Not since the launch of the Soviet Sputnik satellite
spurred the federal government to begin investing in science and mathematics education through the National
Defense Education Act have these two areas of the
school curriculum been so high on state and federal policy agendas. Policy makers, business leaders, educators,
and the media again worry that future United States expertise in the areas of science, technology, engineering,
and mathematics is in jeopardy. 1 Improving public education, particularly in science and mathematics, continues to be viewed as an important national economic and
social issue. These concerns have led to the formulation
of many local, state, and national education policies that
include elements such as targeted scholarships, increased
course-taking requirements for graduation, end-of-course
exams in high school, investments in labs and equipment, and in some cases, higher pay to attract teachers to
these fields.
These efforts are worthy. But, they are not enough. They
are scattered and incoherent—even within states and
school districts—and neglecting this lack of coherence
will limit what can be accomplished. Cross-state initiatives, with federal assistance, are needed to increase coherence and build the capacity of schools and districts
across the country to provide high quality science and
mathematics instruction.
One goal of such initiatives should be to ensure that the
United States continues to have sufficient numbers of
highly skilled scientists, mathematicians, engineers,
health professionals, technicians, and science and
mathematics teachers. For that to happen, schools must
develop and sustain the interest of students in these disciplines, and business, higher education, and government
must create opportunities for them to pursue successful
scientific and technical careers. A second and equally
important goal must be to equip all Americans with the
knowledge and skills they need to be effective citizens
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and to function in the workplace. Such skills include being able to argue from evidence, solve complex problems, work in teams, and interpret and communicate
complex information. 2 Science and mathematics education has a critical role to play here, too.

settings for a short period of time, evaluated, and then
abandoned or continued depending on the outcomes and
the availability of funds. As an alternative, we recommend starting with curriculum, standards, and assessments that together define a common core of science and
mathematics knowledge. Curricula, teaching materials
(including technology tools), and teacher preparation that
are aligned with the common core all should be subjected to an iterative cycle of design, testing, implementation, evaluation, and redesign to achieve the quality
and coherence that are needed.

A Call for Coherent Systems of
Teaching and Learning
An instructional system has four major components that
any reform effort must encompass: curriculum, assessments, teachers, and supports for teachers and students.
To function well, the curriculum should focus on essential concepts and skills that build over time. Assessments
should measure the full range of knowledge and skills in
the curriculum and help inform instruction as well as
monitor performance. Teachers need to understand the
content deeply, know effective methods for teaching it,
and be able to create a classroom environment conducive
to learning. Teachers should also have at their disposal
adequate space, materials, equipment, technology, and
class time to implement the curriculum. All four components, along with strategies for attracting and retaining
competent science and mathematics teachers, must work
in concert for science and mathematics education to be
effective.

A Path to Coherence
There is not sufficient evidence on details of what works
in teaching science and mathematics to justify quick
movement toward a single national curriculum in either
subject. There is, however, substantial agreement among
scientists, mathematicians, educators, and scholars of
learning on the important strands of mathematical and
scientific knowledge and skills that students should master in order to be judged proficient.

Our focus here is on ways to improve science and
mathematics achievement in the United States through
systemic and linked changes in all four of these components, along with instructional use of the powerful technologies that now pervade science, mathematics, and engineering. The linking of these components is essential,
for it is the only way to make a complex system coherent.

For science, the National Research Council study Taking
Science to School 3 concluded that a student who is proficient in science:
•
•

The system needs to be made coherent in several ways. It
must be made coherent vertically, which means that students’ science and mathematics learning should build
from year to year. Students should not need to learn the
same concepts and skills over and over as they move
through the grades. They also should be able to count on
having learned prerequisite material when introduced to
new content. This requires curricula that are wellarticulated through the various administrative levels of
the educational system—the classroom, the school, the
district, and the state. Teacher preparation should be explicitly linked to these curricula. The system also must
be coherent horizontally, which means that districts and
states need to coordinate their curricula so that—within
the limits of America’ evolving federal system of education—students moving to a new school or a new state
will have a reasonable chance of picking up where they
left off without being subjected to lessons on content
they already know, or struggling through lessons for
which they are unprepared.

