what research and development would support
more effective learning for teachers of early reading.

The first question a research team must address is how
teacher learning, and the effect of teacher learning on student
learning, will be measured. The problem is not trivial. Key to
success is a teacher’s ability to effectively integrate and differen-
tiate instruction. These are multifaceted, complex phenomena.
How they can be captured in measurable dimensions of teacher
practice will itself require careful research. And the impact of
teacher instruction on student achievement is equally complex,
relying as it does on multiple literacy skills, including the diffi-
cult-to-measure variable of “comprehension.”

Once the outcomes of interest are identified, the question for
research is how to achieve them. A report by RAND (2002a)
asks the question for reading comprehension that could just as
easily be asked of all teacher education for early reading: “What
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is the relative power of various instructional delivery systems
(e.g., field-based experiences, video-based cases, demonstration
teaching, microteaching) for helping teachers acquire the knowl-
edge and skills they need to successfully teach comprehension
to students of different ages and in different contexts?” (p. 51).
In the fields of medicine and business, in which much of what
needs to be learned by practicing professionals is how to draw
effectively on a knowledge base to support good judgment,
education programs generally place heavy emphasis on case-
based learning. Similarly, the ability to move successfully from
study to practice, from knowing “what” to knowing “how,” is
likely to require supervised practice (internships) and mentoring
relationships. Indeed, there is evidence to suggest that coaching
and mentoring models that translate research into instructional
activities in actual classrooms are more likely to have an impact
on teacher development and hence student learning (Bos et al.,
1999; Foorman and Moats, in press; McCutchen et al., 2002;
O’Connor, 1999; Thomas et al., 1998). The effectiveness of vari-
ous approaches and the optimal combinations of approaches to
teaching teachers are empirical question’s of such wide-ranging
importance that there can be little debate that they deserve
research attention.

The specific questions that might be the subject of research
on teacher education, however, are innumerable. Consider those
posed by the National Reading Panel: “What is the optimal
combination of preservice and inservice education, and what
are the effects of preservice experience on inservice performance?
What is the appropriate length of inservice and preservice edu-
cation? What are the best ways to assess the effectiveness of
teacher education and professional development? How can
teachers optimally be supported over the long term to ensure
sustained implementation of new methods and sustain student
achievement gains? The relationship between the development
of standards and teacher education is also an important gap in
current knowledge” (National Institute of Child Health and
Human Development, 2000:17). The long-term agenda must be
one in which this broad set of questions is addressed in an
attempt to make the massive system of teacher education more
rational and effective. The benefit of a SERP network is that
these questions can be taken on sequentially over time.

How might the network set priorities for early focus? We
can apply the previously stated principle that existing, impor-
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tant research findings should be carried through to practice. The
very powerful research base discussed above suggests that many
of the students who do not learn to read could be effectively
instructed if teachers could assess individual student needs and
differentiate instruction in response to the assessments. A high
priority, then, might be given to teacher learning in this area.
What do teachers need to know to grasp the goals of individual
assessments, to administer and score the assessments compe-
tently, and to understand their implications? What do they need
to know to effectively group students and align assessment
results with instruction? And how can teachers be prepared for
the demands of managing a classroom in which different groups
of students are working on different tasks, some independently
and some with teacher guidance?

A key advantage of the network is that it can monitor
progress on research questions and steer the agenda over time.
As progress is made on one set of questions, the next set can
follow. Even more importantly, knowledge from research on
teacher learning with respect to early reading instruction can be
integrated in the network context with research on teacher learn-
ing with respect to mathematics and science.

READING COMPREHENSION
BEYOND THE EARLY YEARS

STUDENT KNOWLEDGE

In the area of reading comprehension, the panel had the
benefit of drawing on a thorough and very recent assessment of
research needs by the RAND Reading Study Group (RAND,
2002a), as well as on the report of the National Reading Panel
(National Institute of Child Health and Human Development,
2000). Those reports make clear that with regard to both student
learning and teacher preparation, the research base to support
practice is weak.

The Destination: What Should Children
Know and Be Able to Do?

An answer to this question is implied by the RAND study
group in its definition of reading comprehension as “the pro-
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cess of simultaneously extracting and constructing meaning
through interaction and involvement with written language”
(RAND, 2002a:11). To extract meaning requires the reader to
decode the words and form a mental representation of what the
text actually says, at both a local (sentences, phrases, and their
interconnections) and global level (the gist of the text’s mean-
ing). To construct meaning requires that the reader create a
“situation model,” or an understanding of the intended mean-
ing conveyed with these words that is informed not just by the
text, but also by the knowledge and experience of the reader
(Kintsch, 1998). The situation model is the foundation from
which inferences are drawn (see Box 2.4). Consider the sen-
tence, “The sky was a clear, bright blue the day she first saw
Charles.” The sentence does not state that it is not raining, but
the reader can infer this from the bright blue sky. More impor-
tantly, it says nothing about who Charles might be to the refer-
enced woman, but we infer that he will be significant and memo-
rable—not a plumber who will fix her drain then disappear.

BOX 2.4 Text Comprehension Involves Processing at Different Levels

First, there is the linguistic level, the text itself. The reader must decode the graphic
symbols on a page. Perceptual processes are involved, as well as word recognition and
parsing (the assignment of words to their roles in sentences and phrases).

Semantic analysis determines the meaning of the text. VWWord meanings must be com-
bined in ways stipulated by the text, forming idea units or propositions. However, there is
more to the meaning of a text than word meanings and propositions. The global structure of
a text is often crucial for comprehension. Psychologically, these processes involve the
determination of the coherence relations among the propositions expressed in a text (which
are often, but not always, signaled by linguistic markers). Inferences, such as simple bridging
inferences or pronoun identification, are often necessary. Macrostructures require the
recognition of global topics and their interrelationships, which are frequently conventional-
ized according to familiar rhetorical schemata.

But if a reader comprehends only what is explicitly expressed in a text, comprehension
will be shallow, sufficient perhaps to reproduce the text, but not for deeper understanding.
For that, the text must be used to construct a situation model, that is, a mental model of
the situation described by the text. Generally, this requires the integration of information
provided by the text with relevant prior knowledge, as well as the goals of the reader. One
important fact to note about the process of constructing situation models is that it is not
restricted to the verbal domain. It frequently involves imagery and emotions, as well as

personal experiences.
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The Route: Progression of Understanding

We would be pleased if a 6-year-old student could read
the above sentence and understand it semantically. But we would
expect a 16-year-old student to develop a situation model that is
more complex due to greater developmental maturity, more
experience with texts and text genres, and the benefits of in-
struction. The high school student might appreciate the expecta-
tion created by the author with two very simple phrases and
might productively reflect on how that expectation might change
if the sky were dark and the wind threatened to carry away all
in its path. And yet understanding of the typical progression of
student reading comprehension between ages 6 and 16 is poorly
mapped, with a consequence that instructional support for com-
prehension is poorly defined as well. As the RAND study group
argues, “without research-based benchmarks defining adequate
progress in comprehension, we as a society risk aiming far too
low in our expectations for student learning.”

Research in this area is, for the most part, still upstream.
Many research perspectives offer relevant insights (Pearson and
Hamm, 2002), but as yet there are no integrated theories and
companion models that provide a foundation for accumulating
knowledge and guiding instruction. Moreover, mapping
progress in reading comprehension requires that the phenom-
enon can be measured. Here again the knowledge base is weak.
Worse, what is known suggests that existing, commonly used
measures of comprehension can be misleading. They capture
meaning extraction and short-term memory, but these are not
good predictors of meaning construction. Interventions that can
improve short-term recall can actually weaken inferencing ca-
pacity (Mannes and Kintsch, 1987). Both the mapping of
progress in reading comprehension and the evaluation of in-
structional interventions to improve reading comprehension
depend on the development of assessments that can measure all
its aspects, including the quality of the situation model.

The Vehicle: Curriculum and Pedagogy

Instruction in reading comprehension is generally limited.
Research in the 1970s indicated that only 2 percent of classroom
reading instruction time was devoted to comprehension of the
text being read (Durkin, 1978-1979). In the various domains
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that place heavy demands on reading comprehension abilities,
like social studies, science, and even mathematics, little or no
comprehension instruction takes place. Yet mastering the vo-
cabulary, text structures, methods, and perspectives of the disci-
pline places simultaneous demands on the student to acquire
content knowledge and reading skill. While teachers in a variety
of domains recognize that for many students subject-matter
knowledge is held hostage to reading comprehension skill, they
are given no preparation or guidance in providing reading com-
prehension instruction.

Many teachers assume that children will acquire compre-
hension skills simply by reading. While some do, many do not.
Research done 25 years ago found that many readers of various
ages who were given text with logical and semantic inconsisten-
cies failed to detect them (Markman, 1977, 1981; National Insti-
tute of Child Health and Human Development, 2000). The sur-
prising failure of comprehension focused attention on the
complexity of the comprehension process, as well as on the
nature of the activity as one involving active engagement rather
than passive reception (National Institute of Child Health and
Human Development, 2000). Research on comprehension in-
struction in the decades since has focused on strategies to ac-
tively engage the reader.

To the extent that reading comprehension is addressed at all
in the K-12 curriculum, it is generally done through strategy
instruction (RAND, 2002a). Common approaches to strategy in-
struction focus on strengthening recall of textual materials. Study
skills instruction, for example, typically teaches students skills
like previewing texts, paying attention to headings, rereading
for specific information or structural cues, outlining or mapping
the text in graphic form, and rehearsing questions to prepare for
a test (Kintsch et al., 2001). These strategies have been shown to
improve recall, particularly for low-achieving students (National
Institute of Child Health and Human Development, 2000). But
because they focus on surface features, they can be mastered
successfully without the student’s developing a situation model
or integrating the new knowledge with the student’s background
knowledge.

A number of programs were developed to help combat the
surface-level reading identified as a widespread problem (Brown
et al., 1983). The programs focus on the development of
metacognition, a term that refers to the ability to monitor and
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guide one’s own thinking processes. Students who are good
comprehenders actively monitor whether their purpose in read-
ing is being met. They notice when something is unclear or is
inconsistent with their background knowledge. Metacognitive
strategy instruction teaches students to consciously use prob-
lem-solving strategies to comprehend difficult text, to activate
relevant background knowledge, and to stay alert to compre-
hension breakdowns. Several have demonstrated promising
outcomes.

Reciprocal teaching, a program developed by Palincsar and
Brown (1984), is based on the notion that the internal thought
processes involved in effective comprehension can be taught to
students explicitly. The teacher initially models aloud four strat-
egies: questioning unclear content, summarizing meaning para-
graph by paragraph, clarifying comprehension problems, and
predicting what will come next. Students practice the strategies
under the teacher’s guidance, and gradually the teacher’s role
diminishes. As students become more adept, they take on the
role of the teacher themselves in small “cooperative learning”
reading groups, asking their own questions aloud. Over time,
students internalize the comprehension process. Reciprocal
teaching can be used to support listening comprehension among
younger children, as well as reading comprehension once chil-
dren become fluent readers.

Questioning the author is an instructional strategy that sup-
ports deeper comprehension by changing the nature of the ques-
tions students are asked about the text they read. Rather than
focusing on factual questions that direct the student to retrieve
information from text, Beck et al. (1997) found that focusing on
interpretation and intent became a powerful tool for changing
students” approach to reading comprehension. In questioning
the author, students are asked to think about the author’s in-
tended message and to evaluate how successfully that message
is conveyed. The strategy calls attention to gaps in understand-
ing and stimulates retrieval of existing knowledge against which
to judge the author’s case. Beck et al. (1997) have documented
impressive changes in the classroom culture, with students more
actively engaged in interactive discourse. The dynamic is self-
reinforcing; as students and teachers engage more in thoughtful
questioning, they become more critical readers and thinkers. A
version of the approach, called text talk, was developed to sup-
port listening comprehension in young children.
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Transferring strategy use effectively from a particular class-
room context to other classrooms or to contexts outside the
school has proven difficult (National Research Council, 2000;
RAND, 2002a). Several quasi-experimental studies suggest the
benefit of embedding strategy instruction in content learning
(Guthrie et al., 1998a, b). The purpose of the strategy as a tool for
understanding challenging text and the need to adapt the strat-
egy to the activity are both more apparent when embedded in
content. Students become more proficient at deliberate strategy
use as a means for learning (Brown, 1997).

For well over a decade, research findings have confirmed
the benefits of metacognitive strategy instruction (Pressley et
al., 1989; Rosenshine and Meister, 1994; Rosenshine et al., 1996).
In reviewing the studies that met their methodological stan-
dards, the National Reading Panel concluded, “when readers
are given cognitive strategy instruction, they make significant
gains on measures of reading comprehension over students
trained with conventional instruction procedures” (National In-
stitute of Child Health and Human Development, 2000:4-40).

Research also suggests that the classroom norms and prac-
tices that promote reading comprehension are those that en-
hance student motivation and engagement (RAND, 2002a). That
motivation is important is hardly surprising given that reading
comprehension requires effortful engagement of multiple cog-
nitive processes. The RAND review concludes that teachers
who give students choices, challenging tasks, and opportunities
for collaborative learning increase their motivation to compre-
hend text. Both classroom observation (Turner, 1995) and quasi-
experimental studies (Reeve et al., 1999) suggest the importance
of student choice and autonomy that are limited but meaningful
in increasing motivation.

Checkpoints: Assessment

Unlike word decoding, comprehension is not an isolated
ability the mastery of which can be straightforwardly mea-
sured. Comprehension takes place at the intersection of the
reader, the text, and the activity. Assessing progress of an indi-
vidual student and diagnosing problems requires attention to
that interaction. While the person must bring or develop the
requisite skills, what is requisite will depend on the text to be
comprehended and the purpose for which it is being read.
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The Reader The capacity to comprehend text varies enormously
across students. Some of the contributors to that variation are
well established (see National Institute of Child Health and
Human Development, 2000, and RAND, 2002a, for elaboration).
These include the following:

¢ Comprehension capacity builds on successful ini-
tial reading instruction;

*  Comprehension capacity is coincident with good
oral language skills (vocabulary and listening
comprehension);

*  Students who have had rich exposure to literacy
experiences are more likely to succeed at reading
comprehension;

*  Maturing cognitive capacities, including atten-
tion, memory, analytical ability, inferencing abil-
ity, and visualization ability, contribute to com-
prehension ability;

*  Good comprehenders actively monitor their un-
derstanding and use strategies that help them
retain, organize, and evaluate information;

*  The growing store of background knowledge ac-
quired both inside and outside school contrib-
utes to comprehension capacity; and

¢  The motivation that the student brings to read-
ing contributes to comprehension.

The Text Features of a text can facilitate or complicate compre-
hension. But the relationship is not simple. We know how to
make a text easy or hard to read, for example, by controlling
vocabulary and syntax, by using an appropriate rhetorical struc-
ture, and by calibrating the information in the text to the read-
ers’ prior knowledge. However, what is crucial for comprehen-
sion is neither the reader nor the text alone, but the reader-text
interaction. The goal is to engage the reader as actively as pos-
sible, so that the reader will utilize his or her prior knowledge to
make inferences and construct a situation model that integrates
this prior knowledge with the newly acquired textual informa-
tion. A text designed to be maximally readable may leave the
reader passive, resulting in the readers” knowing the textbook
by heart (and doing very well on an exam that tests for rote
knowledge). But that knowledge may be inert, inflexible knowl-
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edge that will not help the student to solve novel problems and
understand new texts requiring that the knowledge be brought
to bear.

The problem, then, requires careful attention. If the text is
too hard and relies on background knowledge that the reader
does not have, he or she will not be able to construct a good
situation model and comprehension will fail. If it is too easy,
comprehension may remain superficial.

The Activity The pedagogical problem for comprehension is to
get the reader to engage in the right kind of processing, in which
what is “right” depends on the purpose of the activity.

Different purposes for engaging with text place very differ-
ent demands on the reader and suggest different standards for
adequate comprehension. Skimming a text for particular infor-
mation that can help solve a problem is quite different from
studying a text to be conversant with its entire content. Reading
a novel for pleasure imposes different demands from reading
the same novel in order to critique features of the author’s
technique and style. The same reader may have good compre-
hension skills for one purpose and weak skills for another.

Assessing progress and making course corrections both re-
quire focus on all three factors. While strengthening a particular
weakness of the reader may be the appropriate response to
inadequate progress in some cases, providing a text that is more
appropriate to the reader’s background knowledge or provid-
ing activities that have a greater capacity to engage the student
may be more appropriate in others. The teacher’s task is com-
plex. Assessments that can assist a teacher in diagnosing the
nature of the problem for an individual student have not yet
been developed.

TEACHER KNOWLEDGE

What do we want teachers to know and be able to do with
respect to reading comprehension? The answer proposed in the
RAND report is to “enact practices that reflect the orchestration
of knowledge about readers, texts, purposeful activity, and con-
texts for the purpose of advancing students” thoughtful, compe-
tent, and motivated reading”(RAND, 2002a:29-30). That orches-
tration is highly complex because the amount of support that
individual students need is likely to differ considerably, and
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because the support any given student needs may change with
different texts. This kind of “adaptive expertise” requires that a
teacher have a deep understanding of comprehension processes
and approaches to supporting them. Mastering decontextualized
rules of instruction will not be adequate (National Research
Council, 2000).

Metacognitive strategy instruction is a case in point. To
teach metacognitive strategies effectively, teachers must have a
good grasp themselves of the text content and of the strategies.
But their knowledge must be conditionalized; they must know
which strategies are most effective for which students and which
types of content. They must be able to respond flexibly and
opportunistically when the intervention is needed to aid stu-
dent comprehension rather than using strategy instruction as
the end in itself.

Research by Palincsar et al. (1989) suggests that the precon-
ceptions that many teachers hold regarding student learning are
at odds with the research-based conceptions incorporated in
reciprocal teaching. In one study with first grade teachers, for
example, the teachers” own goals for student listening compre-
hension emphasized the ability to follow a sequence of direc-
tions, and instruction was limited to the support of that goal.
The teachers believed that collaboratively constructing the mean-
ing of text was beyond their students’ abilities. Pilot studies of
reciprocal teaching using teachers whose beliefs were in accor-
dance with the program showed significant gains for 85 percent
of students. But in the hands of first grade teachers with discor-
dant beliefs, only 47 percent of their first graders showed com-
parable improvement, even after the teachers were trained in
the technique by the researchers.

In other work as well, Palincsar and her colleagues found
that teachers who conceptualize reading as a sequence of iso-
lated skills require considerable support and coaching to over-
come the propensity to use the strategies in a routine fashion.
Without that support, their students show gains in tests of
strategy use, but not in reading comprehension (Palincsar, 1986).
Teachers” conceptions regarding collaborative learning more
generally diverge from the research base as well. While research
suggests that student performance in collaborative groups ex-
ceeds individual performance, teachers generally believe that
collaborative groups support social goals but not cognitive gains
(Palincsar et al., 1989).
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The National Reading Panel reviewed quantitative studies
of teacher preparation in the area of strategy instruction for
reading comprehension and found four that met their method-
ological criteria. The conclusions drawn from these few studies
reinforce the findings above, suggesting that to be effective
teachers required extensive instruction in explaining what they
were teaching, modeling their thinking processes, encouraging
student inquiry, and keeping students engaged. But the studies
provided little guidance on which aspects of the teacher prepa-
ration were most effective (National Institute of Child Health
and Human Development, 2000).

RESEARCH AGENDA

In the area of reading comprehension, the panel proposes
four initiatives:

1. to conduct R&D on assessments of reading compre-
hension;

2. to conduct R&D on the teacher knowledge require-
ments for effective use of proven approaches to
metacognitive strategy instruction;

3. to advance the knowledge base on the components of
effective comprehension instruction across grades;
and

4. to undertake a benchmarking effort to define expec-
tations for comprehension across the school years.

Initiative 1: Assessments of
Comprehension

All research on the effectiveness of interventions to support
reading comprehension requires that the phenomenon of com-
prehension be measured. In laboratory research, different levels
of text comprehension can be distinguished (Kintsch, 1998;
Graesser et al., 1997). Comprehension can be deep in the sense
that the information is integrated with prior knowledge and can
be used for problem solving or other purposes. In contrast,
comprehension can be shallow, focusing on the text itself. In this
case, new knowledge is inert; it is not integrated into the reader’s
general knowledge base or used when applicable for problem
solving.

Current reading comprehension assessments do not effec-
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tively capture this distinction. Tests that are widely used today
require students to answer questions that often assess only su-
perficial aspects of comprehension. If deeper understanding of
text is the goal of instruction, those tests will be inadequate to
inform decisions about instructional effectiveness. Indeed, Box
2.5 suggests that inferencing ability and recall are different as-
pects of comprehension, and measuring recall only can be highly
misleading. New assessments must therefore be a high priority.

Since comprehension is not a unitary process, it is necessary
to assess separately the different components of comprehen-
sion. Just how many independent components exist is a matter
of some disagreement (Pearson and Hamm, 2002). Rigorous
research to push further on a working answer to that question is
under way and should be continued and extended. Hannon and
Daneman (2001), for example, designed a comprehensive test
that measures four different components of comprehension: a
reader’s ability to recall a text, the ability to make inferences
based on explicitly stated facts, the ability to access general
word knowledge, and the ability to make inferences that require
integration of prior knowledge with text information. These
four components proved to be good predictors of performance
on a variety of comprehension tasks. Kintsch et al. (2001) pur-
sued a similar goal when they assessed separately how well
people could reproduce a text and how well they could answer
simple problem-solving (inference) tasks for which information
in that text is required.

Importantly, promising initial developments must be fol-
lowed through to ensure both their validity and their practical-
ity. Evaluation of internal construct validity examines how well
the assessment explains comprehension performance in com-

BOX 2.5 Measuring Recall Alone Does Not Measure Comprehension

In a study by Mannes and Kintsch (1987), students read one of two versions of a chapter:
one was well organized and explicit; the other was slightly disorganized and left some things
unsaid. When asked to recall the chapter, the well-organized version produced 25 percent
more recall. However, when understanding was tested by inference questions, the less
explicit version was better by 75 percent. Making readers draw their own inferences when
studying had its benefits, but if measured by a test that merely required them to reproduce

the text, the reverse would appear true.
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parison to what is considered a reliable measure of that perfor-
mance. The benchmark might be the ratings on one or more in-
depth interviews that thoroughly explore and rate students’
comprehension of a text. Questions of practicality must also be
investigated. Measuring comprehension could be made more
reliable if testing time and scoring time were not constraints.
However both are valuable resources, and balancing quality
and practicality will require attention. Box 2.6 gives an example
from the recently revised SAT. It provides a measure of deep
comprehension in the very practical (for scoring purposes) mul-
tiple-choice format.

But perhaps most importantly for improving educational
outcomes, the instructional validity of the assessment must be
investigated: Does it provide information that can be used to
productively shape an understanding of the student’s instruc-
tional needs? Can it help guide the teacher’s instructional deci-
sions? The SAT question posed in Box 2.6 provides insight into
the student’s ability to understand the literary use of a word in
context that requires a fairly sophisticated understanding. But

BOX 2.6 Comprehending Text on the Revised SAT

In its recent revision of the SAT, the College Board includes the item below in the verbal

section:

Dinosaurs have such a powerful grip on the public consciousness that it is easy to forget just
how recently scientists became aware of them. A 2-year-old child today may be able to
rattle off three dinosaur names, but in 1824, there was only one known dinosaur. Period.
The word “dinosaur” didn’t even exist in 1841. Indeed, in those early years, the world was
baffled by the discovery of these absurdly enormous reptiles.

The statement “Period” in the middle of the paragraph primarily serves to emphasize

the:

(A) authoritative nature of a finding

(B) lack of flexibility in a popular theory

(C) stubborn nature of a group of researchers

(D) limited knowledge about a subject

(E) refusal of the public to accept new discoveries

Answer: (D).

SOURCE: Education Week (2002).
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the assessment information becomes useful for instruction only
if instructional approaches to developing that understanding
are known and available to teachers.

While we discuss this research first, clearly the ongoing
work of developing and improving assessment tools must be
directly influenced by other components of the research agenda.
The definition of comprehension used to establish internal va-
lidity will depend on what one wants students to know and be
able to do. As research knowledge improves, the benchmarks
change (see Initiative 4), and so must the assessments. SERP
will be a particularly productive environment for this iterative
work, because the research on these interdependent questions is
conducted within a single, well-integrated network.

Initiative 2: Teacher Knowledge and
Metacognition Strategy Instruction

While reading comprehension has been defined as upstream
because much of the fundamental work to understand and
measure the phenomenon has not yet been done, strategy in-
struction provides an opportunity for improving comprehen-
sion that is further downstream. Several programs, including
reciprocal teaching, text talk, and questioning the author, pro-
vide clearly articulated approaches to metacognitive strategy
instruction that substantially improve reading comprehension,
particularly for struggling students. While the techniques in-
volved can be simply and briefly described, to effectively ex-
ecute strategy instruction in the classroom proves a challenge
for many teachers.

The panel therefore recommends an R&D effort to develop
instructional materials, protocols, and supports for teachers who
are learning to use strategy instruction in the classroom. The
effort should include careful identification of teacher concep-
tions regarding student learning and effective instruction in
reading comprehension, as well as their divergence with the
research base that undergirds the intervention.” Instructional

*Clearly there is overlap across disciplines in research on teacher concep-
tions of student learning and of effective teaching. One benefit of carrying out
a program of research in the context of a network on learning and instruction
is that the work on various research projects within the network would be
closely integrated and designed so that results can easily be compared and
accumulated.
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experiences that can support conceptual change should be de-
veloped and tested for effectiveness.

Because reading comprehension is a problem across all dis-
ciplines, the research should be conducted separately with teach-
ers in different fields. The nature of the texts that allow teachers
to master the nuances of matching strategy use with text type
and comprehension goals should be studied carefully. As in the
teacher learning initiative in early reading, a variety of tools for
supporting teacher learning should be considered separately
and in combination.

The development should be undertaken as a research effort,
in which program components or tools are tried and tested with
classroom teachers. Dimensions of variation to be studied should
include discipline and grade level taught, experience level, and
school demographic characteristics (e.g., suburban high-scoring
schools, in urban low-scoring schools, schools serving language
minority learners). The products should be tested during and
after development for their impact on teacher understanding,
changes in practice, and attitudes toward the product or pro-
gram. Dimensions of effective use should also be examined,
including the time and feedback required for mastery.

Initiative 3: Instructional Practices to
Support Reading Comprehension

The variety of contributors to successful reading compre-
hension listed above suggest there are many potentially pro-
ductive avenues for improving student performance. But from
the perspective of practice, the list begs for greater clarity re-
garding which factors have the greatest capacity to influence
comprehension outcomes, which can be most effectively influ-
enced instructionally, and which interventions are most pro-
ductive, in which combinations, at which ages. Indeed, these
questions are so fundamental to practice in so critical an area
that our current ignorance is rather astonishing.