•
•

Knows major scientific ideas and can apply
them appropriately,
Can collect and analyze evidence from experiments and observations,
Understands that science is a way of knowing
about the world and can apply this to his or her
own thinking, and
Can argue from evidence, identify ways to test
an idea, formulate hypotheses that can be tested,
use diagrams to represent ideas and record data,
and participate in other scientific practices.

To this list of core science competencies, we add a fifth
strand that comes from engineering 4 :
•

A student who is proficient in science also understands the designed world and the concepts
of engineering and design.

Mathematicians and students of mathematics learning
have been working to identify the core strands of their
fields since before 1923, the year the final report of the
National Committee on Mathematical Requirements was
published. 5 The consensus of the National Research
Council study, Adding It Up, 6 was that a student who is
proficient in mathematics has acquired:

With those goals in mind, we recommend a systemsengineering approach to reform. Typically, discrete education reforms in the United States are piloted in a few
2

•

Conceptual understanding of key mathematical
ideas, operations, and relations;
Fluency with mathematical procedures and the
ability to use them flexibly, accurately, efficiently, and appropriately;
Strategic competence (i.e., the ability to formulate, represent, and solve mathematical problems);
Adaptive reasoning (i.e., the capacity to think
logically and reflectively and to explain and justify one’s thinking); and
A productive disposition that sees mathematics
as sensible, useful, and worthwhile, and that
recognizes that diligence and effort will lead to
results.

agreement on what should be taught in each grade, and
more time is being spent on mathematics in the school
curriculum. 12 But, implementation has been poor. Still,
compared with those of high-performing nations such as
Japan, Korea, Portugal, Singapore, and Sweden, United
States standards and curricular materials for mathematics
continue to sprawl over many topics within and across
the grades. The final report of the National Mathematics
Advisory Panel concluded that “the mathematics curriculum in grades Pre-K–8 should be streamlined and should
emphasize a well-defined set of the most critical topics
in the early grades.” 13 And in particular, a national initiative should be undertaken to improve the teaching and
learning of mathematics for all children ages 3 to 6
years. 14

The five strands in science and mathematics are not identical, but they are all based in research on learning and
play a similar role in broadening the definition of what is
to be learned (we will refer to them jointly here as “the
strands”). According to the groups that articulated these
consensus documents on the goals of science and
mathematics instruction, all of the strands should be interwoven in an instructional system throughout curricula
used for teaching and learning. 7

Curricula and course sequences for high school science
and mathematics present separate but related problems.
At the high school level, the needs of students who intend to pursue careers in science and mathematics are
different from the needs of those who do not. Yet, typical high school course sequences are designed as if all
students will continue their studies in science and
mathematics into college. Challenging and rigorous
pathways through high school designed to serve everyone are needed, but as yet those pathways have had insufficient study for us to recommend the precise form
they should take. Thus, we make different curriculum
development recommendations for pre-kindergarten to
8th grade than we do for high school.

•
•
•
•

Although widely agreed upon, these visions of coherent
science and mathematics instruction are not now reflected in educational practice—especially in science.
State-developed standards in science vary widely in content and quality. Textbook publishers, understandably,
want to create a textbook series for a national market, so
they often try to cover everything called for in a given
grade by any state. The textbooks that result rarely help
students and teachers understand what distinguishes science as a discipline. Nor do they offer a strong and carefully designed progression of core ideas and concepts.
The National Research Council report Taking Science to
School says that the pre-high school science curriculum
“rarely builds cumulatively and in developmentally informed ways.” 8 Curricula and texts present materials
cafeteria-style, leaving it up to teachers to choose which
concepts to emphasize and which ones to pass over. The
experience for students is a series of disconnected lessons or activities that “cover(s) a limited slice of content.” 9

Reforms of the scale needed will likely take decades to
come to full fruition and will require both patience and
unrelenting effort and focus. 15 But the fundamental tasks
that must be taken on are clear. They include rethinking
the curriculum and standards, and providing a small set
of coherent teaching options that meet the needs of different state constituencies. The nation must begin now to
formulate a path and take initial steps toward a coherent
system of educational opportunities in science and
mathematics for all students.

RECOMMENDATION 1: The federal government
should strengthen the pre-kindergarten through 8th
grade science and mathematics curriculum by supporting the National Science Foundation to fund the
development of several curricula that focus on core
concepts and skills, thereby preparing all students to
succeed in high school. The materials should include
related curriculum support materials, professional
development tools, and assessments.

The situation in mathematics is somewhat better. The
National Research Council report Adding It Up noted
that “current state standards and curriculum frameworks
vary considerably in their specificity, difficulty, and
character.” 10 Promising national mathematics frameworks have since been created. 11 There is generally
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The nation is now in a position to build on emerging
agreements about what should be taught and learned to
support the development and testing of several internally
coherent curriculum options in both science and mathematics. By curriculum, we do not mean just a series of
topics that students will learn. Rather, we use the term to
mean a developmentally sequenced set of learning activities, together with formative assessments and associated
teacher training strategies. If the goal is for algebra to be
introduced in the 8th grade, for example, then the sequence of learning activities starting in the earliest
grades must be developed with that in mind. Similarly, if
a goal is for students to understand the inquiry process of
science and the principles that have been established
through that process, then the curriculum should be so
designed, with explicit attention to both scientific reasoning and core concepts. In addition to a curriculum sequence and instructional materials that build from year to
year, teachers need to have available to them appropriate
technology, laboratories, equipment, and materials.

laborative study as well as for individual learning of specific skills and concepts. Resources to help teachers use
the materials and embedded assessments to measure student progress and inform teaching are also critical components.
Research on the effectiveness of the instructional approaches devised by the projects should begin as soon as
they are implemented in classrooms. The findings of this
research should be used to improve the approaches. The
research could lead, for example, to revisions in the pace
and sequence of the curricular units, which will require
related revisions of state standards to match the realigned
benchmarks. We elaborate on the nature of the research
needed in Recommendation 6, which calls for the incorporation of engineering design principles into education
research.

RECOMMENDATION 2: High school course sequences and curricula in science and mathematics
should be rethought and redesigned.

We recommend that multiple development projects be
funded by the federal government to build this foundation for effective teaching and learning of science and
mathematics. The government should fund proposals that
seem likely to produce several different approaches, each
coherent within itself. The funding agency should establish criteria for awarding grants that provide for horizontal and vertical integration across several states as a part
of each project. The development efforts should include
teams of experts in the subject matter, content-specific
practices of teaching, assessment, cognitive development, project evaluation, and the creation of educational
technology, textbooks, and curricula.

The organization of science and mathematics in American high schools has not changed greatly in more than
100 years, even as scientific knowledge, technological
advancements, the technical demands of the workplace,
and competition in the global economy have greatly increased what high school graduates need to know and be
able to do. Students are not served particularly well by
these course sequences—whether they plan to seek quantitative or scientific careers or not. High schools must attend to the needs of both kinds of students and better
pathways for each must be designed. Although we see
much that is not ideal in the current system, the path
forward—and thus, our recommendations—are less
clear. There is, however, a clear need to improve the
scope and the sequence of high school science and
mathematics courses and we suggest here some options
worth investigating.

Each project should build a consortium of states that
agree in advance to align their standards with the consortium’s core standards for what students should know and
be able to do at each grade level in science and mathematics. The states also should be expected to align their
state assessments with those standards, and may agree to
use common year-end and formative assessments. To
gain federal support, the projects should be asked to
demonstrate that they will create curricula that define
proficiency in a way that includes all five strands of
learning in each subject and that weaves the strands together from the earliest grades.

Today’s course sequences in science and mathematics do
not necessarily prepare and motivate a diverse group of
students to pursue careers in science and engineering. 16
In particular, research shows that although female students are now taking more advanced physical science
and mathematics in high school, those courses are not
drawing many of them into the pool of would-be practitioners in these areas. 17 The situation for disadvantaged
students, particularly those from under-represented
groups, is significantly worse, with few such students enrolling in advanced classes, and fewer yet planning to
major in these fields.