Research could be designed to test the “which” questions in
much the same way as research on effective reading instruction
in earlier years. Teachers who consistently beat the odds with
the performance of their students in the area of reading com-
prehension could be identified and compared with other teach-
ers whose students consistently achieve less. The observation
would include the constellation of practices that they employ,
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the mix of activities, the distribution of time spent on various
tasks, and the assessment measures to which they attend and
respond. This work must be coupled with research to test the
core hypotheses experimentally, so that the causal mechanisms
are clarified.

As with reading instruction in the earlier years, features are
likely to differ by grade and by the average achievement level
and language development of the students in the classroom.
Designing the research to look at various levels (e.g., third,
sixth, and ninth grade) and at classrooms chosen to represent a
wide variety of demographic factors (e.g., in suburban high-
scoring schools, urban low-scoring schools, schools serving lan-
guage minority learners) would again be required to draw im-
plications for practice with specific attention to differences
for students in different demographic groups and in different
grades.

The next phase of R&D would involve the design of inter-
ventions that incorporate those components into instruction sys-
tematically, in an effort to verify their effectiveness experimen-
tally, and to assess their efficacy with a wider array of students
and reading curricula or subject matter. The interventions should
address both teacher learning and student learning.

The design and testing phases of the development projects
would look much like those in the initiative on early reading
interventions. An important benefit of an R&D network is that
the expertise in doing this type of work begins to accumulate in
an organizational setting in which what is learned—both in
research outcomes and in the conduct of research and develop-
ment—has a continuing influence on future R&D projects and
designs.

Initiative 4: Benchmarks for
Comprehension

Simultaneously with the efforts to explore, identify, then
rigorously test best practices in comprehension instruction, it is
crucial that the educational research and practice communities
collaborate with stakeholders, such as future employers, faculty
in community colleges and universities, and others interested in
educational outcomes, to define what adequate reading com-
prehension is for readers of various ages. The SERP networks
are in a unique position to engage in this kind of stock-taking on
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a regular basis. Indeed, this is an important raison d’étre of the
networks.

Ultimately, of course, defining what readers should be able
to comprehend constitutes a decision based on a society’s val-
ues and willingness to invest in education as much as it does on
research. Research can make a unique contribution, however,
regarding what is achievable at what ages. Examples include
research on children’s developing abilities to consider simulta-
neously opposing perspectives, to understand the motivations
and intentions of others, and to distinguish between their own
beliefs and knowledge. Furthermore, establishing reasonable
benchmarks for comprehension can be informed by considering
historical, international, and economic perspectives.

A useful place to begin is with an understanding of the
endpoint. What should an 18-year-old be able to comprehend?
One dimension that would enter into any benchmarking pro-
cess is defined by the complexity of the text she or he might be
expected to read. Presumably 18-year-olds should be expected
to understand general-purpose texts—newspapers, magazines,
novels, popularized presentations of science or history, intro-
ductory university level textbooks—with no difficulty. Reading
these texts presupposes a minimum vocabulary of 40,000 words,
the capacity to process fairly complex syntax, and some flexibil-
ity in processing various discourse structures.

But the readability or complexity of the text is only one
dimension defining comprehension level. Another is the depth
of processing that one can expect of the text being read. One
might well expect an 18-year-old to understand nonliteral uses
of language in text, for example, irony, parody, sarcasm; to
appreciate stylistic niceties in text; to consider the possibility
that “factual” texts include intentional misrepresentations, bi-
ased or limited perspectives, incomplete representations of real-
ity, and errors; to process fiction as being about themes or issues
and not just about plot; to appreciate cogent arguments in texts
with which the reader nonetheless disagrees; and to read for
attitude and perspective rather than just for information.

If the capacities outlined above can reasonably be expected
of an 18-year-old reader, then what are the developmental bench-
marks that characterize progress toward that point? Once the
endpoint is established, it is relatively easy to work backward in
order to define the expected comprehension capacity of younger
students. If these are defined for the dimension of text complex-
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ity, then a linear projection is probably reasonable: children
learn a certain number of new vocabulary words a year, and
there is no strong reason to believe, for example, that during
some years they can only learn fewer and during other years
can learn more. But the depth-of-processing dimension is lim-
ited by children’s cognitive capacities—their theory of mind
level, their capacities to take others’ perspectives, to coordinate
multiple perspectives, and to distinguish belief from knowl-
edge. We would need to call on the knowledge built up from
basic research in cognitive development in order to establish
reasonable expectations about children’s capacities for deeper
processing of texts. Elaborations of that work might well be
helpful in deciding at what age the majority of children would
be most susceptible to being taught about multiple perspectives
in text, or about the use of textual features to raise doubts or
questions, or other subtleties of processing.

Thus benchmarks for comprehension, while not themselves
a simple matter of drawing conclusions from research findings,
could be deeply informed by a set of research activities that
considered both basic cognitive development and the array of
standards identified by various groups with a wide array of
interests and experiences. Establishing an initial set of bench-
marks, and developing assessments of them, would help im-
prove outcomes in reading comprehension simply by proffer-
ing a common understanding of what needs to be taught and
learned. The initial set of benchmarks should be subject to regu-
lar review and recalibration. In fact, the comprehension-instruc-
tion agenda outlined above and the benchmarking agenda
sketched here should be constantly confronting one another. As
improved instruction in reading comprehension raises learners’
capacities, the benchmarks can be ratcheted up to ensure that
the proper balance between high standards and opportunities
to succeed is maintained.
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Jehda

Nathematics

ebates about mathematics instruction have long

focused on the relative importance of developing

fluency with mathematical procedures and devel-

oping the ability to reason mathematically. Few on
either side of the debate would disagree that both are necessary
for competence in mathematics. There is disagreement, how-
ever, on the relative weight and share of instructional time to be
given to each and on the approach to instruction that best sup-
ports mathematical competence.

Investment in recent decades by federal agencies and pri-
vate foundations has produced a wealth of knowledge on the
development of mathematical understanding and numerous
curricula that incorporate that knowledge. As a result, elemen-
tary mathematics is ripe for investment in rigorous, indepen-
dent evaluation to compare the outcomes of alternative ap-
proaches to teaching mathematics across a range of students,
teachers, and contexts and making that knowledge usable and
used widely by schools.

ELEMENTARY MATHEMATICS

STUDENT LEARNING

The Destination: What Do We Want
Children to Know or Be Able to Do?

U.S. students fare poorly in international comparisons of
mathematics achievement. They show weak understanding of
basic mathematical concepts, and although they can perform
straightforward computational procedures, they are notably
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weak in applying mathematical skills to solve even simple prob-
lems (National Research Council, 2001c). These results have
generally been attributed to the shallow and diffuse treatment
of topics in elementary mathematics relative to other countries
(National Research Council, 2001c¢).

The panel had the benefit of drawing on a recent synthesis
of research on elementary mathematics (National Research
Council, 2001c) and on the work of a RAND study group that
produced a mathematics research agenda (RAND, 2002b). The
National Research Council report presents a view of what el-
ementary schoolchildren should know and be able to do in
mathematics that draws on a solid research base in cognitive
psychology and mathematics education. It includes mastery of
procedures as a critical element of mathematics competence,
but it places far more emphasis on conditional knowledge: un-
derstanding when and how to apply those procedures than is
common in mathematics classrooms today. Conditional knowl-
edge is rooted in a deeper understanding of mathematical con-
cepts and a facility with mathematical reasoning. The NRC
committee summarized its view in five intertwining strands
that constitute mathematical proficiency (National Research
Council, 2001c:5):

e Conceptual understanding: comprehension of
mathematical concepts, operations, and relations;

*  Procedural fluency: skill in carrying out procedures
flexibly, accurately, efficiently, and appropriately;

e Strategic competence: ability to formulate, repre-
sent, and solve mathematical problems;

*  Adaptive reasoning: capacity for logical thought,
reflection, explanation, and justification;

*  Productive disposition: habitual inclination to see
mathematics as sensible, useful, and worthwhile,
coupled with a belief in diligence and one’s own
efficacy.

A well-articulated portrait of mathematical proficiency is an
important first step; it provides a well-defined goal for math-
ematics instruction. But important questions remain regarding
the allocation of time and attention to the separate strands, as
well as the approach to instruction that best supports the profi-
ciency goal.

MATHEMATICS
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The Route: Progression of Understanding

Research has uncovered an awareness of number in infants
shortly after birth. The ability to represent number and the
development of informal strategies to solve number problems
develop in children over time. Many studies have explored how
preschoolers and children in the early elementary grades un-
derstand basic number concepts and begin operating with num-
ber informally well before formal instruction begins (Carey,
2001; Gelman, 1990; Gelman and Gallistel, 1978).

Children’s understanding progresses from a global notion
of a little or a lot to the ability to perform mental calculations
with specific quantities (Griffin and Case, 1997; Gelman, 1967).
Initially the quantities children can work with are small, and
their methods are intuitive and concrete. In the early elementary
grades, they proceed to methods that are more general (less
problem dependent) and more abstract. Children display this
progression from concrete to abstract in operations first with
single-digit numbers, then with multidigit numbers. Impor-
tantly, the extent and the pace of development depend on expe-
riences that support and extend the emerging abilities.

Researchers have identified two issues in early mathematics
learning that pose considerable challenges for instruction:

1. Differences in children’s experiences result in some
children—primarily those from disadvantaged back-
grounds—entering kindergarten as much as two years
behind their peers in the development of number
concepts (Griffin and Case, 1997).

2. Children’s informal mathematical reasoning and
emergent strategy development can serve as a pow-
erful foundation for mathematics instruction. How-
ever, instruction that does not explore, build on, or
connect with children’s informal reasoning processes
and approaches can have undesirable consequences.
Children can learn to use more formal algorithms,
but may apply them rigidly and sometimes inappro-
priately (see Boxes 3.1 and 3.2). Mathematical profi-
ciency is lost because procedural fluency is divorced
from the mastery of concepts and mathematical rea-
soning that give the procedures power.
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BOX 3.1 Buggy Algorithms

When students attempt to apply conventional algorithms without conceptually grasping
why and how the algorithm works, “bugs” are sometimes introduced. For example, teachers
have long wrestled with the frequent difficulties that second and third graders have with
multidigit subtraction in problems such as:

51
—14
A common error is:

51
—14
43

The subtraction procedure above is a classic case: Children subtract “up” when subtract-
ing “down”—tried first—is not possible. Here, students would try to subtract 4 from | and,
seeing that they could not do this, would subtract | from 4 instead. These “buggy algo-
rithms” are often both resilient and persistent. Consider how reasonable the above proce-
dure is: in addition problems that look similar, children can add up or down and get a cor-
rect result either way:

51
+14
65

Bugs often remain undetected when teachers do not see the highly regular pattern in
students’ errors, responding to them more as though they were random miscalculations.

BOX 3.2 Rigid Application of Algorithms

Many examples can be cited in which students attempt to plug numbers into algorithms
without thinking about their meaning, a phenomenon that stretches through all grades of
schooling and all mathematical subjects. Even when students are capable of solving a prob-
lem correctly informally, they are found to produce incorrect answers when they use formal
algorithms. In studies by Lochhead and Mestre (1988), for example, college students who
were told that there are 6 times as many students as professors, and there are 10 profes-
sors, could correctly give the number of students. But when students are asked to write the
formula to represent that situation, the majority write 6S = P. The formula seems correct to
students even though the solution would yield 6 times as many professors as students. The
occurrence of the word 6 near the word students is sufficient to lead to a formal represen-
tation of the problem that is at odds with their informal knowledge.
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The Vehicle: Curriculum Development

Past investments in R&D have produced curricular inter-
ventions to address each of the two problems raised above.
With respect to the first, several curricula have been developed
that introduce children to whole-number mathematics, with
particular attention to the needs of young children who have
had little preparation outside school. The most extensively re-
searched of these is the Number Worlds curriculum, which has
been tested in more than 20 matched, controlled trials. The
results suggest that well-planned activities designed to put each
step required in mastering the concept of quantity securely in
place can allow disadvantaged students to catch up to their
more advantaged peers right at the start of formal schooling
(see Box 3.3). The curriculum has a companion assessment tool
(the Number Knowledge Test) to help the teacher monitor and
guide instruction. If results in controlled trials could be attained
in schools across the country that serve disadvantaged popula-
tions, this would represent a major success with respect to nar-
rowing the achievement gap, a long-standing national goal that
has proven difficult to realize. Number Worlds is not the only
curriculum designed to achieve this end. Others include Big
Math for Little Kids (Ginsburg and Greenes, 2003) and Children’s
Math Worlds (Fuson, 2003). While research to compare these
curricula on a variety of dimensions is in order, it is clear that
the tools to better prepare disadvantaged children for math-
ematics are now available.

With respect to the second concern—building children’s
mathematical reasoning ability—controversy persists. While
there is evidence that procedural knowledge without concep-
tual understanding leads to poor mathematical reasoning, it is
also well documented that procedural knowledge is a critical
element of mathematical competence (National Reasearch Coun-
cil, 2001a; Haverty, 1999). Without adequate procedural knowl-
edge, not only are children unable to engage in more challeng-
ing problem solving, but also, they are unable to engage in basic
everyday transactions, like making change. The goal, then,
must be one of strengthening mathematical reasoning without
sacrificing procedural knowledge.

Research done in the 1990s investigated the effects on stu-
dent achievement of instruction that builds on informal under-
standings and emphasizes mathematical concepts and reason-
ing. Cobb et al.’s problem-centered mathematics project (Wood
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and Sellers, 1997), and cognitively guided instruction in prob-
lem solving and conceptual understanding (Carpenter et al.,
1996) both reported positive effects. With support from the
National Science Foundation (NSF), several full-scale elemen-
tary mathematics curricula with embedded assessments have
been developed, directed at supporting deeper conceptual un-
derstanding of mathematics concepts and building on children’s
informal knowledge of mathematics to provide a more flexible
foundation for supporting problem solving. Three curricula de-
veloped separately take somewhat different approaches to
achieving those goals: the Everyday Mathematics curriculum,
the Investigations in Number, Data and Space curriculum, and
the Math Trailblazers curriculum (Education Development Cen-
ter, 2001).

All three curricula show positive gains in student achieve-
ment in implementation studies, in which the developers collect
data on program effects. While such findings are encouraging,
they must be viewed with a critical eye, both because those
providing the assessment have a vested interest in the outcome
and because the methodologies employed generally do not al-
low for direct attribution of the results to the program.! Third
party evaluations using comparison groups have been done in
some cases, but none of these has involved random assignment,
the condition that maximizes confidence in attributing results to
the intervention. Nor do these studies measure either fidelity of
implementation of the reform curriculum for the experimental
group or the specific program features of the alternative used
with the control group (see, for example, Fuson et al., 2000).

How students taught with these curricula compare with
each other in mathematical proficiency and, perhaps more im-
portantly, how they compare with students taught with cur-
ricula that devote more instructional time to strengthening for-
mal procedural knowledge have not been carefully studied.
From the perspective of practice, these are important omissions.
To make informed curriculum decisions, teachers and school

Implementation studies generally do not involve controlled experimenta-
tion that allows for comparison of results of one intervention with another. It
is also widely understood that the introduction of a new program can have
positive effects not because of program content but because something new is
being tried.
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BOX 3.3 Primary School Mathematics

From an early age, children begin to develop an informal understanding of quantity and
number. Careful research conducted by developmental and cognitive psychologists has
mapped the progression of children’s conceptual understanding of number through the
preschool years. Just as healthy children who live in language-rich environments will develop
the ability to speak according to a fairly typical trajectory (from single sound utterances to
grammatically correct explanations of why a parent should not turn out the light and leave at
bedtime), children follow a fairly typical trajectory from differentiating more from less, to
possessing the facility to add and subtract accurately with small numbers. But just as a child’s
environment influences language development, it influences the rate of acquisition of number
concepts. For many children whose early years are characterized by disadvantage, there is a
substantial lag in the development of the number concepts that are prerequisite to first grade
mathematics.

Between the ages of 4 and 6, most children develop what Case and Sandieson (1987)
refer to as the “central conceptual structure” for whole number mathematics. The concepts
are central in the sense that they are vital to successful performance on a broad array of
tasks, and their absence constitutes the major barrier to learning. That structure involves
four steps (pictured in Figure 3.1) that are developed in sequence:

number NN -
words

N

ne it net ne st

chjects

a litde J l alot
{amall < > J(as]

l T
@ ﬁi
short lang
Eh:.) ne st ne gt ne it ne st Eh:.)
finger - M - Tﬁ? - W - W
patterns +H1 +1 +1 +1
. -

quantities -

vritten
numerds 1 2 3 4 5

FIGURE 3.1 “Mental counting line” central conceptual structure.

The bottom row of Figure 3.1 indicates that children recognize the written numerals.
This information is “grafted on” to the conceptual structure above.
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I. The ability to verbally count using number words. This ability is initially
developed as a sequencing of words (one, two, three . . .) without an understanding
of the specific meaning attached to the words. Quantity is still understood
nonnumerically as more or less, big or small.

2. The ability to count with one-to-one correspondence. When this ability
develops, children are able to point at objects as they count, mapping the counting
words onto the objects so that each is tagged once and only once. This ability is
initially developed as a sensorimotor activity, with an understanding of quantity still
absent. Children who can successfully count four objects and five objects cannot
answer the question, “Which is more, four or five?”

3. The ability to recognize quantity as set size. With development of this ability,
children do understand that “three” refers to a set with three members. Initially this
understanding is concrete, and children will often use their fingers as indicators of
set membership.

4. The ability to “mentally simulate” the sensorimotor counting. When this
ability is in place, children can carry out counting tasks as though they were operat-
ing with a mental number line. They understand that movement from one set size to
the next involves the addition or subtraction of one unit.

While children with middle and higher socioeconomic status generally come to school
with the central conceptual structure in place, many children from disadvantaged back-
grounds do not. When first grade math instruction assumes that knowledge, these children
are less likely to succeed.

Sharon Griffin and Robbie Case designed a curriculum called Number Worlds that
deliberately puts the central conceptual structure for whole number in place in kindergarten
(Griffin and Case, 1997). Additional activities extend the knowledge base through second
grade. Developed and tested with classroom teachers and children, the program consists
primarily of 78 games that provide children with ample opportunity for hands-on, inquiry-
based learning. Number is represented in a variety of forms—on dice, with chips, as spaces
on a board, as written numerals. An important component of the program is the Number
Knowledge Test, which allows teachers to quickly assess each individual student’s current
level of understanding, and to choose individual or class activities that will solidify fragile
knowledge and take students the next step.

The Number Worlds program has been tested with disadvantaged populations in numer-
ous controlled trials in both the United States and Canada with positive results. One longitu-
dinal study charted the progress of three groups of children attending school in an urban
community in Massachusetts for three years: from the beginning of kindergarten to the end
of second grade. Children in both the Number Worlds treatment group and in the control
group were from schools in low-income, high-risk communities where about 79 percent of
children were eligible for free or reduced-price lunch. A third normative group was drawn
from a magnet school in the urban center that had attracted a large number of majority
students. The student body was predominantly middle income, with 37 percent eligible for
free or reduced-price lunch.
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BOX 3.3 Continued

As Figure 3.2 shows, the normative group began kindergarten with substantially higher
scores on the Number Knowledge Test than children in the treatment and the control
groups. The gap indicated a developmental lag that exceeded one year, and for many children
in the treatment group was closer to two years. By the end of the kindergarten year, how-
ever, the Number Worlds children narrowed the gap with the normative group to a small
fraction of its initial size. By the end of the second grade, the treatment children actually
outperformed the magnet school group. In contrast, the initial gap between the control
group children and the normative group did not narrow over time. The control group
children did make steady progress over the three years; however, they were never able to
catch up.

25—
20—
15+
1.0+
-7 Number Worlds
— — — Control
057 - - - - Magnet
FIGURE 3.2 Mean developmental 00 | | |
. 1 1 |
scores on number knowledge test
H : Pre K Post K Post 1 Post 2
at four time PerIOds' (5.4 yrs) (6.0 yrs) (7.0 yrs) (8.0 yrs)

administrators need to know what type of implementation of a
specific curriculum produces what results, compared with the
alternatives before them. Yet to provide the information that is
most useful to practice is a major undertaking. These questions
are answerable, but research carefully designed to provide those
answers will take a substantial investment.
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The significance of these findings is suggested by the data in Figure 3.3 that plots Peabody
Individual Achievement Test (PIAT) math scores against poverty level. Clearly the correla-
tion is powerful; the deeper the level of poverty, the poorer the math scores. Importantly, as

students move through school, the gap becomes more pronounced. Children ages 9-10

showed even larger score disparities than those ages 7-8. NAEP data indicate that in 1999

black 4- and 8-year-olds ranked in the 15th and 14th percentiles in math, respectively
(Thernstrom and Thernstrom, in press). If the Number Worlds program can put poor
children on a path to success in math, the contribution would be substantial.

Checkpoints: Assessment

The curricula described above have embedded assessments
that allow teachers to track student learning. A key feature of
the Number Worlds curriculum is the Number Knowledge Test,
which allows teachers to closely link instructional activities for
children to the assessment results. How well other curricula
link assessment and instruction is an issue worth investigation.
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A separate issue is the assessment over time of the five
strands that constitute mathematical proficiency. The past de-
cade has seen the emergence of a spate of new tests and mea-
sures. No consensus has emerged, however, on critical mea-
sures. While there are some standard and widely used
assessment tools to appraise young children’s emergent reading
and language skills and competence, no such tools are used on
any comparable basis in primary mathematics.

This type of assessment is required to evaluate the effective-
ness of a particular curriculum and to make comparisons across
curricula. For the most part, we lack sophisticated methods for
tracking student learning over time or for examining the contri-
bution of any particular instructional interventions, whether
large or small, on students’ learning.

TEACHER KNOWLEDGE

Little is known about what it takes for teachers to use par-
ticular instructional approaches effectively, a necessary element
of taking any approach to scale. The challenges can be substan-
tial. The curricula mentioned above introduce major changes in
approach to teaching mathematics, and effective implementa-
tion will require that teachers change their view of mathematics
teaching and learning dramatically. In Everyday Mathematics,
for example, teachers are expected to introduce topics that will
be revisited later in the curriculum. Complete mastery is not
expected with the first introduction. This has created some con-
tusion for teachers, who are often unclear about when mastery
is sufficient to move on to the next topic (Fuson et al., 2000).

All of the curricula encourage building on students” own
strategies for problem solving and supporting engagement
through dialogue about the benefits of alternative strategies.
The change required on the part of the teacher to relinquish
control of the answer in favor of a dialogue among students has
proven difficult when it has been studied (Palincsar et al., 1989).
Adequate opportunities to learn and the ongoing supports for
an entirely different approach to teaching will be critical to the
effectiveness of efforts to scale up the implementation of the
curricula. This is clearly an area in need of further study.

One clue regarding teacher knowledge requirements can be
found in research pursued for the most part separately from the
work on student learning and the design of curriculum ap-
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proaches, tools, and materials discussed above. Investigations
of teachers” knowledge reveals that although teachers can, for
the most part, “do” the mathematics themselves, they often are
unable to explain why procedures work, distinguish different
interpretations of particular operations, or use a model to closely
map the meaning of a concept or a procedure. For example,
teachers may be able to use concrete materials to verify that the
answer to the subtraction problem in Box 3.1 is 37 and not 43.
They can operate in the world of base ten blocks to solve 51 — 14
but may not be able to use base ten blocks to demonstrate the
meaning of each step of the conventional (or other) algorithm.?
Similarly, teachers may be able to compute using familiar
standard algorithms but not be able to recognize, interpret, or
evaluate the mathematical quality of an alternative algorithm.
They may not be able to ascertain whether a nonconventional
method generalizes or to compare the relative merits and disad-
vantages of different algorithms (for example, their transpar-
ency, efficiency, compactness, or the extent to which they are
either error-prone or likely to avert calculational error). These
are clearly critical skills if teachers are to work with students’
informal understandings and strategies. Over and over, evi-
dence reveals that knowing mathematics for oneself (i.e., to
function as a mathematically competent adult) is insufficient
knowledge for teaching the subject. In the domain of early
number, studies suggest that most teachers” own procedural
knowledge is solid, but that their understanding of conceptual
foundations is uneven. In a comparative study of elementary
mathematics teachers in China and the United States, Liping Ma
(1999) found a much larger proportion of U.S. teachers unable
to explain whole-number problems—Iike subtraction with re-
grouping—using core mathematical concepts (see Box 3.4).
Following this work, some materials for use in teachers’
professional instruction have been developed.®* Modules and
other curriculum materials contain focused work aimed at help-
ing teachers learn the sort of mathematical knowledge of whole

“Base ten blocks are a common material used to model place value con-
cepts, and operations that rely centrally on place value. The materials consist
of a unit cube, a ten-stick built of 10 cubes, a flat square built of 100 cubes or 10
ten-sticks, and a block composed of 1,000 cubes, or 10 flats, or 100 ten-sticks.

*See, for example, work by Schifter and her colleagues at Education Devel-
opment Center, Inc., developing mathematics instruction.
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BOX 3.4 Organizing Knowledge Around Core Concepts: Subtraction
with Regrouping

A study by Liping Ma (1999) compares the knowledge of elementary mathematics of
teachers in the United States and in China. She gives the teachers the following scenario:

Look at these questions (52-25; 9179, etc.). How would you approach these problems if you
were teaching second grade? What would you say pupils would need to understand or be able to do
before they could start learning subtraction with regrouping?(p.1).

The responses of teachers were wide-ranging, reflecting very different levels of under-
standing of the core mathematical concepts. Some teachers focused on the need for students
to learn the procedure for subtraction with regrouping:

Whereas there is a number like 21-9, they would need to know that you cannot subtract 9
from |, then in turn you have to borrow a |0 from the tens space, and when you borrow that I, it
equals 10, you cross out the 2 that you had, you turn it into a 10, you now have | 1-9, you do that
subtraction problem then you have the | left and you bring it down. (p.2).

Some teachers in both the United States and China saw the knowledge to be mastered
as procedural, although the proportion was considerably higher in the United States. Many
teachers in both countries believed students needed a conceptual understanding, but within
this group there were considerable differences. Some teachers wanted children to think
through what they were doing, while others wanted them to understand core mathematical
concepts. The difference can be seen in the two explanations below.

They have to understand what the number 64 means . . . | would show that the number 64,
and the number 5 tens and 14 ones, equal the 64. | would try to draw the comparison between that
because when you are doing regrouping it is not so much knowing the facts, it is the regrouping part
that has to be understood. The regrouping right from the beginning.