The curricula should include texts, materials, equipment,
and technologies that support investigation and experimentation, problem solving, and argumentation as integral components of the learning process. The materials
should, for example, include technology for simulations,
data acquisition, and analysis. They should allow for col4

Course content and sequences should be reconsidered
with a goal of aligning them with the five strands of proficiency for science and mathematics and providing intellectually coherent instructional sequences in each
field.

vestment is needed in the development and implementation of a science sequence of course options that prepare
children to be scientifically literate and to become lifelong learners as science and technology continue to advance and become more complex. 19 We recommend that
the federal government fund the development and testing
of several model high school course sequences, courses,
and syllabi along with the associated textbooks, investigation guides, technological tools, and teacher support
materials. Models for such work exist, 20 although they
may need some broadening of scope. The development
teams should include experts in the subject areas, the
teaching of science, cognitive development, assessment,
curriculum development, educational technology development, and textbook writing, as well as a set of schools
or districts willing to be the developmental trial sites.

Science
The most common course sequence in science is Biology
followed by Chemistry and Physics. This sequence is
“out of order” in scientific terms, however. In biology
class, 9th graders are introduced to the complex molecules within cells and the structure of DNA even though
they know little about atoms and next to nothing about
the chemistry and physics that can help them make sense
of these structures and their functions. Furthermore, because of the limited course requirements in most states,
standard science course sequence often means in practice
that many high school students never study physics at
all. Although 21 states require students to take at least
five semesters of science to graduate, only four currently
require three years of laboratory science (this will increase to eight states by 2012). 18

The sequence should be designed to ensure not only that
students learn facts but that they have opportunities to
engage in scientific investigations and argumentation.
Such participation will help students to develop conceptual understanding, alongside the skills of analyzing and
arguing from evidence through which science develops
and establishes knowledge. 21 Instructional technologies
show promise for supporting conceptual learning, and
their use should be built into these curriculum designs.

To add to the confusion, some schools offer courses with
titles such as Earth Science or Astronomy outside the sequence. These courses may contain important content
and good teaching strategies, but they further limit the
degree of coherence in many students’ experience. A
course in Integrated Science combines all of the scientific disciplines and attempts to create greater coherence,
but in practice is typically taken mainly by students who
do not intend to study science formally past high school.
In short, the science instruction students receive in high
school varies greatly in content and quality, and rarely
builds to a coherent understanding of the field.

Mathematics
Currently, the most common mathematics sequence is
Algebra I, Geometry, and then Algebra II; Precalculus
follows. Advanced students begin the sequence earlier
and may take a year, or even two, of Advanced Placement Calculus in high school. This sequence and the
courses involved do not adequately serve those students
who do not intend to continue studying mathematics in
college. Nearly 30 states require three or more years of
mathematics to graduate, but only Texas currently requires students to take the Algebra I-Geometry-Algebra
II sequence. 22 We are especially concerned about the
proposal—apparently gaining support in many states—
that Algebra II be treated as the capstone of a required
high school mathematics sequence. The traditional Algebra II course was never intended for all students and thus
does not make sense as a requirement for high school
graduation. Furthermore, with Algebra II as the capstone
course, there is no room for deep treatment of important
topics in data analysis, probability, trigonometry, elementary functions, or discrete mathematics.

Efforts have been made to change the standard sequence
of biology, chemistry, and physics. But the 10th-grade
science test that most states require emphasizes biology
and thereby reinforces the existing sequence. Alternatives such as teaching all areas of science every year, or
reversing the sequence by putting a physics course first,
have been tried but typically without investing in the curriculum and professional development required to realize
the potential of such change.
There are several potentially effective ways to reorganize
the high school science curriculum. What is important is
that each state—or consortium of states—chooses one,
using the best evidence available. The choice process
should include the active engagement of a group of professionally trained scientists and educators, and build
toward a coherent program for all students. A serious in-

The very concept of year-long courses, each devoted to a
single domain of mathematics, is an anachronism. No
other developed country offers separate year-long
courses in algebra and geometry. Japanese students, for
5

example, study the contents of a U.S. algebra course and
geometry course over three years, starting in the 7th
grade. By the 10th grade, they are ready to study advanced algebra. 23 But in the United States, so-called integrated mathematics courses are not widely offered.

finement to make sure new testing approaches meet appropriate technical standards. Assessment systems
should also include classroom assessments that will inform teachers’ instruction as well as monitor student
progress. 29