This explanation is more conceptual than the first, and it helps students think more
deeply about the subtraction problem. But it does not make clear to students the more
fundamental concept of the place value system that allows the subtraction problems to be
connected to other areas of mathematics. In the place value system, numbers are “com-
posed” of 10s. Students already have been taught to compose 10s as 10 ones and 100s as 10
tens. A Chinese teachers explains as follows:

What is the rate for composing a higher value unit? The answer is simple: 10. Ask students how

many ones there are in a 10, or ask them what the rate for composing a higher value unit is, their
answers will be the same: 10. However, the effect of the two questions on their learning is not the
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same. When you remind students that | ten equals 10 ones, you tell them the fact that is used in
the procedure. And this somehow confines them to the fact. When you require them to think about
the rate for composing a higher value unit, you lead them to a theory that explains the fact as well
as the procedure. Such an understanding is more powerful than a specific fact. It can be applied to
more situations. Once they realize that the rate of composing a higher value unit, 10 is the reason
why we decompose a ten into 10 ones, they will apply it to other situations. You don’t need to
remind them again that | hundred equals 10 tens when in the future they learn subtraction with
three-digit numbers. They will be able to figure it out on their own (p.11).

Emphasizing core concepts does not imply less of an emphasis on mastery of the proce-
dures or algorithms. Rather, it suggests that the procedural knowledge and skills be orga-
nized around the core concepts. Ma describes the set of Chinese teachers who emphasize
core concepts as seeing the knowledge in “packages” in which the concepts and skills are
related. While the packages differed somewhat from teacher to teacher, the knowledge
“pieces” to be included were the same. She illustrates a knowledge package for subtraction
with regrouping, which is reproduced below.

Subtraction
with regrouping of large
numbers

Subtraction with regrouping of
numbers between 20 and 100

The composition of
numbers within 100
The rate of composing
a higher value unit
Composing and decomposing
a higher value unit

Subtraction without
regrouping
Addition without carrying

The composition of 10
Addition and subtraction as
inverse operations

FIGURE 3.4 A knowledge package for subtraction with regrouping.

Addition and subtraction
within 20

Addition and subtraction
within 10

Two shaded elements in the knowledge package are considered critical. “Addition and
subtraction within 20” is seen as the ability that anchors more complex problem solving with
larger numbers. That ability is seen as both conceptual and procedural. “Composing and
decomposing a higher value unit” is the core concept that ties this set of problems to what
the mathematics students have done in the past and to all other areas of mathematics that
students will learn in the future.
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numbers and operations that is needed for teaching. As with
the curricula developed for students’ learning discussed above,
developers of teacher learning materials do provide some evi-
dence of teachers’ learning of mathematics for teaching, but the
role of this learning in their instructional practice and effective-
ness has not been sufficiently explored. And still less is known
about what teacher developers themselves need to know to
support teachers’ learning and how their professional learning
might be supported. The demand for skilled leaders who can
teach teachers is growing, and yet the people who play these
roles are more varied than any other category of educators and
often have no professional preparation for working with teach-
ers. Scaling up materials that can support teachers’ learning of
mathematics for teaching will require attention to the knowl-
edge requirements of those who will guide and support teach-
ers.

RESEARCH AGENDA

Given the current state of practice and knowledge about
learning and teaching of early number, then, what might a
SERP program of research and development seek to do? How
might it build on what currently exists and begin to extend and
fill gaps in what is known and done, with the ultimate goal of
more reliably and productively building evidence-based instruc-
tional practice? In other words, how could work be planned and
carried out that would extend what is known and take that to
scale in U.S. schools?

The proposed agenda is comprised of three major initia-
tives:

1. focus on developing assessments to measure student
knowledge;

2. evaluation of promising curricula and the effects of
their particular design features on student outcomes;

3. focus on the teacher knowledge requirements to com-
fortably and effectively use curricula that are built on
research-based findings regarding student learning.
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Initiative 1: Developing Early
Mathematics Assessments

As described in Appendix A, quality assessments depend
on three things: (1) clarity about the competencies that the
assessment should measure, (2) tasks and observations that
effectively capture those competencies, and (3) appropriate
qualitative and quantitative techniques to give interpretive
power to the test results. Clarity about the competencies to be
measured requires a theoretical understanding (that is empiri-
cally supported) of mathematics learning. Unlike many other
areas of the curriculum, early mathematics has the theoretical
and conceptual models, as well as supporting empirical data,
on which to build quality assessments. Substantial work has
already been done to specify critical concepts and skills in this
domain, providing assessment developers with substantial re-
sources on which to draw in drafting the elements of a mea-
surement strategy.

Even with a strong foundation on which to build in early
mathematics, much work remains in designing and testing as-
sessment items to ensure that inferences can accurately be drawn
about student knowledge and competencies. And this work
must be carefully crafted for the specific purpose and use of the
assessment. This includes formative assessment for use in the
classroom to assist learning. These assessments can, for example,
provide feedback to the teacher on whether a particular skill or
concept is mastered adequately, or whether some individual
students need more time and practice before moving on.
Summative assessments are also used in the classroom, but they
come at the end of a unit, giving a teacher feedback on how well
the students have mastered and brought together the set of
concepts and skills taught in the unit. These may be helpful to
the teacher in redesigning instruction for the next year, provid-
ing valuable data on students’ strengths and weakness that can
inform instruction at the next level. School- or district-level
assessments have a separate purpose. Rather than provide in-
formation on individual students, their purpose is to determine
attainment levels for students as a group in order to evaluate
the effectiveness of the school’s or the district’s instructional
program and, in some cases, to hold schools accountable for the
performance of their students.

Currently the different types of assessment are loosely con-
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nected at best. Tensions are introduced when strong instruc-
tional programs and accountability assessments are at odds.
Better aligning assessments, tying all assessments firmly to the
theoretical and empirical knowledge base, are widely regarded
as important to improving learning outcomes. In the area of
mathematics, SERP affords a unique opportunity to pursue the
development of an integrated assessment system with the three
critical characteristics of comprehensiveness, coherence, and con-
tinuity described in Chapter 1 (National Research Council,
2001c). The construction of such a system is a major research,
development, and implementation agenda that would require
the stability, longevity, and support that SERP intends as its
hallmark.

The work should be pursued as a collaborative effort in-
volving teachers, content area specialists, cognitive scientists,
and psychometricians. The effort could use as a departure point
well-established standards in mathematics (e.g., National Coun-
cil of Teachers of Mathematics), standards-based curricular re-
sources, and rigorous research on content learning to identify
and define what students should know in early mathematics,
how they might be expected to show what they know, and how
to appropriately interpret student performance. In the case of
formative assessment, this extends to an understanding of the
implications of what the evidence suggests for subsequent in-
struction. In the case of summative assessment, this means un-
derstanding the implications of student performance for mas-
tery of core concepts and principles and its growth over time.

While there are several possible approaches to developing
such a system of student assessments in early mathematics, one
obvious place to begin is with a review of the assessment mate-
rials in existing widely used and exemplary curricular pro-
grams for formative and summative assessments, as well as
state and national tests for policy making and accountability.
These can be reviewed in light of cognitive theories of math-
ematical understanding, including empirical data regarding the
validity of specific assessments. Research needs to focus on
evidence of the effectiveness of specific assessments for captur-
ing the range of student knowledge and proficiency for particu-
lar mathematical constructs and operations. A related line of
inquiry should focus on issues of assessment scoring and reli-
ability, particularly ease of scoring, consistency of scoring within
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and across individuals, and consistency of interpretation of the
results relative to the underlying cognitive constructs.

The power offered by assessments to enhance learning de-
pends on changes in the relationship between teacher and stu-
dent, the types of lessons teachers use, the pace and structure of
instruction, and many other factors. To take advantage of the
new tools, many teachers will have to change their conception
of their role in the classroom. They will have to shift toward
placing much greater emphasis on exploring students” under-
standing with the new tools and then applying a well-informed
understanding of what has been revealed by use of the tools.
This means teachers must be prepared to use feedback from
classroom and external assessments to guide their students’
learning more effectively by modifying the classroom and its
activities. In the process, teachers must guide their students to
be more actively engaged in monitoring and managing their
own learning—to assume the role of student as self-directed
learner. Clearly research of this type focuses on issues of teacher
learning and knowledge that are poorly understood at present.

The development of assessments in early mathematics
should therefore be closely tied to complementary initiatives in
the areas of teacher knowledge and curriculum effectiveness. A
strand of research focused on implementation issues should
address the set of questions critical to successful use of quality
assessments:

¢ What teacher knowledge is necessary to support
effective use of assessments in their instructional prac-
tice? These include teacher understanding of the assess-
ments and their purpose, as well as practical consider-
ations of the time to administer, score, and interpret
results;

¢ What forms of technology support are needed to
assist teachers in the administration, scoring, and inter-
pretation of a range of standards-based and theory-based
assessments; and

¢ How, and to what extent, does the process of
implementing curriculum-based and standards-based
assessments lead to changes in teachers’ instructional
practices, and how do these changes affect student learn-
ing outcomes? This investigation should focus both on
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changes in the near term and the stability of changes in
the long term.

The power of new assessments to support learning also
depends on substantial changes in the broader educational con-
text in which assessments are conducted. For assessment to
serve the goals of learning, there must be alignment among
curriculum, instruction, and assessment. Furthermore, the ex-
isting structure and organization of schools may not easily ac-
commodate the type of instruction users of the new assessments
will need to employ. For instance, if teachers are to gather more
assessment information during the course of instruction, they
will need time to assimilate that information, thus requiring
more time for reflection and planning. As new assessments are
implemented, researchers will need to examine the effects of
such factors as class size and the length of the school day on the
power of assessments to inform teachers and administrators
about student learning. It will be important for the work on
learning and instruction to be closely tied to the work on schools
as organizations.

Initiative 2: Teacher Knowledge

To take advantage of existing investments in research and
development in elementary mathematics will require further
work regarding teacher learning and knowledge requirements.
There are two approaches to this teacher learning that could
strategically build on work that has already been done. The first
emphasizes teachers” understanding of mathematical concepts
and the connections among them, and the second focuses on the
knowledge required for teachers to use promising curricula
comfortably and effectively.

The work of Liping Ma described earlier (see Box 3.4) sug-
gests that Chinese teachers who have a strong conceptual un-
derstanding of elementary mathematics organize their knowl-
edge into “knowledge packages” in which core concepts are
central and other required understandings and skills are orga-
nized around these concepts. Ma’s study is qualitative and so
does not offer empirical support for the notion that the concep-
tual understanding of Chinese teachers is what produces higher
student achievement. The power of the study is supported,
however, by its theoretical underpinnings. Research on human
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learning suggests that the organization of knowledge around
core concepts is a key component to the effective acquisition,
use, and transferability of that knowledge (National Research
Council, 2000).

Ma’s work provides a point of departure for research that
further explores the notion of knowledge packages and incor-
porates them into the preparation of elementary mathematics
teachers. That research should be designed to measure the ef-
fects of that instruction at its conclusion, as well as at several
periods of time after a teacher has engaged in practice. The
research should be done in carefully controlled trials to allow
for attribution of the outcomes to the program.

The second exploration of teacher knowledge should build
on research that suggests that professional development is more
productive when it is tied to specific curricula or instructional
programs that teachers will then incorporate into their practice
(Cohen and Hill, 2000). This research should begin with a clear
articulation of the principles and assumptions about student
learning that the curriculum incorporates, and comparing these
to carefully solicited understandings of teachers. Learning ex-
periences should be designed to address the points of diver-
gence and tested for their power to change teacher conceptions.

In order to support taking curricula to scale, the support for
teachers must be adequate when a researcher is not involved.
This work on teacher knowledge should experiment with levels
of support for teachers and involve cycles of design, testing, and
redesign to create the materials and other supports that can
allow teachers to use the curricula effectively independently.

The research on teacher learning should test effectiveness
with regard to both teacher learning and the learning of their
students. The relative benefits of teacher guides, videotaped
cases, and opportunities to pose questions and receive support
should be tested, as well as the timing effect (before instruction
begins, during instruction, etc.) for different teacher learning
opportunities.

Initiative 3: Curriculum Evaluation

The identification (and further development) of a set of
approaches to the teaching of number and operations that vary
on distinct and theoretically important dimensions would per-
mit careful comparisons of how particular instructional regimes
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impact students” learning. Programs and approaches designed
to build on students” informal mathematical reasoning abilities,
such as Number Worlds, Cognitively Guided Instruction, and
the three NSF-supported curricula mentioned above, should be
compared with more traditional curricula, like those produced
by Saxon Publishers, Harcourt Brace, and McDougal Littell.
This initial core would be expanded over time to include other
theoretically and practically important alternatives.

Many of the evaluations of the curricula set out to answer
the question “Does the curriculum improve student achieve-
ment?” While this is an important question for schools choosing
a curriculum—and of particular interest to those who market a
curriculum—the questions of importance for long-term improve-
ments in practice are why, for whom, and compared with what?
Exploring why an approach works can provide teachers and
curriculum developers with critical information for improving
their work. This kind of research will require going beyond
evaluation of a curriculum as a whole into experimentation
with particular features.

For example, Aleven and Koedinger (2002) compared groups
of students who engaged in mathematics problem solving for
the same amount of time, but one group was instructed to do
self-explanation for each problem, and the other was not. Be-
cause self-explanation takes time, the latter group practiced
almost twice as many problems, but their learning was more
shallow and did not transfer as well as the self-explainers. Un-
derstanding the individual contributors (like self-explanation)
to outcomes will require this level of probing.

School decision makers also need a knowledge base that
will allow them to make more informed choices for their par-
ticular school(s). Number Worlds shows very promising results
for disadvantaged children; Everyday Mathematics does as well.
How, and for whom, do those outcomes differ? Are there trade-
offs in the competencies children gain from each? Does the
context in which they work best differ? Each of the three NSF
elementary mathematics curricula takes a somewhat different
approach to instruction. How are those differences reflected in
outcomes for students? Does one better address the needs of
low- or high-achieving students?

An analysis of existing candidate materials could illuminate
important differences. The implementation, adaptation, and use
of these different approaches could be followed over time, at-
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tending to instructional practice, students” opportunities to learn,
and implementation issues. In addition, based on what is known
about teachers” knowledge of whole numbers and operations
for teaching, as well as about their learning, systematic varia-
tions could be designed to support the implementation of these
different instructional approaches. For example, in one set of
schools, a teacher specialist model might be deployed and, in
others, teachers might engage in closely focused study of prac-
tice (instruction, student learning, mathematical tasks),
coplanning and analyzing lessons across the year. In still others,
teachers might be given time and be provided incentives to
spend time planning with the ample teacher guides.

The work could be conducted in carefully controlled, longi-
tudinal studies carried out in SERP field sites. Because SERP
would have relationships established with a number of field
sites and data collection efforts in those sites already under way,
taking on a controlled experimental study of alternative cur-
ricula would be far less daunting a task than it would be for
researchers working independently. Moreover, the concern for
undertaking research that is maximally useful to educational
practice and the ability to design and conduct—or oversee the
conduct of—that research will be combined in a single organi-
zation. Such a situation does not now exist.

ALGEBRA

STUDENT KNOWLEDGE

Algebra, foundational to so much other mathematics, and
so poorly learned in general, is an area in critical need of con-
centrated research and development. Algebra is crucial to the
development of mathematical proficiency because it functions
as the language system for ideas about quantity and space.
Algebra moves attention from particular numerical relations
and computational operations to a more general mathematical
environment with notation and representation useful across all
areas of mathematics. These represent vital, but precarious, pas-
sages; students’ transitions into the domain of algebra are often
plagued with problems.

Although it has long been considered important, attention
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to the role of algebra has never been more intense. Traditionally,
high school mathematics tended to have two tracks. The aca-
demic track included a Euclidean proof-oriented geometry
course and a series of algebra courses focused on preparing
students for calculus. The other was a nonacademic series of
practical courses—sometimes called business math—which of-
ten were just a review of middle school mathematics, particu-
larly rational number arithmetic. A series of studies found a
strong positive correlation between participation in the aca-
demic mathematics stream and future earnings (Pelavin and
Kane, 1990). Some studies have shown that this correlation may
be causal (Bednarz et al., 1996). Children who would have been
directed to the practical stream were successful in the academic
stream (Porter, 1998).

All current curricular recommendations and frameworks
place a high premium on algebra. The recent National Research
Council report, Adding It Up, recommends that the basic ideas of
algebra as generalized arithmetic be introduced in the early
elementary grades and learned by the end of middle school.
This is consistent with curricular opportunities in other coun-
tries (National Research Council, 2001a).

The Destination: What Do We Want
Students to Know and Be Able to Do?

Algebra provides powerful abstract concepts and notation
to express mathematical ideas and relationships and a set of
rules for manipulating them. These tools are invaluable for
solving a wide range of problems. Learning to make sense of
and operate meaningfully and effectively with these tools is a
central goal of instruction. This power involves both moving
from contexts to abstract models and, conversely, interpreting
abstract ideas skillfully in concrete situations. Moving beyond
this core goal, however, one moves into contested terrain.

What should be the subject matter of algebra? Many new
curricula take a view of algebra that is at variance with how it is
conceived within the discipline and with how it has been treated
historically in the school curriculum. In recent years, a number
of individuals, groups, committees, and task forces have worked
to provide definitions or characterizations to describe the con-
tinually evolving school algebra. These characterizations typi-
cally include such ideas as: algebra as a consolidation of, or
generalization of, ideas in arithmetic; algebra as the study of
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structures, patterns, and symbolic representations; algebra as
the study of functions, covariation, and modeling.

Overlaid on the content debates are two different visions of
how algebra should be taught. The first is motivated by the
observation that students do not seem to really understand or
value what they are doing in algebra. It therefore emphasizes
algebra as a tool for solving real-world problems. In a some-
what caricatured form it might be seen as teaching students to
be intelligent spreadsheet users who can create effective formu-
las and graphs. The second, more traditional view stresses alge-
bra as a preparation for traditional college mathematics (which
itself is in a state of reform and counterreform). In its extreme it
emphasizes formal proofs and skills that are undoubtedly chal-
lenging for most high school students.

Algebra, of course, legitimately includes all of the content
areas described above. Both the ability to solve real-world prob-
lems and to solve formal proofs are valuable outcomes for dif-
ferent purposes. Trade-offs become necessary only when the
limits on instructional time force them. Currently there is little
understanding of the affordances of different instructional em-
phases. It is therefore of little surprise that there is no consensus
on how choices should be made or whether different options
should be available for pursuing academic algebra.

The Route: Progression of Student
Understanding in Algebra

Traditionally, students take a prealgebra course in the eighth
grade and go on to a full algebra 1 course in the ninth grade,
geometry in the tenth grade, Algebra 2 in the eleventh grade,
and elementary functions in the twelfth. However, there are
many variations on this pattern, including a substantial minor-
ity of students who begin this sequence a year early and many
school systems that teach an integrated curriculum from grades
9to 11 and do not have a year just for geometry. Traditionally, a
large fraction of students never even begin this academic stream,
and many who do fail to complete it.

Mastery of algebra builds on mastery of the mathematics
taught in earlier years. One might wish that students coming
into this curriculum would have mastered rational numbers,
but this is often not the case and it causes difficulties for mastery
of algebra. For instance, it is common to see students perform
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flawlessly when solving simple linear equations involving inte-
gers but fail when the same equations involve fractions. Poor
fluency with rational number arithmetic and arithmetic more
generally adds to the cognitive demands on a student and inter-
feres with learning of higher level ideas (Haverty, 1999). And
poor understanding of rational numbers spells disaster when
students come to later topics like rational expressions.

Students also often come with an understanding of their
earlier curriculum that creates difficulty for algebra. For in-
stance, the equal sign has typically had the meaning of an op-
eration (e.g., 3 + 4 = is a request to perform addition) rather than
of a relationship between two expressions. Still, students have
informal ways of reasoning about problems that can be quite
powerful. For instance, consider the following two problems:

As a waiter, Ted gets $6 per hour. One night he made $66 in
tips and earned a total of $81.90. How many hours did Ted
work?

Versus
X * 6+ 66 =81.90

While only 42 percent of algebra 1 students can solve the second
equation, a full 70 percent can solve the word problem
(Koedinger and Nathan, in press). Students bring informal ways
of reasoning about their mathematical knowledge that enables
them to solve these problems. Often students have difficulties
understanding why they are being taught algebraic symbol ma-
nipulation to solve such problems when initially this just makes
solving them harder and more error-prone. Rather than replac-
ing the informal with the formal, Koedinger and Anderson
(1998) and Gluck (1999) have shown that by building on these
informal processes, one can more effectively teach students to
use the formalisms of algebra.

How do students develop the capacities to move from con-
texts to abstract models and, conversely, to interpreting abstract
ideas skillfully in concrete situations? Beliefs abound about the
directionality of these connections in learning: Some argue that
all meaningful learning must move from the concrete to the
abstract; others insist that the power of the generalized, abstract
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forms affords learners greater insight. Notions of what counts
as concrete or abstract remain vaguely and variously defined.

The Vehicle: Curriculum and Pedagogy

New curricular materials introduce algebra in various seg-
ments of the K-12 mathematics sequence using a variety of
conceptions of algebra. Some take an equation-solving orienta-
tion; others take a function approach; still others take a math-
ematical modeling approach. Yet we do not know how these
various curricular approaches affect students” understanding
and continued use of algebra.

The hypothesis that algebra instruction moves to abstrac-
tion without first connecting the abstractions with the concrete
instances that justify them has led to the development of new
curricula that emphasize richly contextualized problems. Some
research evidence suggests that student engagement is higher
and that students work meaningfully with important math-
ematical ideas, outperforming students whose curricular expe-
riences do not include such rich investigative problems (e.g.,
Boaler, 1997; Brenner et. al., 1997; Nathan et. al., 2002). But some
caution that such problems, if taken seriously, demand close
attention to the contexts; whereupon students may become pre-
occupied with the contextual particularities in ways that dis-
tract from the mathematical ideas entailed (Lubinski et al., 1998).
Consequently, they may not develop abstract knowledge cen-
tral to mathematical proficiency. Some instructional approaches
look for a middle ground in which algebra knowledge is
contextualized, but the context is kept simple, and a single
context is used extensively to help students see through to the
underlying mathematical functions (Kalchman et al., 2001;
Kalchman and Koedinger, forthcoming). Much remains to be
investigated about how students develop the ability to work
effectively with abstract ideas and notation, as well as about the
relationships between abstraction and concrete experiences in
learning.

A focus on algebra would afford opportunities to probe
how different instructional uses of technology interact with the
development of symbol manipulation skills. With the increased
availability of technology, what is meant by “symbolic fluency”
raises new questions. What is the role that graphing calculators

MATHEMATICS

91

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10858.html

and computational algebraic systems might play? What is the
role of paper and pencil computation in developing under-
standing as well as skill? These are questions that appear at
every level of school mathematics.

Checkpoints: Assessment

Algebra represents a major challenge for many students. If
more students are to succeed in meeting that challenge, it will
be important to identify the points of difficulty for individual
students and provide effective instructional responses before
they are lost. The difficulty factors assessments of algebra read-
ing (Koedinger and Nathan, In Press) and algebra writing
(Heffernan and Koedinger, 1997, 1998) are examples of efforts to
provide assessment tools for this purpose.

Two features of the subject make assessing individual
progress very important. Algebra requires facility with much of
the mathematics that has come before. If the mathematical foun-
dation is weak in any of its components, algebra mastery will be
undermined. Determining where students need to shore up the
preparatory mathematics, as well as opportunities for doing so,
are critical to success.

Second, algebra instruction moves toward high-level ab-
straction. The readiness of individual students to move from
one level of difficulty to the next will differ. If the movement
comes before a bridge is effectively built to a student’s prior
knowledge or before new knowledge is consolidated, the stu-
dent will be lost. If movement toward greater difficulty does not
come soon enough, a student will make less progress in higher
level algebra than is possible. Indeed, precisely this is at the
heart of opposing views of algebra pedagogy. If formative as-
sessment were sophisticated enough to determine individual
student readiness to move on, then trade-offs between attend-
ing to the needs and preparedness of different students would
not be necessary.

A research and development effort at Carnegie Melon Uni-
versity that generated the Algebra Cognitive Tutor has focused
very productively on the second element of this problem (see
Box 3.5). It began as a project to see whether a computational
theory of thought, called ACT (Anderson, 1983), could be used
as a basis for delivering computer-based instruction. The cogni-
tive theory applies to problem solving more broadly. For pur-
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poses of algebra teaching, it was the foundation for modeling
the variety of different approaches—both correct and incor-
rect—that students typically take to solving algebra problems.
A number of different approaches can lead to a correct solution,
and the program does not favor one over another. However,
some approaches lead the student astray. If the student is work-
ing effectively on a problem, there is no computer feedback. But
when a student begins down an unproductive or erroneous
path, the computer program recognizes this by a process called
model tracing and provides hints and instruction to guide the
student’s thinking.

The Algebra Cognitive Tutor also assesses mastery of ele-
ments of the curriculum by a process called knowledge tracing.
When a student’s problem-solving efforts suggest that the rel-
evant knowledge or skill is not yet consolidated, the computer
selects instruction and problems appropriate to where that stu-
dent is in the learning trajectory.

In studies of cognitive tutors more generally, it was found
that under controlled conditions, students could complete the
curriculum in about a third of the time generally required to
master the same material, with about a standard deviation (ap-
proximately a letter grade) improvement in achievement (Ander-
son et al., 1995). In real classrooms, the impact has generally not
been as large. A third-party evaluation of the tutors suggested
that the scaffolding of learning that allowed students to experi-
ence success with challenging problems produced large motiva-
tional gains (Schofield et al., 1990).

TEACHER KNOWLEDGE

In the past, only teachers of high school students were
thought to need knowledge of algebra. Although their prepara-
tion to teach does not include study of the objects and processes
of high school algebra, little attention has been paid to whether
or not secondary school teachers do in fact have adequate alge-
braic knowledge for teaching (Ferrini-Mundy and Burrill, 2002).
Students preparing to be secondary school teachers typically
take courses in abstract algebra and analysis, under the assump-
tion that such mathematical background will serve them well as
secondary school teachers. Yet the actual knowledge developed
in such courses and its application by teachers in classrooms has
not been thoroughly studied. Some research suggests that the
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BOX 3.5 The Algebra Cognitive Tutor

The Algebra Cognitive Tutor is one of a set of cognitive tutors developed at Carnegie
Mellon. Of great relevance to the SERP vision, the tutors are a good illustration of how to
make the transition from the laboratory to the classroom. The work at Carnegie Mellon
began as a project to see whether a computational theory of thought, called ACT (Anderson,
1983), could be used as a basis for delivering computer-based instruction in algebra. The
ACT theory of problem-solving cognition is the basis for modeling students’ algebra knowl-
edge. These models can be captured in a computer program that can generate or identify a
range of characteristic approaches to solving an algebra problem. These cognitive models
enable two sorts of instructional responses that are individualized to students:

I. By a process called model tracing, the program will infer how a student is going
about problem solving and generate help and instruction appropriate to where that
student is in the problem.

2. By a process called knowledge tracing, the program will infer where a student falls in
the learning trajectory and select instruction and problems appropriately.

Developing cognitive models that accurately reflect competence and developing appro-
priate instructional responses is an iterative process. The success of the tutors depends on a
design-test-redesign effort in which models are assessed for how well they capture compe-
tence and instructional responses are assessed for how effective they are.

In studies of cognitive tutors more generally, it was found that in controlled laboratory
condition students using a cognitive tutor could go through a curriculum in a third of the
time, and in carefully managed classrooms students would show about a standard deviation
(approximately a letter grade) improvement in achievement compared with students receiv-
ing standard instruction (Anderson et al., 1995). In real classroom situations, the impact of
the tutors tends not to be as large, varying from 0 to | standard deviation across more than
I3 evaluations. Another third-party evaluation, focusing on the social consequences of the
tutors, documented large motivational gains resulting from the active engagement of students
and the successful experiences on challenging problems (Schofield et al., 1990).

However, unlike many such small-scale success stories in cognitive science, this project
was able to grow to the point at which the cognitive tutors now are used in over 1,200
schools, 46 of 100 largest school districts, and interacting with about 170,000 students
yearly. A number of features were critical to making this successful transition:
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I. While the ACT theory provided the technology, there was a concerted effort to
identify a curriculum that educators wanted to be taught in the classroom. In particu-
lar, the project recognized that it was a priority for the schools to teach a curricu-
lum that was in compliance with the NCTM standards (National Council of Teachers
of Mathematics, 2000) and designed a curriculum around this.

2. A curriculum was designed that teachers would accept and could implement. A full-
year curriculum was developed rather than an enrichment program to be inserted
into an existing curriculum. The curriculum was designed with the critical help of
teachers with experience in urban classrooms. The computer tutors were used as a
support rather than a replacement for the teachers. In this curriculum students
spend 40 percent of their time with the computer tutors and 60 percent of their
time with other activities. These classroom activities help them transition to their
lessons with the tutor and transition those lessons to mathematics that they will
have to do without the tutor on paper and in the real world.

3. A structure was set up for supporting the use of the curriculum and tutors. Before
introducing the tutors into a classroom, it has been important to provide profes-
sional development time to enable teachers to prepare for the change they are
about to experience. A center at Carnegie Mellon was set up for responding to
teacher and school problems. As the adoptions grew, a separate company, Carnegie
Learning, was created to perform this function and maintain and adapt the materials.

4. Ultimately, such a curriculum must be financially self-sustaining and it was developed
from the beginning with a plausible financial model in mind. In particular, by offering
a full grade 9-11 curriculum, it was possible to earn in sales the kind of income that is
necessary to sustain this activity.

While the cognitive tutor enterprise illustrates what needs to be done to transition
research ideas into the American classroom, it does not represent a complete solution to
even high school algebra. Early in the development of the Algebra Cognitive Tutor, a decision
was made to place a heavy emphasis on contextualizing algebra to help students make the
transition to the formalism. The course has been demonstrated to raise student achievement
in urban schools and to reduce the number of students dropping out. However, high-
achieving students may not be fully achieving the desired fluency in symbol manipulation and
abstract analysis. There is no reason why the cognitive tutors could not more fully address
these topics and, in fact, many tutor units do, particularly in the algebra 2 course. However, a
more accelerated course may yield better results for high-achieving students.

MATHEMATICS 95 |

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10858.html

|96

assumption that secondary school teachers have strong and
flexible knowledge of algebra is unfounded (Ball, 1988). In fact,
evidence suggests that secondary school teachers may often
have rule-bound knowledge of procedures but lack conceptual,
connected understanding of the domain. That some signals ex-
isted that high school teachers’” knowledge may not be as robust
as had been suspected is not so surprising, since they are edu-
cated in the very mathematics classrooms that many seek to
improve.

Still, this result signals a more significant problem. First, the
changes in and expansion of what is meant by algebra mean
that secondary school teachers are increasingly being called on
to teach algebraic ideas and connections that they have not
themselves studied or have not studied in such ways. Analyses
of what the new curricula demand of teachers could make vis-
ible the mathematical demands of those curricula and permit
investigation of teachers” current knowledge to teach those ma-
terials. Second, the movement of algebraic ideas into the middle
school and especially the elementary school curriculum means
that teachers who have not in the past taught algebra are now
being called on to teach ideas and processes for which they have
not in the past been responsible. Prospective elementary school
teachers” knowledge of algebra may be based largely on their
own experiences as high school students. The new require-
ments of elementary school teaching raise important and press-
ing needs for research on teacher knowledge, teaching, and
teacher learning specifically in algebra.

Not only do teachers need knowledge of the mathematical
content, however. Equally important (and related) is knowl-
edge of how students think about and develop algebraic ideas
and processes. What ideas or procedures are particularly diffi-
cult, both in reading and writing mathematical relationships,
for many students? As algebra shifts to being a K-12 subject,
rather than a pair of high school courses, new questions emerge
that warrant investigation: If students learn about variables and
equations sooner and engage earlier in algebraic reasoning (Car-
penter and Franke, 2001), how will these earlier experiences
shape the development of students” algebraic proficiency over
time? How do students of different ages manage and use sym-
bolic notation, both in reading and writing mathematical rela-
tionships? What supports the development of meaningful and
skilled fluency with mathematical symbols and syntax? In fac-
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ing diverse classes of students, teachers also need to understand
better the mathematical resources and difficulties that their stu-
dents bring from their own environments, as well as how to
make productive use of and mediate those (see Moses and
Cobb, 2001, for a robust example of designing strong connec-
tions between the domain of algebra and students” out-of-school
activities and knowledge use).

RESEARCH AGENDA

There is little agreement at this point on what algebra should
be taught or how it should be taught. As in other areas of the
curriculum, the questions are in part a matter of valued out-
comes for algebra instruction and the instructional time alloca-
tion across algebra and other subjects. But a study of the out-
comes of different instructional choices can make the decisions
far more rational than they can be in the absence of high-quality
data.

We propose research and development on four major initia-
tives in this area:

1. Alternatives in the teaching and learning of algebra;

2. Teacher knowledge;

3. Developing algebra assessments and instruments;

4. Students’ development over time and the effects of
different curricular choices.

Initiative 1: Research and Development
on Alternatives in the Teaching and
Learning of Algebra

Work supported by the National Science Foundation as well
as by private foundations has generated a variety of curriculum
materials for schools that constitute different perspectives on
algebra, different ideas about what is important for students to
learn, and different ideas about how students can most effec-
tively be taught that can be contrasted with the best traditional
approaches to teaching algebra. Since these curricula are al-
ready developed and in use, they provide an opportunity for
understanding the consequences of the choices made.

For example, in some materials a functions approach to
algebra is central, while in others, algebra is treated more as
generalized arithmetic, and the solving of equations is more
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prominent. In some approaches, students are engaged in using
the tools of algebra to model situations and problems, while, in
others, algebra as an abstract language is stressed. While much
controversy surrounds the worth and merit of these different
perspectives on the subject, additional debates center on the
contribution of calculators and other technology, the structure
of lessons, and the role of the teacher. Because curricula have
already been developed that represent these different perspec-
tives on the subject and on how it might best be taught, one
important initiative of SERP might be to design comparative
studies of how these curricula are taught in classrooms and
what and how diverse students learn algebra over time.

In this initiative, cohorts of students could be followed lon-
gitudinally. Studies could gather information about the instruc-
tion they receive, exposure to curriculum, information on the
teachers, and their use of the curriculum and other tools. This
initiative will depend on the development of effective assess-
ments (see Initiative 3).

As with elementary mathematics, however, knowing why
particular curricular interventions produce particular outcomes
will require companion controlled experiments at the level of
particular program features to test for causality. This kind of
research is necessary not only to advance scientific understand-
ing, but also because it provides critical knowledge for teachers
who adapt curricula and allows developers to improve cur-
ricula or design alternatives that are responsive to research
findings.

Simultaneous with this effort, SERP can support curriculum
development that extends existing curricula in promising direc-
tions. The Algebra Cognitive Tutor, for example, emphasizes
highly contextualized problem solving. While many fewer stu-
dents drop out and students master the material covered more
quickly and effectively, the curriculum may not achieve the
fluency in symbol manipulation and abstract analysis expected
for high-achieving students. The developers suggest that the
curriculum could quite easily be strengthened in this respect,
and a separate accelerated algebra course is likely to yield even
better results for high-achieving students. In studying the set of
curricula as they are being implemented, SERP as a third-party
entity would be well positioned to identify and support promis-
ing areas like this for further development.

LEARNING AND INSTRUCTION

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10858.html

Initiative 2: Research and Development
on Teacher Knowledge

Important questions remain unanswered about the knowl-
edge of mathematics needed to teach algebra effectively. As
with elementary mathematics, the existence of different curricu-
lar approaches and efforts to study them, as outlined above in
Initiative 1, provide the opportunity to investigate the demands
for teachers in teaching different curricular approaches to alge-
bra. For example, specifically what mathematical demands arise
for teachers in teaching approaches to algebra that emphasize
symbolic fluency compared with approaches that emphasize
modeling and connections to situations? What sort of represen-
tational and notational fluency do teachers need? How do teach-
ers need to understand the connections between algebra and
other domains of mathematics, and what is demanded of teach-
ers with respect to mathematical reasoning under different ap-
proaches to algebra?

The movement of algebra into the elementary school cur-
riculum, as recommended both by the National Council of Teach-
ers of Mathematics” Principles and Standards for School Mathemat-
ics (2000) and Adding It Up (National Research Council, 2001a),
creates the opportunity to examine what elementary teachers
need to know with respect to algebra. Typically regarded as a
secondary school subject, algebra has not played a central role
in the preparation of elementary school teachers. Studies of
teachers engaged with the new curricula that include elemen-
tary school skills and ideas of algebra could provide insight into
the kinds of algebra knowledge useful to the teaching of young
children. Where and how do ideas and skills of algebra surface
in younger children’s learning, and what sorts of knowledge
would help teachers address and develop those? As in other
areas of the curriculum, it will be particularly important to
identify the issues with which teachers struggle most, the con-
ceptions that make effective teaching more difficult.

As in Initiative 1, the study of teacher knowledge require-
ments would provide the basis for research and development
on effective teacher education interventions. The development
efforts would be expected to target a variety of teacher learning
opportunities, including pre-service education in teaching math-
ematics, teacher support materials, and in-service education
associated with the use of particular curricula.
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Initiative 3: Developing Algebra

Assessments and Instruments

Efforts to improve algebra instruction, as well as to evaluate
the effectiveness of alternative approaches to the teaching of
algebra, will depend on the development of new assessments of
students” and teachers’ learning.

The development of formative assessments for instructional
purposes will need to test hypotheses about what is difficult for
students to learn, as well as hypotheses about the kinds of
scaffolds that provide support for learning when students are
struggling. For classroom effectiveness, these assessments must
be closely tied to instructional materials. An investment in the
development of algebra assessments that capture all aspects of
algebra proficiency, including the robustness and flexibility of
conceptual and procedural knowledge and the ability to trans-
fer learning to novel problems, will need to be developed if
outcomes of alternative approaches to instruction are to be mean-
ingfully compared.

Assessments will also be needed that can discriminate dif-
ferent kinds and levels of knowledge for the teaching of algebra.
These should include both the knowledge of subject matter and
pedagogical content knowledge.

Moreover, in order to compare differences in students’” op-
portunities to learn in circumstances in which the teacher or the
curriculum changes, instruments to gather information about
instruction itself will be important. For example, the representa-
tions and tools that are used and the type, frequency, and dura-
tion of their use needs to be captured. Measures of fidelity of
implementation and of teacher support will be required as well.
These investments in instrumentation and assessment tools at
the start will allow for subsequent work to be far more powerful
for guiding instructional practice.

Initiative 4: Students’ Development Over
Time and the Effect of Different
Curricular Choices

Because algebra is increasingly seen as a K-12 strand of a
mathematics curriculum, not merely as a high school course or
pair of courses, the timing is right to design studies that track
students across their school careers, investigating the develop-
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ment of proficiency in algebra. Such longitudinal studies of
algebra learning could be designed to examine how particular
configurations of curricular and pedagogical choices affect what
students learn. For example, do students whose experiences
with number and operations are designed to develop deep con-
ceptual understanding and procedural fluency fare differently
in algebra than those whose opportunities to learn emphasize
applications and modeling? How do differences in the develop-
ment of arithmetic fluency affect the development of students’
algebraic proficiency?

Initially, the work involved will be to design careful proce-
dures for longitudinal data collection. Doing so will hinge on
Initiative 3, in which input and outcomes measures are tested
and developed. While the fruits of this research would not be
expected in the early years of the program, designing the data
collection effort early and carefully will be critical to high-qual-
ity analysis further down the road.
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any young children get off to a good start in acquir-
ing knowledge on a variety of scientific topics. U.S.
fourth graders score near the top in science—just
behind Korea and Japan—among the nations in the
Third International Mathematics and Science Study (TIMSS)
(National Center for Education Statistics, 1999). However, since
little science is taught in the early elementary grades, it is un-
likely that these results can be attributed to school science pro-
grams. Instead, the high scores probably reflect the many infor-
mal science learning opportunities that abound in the United
States, including science and technology museums, youth orga-
nizations that support science activities, television (e.g., the Dis-
covery Channel; Magic School Bus; 3-2-1 Contact; Bill Nye, the
Science Guy), trade books, and children’s science magazines.
When serious science instruction begins, typically in middle
school or even later, the advantages of informal learning re-
sources begin to be overtaken by the disadvantages of unfo-
cused curricula and weak teacher knowledge of both science
content and pedagogy. At this stage the international compari-
sons become much less favorable. In fact, the TIMSS results at
grade 8 place the United States in 17th place out of 26 nations.
By grade 12 the United States scores are lower still, with ad-
vanced U.S. students scoring last of the 16 countries compared.
Scores on national assessments confirm the bleak TIMSS results.
On the 2000 National Assessment of Educational Progress
(NAEP), 47 percent of twelfth grade students scored in the
lowest category (below basic proficiency), an increase from 43
percent in 1996 (National Center for Education Statistics, 2003).
Clearly, science education is not on a path to improvement.
As in reading and mathematics, there are pockets of re-
search and development in science education that have pro-
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duced instructional programs with demonstrated student
achievement benefits. In physics, for example, a highly produc-
tive tradition of research has produced a deep knowledge base
with very important implications for educational practice. In
contrast, for other areas in science education the research base is
not yet developed fully enough to guide or support decisions
about instruction. As with reading comprehension, knowledge
of the progression of student understanding is relatively sparse
and spotty from topic to topic. Moreover, there is very little
evidence about how student understanding can develop with
instruction over the school years.

The first section of this chapter, as in the chapters on math-
ematics and reading, addresses an area that has potential for
wide impact in the relatively near term: physics. Unlike the
other two disciplines, however, this downstream case falls late
in the K-12 curriculum. The second section of this chapter ad-
dresses science education across the school years, since we are
still far upstream in developing a principled organization of
science instruction, particularly in the years before high school.

THE TEACHING AND LEARNING OF
PHYSICS

The number of students who take courses in physics is
relatively small in comparison to the number who take biology
or chemistry, as is the number of credentialed high school phys-
ics teachers in comparison to other science teachers. Perhaps
because the community of educators working on physics is
small, it has been possible to pursue a cumulative research
agenda on major issues in physics teaching and learning.

STUDENT KNOWLEDGE

The Destination: What Should Students
Know and Be Able to Do?

Until relatively recently there was substantial overall agree-
ment regarding what students should know and be able to do in
the typical high school or college physics course (the content of
the two overlaps substantially). In general, students were ex-
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pected to understand a range of concepts and laws organized
around such domains as force and motion, electricity and mag-
netism, waves and optics, etc. Typically, understanding was
demonstrated by the solution of problem types using quantita-
tive methods that minimally demanded algebra. However, over
the past several decades, research on student understanding
has called into question whether the goals of instruction were
being achieved.

The Route: Progression of Understanding

Historically, the implicit assumption in physics instruction
has been that novice students could come to understand physics
by receiving classroom presentations of what physics experts
know. Research, however, has uncovered problems with that
assumption. Students’ naive ideas and conceptions about the
physical world are not easily changed and in fact often remain
substantially unaffected by typical classroom instruction. In the
1970s and 1980s, research conducted by John Clement (1982),
Andrea diSessa (1982), Lillian McDermott (1984), and others
revealed that even those students who can recall physics laws
and use them to solve textbook problems may not understand
much about the implications of these ideas in the world around
them. For example, in diSessa’s research, college physics stu-
dents performed no better than elementary students when asked
to strike a moving object so that it will hit a target with mini-
mum force at impact. Students relied on their untrained ideas in
this task, ignoring the role of momentum, even when they could
precisely reproduce the relevant laws of momentum on a test.
Similarly, a study of student solutions to a problem with simple
electrical circuits confirmed that students can reproduce scien-
tific knowledge for a test, but revert to everyday ways of think-
ing when that knowledge is tapped outside the classroom (see
Box 4.1).

Additional work over many years has led to the conclusion
that students bring to physics a substantial set of persistent
conceptions that are significantly different from those needed to
understand aspects of the physics curriculum. By far, the largest
amount of work on student conceptions has been in the area of
Newtonian mechanics (McDermott and Redish, 1999). Both be-
fore and after passing high school and even college physics
courses, students often behave as if their conceptual under-
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standings of force and motion are more in line with pre-
Newtonian, even Aristotelian conceptions. Although these ideas
are misconceptions from a scientific perspective, they are sen-
sible interpretations people construct from their everyday expe-
rience with objects and events in the world. Because these intui-
tions serve quite well to explain and predict many features of
everyday phenomena, they are often unexamined and may be
difficult to change. Yet instruction often proceeds as if students
have no ideas at all—as if the job of teaching is simply to
provide the ideas that are scientifically correct. Students” well-
learned and practically useful mental representations for mak-
ing sense of the world around them need to be actively engaged
and built on if instruction is to be successful.

Thinking like a scientist is partly a matter of understanding
how scientific principles are embodied in familiar events around
us. This is a challenge for students. Like novices in any area,
they are often too reliant on surface features when they attempt
to interpret and solve physics problems. Students tend to look
for clues in the objects featured in the problem. For example,
Larkin (1983) found that novices often rely on the objects men-
tioned in the problem statement, like blocks, inclined planes,
and pulleys, to try to construct a basic representation that con-
sists of relations among these explicit objects. From this basic
representation, they then seek directly to identify a set of equa-
tions that they can use to plug in the values mentioned in the
problem.

In contrast, experts first construct an intermediate interpre-
tation that represents the elements of the problem in constructs
of the discipline, such as forces, acceleration, mass, momenta,
etc. Chi and Bassok (1989) refer to this level of interpretation as
a physics representation. They point out that the entities in a
physics representation are not directly described but must be
inferred. Perhaps because students tend not to identify prob-
lems as being members of categories defined by common scien-
tific principles, they often fail to transfer what they “know” in
the context of one problem to novel or even analogous prob-
lems.

Researchers have focused considerable effort on mapping
out what students do understand about a variety of physical
phenomena and how that understanding progresses as a conse-
quence of instruction. This work has probed the conceptual
understandings of learners from preschool onward. Minstrell’s
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BOX 4.1 Understanding Electrical Circuits
Eric Mazur gave two questions very similar to the following two problems to students in
his Harvard algebra-based physics class.

Problem |. Find the current through the 2 ohm resistor and the potential difference
between points A and B.

8V
| 1 ohm
‘ ¢ B
2 ohm

12V
FIGURE 4.1a Diagram of a e

resistor.
SOURCE: Mazur, 1997.

1 ohm

AN

The average score on the first (quantitative) question was 75 percent, while the average
score on the second (qualitative question) was 40 percent.

Physicists consider the second question to be much simpler; in fact, they would consider
parts of it to be so trivial and easy that many would not bother to give such a question on an
examination. The correct reasoning is that closing the switch causes a short circuit across
the third light bulb, reducing the total resistance in the circuit. With no potential difference
across the third bulb, it has no current and goes out. With the same voltage applied by the
battery and less total resistance, the voltage drop across each of bulbs (1) and (2) increases,
the current through the battery increases, the brightness of bulbs (1) and (2) increases, and
the power dissipated in the circuit increases.

work with high school students (e.g., Minstrell, 1989; Minstrell
and Simpson, 1996), studies pursued by the Physics Education
Group at the University of Washington with college students,
and the research of many other investigators provide a wealth
of information about how students typically think about a range
of physical situations and concepts.

The question in Box 4.2 regarding the relative weight of an
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Problem 2. In the circuit shown below, explain what will happen to the following vari-
ables when the switch is closed:

(2) the current through the battery

(b) the brightness of each of the bulbs

(c) the voltage drop across each of the bulbs
(d) the total power dissipated

(1) ) (©)

FIGURE 4.1b Diagram of a
circuit.
SOURCE: Mazur, 1997.

The techniques that students applied to quantitatively solve the first problem could be
easily applied to the second problem by assuming values for the various quantities and solving
the problem quantitatively by comparing calculations for the circuit with the switch open
with those for the circuit with the switch closed. Instead, many students give answers that
are consistent with naive conceptions of how electric circuits work. Similar results have been
found with thousands of students after traditional instruction in research done by the Physics
Education Group at the University of Washington.

object when it is surrounded by air and submerged at two
different depths of water produces a predictable range of re-
sponses from students when asked before, during, and even
after instruction. Those responses can be evaluated for consis-
tency with the various forms of student understanding shown
in the box. The different answers, reflections of what Minstrell
(1992) refers to as “facets” of thought, can be sequenced with
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BOX 4.2 Understanding Fluid/Medium Effects and Gravitational Effects

A solid cylinder is hung by a long string from a spring scale. The reading on the scale
shows that the cylinder weighs 1.0 Ib.

Q

<«—— scale

@)

<«——— cylinder

Scale reading Scale reading Scale reading
1.0 Ib.

About how much will the scale read if the cylinder which weighs 1.0 Ibs. is submerged
just below the surface of the water? What will it read when the cylinder is much deeper in
the water?

Briefly explain how you decided.

FIGURE 4.2 Sample constructed-response item: separating fluid/medium effects from
gravitational effects.

respect to scientific sophistication. They range from acceptable
understandings in introductory physics (310) to those repre-
senting partial understanding (e.g., 315), to those representing
more serious misunderstandings (e.g., 319).

Minstrell (1992) has argued that partially correct under-
standings frequently arise from formal instruction and may
represent over- or undergeneralizations or misapplications of a
student’s knowledge. These can result if the set of examples
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Forms of Student Understanding

310—pushes from above and below by a surrounding fluid medium lend a slight support
(pretest—3 percent).

3| I—a mathematical formulaic approach (e.g., rho x g X hl rho X g x h2 = net buoyant
pressure).

3 14—surrounding fluids don’t exert any forces or pushes on objects.
3| 5—surrounding fluids exert equal pushes all around an object (pretest—35 percent).

3 16—whichever surface has greater amount of fluid above or below the object has the
greater push by the fluid on the surface.

317—fluid mediums exert an upward push only (pretest—I3 percent).
318—surrounding fluid mediums exert a net downward push (pretest—29 percent).

3 19—weight of an object is directly proportional to medium pressure on it (pretest—20
percent).

presented to students is too limited or if an appropriate set of
contrasting cases is not included to help clarify the conditions
under which a concept applies. The task for a student is to come
to recognize similar situations and problems as members of a
category. Part of the challenge, then, is to understand the range
of conditions under which concepts apply. It is important for
both the instructor and the student to become aware of the form
of the student’s conceptual understanding when instruction be-
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gins and to monitor changes in the student’s knowledge as
instruction progresses. The goal is to build on what students do
know and to help them understand the conditions under which
it applies, rather than ignoring students” current concepts and
trying to replace them immediately with scientific reasoning.

The Vehicle: Pedagogy and Curriculum

Along with the research on student understanding have
come new approaches to teaching physics that clearly demon-
strate the accessibility of the subject for all students, if it is
taught in ways that acknowledge what is known about student
understanding.

First, instruction needs to be based on the acknowledgment
that students are being asked to reformulate category systems
that have served them quite well in the past. This entails coming
to recognize apparently familiar objects and events as members
of novel classes, an accomplishment that develops slowly and
only if students receive multiple well-chosen opportunities to
experience the relevant range of situations in which a concept
applies or does not apply. Second, teachers need to be aware of
the range of ways in which students interpret situations and
problems and to develop a repertoire of proven strategies for
helping them question their assumptions, tune their partly cor-
rect conceptions, and understand the boundary conditions for
important principles. The goal is to help students understand,
which requires knowing how to capitalize on the forms of sense-
making that they have available to work with. Third, effective
physics instruction is designed to make more transparent what
the practice of physics is all about. As Hestenes (1987) has
cogently argued, physics is a “modeling game,” but this is far
from apparent to students. The emphasis in much physics in-
struction is on using the products of physics—laws and prin-
ciples—with little attention to why or how physicists generate
and work with these concepts. Students rarely are taught phys-
ics as the enterprise of constructing, testing, and revising mod-
els of the world, and therefore its primary goals and epistemol-
ogy are typically invisible. As we explain below, however, new
approaches to instruction are emphasizing this aspect, inviting
students into the modeling game and making evident the goal
of what otherwise may seem a rather mysterious enterprise.

To summarize, we emphasize three characteristics of new
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approaches to physics instruction that follow from contempo-
rary learning research:

1. helping students develop new schemas for recogniz-
ing objects and events in the world as members of a
category system more like the one used by scientists;

2. continually monitoring changes in students” evolv-
ing knowledge to inform choices of just the right
experiences, countercases, and challenges to support
their next step in knowledge development; and

3. introducing students to physics as a modeling game,
so that they grasp its epistemology and central goals.

Most of the more fully developed curricula inspired by this
research have been targeted at the college level. McDermott and
Redish (1999) have identified nine such curricula and more are
under development, including a research-based version of the
widely used college text by Halliday and Resnick (Cummings et
al., 2001). However, the substantial overlap of introductory col-
lege and high school physics courses suggests that much in
these curricula may also be appropriate for high school use.

Two programs designed specifically for students in middle
school and high school have demonstrated improvements in
student achievement, particularly with respect to conceptual
understanding. In the first of these, the “modeling method” of
instruction, students work to develop, evaluate, and apply their
own models of the physical behavior of objects (see Box 4.3).
The key to this instructional intervention is a series of profes-
sional development workshops with teachers, who are sup-
ported in effecting a radical shift of their pedagogy. Teachers
are encouraged to become modeling coaches, helping students
to observe, model, and explain interesting and puzzling phe-
nomena. A 6-year project that provided extensive training and
support for 200 teachers in this instructional approach resulted
in nearly all of them demonstrating significant improvements in
their own understanding, in their teaching, and in their stu-
dents” achievement (Hestenes, 2000; for more information, see
http:/ /modeling.la.asu.edu/modeling.html) on a highly re-
garded measure of physics conceptual understanding, the Force
Concept Inventory (see below). These studies, conducted with
large numbers of students in matched comparison groups, were
carried out in multiple sites across several years. The research

SCIENCE

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10858.html

included students in regular and introductory physics classes,
honors-level physics, and advanced placement physics. Results
repeatedly showed greater pretest to posttest gains in physics
content knowledge when students taught by the modeling
method were compared with (a) physics students of the same
teachers in the year before the teachers implemented the pro-
gram and (b) students in traditional physics classes and alterna-
tive reform programs. Students taught with the modeling
method exceeded the performance of comparison groups by

BOX 4.3 Modeling Instruction in High School Physics

The modeling method has been developed to address problems with the fragmentation
of knowledge in traditional physics instruction and the persistence of naive beliefs about the
physical world. It is an approach to high school physics instruction that organizes course
content around a small number of basic scientific models as units of coherently structured
knowledge. David Hestenes and colleages at the University of Arizona have developed the
approach to both instruction and teacher preparation over the past two decades. The
program is grounded on the thesis that scientific activity is centered on modeling: the
construction, validation, and application of conceptual models to understand and organize
the physical world.