Requiring more high school students to take algebra and
geometry, when they haven’t been well-prepared for
success by their program in elementary and middle
school, has led to the creation of courses that have the
same or similar names but vary widely in content, rigor,
and intellectual demand. There are algebra courses that
span two years and geometry courses that do not require
students to learn proofs. The National Mathematics Advisory Panel 24 recently addressed this problem by articulating a vision for the content of introductory algebra.
The Achieve consortium is also making some progress
on this challenge. 25

Currently, most of the 50 states contract separately with
testing companies to produce assessments aligned with
their standards. Test items often can be—and are—used
in multiple states, yet each state pays separately for item
development. Not only is this inefficient, it also undermines efforts to improve science and mathematics education across states. Shared state standards and assessments
should make the process more efficient, allowing resources to be used to develop and to administer forms of
testing that include open-ended responses that are currently viewed as too expensive to administer. The federal
government should provide incentives for states to work
together to improve assessments. Recently, Rhode Island, New Hampshire, and Connecticut agreed on a
common science assessment, 30 and 48 states (along with
the District of Columbia, Puerto Rico, and the United
States Virgin Islands) have agreed to develop a common
core of standards for mathematics and reading. 31 This
promising approach is now being extended to science.

Data from the Trends in International Mathematics and
Science Study (TIMSS) reveal the relative lack of focus,
rigor, coherence, and uniformity in curricula in the
United States. 26 According to ACT, the testing organization, many students who take and pass three years of
high school mathematics must take remedial mathematics, including arithmetic, before they are prepared to take
an entry-level college algebra course.

The assessments suggested in the teacher’s edition of
textbooks are frequently used by teachers in classrooms
to monitor their students’ mastery of the material, but little is done in the textbook creation process to ensure that
assessment tasks include the most central cognitive processes and relevant applications of each curricular
unit. Nor are textbooks built to help teachers identify
student misconceptions or to help teachers build on existing conceptions to make progress toward more complete understanding. 32 Attention to these aspects of the
texts should become part of the criteria for textbook approval or selection by states and school districts.

In mathematics, too, the federal government can encourage and support several multi-state consortia to develop
a common framework for a new integrated mathematics
course sequence from grades 9 through 12. The consortia
also should develop associated standards and assessments using a process like that described earlier.

RECOMMENDATION 3: The federal, state, and district officials responsible for assessment should ensure that assessments in science and mathematics
measure higher levels of thinking and reasoning as
well as students’ content knowledge and skills.

RECOMMENDATION 4: Improve the preparation,
professional development, and work conditions (including remuneration) of science and mathematics
teachers in order to attract and retain individuals
who are competent in teaching these challenging subject matters.

Assessments should model the kinds of tasks that students should be working on to become proficient. Two
potential models for this type of assessment are the 2009
framework for the National Assessment of Educational
Progress (NAEP) in science and mathematics 27 and the
current Programme for International Student Assessment
(PISA) framework. 28 Each is designed to assess a spectrum of knowledge, skills, and the ability to use them in
varied contexts. United States science and mathematics
assessments need to move in this direction, which will
require research, test development, field testing, and re-

The curricular incoherence in the United States presents
a problem in how to design teacher education programs.
For science and mathematics, teacher preparation should
be built around the particular curriculum that the teacher
will use. Today this is nearly impossible given the many
fundamentally different curricula used in schools where
6

the graduates of any teacher education program will
teach. The development of several widely-used curricula,
and of related assessments, would help solve this problem for districts and states that adopted them.

teacher certification policies that reward districts for hiring teachers who have gone through rigorous programs.
Also needed are effective continuing professional development opportunities (including those offered only
online) available to teachers throughout their careers.

Teaching science and mathematics successfully is complex work that demands both great knowledge and skill.
We are just beginning to understand the specialized nature of the content and pedagogical knowledge that such
teaching requires. 33 But we know that teachers need to
be able to anticipate and recognize students’ common
naïve misconceptions and errors and have at their command examples and counterexamples to illuminate core
topics. They need to be able to interpret students’ responses and questions and use them to frame further instruction. The ability to adapt mid-lesson to students’ responses depends on teachers’ own fluent understanding
of the science and mathematics concepts they are teaching.