Instructional activities give students experience in constructing and using models to make
sense of a variety of physical problems. A critical feature of the program is the role played by
the teacher: “The teacher cultivates student understanding of models and modeling in
science by engaging students continually in ‘model-centered discourse’ and presentations.”
The program developers argue that “the most important factor in student learning by the
modeling method (partly measured by Force Concept Inventory scores) is the teacher’s skill
in managing classroom discourse” (Hestenes, 2000, p. 2). The teacher is prepared with a
definite agenda for student progress and guides student inquiry and discussion in that direc-
tion with Socratic questioning and remarks.

The program uses computer models and modeling to develop the content and pedagogi-
cal knowledge of high school physics teachers, and relying heavily on professional develop-
ment workshops to equip teachers with a teaching methodology. Teachers are trained to
develop student abilities to make sense of physical experience, understand scientific claims,
articulate coherent opinions of their own, and evaluate evidence in support of justified belief.
Teachers are also equipped with a taxonomy of typical student misconceptions in order to
prepare them to identify and work with them as they surface.

In a sample of 20,000 high school students, gains on the Force Concept Inventory under
modeling instruction are reported to be on average double those under traditional instruc-
tion, with teachers who implement the program more fully showing higher gains in their
students scores. All students gained significantly from modeling instruction, but students with
the lowest scores before instruction gained most.

More information on the modeling method is available on the projects web site: http://
modeling.la.asu.edu/modeling.html.
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margins that in some cases were larger than two standard de-
viations.

The second program, ThinkerTools, also emphasizes phys-
ics as modeling and features both computer simulations and
inquiry with physical materials. The curriculum (White, 1993;
White and Frederiksen, 1998) teaches the physics of force and
motion and is designed to be successful with students in middle
school and in urban environments as well as in high school and
in suburban environments.

The inquiry-based curriculum engages students’ preconcep-
tions by asking them what they think will happen when certain
forces are applied to objects. Students test their ideas in a com-
puter-simulated world and learn when their ideas hold true and
when not. The observations allow students to directly challenge
their ideas and to engage in a search for a theory that can
adequately explain what they observe. The class functions as a
research community, and students propose competing theories.
They test their theories by working in groups to design and
carry out experiments using both computer models and real-
world materials. Finally, students come together to compare
their findings and to try to reach consensus about the laws and
causal models that best account for their observations.

Students systematically build conceptual understanding by
encountering problems that increase in complexity and diffi-
culty. The problems are based on knowledge about typical forms
of student thinking and its progression. Experiences that stu-
dents encounter support the “conditionalized” kind of knowl-
edge that experts hold, allowing students to detect patterns that
novices do not see. ThinkerTools provides multiple experiences
with problem solving, but the carefully controlled difficulty of
problems is designed to build pattern recognition efficiently.

Like the modeling method, the emphasis is on constructing
and revising models and explanations, and modeling ability is
acquired in the service of building a conceptual understanding
of motion, gravity, friction, and the like. What is distinctive in
the ThinkerTools curriculum is the addition of a “reflective
assessment” component. In addition to engaging in inquiry
learning, students learn to evaluate the quality of their own and
others” inquiry investigations using standards that reflect the
culture and the goals of the scientific community.

As with the modeling method, student achievement gains
with the ThinkerTools curriculum are impressive. Students con-
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struct a deeper understanding and are better able to transfer
their knowledge to novel problems than students taught with a
traditional curriculum. These advantages held even when the
ThinkerTools group consisted of urban students who were com-
pared with suburban counterparts, as well as middle school
students compared with high school students. Of particular
importance is the finding that teaching students to engage in
reflective assessment—to judge how well they and their col-
leagues carried out an inquiry investigation—substantially im-
proved learning gains. Not only did students come away with a
deeper understanding of the inquiry process, but they also im-
proved their content knowledge of physics. The gains were
particularly striking for students who began instruction as low
achievers (see Box 4.4).

Checkpoints: Assessment

New forms of instruction pose two fundamental challenges
for assessment. First, since the goal of instruction emphasizes
conceptual understanding and the ability to transfer knowledge
to new situations, assessments are needed that capture these
competences. Second, since the instructional goal is to support
conceptual change, instructors need assessment tools to con-
tinually diagnose student thinking so that instruction can ad-
dress students” evolving conceptions.

With respect to the first challenge, physics teachers and
researchers alike are increasingly adopting the Force Concept
Inventory (see Box 4.5) developed initially by Halloun and
Hestenes (1985) and later modified and published with com-
parison data (Hestenes et al., 1992). This instrument probes
beyond the usual focus on students’ capability to solve tradi-
tional physics problems, emphasizing instead their conceptual
analysis of physical situations. Rather than right or wrong an-
swers, the inventory diagnoses student conceptions; the items
and choices in the instrument are based on research about the
range of thinking that students typically bring to situations
featured in the test. Because it provides feedback about stu-
dents’ conceptual development, it has persuaded some instruc-
tors of the need to make significant changes in their teaching
(see, e.g., Mazur, 1997). Several other tests modeled after the
Force Concept Inventory are currently available or under devel-
opment in areas of physics beyond force and motion. One ex-
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ample is the conceptual survey of electricity and magnetism
described by Maloney et al. (2001).

Although it is certainly useful to know how students think
about physical situations and concepts at the start and end of
instruction, it is also important to monitor changes in these
ideas during the course of instruction to address specific stu-
dent needs and modify instruction accordingly. Incorporating
formative assessment practices into ongoing instruction requires
quality assessment materials that are closely connected to con-
ceptual models of student understanding, together with effec-
tive ways of presenting, scoring, and interpreting the assess-
ment results. Time and efficiency are obviously of central
importance: if the feedback is not available when the next in-
structional decisions need to be made, then important opportu-
nities will be lost. An excellent example of an effort to integrate
assessment and instruction is the facets-based instruction and
assessment work performed by Minstrell and his colleagues
described above (Minstrell, 1992, Hunt and Minstrell, 1994;
Levidow et al., 1991). The focus of the research effort has been
on identifying facets (mental representations for interpreting
physical situations) of student knowledge and understanding
for various topics in physics. These facets are incorporated into
Diagnoser, a relatively simple-to-use computer program de-
signed to help teachers evaluate the quality and consistency of
student reasoning in physical situations.

The Diagnoser program presents sets of carefully designed
problems and records student responses and justifications as a
means of identifying their understanding. When needed, the
program provides instructional prescriptions that are designed
to challenge the student’s thinking and address a possible con-
ceptual misunderstanding. The course instructor is provided
with information about the range of student understanding in
the class and can then adjust lessons accordingly. Minstrell and
Hunt (1990) have demonstrated that the facets approach can be
successfully adopted by teachers and that it produces better
outcomes than instruction that lacks integrated diagnostic as-
sessment.

TEACHER KNOWLEDGE

Teacher knowledge of physics is typically not a serious con-
cern, since most physics teachers have undergraduate or ad-
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BOX 4.4 Reflective Assessment in ThinkerTools

ThinkerTools is an inquiry-based curriculum that allows students to explore the physics
of motion. The curriculum is designed to engage students’ conceptions, to provide a carefully
structured and highly supported computer environment for testing those conceptions, and
to steep students in the processes of scientific inquiry. The curriculum has demonstrated
impressive gains in students’ conceptual understanding and ability to transfer knowledge to
novel problems.

White and Frederiksen (1998) designed and tested a reflective assessment component
that provides students with a framework for evaluating the quality of an inquiry investiga-
tion—their own and others. The assessment categories included understanding the main
ideas, understanding the inquiry process, being inventive, being systematic, reasoning care-
fully, using the tools of research, teamwork, and communicating well. The performance of
students who were engaged in reflective assessment was compared with that of matched
control students who were taught with ThinkerTools but were asked to comment on what
they did and did not like about the curriculum without a guiding framework. Each teacher’s
classes were evenly divided between the two treatments. There were no significant differ-
ences in students’ initial average standardized test scores (the Comprehensive Test of Basic
Skills was used as a measure of prior achievement) between the classes assigned (randomly)
to the different treatments.

Students in the reflective assessment classes showed higher gains both in understanding
the process of scientific inquiry and in understanding the physics content. For example, one
of the outcome measures was a written inquiry assessment that was given both before and
after the ThinkerTools inquiry curriculum was administered. It was a written test in which
students were asked to explain how they would investigate a specific research question:
“What is the relationship between the weight of an object and the effect that sliding friction
has on its motion?” (White and Frederiksen, 2000:22). Students were instructed to propose
competing hypotheses, design an experiment (on paper) to test the hypotheses, and pretend
to carry out the experiment, making up data. They were then asked to use the data they
generated to reason and draw conclusions about their initial hypotheses.

Presented below are the gain scores on this challenging assessment for both low- and
high-achieving students and for students in the reflective assessment and control classes.
Note first that students in the reflective assessment classes gained more on this inquiry
assessment. That this was particularly true for the low-achieving students. This is evidence
that the metacognitive reflective assessment process is beneficial, particularly for academi-
cally disadvantaged students.

This finding was further explored by examining the gain scores for each component of
the inquiry test. As shown in the figure below, one can see that the effect of reflective
assessment is greatest for the more difficult aspects of the test: making up results, analyzing
those results, and relating them back to the original hypotheses. In fact, the largest difference
in the gain scores is that for a measure termed “coherence,” which reflects the extent to
which the experiments the students designed addressed their hypotheses, their made-up
results related to their experiments, their conclusions followed from their results, and their
conclusions were related back to their original hypotheses. The researchers note that this
kind of overall coherence is a particularly important indication of sophistication in inquiry.
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BOX 4.5 The Force Concept Inventory

The Force Concept Inventory (Hestenes et al., 1992) has been widely used to compare
student mastery of basic concepts of Newtonian mechanics. The test examines core concep-
tual understanding of Newtonian mechanics.

Sample Question

Imagine a head-on collision between a large truck and a small compact car. During the
collision:

(A) The truck exerts a greater amount of force on the car than the car exerts on the
truck.

(B) The car exerts a greater amount of force on the truck than the truck exerts on the
car.

(C) Neither exerts a force on the other; the car gets smashed simply because it gets in
the way of the truck.

(D) The truck exerts a force on the car but the car doesn’t exert a force on the truck.

(E) The truck exerts the same amount of force on the car as the car exerts on the truck.

Correct answer is (E).

This question assesses student understanding of Newton’s third law. The distractors
(incorrect answers) are adapted from student responses in interviews and open-form
questions, revealing various naive conceptions of force as associated with size or effect.
Newtonian principles demonstrate that force is an interaction, so the forces are the same,
but the effects of the forces (acceleration, damage) differ according to the mass and struc-
ture of the object.

The inventory is commonly given in a pretest-posttest mode. It is inconceivable to most
teachers that a student well trained in mechanics could do poorly on these core concepts on
the posttest. Most physics teachers agree that a student with a reasonable understanding of
Newtonian mechanics should be able to correctly answer the 30 simple questions on the
test, such as the one illustrated above. Indeed, the test seemed so simple that many instruc-
tors initially did not think it was worth administering as either a pretest or a posttest. Yet
students do poorly on the inventory as a pretest, and a full semester of careful traditional
instruction produces little change in student performance: this result has been a major
wakeup call to many physics teachers. Such results, which teachers can often replicate with
their own classes, have significantly increased the audience for the results of physics educa-
tion research.
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vanced physics training. Of far greater concern is teachers’ peda-
gogical content knowledge. As the above discussion suggests,
the knowledge and tools are now available to support the latter,
including the research base concerning students” conceptual
understanding, assessment tools such as the Force Concept In-
ventory, and alternative forms of instruction, such as the em-
phasis on modeling described earlier. It is uncertain what pro-
portion of the 19,000 physics teachers in the United States engage
in instructional practices that are aligned with what is known
about learning and instruction in physics, or how many make
use of research-based curricular materials, assessments, and
approaches. Equally uncertain is the source of their knowledge,
that is, whether generalized from their own experiences as phys-
ics students, acquired during pre-service teacher education, or
developed as a result of professional development programs.

In any given year, the number of physics majors pursuing a
secondary education teaching credential is relatively small, and
in most institutions of higher education only a few of these
students may be simultaneously pursuing a certification pro-
gram. Variation in program content, student learning experi-
ences, and supervision can be substantial. This is especially
problematic with regard to the specifics of how prospective
physics teachers acquire knowledge about important character-
istics of student learning and the teaching of physics.

In contrast to pre-service teacher education, the professional
development of in-service physics teachers is often better orga-
nized, especially with regard to regional, state, and national
workshops. Many of these opportunities have been supported
by federal funding such as the Eisenhower math-science pro-
grams, the National Science Foundation’s teacher enhancement
projects. Professional societies have played a role as well. The
physics teaching resource agent (PTRA) program, run by the
American Association of Physics Teachers, is one model of a
sustained teacher enhancement project. First funded in 1985, the
PTRA program develops workshop materials, prepares exem-
plary high school teachers to serve as resource agents, and
provides support to those agents to offer workshops in their
own regions (Nelson and Bader, 2001). Agents continue to re-
ceive education over successive summers to expand their reper-
toire of workshops.

Approximately 500 outreach teachers have been educated,
and more than 300 remain active. From 1985 to 1995, the out-
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reach program offered workshops to about 60,000 teachers, in-
cluding physics, physical science, middle school, and elemen-
tary school science teachers. Since 1995, the project has contin-
ued with the urban PTRA project and the rural PTRA project. In
these continuations, there is an emphasis on building a continu-
ing relationship with a group of teachers for sustained profes-
sional development. The PTRA now serves as a model for the
development of outreach programs in other science areas.

The opportunities for sustained teacher learning are better
developed in physics than in most fields. Yet even here, rela-
tively little is known about the processes of effective teacher
learning. In physics as elsewhere, little is understood about how
knowledge of student thinking is bound to practice—that is,
how itis used by teachers to deploy specific instructional moves.
Little is known about the conditions that optimize and impede
the development of the knowledge base of prospective and new
teachers or the conditions that assist experienced teachers in
understanding and adopting more effective instructional prac-
tices. Finally, little is known about the range of teacher charac-
teristics and organizational circumstances that are conducive to
adopting the instructional approaches derived from physics
education research (like the modeling method or facets-based
instruction). Because the knowledge base and tools for teacher
learning are better developed in physics than in other areas, it
provides fertile ground for investigating these broadly appli-
cable questions.

RESEARCH AGENDA

Three closely related initiatives for research and develop-
ment are proposed that would build on the existing, high-qual-
ity research and development in physics and support the use-
fulness of existing knowledge and tools for school decision
makers and classroom teachers:

1. undertake an effort to identify and differentiate exist-
ing research-based physics instruction programs on
dimensions of learning outcomes and characteristics
of students, teachers, and schools in which the pro-
gram has been effective;

2. study the scalability of the existing programs and
develop supports for taking programs to scale;
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3. study teacher knowledge requirements for effective
use, and how that knowledge builds with teacher
learning opportunities and experience.

Initiative 1: Differentiating Instructional
Programs and Outcomes

The initiative should begin by developing a better charac-
terization of existing programs, as well as the range and scope
of their use, for purposes of informing education decision mak-
ers. One set of questions concerns what conditions usually ac-
company success: participation from university or other re-
search partners; electronic or physical proximity to a network
of more expert reform teachers; administrative support and
resources; aligned policies about assessment, grading, and stu-
dent promotion.

The analysis should also identify the dimensions on which
these research-based programs differ from each other and how
the differences affect outcomes. Some of the programs rely
heavily on computer simulations and data-gathering tools, and
others do not. Some emphasize student reflection more than
others. Some are targeted primarily toward students, whereas
others are targeted primarily toward changing the practices of
teachers. A useful first step, then, would be to provide a system-
atic catalogue of the current state and scope of available pro-
grams, evidence about their outcomes, and analysis of the fea-
tures that may account for variability in outcomes.

These kinds of comparisons are often difficult to make be-
cause the research designs, measures of success, and data col-
lected differs from one program evaluation to the next. A likely
required step in this effort would be the design of research to
allow the questions regarding relative effectiveness under vary-
ing conditions to be answered more robustly. The investiga-
tions would be strengthened considerably if researchers work
in schools and conduct cycles of repetition-with-variation of
instruction so that critical variations in program features can be
explored.

Initiative 2: Scalabilty

In spite of the promising nature of the findings to date, only
a small fraction of physics classes currently use research-based
programs. We therefore propose exploring the extent to which
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promising programs can be taken to scale. This work could be
undertaken in a set of SERP field sites that exhibit a range of
student, teacher, and school characteristics. Careful study of
variation in the success of the program, as well as the character-
istics and conditions that can explain that variation, would be
the primary research task.

As instructional programs move farther away from the sites
and the individuals who generated them, they typically un-
dergo change. As Spillane (2000) and others have shown, re-
form curricula may look far different in practice than what was
intended in the reform design. Very often, policy makers and
practitioners generate piecemeal interpretations of new ap-
proaches to instruction, preserving some of its surface features
while missing its underlying goals—rather like the physics nov-
ices described earlier. So, for example, a teacher initially en-
countering an unfamiliar way to teach physics might incorrectly
conclude that the most important feature of a research-based
curriculum is its hands-on approach. Of course, students can
have their hands on many things, often in ways that fail to
promote any meaningful conceptual development. The point is
that the more new programs and curricula deviate from cur-
rently familiar practices, the more likely they are to be distorted
or misunderstood. These misinterpretations, when combined
with the need to adapt to local circumstances, can lead to wide
variability in the program in practice.

Consequently, instructional programs that successfully build
on knowledge from research and that demonstrate effectiveness
in experimental studies can show insignificant, or even nega-
tive, results when implemented more broadly. The very notion
that research can improve practice is undermined by the out-
come. If research is to have a positive, widespread impact on
student learning, following curriculum use as it spreads into
school districts and is adapted by teachers will be critical.

The envisioned work would seek to identify the variability
of implementation in the new programs. Are there programs in
which fidelity is generally preserved and others that are more
frequently distorted? If so, which programmatic features are
responsible? Are there adaptations that improve program per-
formance?

These investigations require the kind of longer term study
that SERP can support. Moreover, it will be important to learn
about the forms and amounts of variability in implementation
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that programs can sustain (that is, program robustness), and the
resulting outcomes that can be expected from typical variations
in enactment.

The research effort should be accompanied by an effort to
develop supports for effective implementation. If, for example,
a specific feature of a program is easily misunderstood, the
program itself may need to be revised, or supplemental oppor-
tunities for understanding may need to be developed for users.
Multiple iterations of research, design, and testing will be re-
quired to develop supports that are effective.

Initiative 3: Teacher Learning

Much more research has been devoted to understanding
student learning of physics and how to improve it than has been
spent on corresponding studies of teacher learning and how to
improve it. As yet, we know very little about how effective
physics teachers use their knowledge of student thinking to
make decisions about which move in their instructional reper-
toire to deploy in a situation. Some clues do exist. For example,
Minstrell has formalized an expert teacher’s diagnostic knowl-
edge into his assessment program, Diagnoser (discussed above).
But the instructional move an expert might make to respond to
a given facet identified by Diagnoser is still poorly understood.
Nor do we have a good sense of how this kind of knowledge
develops—that is, at what characteristic rates and under what
conditions.

Physics is an excellent topic for supporting a SERP study of
the development of teacher knowledge, because so much of the
student diagnostic work has already been accomplished. And
successful efforts to educate teachers, like that employed by the
modeling instruction program described above, provide fertile
ground for research. SERP could support longitudinal studies
to generate a richer sense of the typical development of teacher
knowledge, from pre-service student, through novice, to jour-
neyman teacher. These studies might also help us understand
what hampers the continuing development of this form of
knowledge and its connection to instructional decision making.
On one hand, because student conceptions in physics are so
robust, it seems unlikely that novice teachers are entirely un-
aware that their students hold them. On the other hand, neither
teachers” education nor the forms of teaching they adopt may
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provide the kinds of feedback that help them develop a system-
atic catalogue of those conceptions and a repertoire of produc-
tive approaches to addressing them. Experiences that provide
this kind of information at the appropriate level of detail to
guide instruction are particularly important to understand. This
research would clearly support efforts to understand teacher
knowledge requirements in other subject matter, with very close
parallels, for example, to the teacher knowledge agenda in read-
ing comprehension.

SCIENCE EDUCATION ACROSS THE
SCHOOL YEARS

It would surely be disturbing if the mathematics instruction
in schools followed no plan for increasing students” knowledge
cumulatively across grades of study but instead meandered
from topic to topic in an unprincipled way. Yet this is an accu-
rate description of science instruction in elementary schools and
in many middle schools. High schools have a more predictable
sequence of science subjects rooted in tradition, but the subjects
are generally treated separately. Even in high school, there is
little effort devoted to drawing connections in the content across
subjects or to systematically building an understanding of the
discipline.

STUDENT KNOWLEDGE

The Destination: What Should Students
Know and Be Able to Do?

Achieving consensus on the content of science education
across the K-12 school years has been stymied by a long history
of debates and subsequent confusion about the appropriate
organizing principles for science education. The debates often
swell around the process-content divide. Some have argued
that the most important thing for students to learn is the process
of scientific reasoning, including the logic of controlling extra-
neous variables in scientific experimentation, the coordination
of theory and evidence, and standards for evaluating evidence.
However, these attempts often founder on superficial and frag-
mented treatments of science content. Too exclusive an empha-
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sis on scientific processes can result in instruction about a bundle
of topics that are loosely, if at all, related to each other because
the development of scientific reasoning does not depend on the
treatment of particular topics. Units on weather, electricity and
magnetism, and the rain forest follow each other, in an organi-
zation most charitably described as modular. Knowledge accu-
mulated in early grades does not build smoothly toward the
scientific ideas that will be encountered in high school study
and beyond.

In contrast, those who endorse a content approach seek
coherence by emphasizing the integrated development of knowl-
edge within scientific disciplines, like biology or chemistry. In
practice this emphasis often leads to a focus on concepts and
facts—the products of science—with little attention to how that
knowledge was generated. In earlier grades, students receive
instruction that jumps from earth sciences to physical sciences
to biological sciences. The usual result is superficial or fragmen-
tary understanding (Vosniadou and Brewer, 1989; Pfundt and
Duit, 1991).

Neither of these views is well aligned with the vision
sketched in national science standards (e.g., those from the
American Association for the Advancement of Science [AAAS]
and the National Research Council). The standards point to-
ward the big ideas and themes that ought to be the goals of
science education. For example, AAAS’s report (1991) Science for
All Americans proposes that by the time they graduate, students
should understand important scientific themes like systems,
models, constancy and change, and scale. AAAS points out that
these themes “transcend disciplinary boundaries and prove fruit-
ful in explanation, in theory, in observation, and in design” (p.
165). However, there are few illustrations in practice of what it
means to understand these ideas deeply, and few guideposts to
help teachers navigate the very extensive list of topics that the
standards include so that students will arrive at deep under-
standing of these themes or organizing big ideas. Overall, very
little is known about how the material outlined in the standards
is actually attainable over the time course of schooling.

The Route: Progression of Understanding

From a very young age, children begin to impose order on
the world they observe, generating ideas about why objects
float or sink, about what it means to be alive, about why plants
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grow, and about temperature and weather. Like the high school
physics students described in the preceding section, children
are sense-makers, and their theories and ideas are tools that
should be encouraged and stretched, not ignored. As children
accumulate greater experience with the world, they begin to
master the kinds of distinctions that adults and scientists make:
dogs are indeed alive and rocks are not, but plants are also alive,
even though they do not move from place to place of their own
volition.

Early conceptions may evolve somewhat with increased ex-
perience. But scientific conceptions generally do not develop
without explicit instruction, partly because the epistemological
assumptions that underlie them are complex and often invis-
ible. As discussed with regard to physics, many important sci-
entific processes, principles, and laws are at odds with everyday
understandings and experiences. Much scientific work requires
methods and measurements that are not characteristic of every-
day activity, and that rely on instruments that allow the scientist
to explore what is not otherwise accessible.

Even more fundamentally, it is by no means self-evident to
children what kind of enterprise science is. Experimentation, for
example, requires arranging aspects of the world to generate a
model of the phenomenon that is of interest. The model, which
is taken to stand for the more general class of events, is then
systematically perturbed as a way to seek deeper understand-
ing. The history of science suggests that this way of constructing
knowledge evolved gradually, as practicing scientists increas-
ingly came to regard their work as the creation of a form of
argument, rather than as the unproblematic observation of trans-
parent events in the world (e.g., Bazerman, 1988).

While a scientific approach is not likely to develop in chil-
dren naturally, this form of thinking can be developed gradu-
ally when students have sustained opportunities (as in Sister
Hennessey’s classroom, described below) to learn the discipline’s
content knowledge (what we know), theory (what we make of
what we know and don’t know), and knowledge of the episte-
mologies of science (how we know). But little is known about
the routes or the progression of understanding that characterize
effective mastery of science content and reasoning.

What science are children capable of learning at different
grade levels? Elementary school children studying marine mam-
mals may be quite capable of understanding that the ancestors
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of whales lived on land, and they may also be engaged by the
story of how that came to be known by scientists. But less is
known about their readiness to understand the concepts of
distribution and variation that underlie such evolutionary tales.
Some evidence suggests that even elementary and middle school
students can begin to develop an understanding of these ideas
(see, for example, Cobb et al., 2003; Lehrer and Schauble, 2001,
2002; Petrosino et al., 2003). But little systematic research has
been done to discern what the majority of children are able to
grasp with reasonable instructional effort at different grade
levels. Furthermore, we know little about what instruction is
required at one level to prepare students for instruction at the
next. Most instructional research is conducted over brief peri-
ods of time and so does not provide information about
the potential for long-term development of knowledge and
reasoning.

AAAS Project 2061 published a set of science literacy maps
that lay out a progression over grades in the components of
knowledge that students should develop for each of the AAAS
benchmarks (American Association for the Advancement of
Science, 2001). At present, this atlas represents the only compre-
hensive attempt to establish a developmental course of learning
and instruction for students in grades K-12. But it, like the
National Research Council science standards and the AAAS
benchmarks, lacks a research foundation to support the as-
sumptions about learning and the progression of understand-
ing. They are conjectures that, while reasonable, lack empirical
confirmation. Moreover, since they are based on a sense of the
way that “typical” children think (that is, under no particular
conditions of instruction), they are very likely to be underesti-
mates of children’s capabilities. Also missing is knowledge about
how to provide appropriate sequences of instruction, as well as
a clear sense of the ways in which the standards and bench-
marks map against assessments of students” knowledge repre-
sentations and cognitive skills.

The Vehicle: Curriculum and Pedagogy

The knowledge base to support the development of curricu-
lum and pedagogy, we have argued, is characterized by little
detail on the instructional implications of teaching the big ideas
and little understanding of the progression of student thinking
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that is possible with instruction both in science content and
process. Those weaknesses in the knowledge base are reflected
in the K-12 science curriculum.

Analyses of TIMSS science achievement results (Schmidt,
2001; Valverde and Schmidt, 1997) as well as research con-
ducted by other investigators show that in contrast to other
countries, elementary and middle school science in the United
States emphasizes broad coverage of diverse topics over con-
ceptual development and depth of understanding. For example,
eighth grade textbooks in the United States cover an average of
more than 65 science topics, in stark contrast to the 25 topics
typical of other TIMSS countries. “U.S. eighth-grade science
textbooks were 700 or more pages long, hardbound, and re-
sembled encyclopedia volumes. By contrast, many other coun-
tries” textbooks were paperbacks with less than 200 pages”
(Valverde and Schmidt, 1997:3). The more recent TIMSS-R fol-
low-up study concluded that the comparatively poor perfor-
mance of U.S. eighth graders is related to a middle school cur-
riculum that is not coherent and is not as demanding as that
found in other countries studied. “We have learned from TIMSS
that what is in the curriculum is what children learn” (Schmidyt,
2001:1).

Commercially published textbooks are the predominant in-
structional materials used in science (Weiss et al., 2002). In
grades K-4, textbooks are used 65 percent of the time; this in-
creases to 85 percent of the time in grades 5-8, and 96 percent of
the time in grades 9-12. Most of these textbooks are seriously
flawed. A team at the AAAS reviewed widely used textbooks in
middle and high school science and ranked them on a number
of criteria, among them the extent to which the major concepts
were communicated clearly and students” preconceptions were
addressed. All of the middle school textbooks and most of the
high school textbooks were rated poor (Roseman et al., 1999).
On the critical dimension of supporting conceptual change,
widely used science textbooks at both the middle school and
high school level have been judged poor by the AAAS team
(Roseman et al., 1999).

In recent years, researcher-practitioner collaborations have
begun to generate more systematic approaches to science edu-
cation. These instructional efforts span several grades and are,
in a sense, hypotheses about what children can learn and do at
different grade levels. The commitments and design trade-offs
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vary somewhat from program to program, but they share the
following features:

1. reformulation of the goals and purposes of school
science;

2. including less content material at greater depth and
an emphasis on understanding over coverage;

3. fostering and studying the long-term development of
student knowledge under optimal conditions of teach-
ing and learning;

4. sequencing curriculum on the basis of what is being
learned about the development of student knowl-
edge; and

5. conducting research on what it takes for these forms
of teaching and learning to take hold and flourish in
new settings.

These programs share the conviction that the central goal of
science education should be to develop students” understand-
ing and appreciation of the forms of knowledge-making that
characterize scientific practice. At the same time, however, this
goal is pursued in the course of serious and extended investiga-
tion of science content. While the program developers have
been collecting data on learning outcomes that show promise,
these programs have not undergone rigorous, independent test-
ing. Their value to a SERP research agenda lies not in the
definitive answers to instructional questions provided by the
programs, but in the opportunity they provide to further de-
velop and rigorously test hypotheses about alternative ap-
proaches to teaching science to young children. The programs
can be differentiated as having one of four foci: methods of
empirical inquiry and inference; theory building; modeling; or
argumentation.

Methods of Empirical Inquiry Kathleen Metz (2000) at the Univer-
sity of California, Berkeley, has been working for several years
with a cadre of elementary grade teachers to reorganize science
teaching and learning around the enterprise of (and methodolo-
gies for) empirical inquiry (see Box 4.6). Students learn how to
pose questions, to think carefully about how those questions
could be answered empirically, and to master a repertoire of
methods to conduct empirical investigations. Metz is generat-
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ing longitudinal data, both about students” evolving content
understanding (e.g., concepts about animal behavior, adapta-
tion) and their capabilities to pose interesting questions and
investigate them via studies of their own design, as well as to
diagnose weaknesses in their own and other students” investi-
gations.

BOX 4.6 Science as Knowledge-Rich Goal-Focused Inquiry

Kathleen Metz has worked with teachers in grades | through 5 to engage children in
authentic, goal-focused scientific inquiry. As students study a domain in greater depth, they
are given increasing responsibility for the inquiry. The program grew out of Metz’s concerns
that existing curricula for elementary science assume developmental constraints on the
students’ ability to learn science at an early age that are not supported by research. As a
result, the content of elementary science curricula is frequently impoverished, and the focus
on discrete “science process skills” in many curricula is divorced from the robust context of
inquiry that can enrich students learning opportunities and interest. Metz’s instructional
model uses a combination of empirical investigations, text, video, and case studies to develop
content knowledge of the domain, and to introduce students to the big ideas of biology,
process knowledge of tools and decision making involved in scientific inquiry, and science as
a way of knowing. She has instantiated this instructional model in curriculum prototypes in
animal behavior and botany.

For example, in the study of animal behavior, young children’s observations of animals
are used as a basis to discuss distinctions between observation and inference that children
usually conflate into one undifferentiated category of “the way things are.” Eventually, the
children develop parallel distinctions between theory and evidence through case study,
empirical investigations, and text analysis.

In one case, children take on the question animal behaviorist Roger Payne posed to
himself of why grey whales migrate. They examine Payne’s analysis of the theories he consid-
ered and his evidence for and against them. Analysis of text is also used to deepen their
knowledge and support the development of individual interests and questions. The study
introduces theory and evidence, in conjunction with the key idea of survival advantage. In
another case, across a series of increasingly complex investigations of cricket behavior, the
teacher supports the development of children’s emergent repertoires of methods, ways to
analyze data, and ways to represent data in the form of three “menus.”

As students become more familiar with the inquiry process, they work in pairs to
formulate the question they want to research, develop a plan to investigate the question,
implement their study, and represent their work in the form of a research poster. In a
research poster conference, the children analyze the surprises, the relation between their
studies, and consider next steps in their research as a whole. Metz’s bet is that scaffolding
the content and process knowledge necessary for children to assume control of their own
investigation has significant pay-offs from cognitive, epistemological, and motivational per-
spectives.
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Theory Building An instructional approach designed by Sister
Mary Gertrude Hennessey emphasizes theory building (see Box
4.7). Across content domains through the elementary years,
students repeatedly consider the criteria by which scientific
theories are formulated, used, tested, and revised. Sister
Hennessey has generated longitudinal data concerning changes
in her students’ grasp and application of these criteria, and she
has also tracked changes in students’ propensities to reflect
about their own thinking. Researchers external to the project
have documented impressive performances by these students
on standardized interviews concerning the nature of science.

Modeling A number of investigators are examining the poten-
tial of organizing science instruction around the practice of
modeling. This kind of instruction emphasizes developing mod-
els of phenomena in the world, testing and revising models to
bring them into better accord with observations and data, and,
over time, developing a repertoire of powerful models that can

BOX 4.7 Science as Theory Building

Until recently, Sister Mary Gertrude Hennessey, who has Ph.D.s in both science and
science education, served as the sole science teacher for students in Grades |-6 at St. Ann
School in Stoughton, Wisconsin (she is now serving as principal). “Hennessey’s curricular
approach stands out as an extensive and sustained attempt to teach elementary science from
a coherent, constructivist perspective” (Smith et al., 2000:359). Hennessey’s instruction
emphasized theory-building, both as the process by which students build their own science
understanding and as an object of explicit reflection. Across content domains, students
repeatedly considered the criteria by which scientific theories are formulated, used, tested,
and revised. This emphasis was consistently maintained across grades of study.

In early grades, the focus was on identifying and explicitly stating one’s own beliefs and
the alternative beliefs held by classmates. In later grades, Hennessey “raised the ante” by
urging students to consider the advantages of adopting additional criteria, such as the intelli-
gibility, plausibility, and extensibility of their beliefs and the beliefs of others. In every case,
these issues were explored in the context of sustained investigations of phenomena. Stu-
dents applied these criteria as they worked toward building deep explanations based on
theoretical entities, investigating the implications of their own explanations and alternative

explanations proposed by the class.

Sixth graders who spent six years under Hennessey’s tutelage showed impressive
epistemological development on the nature of science interview developed by Carey and

colleagues (Carey et al., 1989; Smith et al., 2000).
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be brought to bear on novel problems. Modeling approaches
have the advantage of avoiding the content-process debates that
have plagued science education over the years. One cannot
model without modeling something, so when students are en-
gaged in modeling, reasoning processes and scientific concepts
are always deployed together.

Most existing research on modeling has been conducted
with units or courses that do not span more than one school
grade. (For example, Stewart and colleagues have developed
high school courses in evolutionary biology and genetics; Reiser
et al., 2001; White and Frederikson, 1998; Raghavan et al., 1995;
and Wiser, 1995 have developed units for middle school grade
students.) On a longer time scale, Lehrer and Schauble (2000)
have initiated and studied a school-based program in which
science teaching and learning is organized over grades 1-6
around modeling approaches to science (see Box 4.8). Data from
this project include paper-and-pencil “booklet” items adminis-
tered to intact classes of students, yearly three-hour detailed
student interviews, and “modeling tasks” completed by small
groups of students. Producing these items was itself a challeng-
ing task, since students were learning forms of mathematics not
routinely taught in elementary grades. The items that were
developed were based on evolving data about children’s under-
standing of ideas in geometry, measurement, data, and statis-
tics. The student achievement data showed strong student gains;
for example, from the first to the second year of the project,
effect sizes by grade were 0.56 (Grade 1), 0.94 (Grade 2), 0.43
(Grade 3), 0.54 (Grade 4), and 0.72 (Grade 5).

Argqumentation Bazerman (1988), Lemke (1990), Kuhn (1989),
and others have pointed out that science entails mastering and
participating in a particular form of argument, including rela-
tionships between theories, facts, assertions, and evidence. This
characterization of science explicitly acknowledges that science
is not just the mastery of knowledge, skills, and reasoning but
also participation in a social process that includes values, his-
tory, and personal goals. This view of science informs the ongo-
ing work of Warren and Rosebery (1996), for example, who
focus on classroom discourse organized around argumentation
in science (see Box 4.9). Once again, researchers are supple-
menting their reports of teachers’ professional development
with careful measures of student learning. These measures are
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specific to both the content that students are studying in their
classrooms (e.g., interviews of students” grasp of ideas about
motion) and in general (e.g., noting changes in the rates
of certain patterns of discourse in classroom discussions of
science).

BOX 4.8 Science as Modeling

In Lehrer and Schauble’s (2000) program, researchers work with teachers to reform
instruction and, in coordination, to study the development of model-based reasoning in
students. Early emphasis is on developing young children’s representational resources
(drawings, writing, maps, three-dimensional scale models) as they conduct inquiry about
aspects of the world that they find theoretically interesting.

For example, first graders studied ripening and rot by using drawings to record changes
in the color and squishiness of fruit, compost columns to investigate rates of decomposition,
and maps of the school to investigate the dispersal of fruit flies from the compost columns to
classrooms near and far. Teachers typically begin modeling with young students by exploring
models that literally resemble the scientific phenomena being modeled. For example, first
graders cut green paper strips to record changes over time in the height of amaryllis and
paperwhite narcissus that they grew in soil and in water. Then, as investigations proceed,
initial models are successively revised to provide increased representational power-.

As in the history of modern science, these models increasingly incorporate mathematical
descriptions of the world. The students investigated concepts about measurement as they
investigated which of the plants grew tallest (Lehrer and Schauble, 2000). However, when
the teacher shifted the question to “Which plant grew fastest?” attention turned to record-
ing and representing changes in height over time. In subsequent grades, questions about
plants expanded to include comparison of growth rates (with attention to logistic curves as a
general model of growth), the volume of their canopies (investigations about whether
canopies grow in geometrically similar proportions), and shapes and other qualities of
distributions of plants grown under different conditions (including sampling investigations).

Researchers are investigating the potential of a range of central science themes (growth
and diversity, animal and human behavior, structure) that can support this kind of cumulative
modeling approach. The objective is to develop a cumulative approach to science that
permits steady growth in students’ modeling repertoires across the elementary and middle
school grades. One focus of research is to identify themes that are central to later science
instruction and that provide early entry to young students and smooth “lift” (increased
challenge) as students graduate from grade to grade. The primary form of professional
development in this program is teachers’ collective investigation of the development of
student thinking and study of the implications of those findings for teaching. The research
also tracks the professional development of participating teachers and documents the
institutional conditions required to support these forms of teaching and learning.
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BOX 4.9 Science as Argumentation

The Cheche Konnen project developed by Warren and Rosebery (1996) turns the
attention of practicing teachers toward student meaning-making in science, especially those
students whose first language is not English. Instruction capitalizes on students’ linguistic and
cultural resources developed outside the school. In addition, teachers are encouraged to
emphasize that the work of practicing scientists is also “populated by intentions, those of the
speaker and those of others, both past and present” (p.101). Teachers seek to find points of
contact between their students’ talk and reasoning and the forms of communication ob-
served in communities of professional scientists. By conducting their own extended scientific
inquiries, teachers in the Cheche Konnen project come to better understand the social and
human basis of the scientific enterprise. Together, teachers conduct close study of student
language by analyzing and investigating videotapes of classroom discourse. The assumption in
this work is that student talk is sensible, and that the teacher’s job is to become increasingly
skilled at identifying that sense and using it as the foundation for instructional moves.

| 134

Checkpoints: Assessment

As in other subjects, quality assessment in science requires,
as a starting point, an understanding of what students should
know and be able to do. It is perhaps not surprising, then, that
the current situation in science assessment outside physics is
dire. The broad but shallow coverage of science topics in current
texts is mirrored in standardized assessments (including those
administered for accountability purposes by the states) that
touch briefly on a very wide array of concepts and topics with-
out deeply probing student understanding of any of them. Some
assessments include items designed to tap common student
misconceptions, but they do not diagnose the developmental
level of a student’s thinking about the topic.

The diagnosis of student understanding that would render
an assessment of greater use for instruction would be difficult to
achieve without narrowing the range of topics. In-depth assess-
ment, like that done in the Force Concept Inventory (discussed
above) of so many topics, would not be practical in a single
assessment. The current practice of devoting no more than a few
items to each of several topics means that the assessments do
not capture information that teachers can use. Even worse, they
may serve to reify bad practice by encouraging an instructional
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emphasis on coverage over conceptual understanding. There
have been recent attempts to develop alternative performance-
based assessments in science to address these problems, but
these have not yet overcome the psychometric and logistical
challenges (Ruiz-Primo and Shavelson, 1996; Solano-Flores and
Shavelson, 1997; Ruiz-Primo et al., 2001; Stecher et al., 2000).
Moreover, attempts to change the form of assessment are ham-
pered by the more fundamental problem of forging consensus
about what is worth assessing.

TEACHER KNOWLEDGE

Relatively few teachers at the K-8 level feel well qualified to
teach life, earth, or physical science. The percentages range from
18 for physical science to 29 for life science. K-8 teachers gener-
ally lack a deep knowledge of the subject matter of science. Few
have an undergraduate major in a science discipline, although
most have done some science coursework while in college. Un-
dergraduate courses in science are not particularly helpful for
understanding the rich conceptual repertoires that children typi-
cally bring to understanding scientific situations.

There is little in teacher preparation programs that provides
the foundations of pedagogical content knowledge for teaching
science. Elementary school teachers are less likely than middle
or high school teachers to indicate that they are prepared to
support the development of students” conceptual understand-
ing of science, provide deep coverage of fewer science concepts,
or manage a class of students engaged in an extended inquiry
project (Weiss et al., 2001). The available evidence does suggest,
however, that “teachers who participate in standards-based pro-
fessional development often report increased preparedness and
increased use of standards-based practices, such as taking stu-
dents’ prior conceptions into account when planning and imple-
menting science instruction. However, classroom observations
reveal a wide range of quality of implementation among those
teachers” (Horizon Research, 2002:168-169).

RESEARCH AGENDA

International and national test scores highlight the weak-
ness of K-12 science education in the United States. That stu-
dents in so many other countries perform considerably better
suggests that the problems are tractable. And there are some
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indicators of the path toward improvement: we need to be more
thoughtful about supporting a deeper understanding of the big
ideas in science curricula. This implies principled choice of fewer
topics to be treated in greater depth and with greater coherence.
These must then be the ultimate targets of a SERP agenda that
holds promise for improving student learning outcomes.

Promising work, examples of which are described, has be-
gun to build the knowledge base for a more coherent approach
to science education. Teams of researchers working closely with
teachers and other educational practitioners are systematically
exploring the long-term learning potential and technical feasi-
bility of pursuing systematic, cumulative approaches to science
that treat topics in depth. All of these efforts include thoughtful
consideration of the appropriate goals of early science educa-
tion, investigations of the development of student knowledge,
and research on the professional development and institutional
supports required to implement them. Finally, each of these
efforts relies on practitioner-researcher partnerships that extend
over a number of years. Such long-term relationships are essen-
tial because the targets of the research (forms of student think-
ing) must first be reliably generated before they can be system-
atically studied. In these many respects, these are the types of
efforts we have argued carry potential to improve practice.

So far, each of these efforts has been patched together with
the short-term grant awards that are typical in education fund-
ing. They have not had the support required for evaluating
long-term student outcomes rigorously and independently, with
a broad range of students in a range of settings. But they pro-
vide a very promising point of departure for a SERP research
program.

With its longer time scale and capability to plan compara-
tive studies of the trade-offs of different approaches, SERP could
assume a critical role in the development, study, and compari-
son of these models of teaching and learning that build system-
atically across the grades of schooling. Some of the programs
we have mentioned are already yielding longitudinal findings
about student learning. Some are investigating the forms of
professional development and institutional support that are re-
quired to help similar programs flourish more widely. For this
work to contribute to the quality of K-12 science education on a
large scale, however, will require a sustained effort to learn
from the range of experiments and to use what is learned to
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inform both the next stages of research and development and
the goals and standards set for science learning. To this end, the
research agenda we propose involves initiatives that we spell
out in general terms, and that will look in their specifics much
like the initiatives in reading and mathematics:

¢ Development and evaluation of integrated learning-
instruction models, with component efforts that in-
clude curriculum, assessment, and teacher knowl-
edge requirements;

¢ Evaluating standards for science achievement.

Initiative 1: Development and Evaluation
of Integrated Learning-Instruction

Models

Identifying a productive organizing core for school science
across the grades is an important element in providing science
education that builds from one year to the next. This does not
suggest that there is a single, right vision about what is worth
teaching and learning. But alternative visions should be formu-
lated, articulated, and carefully justified, so that instruction in
all cases can be oriented around valued goals. However, the
challenges and possibilities of alternative commitments become
clear only when the details of instruction have been worked out,
conjectures about fruitful paths for learning have been devel-
oped and pursued, and longitudinal research has been con-
ducted as instruction plays out in classrooms. While there have
been several efforts to establish standards (the core), these have
had minimal impact because they are promulgated without the
details of instruction that are required to attain the goals that are
envisioned. This will require work on curriculum and on assess-
ment that is closely linked.

Curriculum development and evaluation Existing promising pro-
grams like those described above should be further developed
and evaluated. The work we propose is not the typical process
in which curricula are first invented and then evaluated. Rather,
it is one in which design and research are intimately inter-
leaved, so that initial design decisions take the status of conjec-
tures. Evidence regarding the conjectures and their consequences
for learning would then contribute to the ongoing shaping and
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revision of the design. Such an approach is particularly impor-
tant for a field like science education, in which there is not yet an
organized research base to undergird conjectures about optimal
sequences of topics and tasks. The key role to be played by
SERP is in evaluating the range of programs to consolidate an
understanding of differences across programs and their impli-
cations for student learning outcomes.

The nature of the work to be done here parallels several of
the research and development efforts described in previous
chapters. The evaluation of curricula for science would be much
like the evaluation of curricula in mathematics. The desired
outcome here, as there, is not a stamp of success or failure, but a
deeper understanding of the learning process and effective av-
enues to support it, with a goal of continuous learning and
improvement.

The work should be designed to collect outcomes data lon-
gitudinally. Different instructional commitments necessarily pro-
duce different results, but it is difficult to evaluate those results
unless we can see what they generate over the long term. Excel-
lent science instruction achieves more than the development of
relevant concepts; it also fosters habits of mind that are consis-
tent with scientific ways of knowing. These forms of thinking
are acquired only over years of systematic support and assis-
tance. For this reason, we cannot understand the potential pay-
off of the varying approaches to science education unless the
contexts permit sober estimation of what they deliver over the
long term.

Initiative 2: Assessment

An essential limitation on the new experiments in science
education is that they lack a widely shared set of assessment
instruments (like the Force Concept Inventory in physics) that
can anchor meaningful comparisons across different approaches.
One potential source for such a set of assessments might be the
instruments and items recently designed to assess the develop-
ment of students” understanding of scientific epistemology.
These include interviews about the nature of science and the
nature of models and their uses in science, both developed by
Carey and her colleagues (Carey et al., 1989; Grosslight et al.,
1991) and by Rosalind Driver’s research group (Driver et al.,
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1996). In each case, these interviews take a long-term develop-
mental focus and have generated baseline data on students in a
wide variety of classrooms.

These existing evaluations, while promising for the pur-
poses for which they were designed, focus primarily on the
nature of science rather than science content. Some work has
been done that could support assessment development on the
latter, however. Studies assessing students’” conceptual devel-
opment have reported a variety of tasks and items designed to
measure conceptual development within particular subject-mat-
ter areas. An example is the interview developed by Vosniadou
and Brewer to diagnose children’s conceptual models of the
earth-moon-sun (Vosniadou and Brewer, 1994). Obviously, the
utility of these assessments depends on their specific relevance
to the material being taught in the classroom, but they do serve
as a potential source of both items and approaches to assess-
ment development.

One potential role for SERP would be to convene research-
ers and curriculum developers in science who would agree to
develop and commit to the use of a common set of assessments.
The programs of group members would need to demonstrate at
least partial overlap in both conceptual content and epistemo-
logical focus. This could be done, for example, with several of
the elementary school programs described earlier that empha-
size some common approaches to the study of animal and hu-
man behavior, adaptation, and evolution and that share some
common commitments about the nature of science. The idea
would be not to identify a set of assessments that would serve
once and for all to measure learning in science, but to serve as a
test case for the possibility of developing and refining at least
one powerful science assessment that takes a developmental
approach to measuring the evolution of student knowledge and
understanding. Moreover, such assessments would be funda-
mentally important in pursuing the study of trade-offs of differ-
ent commitments to an organizing core for science education.

The SERP network would be a natural site for such research
because SERP can support the kind of long-term effort needed
to develop and test assessments and can also bring to bear the
multiple student data sets and forms of professional expertise
(e.g., psychometricians, content experts) required.
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Initiative 3: Teacher Knowledge
Requirements

As in reading and mathematics, little attention has been
given to the knowledge requirements to effectively teach sci-
ence at any grade level or to effectively connect what is learned
at one level with what has come before and what will come
after. The avenue that we propose for exploring these questions
is to investigate the knowledge requirements to effectively work
with the curricula under study in a program of instruction.

The research and development programs discussed above
that are currently operating in schools provide a rich resource in
the form of teachers who can be studied. Each of these programs
has made commitments to forms of professional development,
and it would be highly informative to compare the different
approaches. For example, some of them work with volunteer
teachers from a wide geographical area, for example, across
large school districts. Others work with every teacher in a par-
ticipating school. It would be important to understand the rela-
tive advantages of working with a selective, presumably very
committed group versus the potential synergies to be gained
from working with an intact school staff. A variety of other
professional development strategies are being used and studied
in these programs, including teacher authoring, science learn-
ing workshops, study of student work, reading of articles and
texts about science and science education, and analysis of dis-
course on classroom videotapes. Little serious comparative study
has been conducted of the relative costs and benefits of such
strategies in spite of the obvious importance of such informa-
tion for policy makers and administrators.

As in the other domains, the work must provide an evidence
base on the knowledge required and the knowledge that is
typical of science teachers at different grade levels. The distinc-
tion between what teachers themselves know about science and
what they know about how to teach science to a student will be
as critical, as it is in mathematics. (The descriptions of research
on teacher knowledge in the mathematics and reading chapters,
as well as the physics section of this chapter, provide more
detail regarding the nature of the questions to be examined and
the approaches to teacher education that should be compared.)
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Initiative 4: Evaluating Standards for
Science Achievement

The practitioners and researchers engaged in the study of
science instruction and student learning will be well placed to
inform the ongoing efforts by various stakeholders to set stan-
dards for student achievement in science at various grade lev-
els. The standards themselves are, and should be, based on
more than research. Much depends on society’s educational
goals for its children and the relative importance it places on
competing goals. But goal setting can be more rational if it is
well informed. One strand of the SERP science work we pro-
pose is the consistent attention to, and articulation of, what is
possible and with what commitments (investment in teacher
education, instructional time, etc.). This should be done through
careful data collection and regular stock-taking of results across
studies.
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education research, with particular emphasis on

the methodological weakness that is said to charac-

terize the field. The discussion is a complex one, for
issues of quality are regularly confounded with issues of com-
plexity. Education needs high-quality research if the results are
to be reliable for purposes of improving practice. Research also
needs to be designed to be sensitive to the contexts of teaching
and learning if it is to be of use to teachers.

In this chapter we articulate the features of the SERP orga-
nization and the proposed agenda that together support re-
search quality and impact.

At the request of the U.S. Department of Education, a com-
mittee was recently convened at the National Research Council
to examine and clarify the nature of scientific inquiry in educa-
tion. Its report, Scientific Research in Education (National Re-
search Council, 2002b), describes features of what that commit-
tee considered high-quality research. The committee’s six
principles can serve as a point of departure for our discussion
(National Research Council, 2002b):

M uch has been made in recent years of the quality of

* Pose significant questions that can be investigated
empirically;

¢ Link research to relevant theory;

¢ Use methods that permit direct investigation of the
question;

¢ Provide a coherent and explicit chain of reasoning;
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* Replicate and generalize across studies; and
¢ Disclose research to encourage professional scrutiny
and critique.

The principles are straightforward and are sound elements
of scientific research in any discipline. However the challenge of
conducting research that is responsive to these principles in
education is somewhat daunting. The SERP proposal and re-
search agenda provide the specifics with which to put flesh on
these skeletal principles of quality research and consider how
quality in education research might be effectively supported.