One way to reduce the cost of professional development
for elementary school teachers while still increasing the
quality of teaching is to deploy specialists in these areas
starting in the upper elementary grades. Multiple models
have shown some promise, 38 such as having one specialist teacher support multiple teachers, or having a small
team of teachers for a group of classrooms at a given
grade level divide the work so that each teacher takes
specialized responsibility for a limited set of subject areas for all classes in the group of classrooms. These
models, and matched plans for teacher preparation and
certification, are worth exploring further.
There is a shortage of well-qualified science and mathematics teachers in middle and high schools. 39 To recruit
and retain teachers with the required level of science and
mathematics skills, teaching must compete as a profession with the other scientifically-oriented professional
options that these individuals can pursue. 40 States and
school districts should experiment with differential pay
scales for teachers of different subject matters. Teachers
of mathematics, for example, may need to be paid more
than teachers of English or social studies, and teachers of
high school chemistry and physics may need to be paid
yet more. 41

Few teacher preparation programs pay special attention
to the detailed content knowledge and pedagogical content knowledge 34 specific to teaching science and
mathematics. This is especially true for programs that
prepare elementary school teachers, and often extends to
middle school teachers as well. Teachers need to know
the content they will teach. However, taking high-level
college science or mathematics courses alone does not
necessarily prepare them to teach these subjects well, especially to elementary and middle school students.
Teachers also need subject-specific mentoring early in
their careers as well as continued options for improving
their content knowledge and their knowledge about the
challenges of teaching that content.

Along with teacher pay, working conditions are a key
element of the recruitment and retention equation.
Among the important working conditions are appropriate
equipment to conduct science experiments or demonstrate scientific principles, and time for collegial collaborative work. In addition, there should be a recognizable
career path that encourages teachers to join and remain
in the profession and to continue to improve their teaching competence. In mathematics, improved teacher competence has been shown to have a greater effect on
achievement than a costly reduction in class size. 42

What is needed to solve this problem is far more coordination between education and disciplinary faculties in
universities, and more rigorous programs to ensure that
teacher candidates are well-grounded in both the subject
matter and the teaching strategies specific to that subject
matter. Models for such programs exist (e.g., the Learning Assistant program at the University of Colorado and
the parallel courses in subject matter and pedagogy in the
University of Georgia’s Middle School Science and
Mathematics Teacher Education Program 35 ). These need
to be studied further, improved, and made more widely
available. 36 We recommend that the federal government
support the design, implementation, evaluation, and revision of such programs by colleges and universities. The
National Science Foundation’s PhysTec 37 collaboration,
which has been supporting such work in physics, provides an example of how such funding can stimulate collaboration between disciplinary and education departments. State governments can help by developing

RECOMMENDATION 5: In funding curriculum development in science and mathematics, federal agencies should ensure that these efforts include comprehensive technology-based instructional and assessment resources.
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Effective ICT-based learning and assessment materials
are expensive to produce but, once produced, cost little
to scale up to serve large numbers of students. Traditional vendors of educational materials, however, have
been hesitant to invest in sophisticated ICT-based materials, whether because of the large initial development
cost, inadequate technological expertise, or fear that the
market will be small. Even technology-savvy companies
such as game developers have not usually viewed the
educational market as promising. As a result, many of
the learning materials currently available fail to exploit
the full potential of ICT. Future reform efforts must take
these realities into account.

Twenty-five years of research on educational applications of information and communication technologies
(ICTs) in science have shown that students can learn important concepts of science, technology, engineering, and
mathematics earlier and more deeply when they use ICT
models and tools to explore them. 43 Carefully designed
simulations and computer models can help students visualize and understand complex concepts about objects and
processes. Computer-linked technology for gathering
and analyzing data (e.g., probeware that gives instant
feedback about the processes being studied during lab
experiments) also plays an important role in school laboratory science. Indeed, the growing application of ICTs
is associated with higher scores on NAEP. 44 In mathematics, too, well-designed programs that use technology
effectively to anticipate student responses and teach specific concepts and skills are producing learning gains. 45
The networking that is integral to modern computers
creates important learning opportunities that include collaboration, access to large databases, and distributed data
collection—all of which can be incorporated into curricula that address the five science and mathematics
strands. ICT can also support improved student assessment, providing regular assessments of students using
computer-based materials, and creating the possibility of
more affordable performance-based assessments using
simulated equipment.