POSE SIGNIFICANT QUESTIONS
THAT CAN BE INVESTIGATED
EMPIRICALLY

The significance of the questions we pose is heightened by
the consistent focus in the agenda on the questions that define
educational practice. A systematic approach to reviewing what
is known and unknown regarding those questions in each
domain of study draws attention to research questions that
are critical from the perspective of improving teaching and
learning.

But while significant questions in education research are
many, the ability to investigate those questions empirically is
more constrained. Understanding effective instructional prac-
tice, for example, requires access to classrooms in which that
practice can be observed. It requires careful data collection re-
garding the many features relevant to instruction, as well as the
many features of the students themselves that may affect in-
structional outcomes.

Challenges abound. Putting data collection systems in place
requires a substantial up-front investment. That investment may
make little sense when a school or school district is participating
in an individual study. Only in rare circumstances will the
benefit to the researcher and that to the school warrant the cost.
However, if a SERP organization and research program is in
place, schools and school districts that function as field sites

ENSURING QUALITY AND IMPACT
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would have an ongoing involvement in the research enterprise.
The data collected could be used in many different studies,
making the initial investment far more productive.

Moreover, the value of the data collection rises substantially
when students are followed over many years. Longitudinal data
sets are the workhorses of empirical research in the social sci-
ences. Investigation of the long-term impacts that are central to
effective policy making can be explored only when data are
collected longitudinally. But because longitudinal data collec-
tion requires a long-term effort in an environment in which
many of the individuals (researchers, principles, teachers) have
short-term horizons, the presence of an institutional infrastruc-
ture that can ensure continuity is critical.

Still, schools may be reluctant to participate in data collec-
tion without the promise of both protection (privacy of informa-
tion) and significant payoff. Access to the quality of data needed
for direct investigation of instructional questions becomes more
likely if an organization like SERP develops solid credentials at
instituting and honoring standards for information privacy—
even as it attends to making data maximally useful for research-
ers within those privacy constraints.

Payoff for schools will be required in the form of negotiated
products of research and development that satisfy the needs of
schools as well as those of the researchers. It is certainly likely
that many schools would have no interest in a research partner-
ship. But the school administrators who do look to the research
community for help with puzzling questions of practice have
little guidance about where to find that help. SERP can serve as
a magnet for schools and school districts who are looking for
partnerships with researchers. When the desire for partnership
is mutual, the demands of careful data collection may be more
easily met.

A major contributor to both quality and impact of the SERP
program, then, is the ability of the organization to attract schools
as field sites and to nurture long-term relationships. Cultivating
those relationships will be critical in achieving the trust that will
be required for access to classrooms and to student-level data
that will make empirical investigation of the most important
problems of practice possible.
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LINK RESEARCH TO RELEVANT
THEORY

The National Research Council report (2002b) argues, “it is
the long-term goal of much of science to generate theories that
can offer stable explanations for phenomena that generalize
beyond the particular.” In the practice of education, much
changes from one case to the next: students, teacher, principal,
curriculum, textbooks, school environment, and home environ-
ment can all vary simultaneously. Progress in advancing theory
can be challenging because finding stable relationships can be
difficult when so little is held constant. Yet the ability to general-
ize beyond the particular is precisely what is needed not only
for the quality of the research, but for supporting teaching as a
profession.

Several features of the proposed agenda support a close link
between research and theory. First, in the three domains of
focus, we describe knowledge bases that provide a theoretical
and empirical foundation relevant to each of the framing ques-
tions. In each domain the proposed research and development
builds on that foundation, and on subject specific theory and
knowledge. In some cases (e.g., the acquisition of early number
knowledge) theory is well developed and empirically supported,
and we suggest that curricula built on the theoretical underpin-
nings are ripe for further work. In other areas (e.g., reading
comprehension), the theory is in dispute. The research pro-
posed (e.g., observations of effective practice) can support theory
building. In all cases, however, the starting point for the pro-
posed work is a review of the current state of theory and knowl-
edge, ensuring that the link between the research and relevant
theory is strong.

Second, development and evaluation of instructional inter-
ventions can be, and often are, carried out with the sole purpose
of discovering “what works.” Advancing theory, however, re-
quires knowledge of why something works, for whom, and
under what circumstances. The agenda we propose systemati-
cally pursues that theory-building knowledge.

Finally, theory development will be supported by the rich
body of research that will be conducted in networks that are
closely linked. The work conducted separately for science, math-
ematics, and reading can provide a rich knowledge base from
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which new understandings and generalizations can emerge,
moving the theoretical understanding of teaching and learning
forward. The discussion of issues in early reading, for example,
in many respects mirrors that in early mathematics. Both sub-
jects pinpoint the need to develop fluency in a skill and yet not
hold more challenging thinking about problems or text hostage
to skill development. Both struggle with the problem of exces-
sive focus on procedure and insufficient attention to meaning-
making. The challenge for teachers to engage students in dia-
logue that takes their thinking the next step is a close parallel in
these two, and other, subject areas. Patterns across subjects can
support new theoretical understandings. The responsibility of
the leadership of the networks for monitoring and synthesizing
findings across the many strands of work will allow SERP to
advance theory development more intentionally than is now
the case.

USE METHODS THAT PERMIT DIRECT
INVESTIGATION OF THE QUESTION

The Committee on Scientific Principles for Education Re-
search argues, quite sensibly, that there is no best method of
research in education or in any other field. Rather, the method
must be appropriately matched to the research question asked.
In the agenda outlined here, the proposed methods vary tre-
mendously in accordance with the question. In some cases in
which the knowledge base is weak, we suggest observation of
practice to support hypothesis generation. In other areas in
which curricula have been developed and subjected to prelimi-
nary evaluation, we suggest randomized trials in order to deter-
mine effectiveness of a curriculum.

Perhaps the more important point made by the report on
scientific research in education is that rarely can a single method
illuminate all the questions and issues in a line of inquiry.
Indeed, our agenda proposes that a range of questions and
companion methods are required as components of a program of
research and development in order for research and practice to
be powerfully linked. While qualitative research intended, for
example, to generate hypotheses regarding effective teaching
practice may be desirable when theory and evidence are weak,
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the product of that research can be broadly useful to practice
only when the hypotheses are rigorously tested. Similarly, a
randomized trial to determine the learning outcomes of alterna-
tive curricula can provide high-quality data, but fully exploiting
the findings and generating further improvements in the cur-
riculum and in teaching practice requires observation of why
and how teaching and learning change with the curriculum.
Quality and impact adhere in the program that combines meth-
ods to answer the different kinds of questions critical to improv-
ing practice.

PROVIDE A COHERENT AND
EXPLICIT CHAIN OF REASONING

The explanations and conclusions drawn from research, the
NRC committee points out, “requires a logical chain of reason-
ing from evidence to theory and back again that is coherent,
shareable, and persuasive to the skeptical reader” (p. 4). The
strength of that chain of reasoning is critical in education re-
search, because beliefs are often held passionately, and any case
made for improving the teaching of mathematics, reading, or
science will encounter a great many skeptics. Ultimately, how-
ever, many of the contested claims can be tested empirically.
But because skepticism runs high, high-quality evidence will be
required for impact.

Central to the quality of the evidence in the research we
propose here is an investment in the development of credible
outcome measures and control variables. If we want students to
have a deeper understanding of science, a more flexible ap-
proach to mathematical problem solving, or an appreciation of
nuance and complexity in text, we must have adequate mea-
sures of those outcomes to know if they have improved. Simi-
larly, if we want to understand the conditions under which an
instructional approach improves outcomes, we need to have
carefully defined which “conditions” matter. These investments
are critical to the quality of the research, and yet they are often
shortchanged in poorly funded research studies."

'See, for example, the discussion of evaluations of curricula funded by the
National Science Foundation in Chapter 3.
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The quality of the evidence also improves substantially
when data are collected longitudinally. As noted earlier, longi-
tudinal data are required for measuring long-term results. But
they can also be useful in suggesting patterns that might other-
wise go unnoticed, calling attention, for example, to years or
classrooms that are outliers and so hold information that may
be valuable. And since much of what can be achieved in later
years depends on what has been taught in earlier years, the
ability to look across years is fundamental to designing instruc-
tion that effectively builds over time. The systematic, longitudi-
nal data collection effort that SERP proposes can bolster the
quality of the evidence from its research.

But even findings from good-quality data require interpre-
tation and inference. The nature of the SERP networks as col-
laborations among researchers and practitioners will provide a
fertile environment for interpretation of findings that draws on
different perspectives, knowledge bases, and experiences.

REPLICATE AND GENERALIZE
ACROSS STUDIES

The Committee on Scientific Principles for Education Re-
search argued that ultimately, scientific knowledge advances
when findings are reproduced in a range of times and places
and when findings are integrated and synthesized (National
Research Council, 2002b). While replication is required for sci-
entific quality, it is at the very heart of impact on practice. As we
have argued throughout this report, to know that an instruc-
tional program works well for students in a middle-class, sub-
urban school provides little useful knowledge to teachers whose
limited-English-proficient students live in a disadvantaged ur-
ban environment. A hallmark of the agenda we propose here is
that it consistently builds replication of research results into
each stage of the work. Moreover, we propose that the research
be conducted with the range of students and under the range of
circumstances to which the results would apply.

Both replication and generalization are facilitated by the
SERP organization. An important function of the networks is to
develop common research protocols to facilitate replication and
strengthen interpretability across sites and studies. And a cen-
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tral function of the network leadership as described in the SERP
report, Strategic Education Research Partnership, includes regular
synthesizing of research results and stock-taking to alter or
chart a course.

DISCLOSE RESEARCH TO
ENCOURAGE PROFESSIONAL
SCRUTINY AND CRITIQUE

Few would argue that this widely embraced norm of scien-
tific research is critical to quality. And indeed, the SERP report
proposes a scientific advisory board with responsibilities for
quality monitoring and professional scrutiny of the research
program. In addition to a formal review process, the SERP
design includes a proposed web site that will provide an oppor-
tunity for feedback from a wide audience—skeptics included.

The scrutiny that is required for impact in the field of educa-
tion, however, goes beyond the disclosure of research results
that quality mandates. Much of the education research pro-
duced, both high-quality and otherwise, withers from neglect.
Impact requires actively seeking out high-quality research that
is important for educational practice and building on it—as we
propose, for example, with respect to the Number Worlds re-
search or the reciprocal teaching research.

But impact also requires the design of research studies that
can take the knowledge from practice and incorporate it into
testable propositions that can be shared publicly. Much of what
teachers learn from repeated observation of student learning
and response to instruction is never formally articulated, tested,
or shared with others in their professional community (Hiebert
et al., 2002). Research designed to learn from practice, like that
proposed for reading comprehension, can formalize the knowl-
edge of teachers, subject it to testing, and make those results
available to be shared and scrutinized publicly.

Ultimately, both quality and impact are best supported not
in single research studies, but in a coherent program of research
that ensures replication, accumulation, and follow-through; a
program with strong theoretical underpinnings. The quality of
the program is elevated substantially when careful attention is
paid to research protocols, the design and testing of outcome
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and control variables, and careful data collection. But at the
heart of quality and impact on education practice is an invest-
ment in both problems that matter to practice and in the devel-
opment of communities of researchers and practitioners to carry
the work forward. It is this that the SERP design calls for, and
this that our proposed agenda will require.

CONCLUSION

As we consider what we know about high-quality educa-
tional practice in reading, mathematics, and science, the gaps in
that knowledge base are striking. Widespread concern about
the performance of the education system has led states and
school systems to develop content and performance standards,
and it has led to efforts at both the federal and state levels to
hold schools accountable for results. But setting goals is un-
likely to be helpful in the absence of a defined path to achieving
them.

We have seen repeatedly in the chapters on reading, math-
ematics, and science that much path-defining work remains to
be done. In all of the subject areas, for example, aspects of
instruction that are fairly easily defined claim a disproportion-
ate share of instructional time and dominate assessments. These
tend to be procedural, and they can therefore be straightfor-
wardly described. Teaching phonics, reproducing factual detail
of a story, and teaching math facts or science facts are all cases in
point. These are critical dimensions of instruction, but if they
are the whole of instruction, then understanding will be shallow
(National Research Council, 2000).

This instructional emphasis on the procedural has persisted
over the history of public schooling, although rising standards
suggest the ultimate goal of instruction is to foster deeper un-
derstanding and skill: to see nuance in a text’s meaning, to
appreciate the difference between a finding and an opinion, to
understand the nature of mathematical or scientific problems
and how they are identified. But building understanding is,
without question, challenging. It will require more interaction
between teacher and students, as programs like questioning the
author, reciprocal teaching, and modeling methods suggest. It
will require making student thinking apparent, and working
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with student ideas to take them to the next level of sophistica-
tion, as Everyday Mathematics or ThinkerTools suggest. Some
teachers have the intuition, inclination, knowledge, and experi-
ence to provide their students with these types of instructional
experiences. But for the many teachers who do not, the supports
that would allow them to develop these abilities are rarely
available. Yet success at reaching high academic standards de-
pends on doing just that.

On some of the most basic instructional questions—for ex-
ample, how can the components of reading comprehension be
developed and assessed across the school years?—we have
hardly begun the research necessary to support professional
practice. Of equal concern, however, is that in those areas in
which the knowledge base for improving practice is strong—
like early mathematics, early reading, and physics—it has had
little impact on practice. The examples we highlight of high-
quality research and development have, for the most part, re-
mained on the sidelines of educational practice. Perhaps the
greatest squandered resource, however, is the excellent teach-
ing practice that produces demonstrable effects on student
achievement and yet remains an anomaly, its lessons for teach-
ing never articulated, studied, or shared.

The work we propose here has the potential to substantially
improve the knowledge base to support teaching and learning
by pursuing answers to questions at the core of teaching prac-
tice. It calls for the linking of research and development—of
instructional programs, assessment tools, teacher education pro-
grams and materials—that is now rare. In the course of doing
so, we propose to draw on the largely untapped resources of
effective teaching practice and high-quality research. The down-
stream proposals offer hope of an impact in the relatively near
term, for they build on solid work with clear implications for
practice. And the upstream proposals would begin to provide a
foundation for professional practice in the future where none
now exists.

The panel generated this agenda assuming the infrastruc-
ture and operation of a SERP organization to support the linked,
multifaceted work that is envisioned. Realizing the potential of
the proposed research and development for improving teach-
ing and learning will require the organizational infrastructure
that can support research on, with, and for practice.
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3SESSmen

hile many themes are woven into the proposed

SERP research agenda, assessment of the outcomes

of learning and instruction merits special atten-

tion. High-quality evidence that permits practitio-
ners, researchers, and policy makers to ask and answer critical
questions about the outcomes of learning and instruction—what
students know and are able to do—is critical to advancing a
SERP R&D agenda in any domain of instruction.

THREE BROAD PURPOSES

There are three broad purposes for educational assessment:

1. Formative assessment for use in the classroom to assist
learning. As described in the chapter, teachers need
assessment data on their students to guide the in-
structional process.

2. Summative assessment for use at the classroom, school, or
district level to determine student attainment levels.
These include tests at the end of a unit or a school
year to determine what individual students have
achieved.

3. Assessment for program evaluation used in making com-
parisons across classrooms or schools. These assess-
ments include standardized tests to determine the
outcomes from different instructional programs or to
compare performance across schools.

The first requirement for developing quality assessments is
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that the concepts and skills that signal progress toward mastery
of a subject be understood and specified. In various areas of the
curriculum, such as early reading, early mathematics, and high
school physics, substantial work has already been done in this
regard. In some cases researchers have capitalized on such
knowledge to develop the elements of an assessment strategy,
although that work has generally concentrated on the develop-
ment of materials for formative assessment.! In contrast, re-
search and theory have not been used to develop similarly valid
assessment tools for many other areas of mathematics, for read-
ing comprehension, or for numerous aspects of elementary and
middle school science. These design and development activities
constitute part of the prospective R&D agendas we have out-
lined for each separate content domain.

Assessment of the overall outcomes of instruction—
summative assessment—is important to the R&D agenda be-
cause it allows testing of program effectiveness. But it is impor-
tant more broadly because the content of those assessments can
drive instructional practice. The Force Concept Inventory in
physics (see Chapter 4) illustrates the potential for a summative
assessment tool based on cognitive and instructional research to
have a powerful, positive impact on the redesign of instruction.
It has served simultaneously as an evaluation tool to determine
the effectiveness of a new instructional approach. In most in-
structional areas, however, little progress has been made in
developing assessment tools that support instruction in this
way.

Assessment of the impact of long-term programs of R&D,
such as those that would be supported by SERP, is also impor-
tant. For decision-making purposes, the public policy makers
need information to determine the return on investing in an
enterprise such as SERP.?

'This work includes assessment of components of early reading (see Chap-
ter 2), development of the Number Knowledge Test and integration into the
Number Worlds instructional program (see Chapter 3), and work on concep-
tual understanding in physics, which is incorporated into the Diagnoser soft-
ware tool (see Chapter 4).

2Although we focus in this report on learning outcomes, for public policy
purposes data are also needed on the costs of achieving those outcomes. The
point of bringing together work on teaching, learning, organization, and policy
in the SERP context is to ensure that knowledge is available in all these
domains to support decision making.
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The education system generally fails to distinguish the re-
quirements of formative, summative, and program evaluation
assessments. What is needed is not only greater sophistication
in designing assessments to better serve specific purposes, but
also coordination within and between the levels of assessment.
A well-designed assessment system would allow for the bidi-
rectional flow of information among the levels.

Current large-scale standardized tests used by most states
to assess academic achievement fall short in important respects
(National Research Council, 2001c). The models of learning and
measurement underlying such tests are generally shallow, rais-
ing doubts about the quality of the evidence they can provide
about student learning or the impact of instructional programs.
If it is to support student learning and provide reliable mea-
sures of program effectiveness, SERP must undertake research
on, and development of, informative and coordinated assess-
ment systems. The SERP program affords a unique opportunity
to pursue research and development on integrated assessment
systems because it will involve projects and individuals who are
concerned with the range of assessment purposes. Research and
development initiatives appear in the agenda for all three sub-
jects. This appendix discusses the common elements of those
initiatives.

ELEMENTS OF AN ASSESSMENT R&D
AGENDA

Regardless of their purpose, quality assessment instruments
depend on the same three components: (1) theories and data
about content-based cognition that indicate the knowledge and
skills that should be tested, (2) tasks and observations that can
provide information on whether the student has mastered the
knowledge and skills of interest, and (3) qualitative and quanti-
tative techniques for scoring responses that capture fairly the
differences in knowledge and skill among the students being
tested. Research and development related to each of the three
components is needed in order for assessments to provide reli-
able indicators of student achievement. For example, research-
ers have developed sophisticated models of student cognition
in various areas of the curriculum, but in many cases this has
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not been translated into sets of tasks that can be used for assess-
ment purposes. Even in subject domains for which characteris-
tics of expertise have been identified, the understanding of pat-
terns of growth required for assessment purposes, which would
enable one to identify landmarks on the way to competence, is
often lacking.

To develop assessments that are fair—that are comparably
valid across different groups of students—it is crucial that pat-
terns of learning for different populations of students be stud-
ied. Much of the development of cognitive theories has been
conducted with restricted groups of students (i.e., mostly middle-
class whites). In many cases it is not clear whether current
theories of developing knowledge and expertise apply equally
well with diverse populations of students, including those who
have been poorly served in the education system,
underrepresented minority students, English-language learn-
ers, and students with disabilities. While there are typical learn-
ing pathways, often there is not a single pathway to competence.
Furthermore, students will not necessarily respond in similar
ways to assessment probes designed to diagnose knowledge
and understanding. These kinds of natural variations among
individuals need to be better understood through empirical
study and incorporated into the cognitive models of learning
that serve as a basis for assessment design.

Sophisticated models of learning must be paired with meth-
ods of eliciting responses from students that effectively reveal
what they know, as well as tools for comparing and scoring
those responses. Current measurement methods offer greater
potential for drawing inferences about student competence than
is often realized (National Research Council, 2001c). It is pos-
sible, for example, to characterize student achievement in terms
of multiple aspects of proficiency rather than a single score;
chart students’ progress over time, instead of simply measuring
performance at a particular point in time; deal with multiple
paths or alternative methods of valued performance; model,
monitor, and improve judgments based on informed evalua-
tions; and model performance not only at the level of students,
but also at the levels of groups, classes, schools, and states.

Much remains to be done, however, to improve the use of
assessment in practice. Iterative cycles of research and develop-
ment will be required to capture critical dimensions of knowl-
edge in assessment tools and protocols that can be used effec-
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tively by those who have limited psychometric expertise. Re-
search must explore ways that teachers can be assisted in inte-
grating new forms of assessment into their instructional prac-
tices and how they can best make use of the results from such
assessments. It is particularly important that such work be done
in close collaboration with practicing teachers who have vary-
ing backgrounds and levels of teaching experience.

This iterative work on new forms of assessment must ex-
plore their accessibility to teachers and practicality for class-
room use, and their efficiency in large-scale testing contexts. For
policy purposes, it is particularly important to study how new
forms of assessment affect student learning, teacher practice,
and education decision making. Also to be studied are ways
that school structures (e.g., length of time of classes, class size,
and the opportunity for teachers to work together) impact the
teasibility of implementing new types of assessments and their
effectiveness. A SERP network of field sites makes the pursuit of
such an agenda possible.
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James W. Pellegrino (Chair) is liberal arts and sciences distin-
guished professor of cognitive psychology and distinguished
professor of education at the University of Illinois at Chicago.
His research and development interests focus on children’s and
adult’s thinking and learning and the implications of cognitive
research and theory for assessment and instructional practice.
Recently he served as cochair of the National Research Council’s
Committee on the Foundations of Assessment, which issued the
report Knowing What Students Know: The Science and Design of
Educational Assessment. From 1973 to 1979 he was professor of
psychology and a research associate of the University of
Pittsburgh’s Learning Research and Development Center. From
1979 to 1989 he was professor of education and psychology at
the University of California at Santa Barbara, where he also
served as chair of the Department of Education. From 1989 to
2001 he was the Frank W. Mayborn professor of cognitive stud-
ies at Vanderbilt University, where he also served as codirector
of the Learning Technology Center and as dean of Vanderbilt’s
Peabody College of Education and Human Development. He
has a B.A. from Colgate University with a major in psychology
and M.A. and Ph.D. degrees in experimental and cognitive
psychology from the University of Colorado.

John R. Anderson is professor of psychology and computer
science at Carnegie Mellon University. His current research
involves the acquisition of cognitive skills and the understand-
ing of how human cognition is adapted to the information
processing demands of the environment. He has developed the
ACT-R production system and applied it to various domains of
memory, problem solving, and visual information processing.
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He has published widely on human associative memory, lan-
guage, memory, cognition, and the adaptive character of thought.
He has a Ph.D. from Stanford University.

Deborah Loewenberg Ball is a professor of educational studies
at the University of Michigan. Her work as a researcher and
teacher educator draws directly and indirectly on her long ex-
perience as an elementary classroom teacher. With elementary
school mathematics as the main context for the work, Ball stud-
ies instruction, professional education, and teacher learning.
Her work also examines efforts to improve teaching through
policy, reform initiatives, and teacher education. Ball’s publica-
tions include articles on teacher learning and teacher education,
the role of subject-matter knowledge in teaching and learning to
teach, endemic challenges of teaching, and the relations of policy
and practice in instructional reform. She is a member of the
National Research Council’s Mathematical Science Education
Board and its Division of Behavioral and Social Sciences and
Education, and she recently served as a member of the Glenn
Commission. Ball has a Ph.D. from Michigan State University.

Jill Harrison Berg is a national board certified teacher on sab-
batical from Cambridge Public Schools while serving as a doc-
toral fellow at Harvard University Graduate School of Educa-
tion. Her research interest is improving teacher practice and
student learning through reflection. Her work in teacher educa-
tion extends from giving workshops for pre-service teachers,
consulting with school teams about implementation of best prac-
tices, presenting workshops at local and national conferences, to
supporting teacher candidates for national board certification.
She is committed to supporting work that recognizes the impor-
tance of the practitioner’s perspective in developing educational
endeavors and has collaborated on special projects with many
organizations, including Interstate New Teacher Assessment
and Support Consortium (INTASC), Project Zero, WGBH,
UNICEF, TERC investigations, and the Massachusetts Depart-
ment of Education. She is the author of a book on improving the
quality of teaching through national board certification.

Susan Carey recently joined Harvard University as a professor
of psychology. Previously she was a professor of psychology at
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New York University. Her major interests include infant cogni-
tion, cognitive development, and conceptual change in child-
hood. Her research concerns the evolutionary and ontogenetic
origins of human knowledge in a variety of domains: number,
lexical semantics, physical reasoning, and reasoning about in-
tentional states. Carey is affiliated with the Society for Research
in Child Development, the Society for Philosophy and Psychol-
ogy, and the International Society for Infancy Studies. She has
received several fellowships and honors, including the
Guggenheim, 1999; the Nicod prize (Paris, 1998); the George A.
Miller Lecturer (Society for Cognitive Neuroscience, 1998); a
Cattell fellowship; and a Fulbright fellowship. She has a Ph.D.
from Harvard University.

Stephen J. Ceci holds a lifetime endowed chair in developmen-
tal psychology at Cornell University. He studies the develop-
ment of intelligence and memory and is the author of approxi-
mately 300 articles, books, and chapters. Ceci’s past honors and
scientific awards include a senior Fulbright-Hayes fellowship
and a research career scientist award from the National Insti-
tutes of Health. An article he published in Psychological Bulletin
was awarded the 1994 Robert Chin prize from the Society for
the Psychological Study of Social Issues for the best article, and
it was named one of the top 20 articles in 1994 by Hertzig &
Farber. Ceci has received the IBM supercomputing prize, three
senior Mensa Foundation research prizes, and the Arthur Rickter
award for his work on children’s testimony. He currently serves
on seven editorial boards. The American Academy of Forensic
Psychology gave Ceci its lifetime distinguished contribution
award for 2000, and the American Psychological Association
announced he is the recipient of its 2002 lifetime distinguished
contribution award for science and society. He recently com-
pleted a three-year term on the American Psychological Society’s
board of directors. Ceci is the coeditor of the journal Psychologi-
cal Science in the Public Interest, which is partnered with Scientific
American. He is a current member of the advisory committee to
the National Science Foundation’s Social, Behavioral, and Eco-
nomics Sciences Directorate and recipient of the American Psy-
chological Association’s 2003 award for lifetime contribution to
the application of psychology. He is a fellow of the American
Association for the Advancement of Science, the Americal Psy-
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chological Association, and the American Psychological Soci-
ety. He has a B.A. from the University of Delaware, an M.A.
from the University of Pennsylvania, and a Ph.D. in develop-
mental psychology from the University of Exeter, England.