A coordinated development program is needed over the
next decade to produce high quality, research-based,
open-access technology applications for core content in
science, technology, engineering, and mathematics at all
grade levels. Materials must be designed to teach and assess particular skills or concepts and tested to be classroom ready and teacher friendly. By making the materials freely available, schools will be able to divert some
textbook funding to ICT equipment without increasing
overall costs. Such technology development must be
linked to—and where possible embedded in—the efforts
recommended above to redefine science and mathematics curricula, how learning is assessed, how teaching is
done, and what students can be expected to know and
understand. A focused federal investment to develop and
provide a demonstration library of effective open-source,
technology-based curriculum resources and tools with a
proven value for science and mathematics learning could
stimulate schools and curriculum publishers to make the
investments needed to realize the potential of instructional technology and technology-based tools on a large
scale.

The “digital gap” in education has much less to do with
whether ICTs are available than with how those technologies are being used. 46 In fact, the well-designed use
of ICT tools appears to be just as valuable in underresourced urban classrooms—including those with many
English–language-learners—as elsewhere. 47 With support from administration and staff, ICT can significantly
enhance student learning in urban settings. 48 The National Research Council Committee on Learning Science
in Informal Environments recently highlighted the importance of attending to the learning of science by students from diverse cultural and ethnic backgrounds, noting that “much more attention needs to be paid to the
ways in which culture shapes knowledge, orientations,
and perspectives.” 49 For example, children from lowincome families may not have access to the sorts of outof-school experiences and resources that children from
middle-class and upper-class families often do that serve
to familiarize them with the traditional discourse patterns
and ways of learning of science. As a result, these children come to school with different experiences with scientific thinking. Thus, simply bringing new technologies
to schools in diverse communities is not enough; teaching in the classroom must also take into account the diversity of the students.

RECOMMENDATION 6: Federal and state policy
makers should establish a research and development
cycle to sustain and improve science and mathematics
education nationally.

Too often education reforms in the United States are instituted without a solid research base. The reforms are
then evaluated based on their average effect and, when
the data show that they had little effect, are abandoned in
favor of a new idea about what will work better. There is
no opportunity to improve the intervention based on the
detailed findings of the original evaluation.
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In contrast, a systems-engineering approach would call
for reforms or interventions to be designed based on research. Once the research-based intervention has been
developed, the reformers would then identify the measures by which the intervention will be evaluated. These
measures, or parameters, would be monitored and adjusted so that they are as useful as possible in improving
the system’s effectiveness. The reform would then be redesigned and reevaluated in a series of steps toward
ever-better performance as determined by the evaluations.

to refine their tools and build clarity on what is critical to
their approach. Those that prove most effective during
that period can then be broadly implemented with confidence that their impact can be replicated.
Notes
1

Committee on Science, Engineering, and Public Policy.
(2005). Energizing and employing America for a Brighter economic future. Washington, DC: The National Academies Press.
National Center on Education and the Economy. (2006). Tough
choices or tough times: The report of the New Commission on the
Skills of the American Workforce. San Francisco: Jossey-Bass;
Kirsch, I., Braun, H., Yamamoto, K., & Sum, A. (2007). America’s perfect storm: Three forces changing our nation’s future.
Princeton, NJ: Educational Testing Service.

This iterative cycle of research and development is
needed throughout the educational system if we are to
achieve the improvements we seek. All elements of the
science and mathematics instructional system—
curriculum, teaching and teacher preparation, assessment, support systems external to the classroom, and
technology—should be subjected to this applied research
and development cycle. 50 The federal government can
and should play a leading role in shifting resources toward supporting design cycles that allow improvements
and research insights to accumulate. 51 If such a system
were implemented, our schools and policy makers would
be able to stop lurching from one purported “magic bullet” to another, wasting leadership capital and the goodwill of teachers and parents.