Mary Ellen Dakin is a secondary school English teacher at
Revere High School in Revere, Massachusetts. She has taught in
both private and a public school settings since 1987. In 1994, she
attended the Teaching Shakespeare Institute at the Folger
Shakespeare Library, and since then she has presented work-
shops on the topic of teaching Shakespeare through perfor-
mance at regional and national conventions. Her writing has
been published in Shakespeare Magazine and in the Harvard Edu-
cational Review. She is a member of the Massachusetts Depart-
ment of Education’s assessment development committee. In
1999, she earned certification in adult/young adult English lan-
guage arts from the National Board for Professional Teaching
Standards and holds the title of master teacher from the Massa-
chusetts Department of Education.

M. Suzanne Donovan (Study Director) is director of the SERP
project and a senior program officer at the National Research
Council’s Division on Behavioral and Social Sciences and Edu-
cation. She is currently study director for a project that will
produce a volume on How People Learn targeted to teachers. She
was co-editor of the NRC reports How People Learn: Bridging
Research and Practice, Minority Students in Special and Gifted Edu-
cation, and Eager to Learn: Educating Our Preschoolers. She has a
Ph.D. from the University of California at Berkeley School of
Public Policy, and was previously on the faculty of Columbia
University’s School of Public and International Affairs.

Barbara Foorman is professor and director of the Center for
Academic and Reading Skills at the University of Texas-Hous-
ton Medical School. Her work has focused on reading acquisi-
tion and the role of instruction. She is currently principal inves-
tigator of a grant from the National Institute of Child Health
and Human Development for the study of early interventions
for children with reading problems in schools in Houston and
Washington, D.C. She has a Ph.D. from the University of Cali-
fornia at Berkeley, School of Education.
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Walter Kintsch is professor of psychology and director of the
Institute of Cognitive Science at the University of Colorado in
Boulder. His research focus has been on the study of how people
understand language, using both experimental and computa-
tional modeling techniques. His current research involves latent
semantic analysis, formulating a psychological semantics based
on it. Kintsch has received the distinguished scientific contribu-
tion award of the American Psychological Association. He has
been chair of the governing boards of the Cognitive Science
Society and the Psychonomic Society and president of Division
3 of the American Psychological Association. Kintsch has a
Ph.D. in psychology from the University of Kansas.

Robert A. Morse has been a teacher of physics at St. Albans
School in Washington, DC. since 1982. He is an active member
of the American Association of Physics Teachers (AAPT) in-
cluding being a physics teaching resource agent (P’TRA), a work-
shop presenter to teachers in the District of Columbia, Mary-
land, and Virginia area private and public schools, and nationally
at AAPT meetings and PTRA training sessions. He was a par-
ticipant in the National Research Council conference How People
Learn in 1998. He received the presidential award for excellence
in science teaching in 1988. He has a Ph.D. in science education
from the University of Maryland at College Park.

Sharon Robinson is president of the Educational Policy Leader-
ship Institute of the Educational Testing Service (ETS) and heads
the public policy arm of the company. In this role, she serves as
the primary voice for ETS in the national dialogue surrounding
education and education reform. Previously she was the ETS
executive vice president for external affairs, public policy, and
research. Before joining ETS, Robinson was assistant secretary
of education in the U.S. Department of Education’s Office of
Educational Research and Improvement. She also held a variety
of leadership positions at the National Education Association,
including director of the National Center for Innovation, its
research and development arm. A lifelong civil rights activist,
Robinson has waged a personal crusade to convince educators
of the economic necessity and ethical responsibility to develop
strategies for educating and maximizing the potential of minor-
ity and disabled students in rural areas and inner-city districts.
Robinson has B.A., M.A., and Ph.D. degrees, the latter in educa-
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tional administration and supervision, from the University of
Kentucky. She recently completed the renowned Harvard Busi-
ness School Advanced Management Program.

Jon Saphier is the founder and president of Research for Better
Teaching (RBT), an educational consulting and training organi-
zation in Carlisle, Massachusetts, that works with over 100 school
districts annually on long-term projects for improving instruc-
tion and student learning. A former classroom teacher, staff
developer, and administrator, Saphier has developed courses
and materials for educators that build on findings from cogni-
tive science and developmental psychology. He is the author of
six books and numerous articles dealing with pedagogy, super-
vision, and school culture. He is also founder and chairman of
Teachers 21, a nonprofit organization dedicated to the
professionalization of teaching. Teachers 21 focuses on influenc-
ing public policy and legislation related to the conditions of
teaching and does extensive staff development work with a
special focus on beginning teacher induction programs.

Leona Schauble is a professor of education at Vanderbilt Uni-
versity. Her research interests include the relations between
everyday reasoning and more formal, culturally supported, and
schooled forms of thinking, such as scientific and mathematical
reasoning. Her research focuses on such topics as belief change
in contexts of scientific experimentation, everyday reasoning,
causal inference, and the origins and development of model-
based reasoning. Prior to her work at Vanderbilt, she worked at
the University of Wisconsin, the Learning Research and Devel-
opment Center at the University of Pittsburgh, and the Children’s
Television Workshop in New York. Schauble has a Ph.D. in
developmental and educational psychology from Columbia
University.

Joseph K. Torgesen, is the Robert M. Gagne professor of psy-
chology and education at Florida State University. His research
interests include the psychology of reading and prevention of
reading disabilities, cognitive characteristics of children with
learning disabilities, assessment practices with children, and
computer-assisted instruction in basic academic skills. He is the
author or coauthor of over 150 books, book chapters, papers,
and tests in these areas. He has been active in numerous profes-
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sional organizations including as a member of the Learning
Disabilities Planning Group, Office of Special Education Pro-
grams, U.S. Office of Education; a member of the professional
advisory board of the National Center for Learning Disabilities;
and a member of the scientific advisory board of the Interna-
tional Dyslexia Association. He has a Ph.D. in developmental
and clinical psychology from the University of Michigan.

Alexandra K. Wigdor served as the first director of the National
Research Council’s SERP project. An NRC staff member since
1978, she most recently held the position of deputy director of
the Commission on Behavioral and Social Sciences and Educa-
tion with special responsibility for developing the education
program. Among the notable NRC reports on improving educa-
tion produced that grew out of that program are Improving
Student Learning: A Strategic Plan for Education Research and Its
Utilization (1999); Preventing Reading Difficulties in Young Chil-
dren (1998); How People Learn: Mind, Brain, Experience, and School
(1999); How People Learn: Bridging Research and Practice; Making
Money Matter: Financing America’s Schools (1999), and Eager to
Learn: Educating Our Preschoolers (2000).

Mark R. Wilson is a professor of education at the University of
California, Berkeley. His research focuses on educational mea-
surement, item response modeling, and assessment design. His
research interests include the incorporation of cognitive model-
ing perspectives into psychometric models. He has recently
concluded a project to develop the BEAR Assessment System,
which coordinates assessment information between embedded
classroom tasks and more traditional testing methods, in order
to better support classroom instruction and educational account-
ability. He is a founding editor of the journal Measurement:
Interdisciplinary Research and Perspectives. He is a member of the
Joint Committee for Standards in Educational Evaluation. He
has a Ph.D. in measurement and educational statistics from the
University of Chicago.

Suzanne M. Wilson is a professor of teacher education at the
Department of Teacher Education, Michigan State University,
and also directs the university’s College of Education Center for
the Scholarship of Teaching. She is also a senior scholar at the
Carnegie Foundation for the Advancement of Teaching. Her
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areas of expertise include curriculum policy, the history of teach-
ers and teaching, mathematics reform, teacher assessment,
teacher education and learning, and teaching history. An educa-
tional psychologist with an interest in teacher learning and
teacher knowledge, her studies include investigating the capaci-
ties and commitments of exemplary secondary school history
and mathematics teachers and she has written extensively on
the knowledge base of teaching. She is the author of a recent
book based on a longitudinal study of the relationship between
educational policy and teaching practice in California. Wilson
has a Ph.D. from Stanford University.
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A

AAAS. See American Association for the
Advancement of Science
ACT. See Algebra Cognitive Tutor
Adaptive reasoning, 67
Adding It Up, 87, 99
Adult-child conversation
one-on-one or small group, 43
Algebra, 5, 87-101
importance of, 87
research agenda initiatives, 5, 97-101
student knowledge, 87-93
teacher knowledge, 93-97
Algebra assessments
developing for various grade levels, 5, 100
Algebra Cognitive Tutor (ACT), 92-95, 98
Algorithms
buggy, 69
rigid application of, 69
Alternative approaches
to the teaching and learning of algebra, 5,
97-98
American Association for the Advancement of
Science (AAAS), 28, 125
benchmarks, 127
textbook review, 128
American Association of Physics Teachers, 119
Analogy phonics, 38
Analytic phonics, 38
Answers
teachers relinquishing control of, 76
Argumentation, 132-133
science as, 134
Assessments, 25, 167-171
bias in, 19-20
early mathematics, 4, 81-84
elements of an agenda for, 169-171

INDEX

formative, in classroom to assist learning,
167-168

for program evaluation, 167-169

of student knowledge of algebra, 92-93

of student knowledge of early reading, 37—
39

of student knowledge of physics, 114-115

of student knowledge of science across the
school years, 134-135

of student learning of elementary
mathematics, 75-76

summative, to determine student attainment
levels, 167-168

Assessments of reading comprehension

beyond the early years, 54-56

comprehending text on the revised SAT, 60

formative and summative, 3, 58-61

measuring recall alone, 59

B

Basal readers, 39, 46
Benchmarks
for reading comprehension, 4, 63-65
Big Math for Little Kids, 70
Bill Nye, the Science Guy, 102
Buggy algorithms, 69
Business management
insights from, 23
Business math, 87

C

Calculus, 87

Carnegie Melon University, 92, 94-95
Case, Robbie, 73

Central conceptual structures, 72
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Change
resistance to, 23
in students’ evolving knowledge,
monitoring, 111
Cheche Konnen project, 134
Children entering kindergarten behind their
peers
challenge of, 68
Children’s magazines, 102
Children’s Math Worlds, 70
Clement, John, 104
Cognitively Guided Instruction, 86
Collaborative learning, 57
Committee on Scientific Principles for
Education Research, 146, 148
Committee on the Prevention of Reading
Difficulties in Young Children, 35
Competence
strategic, 67
Comprehensive Test of Basic Skills (CTBS),
116-117
Content material
including less, but at greater depth, 129
“Cooperative learning,” 53
Criteria for choosing research topics, 26-27
existing rigorous R&D efforts already
showing promising gains in student
achievement, 1-2, 26
pervasive problems of practice lacking
knowledge base to guide instructional
interventions, 2, 26
CTBS. See Comprehensive Test of Basic Skills
Curriculum and pedagogy
for reading instruction in first through third
grade, 36-37
in student knowledge of algebra, 91-92
in student knowledge of early reading, 35—
37
in student knowledge of physics, 110-114
in student knowledge of reading
comprehension beyond the early years,
51-54
in student knowledge of science across the
school years, 127-134
in student learning of elementary
mathematics, 70-75

D

Data collection systems, 143, 148

Decoding language, 32-33, 46

Decontextualized language instruction
in the early years, 34
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Decontextualized language structures, 33, 57
Diagnoser program, 115, 123

Differentiating instruction, 40-41

Discovery Channel, 102

DiSessa, Andrea, 18, 104

E

Early mathematics assessments, 4, 81-84
implementing standards-based, 83-84
teacher understanding of, 83
technology support needed to assist

teachers, 83
Early reading, 2-3, 31-49
research agenda initiatives, 3, 41-49
student knowledge, 31-39
teacher knowledge, 3941
Early Reading First Guidelines, 42
Early reading preparedness, 3, 42-43
increased use of one-on-one or small group,
adult-child conversation, 43

professional development programs on
vocabulary and oral language
development, 43

use of read-alouds, 43

use of science-, number-, or world-
knowledge-focused curricula, 43

Educational Development Center, 71

Eisenhower math-science programs, 119

Elementary mathematics, 4-5, 66-87
research agenda initiatives, 4-5, 80-87
student learning, 66-76
teacher knowledge, 76-80

Embedded phonics, 38

Empirical investigation
methods of, 129-131
posing significant questions for, 143-144

Evaluation. See Assessments

Everyday Mathematics curriculum, 71, 76, 151

Exemplary teaching practice
learning from, 45

Expected progression of student thinking, 16

Experimentation, 126

F

Follow-through, 19
Force Concept Inventory, 111-112, 114, 118-
119,134, 138, 168
Formative assessments
in classroom to assist learning, 167-168
of reading comprehension, 3, 58-61
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Generalizing
across studies, 148-149
Goals of school science

reformulating, 129
Griffin, Sharon, 73

H

Hennessey, Sister Mary Gertrude, 131
Hestenes, David, 112

Implementation
amounts of variability in, 122-123
In-service education, 99
Informal mathematical reasoning
building on children’s, 68
Instructional interventions
to move students along a learning path, 16
Instructional practices
promoting reading comprehension, 34, 62—
63
Instructional programs
differentiating, 6, 121
Integrated learning-instruction models
developing and evaluating, 6, 137-138
Integrated reading instruction, 40
developing and testing reading
intervention, 46
learning from exemplary practice, 45
Interdependence
of student learning, teacher knowledge, and
organizational environment, 2024
Investigation
using methods permitting direct, 146-147
Investigations in Number, Data and Space
curriculum, 71

K

Kindergarten
challenge of children entering behind their
peers, 68
“Knowledge packages,” 82
Knowledge-rich goal-focused inquiry
science as, 130
Knowledge tracing, 94

INDEX

L

Language development, 32
Learning
formative assessment in classroom to assist,
167-168
trajectory for teachers, 22
“Lift,” 133
Linguistic level
text comprehension involving processing at,
50

M

Ma, Liping, 77-79, 84
Magic School Bus, 102
Math Trailblazers curriculum, 71
Mathematics, 4-5, 28, 66-101
algebra, 5, 87-101
contribution to future earnings, 88
contribution to test results, 27
elementary mathematics, 4-5, 66-87
Mazur, Ed, 106
McDermott, Lillian, 104
Meaningful comparisons
developing assessment instruments to
anchor, 138-139
Medical metaphor, 11-14
“Mental counting line,” 72
Metacognition
developing, 52-53
Metacognitive strategy instruction, 54, 57
developing materials for teachers using, 3,
61-62
Metz, Kathleen, 129-130
Modeling, 94, 131-132
instruction in high school physics, 112
introducing physics as, 111
science as, 133
Models
of integrated reading instruction, 3, 4446
Momentum
misconceptions about, 18

N

NAEP. See National Assessment of Educational
Progress

National Assessment of Educational Progress
(NAEP), 36, 75, 102

National Center for Education Statistics, 36, 102
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National Council of Teachers of Mathematics
(NCTM), 82,95, 99
National Institute of Child Health and Human
Development, 10, 31, 38, 44, 46-49, 52, 55,
58
National Reading Panel, 31, 40, 44, 48-49, 54, 58
National Research Council (NRC), 10, 19, 31,
67,88,125,142, 145,150,170
Committee on the Prevention of Reading
Difficulties in Young Children, 35
science standards, 127
National Science Foundation (NSF), 71
curricula supported by, 86, 97-98, 147
teacher enhancement projects, 119
NCTM. See National Council of Teachers of
Mathematics
Newtonian mechanics, 104-105, 118
No Child Left Behind legislation, 43
NRC. See National Research Council
NSF. See National Science Foundation
Number-knowledge-focused curricula, 43
Number Knowledge Test, 70, 73-75, 168
Number words
ability to verbally count using, 73
Number Worlds curriculum, 70, 73-75, 86, 168

O

One-on-one adult-child conversation, 43
One-to-one correspondence
ability to count with, 73
Organizational environment
hampering adoption and use of improved
instructional methods, 22-23
interdependent with student learning and
teacher knowledge, 20-24
Organizing knowledge around core concepts
subtraction with regrouping, 76-80

P

PALS. See Virginia Phonological Awareness
and Literacy Screening
Pasteur’s quadrant, 11
Payne, Roger, 130
Peabody Individual Achievement Test (PIAT),
75
Phonemic awareness, 34
“Phonics” instruction, 32-33, 38, 40
analogy phonics, 38
analytic phonics, 38
embedded phonics, 38
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phonics through spelling, 38
in student knowledge of early reading, 38
synthetic phonics, 38
Phonological Awareness and Literacy
Screening (PALS), 39
Physics, 5-6, 103-124
research agenda initiatives, 6, 120-124
student knowledge, 103-115
teacher knowledge, 115-120
Physics Education Group, 106-107
Physics teaching resource agent (PTRA)
program, 119-120
PIAT. See Peabody Individual Achievement
Test
Poverty
and math ability, 75
Practice
bridging gap with research, 19
bridging gap with theory, 145
focus on, 10-14, 21, 29
Pre-service education, 99
Preventing Reading Difficulties in Young Children,
31,39
Primary school mathematics, 72-75
ability to count with one-to-one
correspondence, 73
ability to “mentally stimulate” the
sensorimotor counting, 73
ability to recognize quantity as set size, 73
ability to verbally count using number
words, 73
Principles and Standards for School Mathematics.
See National Council of Teachers of
Mathematics
Procedural fluency, 67
Productive disposition, 67
Professional development programs
on vocabulary and oral language
development, 43
Professional scrutiny and critique
disclosing research for, 149-150
Proficiency
mathematical, 67
needed to meet demands of modern life, 27
Program evaluation
assessment for, 167-169
Progression of student understanding
in student knowledge of algebra, 89-91
in student knowledge of early reading, 31-34
in student knowledge of physics, 104-110
in student knowledge of reading
comprehension beyond the early years,
51
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in student knowledge of science across the
school years, 125-127
in student learning of elementary
mathematics, 68-69
PTRA. See Physics teaching resource agent

Q

Quality. See Research quality and impact
Quantity as set size

ability to recognize, 73
Questioning the author, 52-53, 61
Questions

schematic, for teaching and learning, 15

R

RAND, 47, 67
Reading Study Group, 49-52, 54, 56
R&D. See Research and development base in
education
Read-alouds, 43
Readers
assessment of, 55
Reading, 24, 28, 30-65
See also Early reading
Reading comprehension beyond the early
years, 3—4, 49-65
contribution to test results, 27
prominence in learning of most subject
areas, 28
research agenda initiatives, 3—4, 58-65
student knowledge, 49-56
teacher knowledge, 56-58
Reading Excellence Act, 42
Reading intervention
developing and testing, 46
Reading Mastery program, 41
Reasoning
adaptive, 67
providing a coherent and explicit chain of,
147-148
Recall alone
measuring, 59
Reciprocal teaching, 53, 57, 61
“Reflective assessment,” 121
in ThinkerTools, 113, 116-117, 151
Replication
across studies, 148-149
independent, 20

INDEX

Research agenda
criteria for choosing topics, 26-27
framework for, 24-29
research domains, 27-29
Research agenda initiatives in algebra, 5, 97—
101
alternative approaches to teaching and
learning, 5, 97-98
developing assessments for various grade
levels, 5, 100
knowledge of mathematics needed to teach
effectively, 5, 99
students’ proficiency over time with algebra
as a K-12 topic, 5, 100-101
Research agenda initiatives in early reading, 3,
41-49
knowledge requirements for teachers, 3, 47—
49
models of integrated reading instruction, 3,
44-46
narrowing the gap in preparedness for, 3,
42-43
Research agenda initiatives in elementary
mathematics, 4-5, 80-87
developing better assessments, 4, 81-84
evaluating and comparing curricular
approaches to teaching number and
operations, 4-5, 85-87
knowledge required to teach, 4, 84-85
Research agenda initiatives in physics, 6, 120-
124
differentiating instructional programs and
identifying successful outcomes, 6, 121
scalability of promising curricula in
different school contexts, 6, 121-123
teacher knowledge requirements for
effective use of a curriculum, 6, 123-124
Research agenda initiatives in reading
comprehension beyond the early years,
3-4, 58-65
benchmarks for, 4, 63-65
developing materials for teachers using
metacognitive strategy instruction, 3, 61—
62
formative and summative assessments of, 3,
58-61
instructional practices promoting, 34, 62-63
Research agenda initiatives in science
education across the school years, 6, 135—
141
developing and evaluating integrated
learning-instruction models, 6, 137-138
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developing assessment instruments to
anchor meaningful comparisons, 138-139
evaluating standards for science
achievement, 6, 141
teacher knowledge requirements, 6, 140
Research and development (R&D) base in
education, 1-2, 14-17
assessing a student’s progress given general
and discipline-specific norms and
practices to support student learning, 16—
17
bridging gap with practice, 19
elements of an agenda for assessment, 169
171
expected progression of student thinking
based on knowledge of students’
common understandings and
preconceptions of a topic, 16
improving, 17-20
instructional interventions to move students
along a learning path, 16
misconceptions about momentum, 18
schematic questions for teaching and
learning, 15
what students should know or be able to do,
15
Research quality and impact, 7-8, 142-151
disclosing research for professional scrutiny
and critique, 149-150
linking research to relevant theory, 145-146
posing significant questions for empirical
investigation, 143144
providing a coherent and explicit chain of
reasoning, 147-148
replicating and generalizing across studies,
148-149
using methods permitting direct
investigation, 146-147
Revised SAT
comprehending text on, 60

S

SAT
comprehending text on revised, 60
Scalability
of promising physics curricula in different
school contexts, 6, 121-123
Schematic questions
for teaching and learning, 15
Science, 5-6, 28, 102-141
as argumentation, 134
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as knowledge-rich goal-focused inquiry, 130
as modeling, 133
physics, 5-6, 103-124
as theory building, 130
Science education across the school years, 6,
124-141
research agenda initiatives, 6, 135-141
student knowledge, 124-135
student knowledge of, 124-135
teacher knowledge, 135
weakness in, 28
Science for All Americans, 125
Science-knowledge-focused curricula, 43
Scientific category system
helping students recognize objects and
events within a, 111
Scientific Research in Education, 142
Scientists
thinking like, 105, 126
Semantic level
text comprehension involving processing at,
50
Sensorimotor counting
ability to “mentally stimulate,” 73
SERP. See Strategic Education Research
Partnership (SERP)
Small group, adult-child conversation, 43
Spelling
phonics through, 38
Standardized tests
shortcomings of, 169
Standards-based assessments
implementing, 83-84
Standards for science achievement
evaluating, 6, 141
Strategic competence, 67
Strategic Education Research Partnership
(SERP), 1-2, 7-10, 21, 61, 98, 129, 136,
138-139, 141-144, 149-151, 167-171
dealing with organizational issues, 23-25
field sites for, 7, 87, 122
mission of, 9
networks of, 28-30, 63
opportunity to develop integrated
assessment system, 82, 123
Strategy instruction, 52
Student achievement
existing rigorous R&D efforts already
showing promising gains in, 1-2, 26
over time, with algebra as a K-12 topic, 5,
100-101
summative assessment to determine, 167—
168
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Student knowledge
fostering long-term development of, 129
interdependent with teacher knowledge and
organizational environment, 2024
Student knowledge of algebra, 87-93
assessment, 92-93
curriculum and pedagogy, 91-92
progression of student understanding in
algebra, 89-91
what children should know and be able to
do, 88-89
Student knowledge of early reading, 31-39
assessment, 37-39
curriculum and pedagogy, 35-37
curriculum components for reading
instruction in first through third grade,
36-37
decontextualized language instruction in the
early years, 34
phonics instructional approaches, 38
progression of understanding, 31-34
what children should know and be able to
do, 31
Student knowledge of elementary
mathematics, 66-76
assessment, 75-76
buggy algorithms, 69
curriculum development, 70-75
primary school mathematics, 72-75
progression of understanding, 68-69
rigid application of algorithms, 69
what children should know and be able to
do, 6667
Student knowledge of physics, 103-115
assessment, 114-115
curriculum and pedagogy, 110-114
modeling instruction in high school physics,
112
progression of student understanding in
algebra, 104-110
understanding electrical circuits, 106-107
understanding fluid /medium effects and
gravitational effects, 108-109
what children should know and be able to
do, 103-104
Student knowledge of reading comprehension
beyond the early years, 49-56
assessment, 54-56
curriculum and pedagogy, 51-54
progression of understanding, 51
text comprehension involving processing at
different levels, 50
what children should know and be able to
do, 49-50

INDEX

Student knowledge of science across the school
years, 124-135
assessment, 134-135
curriculum and pedagogy, 127-134
progression of student understanding, 125-
127
what children should know and be able to
do, 124-125
Subtraction
with regrouping, 76-80
Success for All program, 41
Successful outcomes
identifying, 6, 121
Summative assessments
to determine student attainment levels, 167—
168
of reading comprehension, 3, 58-61
Surface-level reading, 52
“Symbolic fluency,” 91
Synthetic phonics, 38

T

Teacher knowledge
accounting for variance in students’
achievement scores, 21
of how to integrate research insights into
instructional practice, 41, 54
interdependent with student learning and
organizational environment, 20-24
for reading comprehension beyond the early
years, 56-58
for science education across the school
years, 6, 135, 140
teachers needed to convey, 80
Teacher knowledge of algebra, 5, 93-97, 99
Algebra Cognitive Tutor (ACT), 92-95, 98
Teacher knowledge of early reading, 3, 39-41,
47-49
differentiating instruction, 40-41
integrating instruction, 40
Teacher knowledge of elementary
mathematics, 4, 76-80, 84-85
organizing knowledge around core
concepts—subtraction with regrouping,
76-80
Teacher knowledge of physics, 115-120
Force Concept Inventory, 111-112, 114, 118-
119, 134, 138, 168
needed for effective use of a physics
curriculum, 6, 123-124
reflective assessment in ThinkerTools, 113,
116-117, 151
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Teacher understanding
of assessments, 83
Teaching Children to Read, 31
Teaching number and operations
evaluating and comparing curricular
approaches to, 4-5, 85-87
Technology support
needed to assist teachers, 83
Texas Primary Reading Inventory (TPRI), 39
Text
assessment of, 55-56
complexity of, 64-65
Text comprehension involving processing at
different levels, 50
linguistic level, 50
semantic level, 50
in student knowledge of reading

comprehension beyond the early years,

50
understanding level, 50
Text talk, 53, 61
Theory
bridging gap with practice, 145
developing, 145-146
linking research to relevant, 145-146
Theory building
science as, 130
ThinkerTools
reflective assessment in, 113, 116-117, 151
Third International Mathematics and Science
Study (TIMSS), 102, 128
3-2-1 Contact, 102
TIMSS. See Third International Mathematics
and Science Study
TPRI. See Texas Primary Reading Inventory
Transferring strategy use, 54
Travel metaphor, 25-26

U

Understanding
conceptual, 67
electrical circuits, 106-107
fluid /medium effects and gravitational
effects, 108-109
Understanding level
text comprehension involving processing at,
50
University of Arizona, 112
University of Washington
Physics Education Group, 106-107
U.S. Department of Education, 142

\%

Virginia Phonological Awareness and Literacy
Screening (PALS), 39

W

What children should know and be able to do,
15
in knowledge of algebra, 88-89
in knowledge of early reading, 31
in knowledge of physics, 103-104
in knowledge of reading comprehension
beyond the early years, 49-50
in knowledge of science across the school
years, 124-125
in learning of elementary mathematics, 66—
67
World-knowledge-focused curricula, 43
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