2

See the large number of reports calling for reform cited by
Project Kaleidoscope, including America’s Lab Report; Systems
for State Science Assessment; and Foundations for Success: Project Kaleidoscope. (2006). Transforming America’s scientific and
technological infrastructure: Recommendations for urgent action
(Report on Reports 2). Washington, DC: Author. Available at:
http://www.pkal.org/documents/ReportonReportsII.cfm; Singer,
S.R., Hilton, M.L., & Schweingruber, H.A. (Eds.). (2006). America’s lab report: Investigations in high school science. Committee
on High School Science Laboratories: Role and Vision, Board on
Science Education, Center for Education, Division of Behavioral
and Social Sciences and Education, National Research Council.
Washington, DC: The National Academies Press; Wilson, M.R.,
& Bertenthal, M.W. (Eds.). (2006). Systems for state science assessment. Committee on Test Design for K–12 Science Achievement, Board on Testing and Assessment, Center for Education,
Division of Behavioral and Social Sciences and Education, National Research Council. Washington, DC: The National Academies Press; National Math Advisory Panel. (2008). Foundations
for success: The final report of the National Math Advisory Panel.
Washington, DC: U.S. Department of Education.

One vehicle for carrying out such research would be
multi-state or multi-district consortia. 52 We recommend
that the federal government help facilitate the formation
and work of such groups by offering to fund key projects
as multi-state efforts. The goal is to remake the overall
system by developing core learning goals, appropriate
curriculum materials, and aligned assessment systems
without attempting to impose national requirements. This
cannot be a one-time process; it will need successive iterations to reach the high level of expectations and performance that we envision. Each consortium will have an
ongoing function in maintaining, monitoring, and revising the instructional system and achievement goals they
create. To be viable, they should be staffed by professionals who can do this work. 53

3
Duschl, R.A., Schweingruber, H.A., & Shouse, A.W. (Eds.).
(2007). Taking science to school: Learning and teaching science
in grades K–8. Committee on Science Learning, Kindergarten
Through Eighth Grade, Board on Science Education, Center for
Education, Division of Behavioral and Social Sciences and Education, National Research Council. Washington, DC: The National
Academies Press.
4
See the following for arguments that engineering not be neglected: Garmire, E., & Pearson, G. (Eds.). (2006). Tech tally: Approaches to assessing technological literacy. Committee on Assessing Technological Literacy, National Academy of Engineering. Washington, DC: The National Academies Press; Pearson, G.,
& Young, A.T. (2002). Technically speaking: Why all Americans
need to know more about technology. Washington, DC: National
Academy Press; Massachusetts Department of Education. (2006,
October). Massachusetts science and technology/engineering curriculum framework. Malden, MA: Author.

Projects that produce gains should be sustained; those
that do not should be discontinued. The system of formative evaluation and reengineering described above
should be used to improve interventions. But, those reforms also should be subjected to periodic external
evaluation of their results. If there are no gains, or the
gains are too small for the cost and effort, the reforms
should be discontinued. Projects that have promising
outcomes at 5 years need support for 5 to 10 more years

5
National Committee on Mathematical Requirements. (1923).
The reorganization of math in secondary education. Washington,
DC: Mathematical Association of America.
6

Kilpatrick, J., Swafford, J., & Findell, B. (Eds.). (2001). Adding it up: Helping children learn math. Math Learning Study
Committee, Center for Education, Division of Behavioral and So-

9

cial Sciences and Education, National Research Council. Washington, DC: National Academy Press; Kilpatrick, J., & Swafford,
J. (Eds.). (2002). Helping children learn math. Math Learning
Study Committee, Center for Education, Division of Behavioral
and Social Sciences and Education, National Research Council.
Washington, DC: National Academy Press.
7

See Duschl et al. (2007); Kilpatrick et al. (2001).

8

See Duschl et al. (2007). P. 217.

9

Ibid. P. 217.

10

Silver, C.E. (2001). Authentic inquiry: Introduction to the special
section. Science Education, 86, 171–174; Hammer, D., & Schifter,
D. (2001). Practices of inquiry in teaching and research. Cognition
and Instruction, 19, 441–478; Sandoval, W., & Morrison, K.
(2003). High school students’ ideas about theories and theory
change after a biological inquiry unit. Journal of Research in Science Teaching, 40, 369–392; Singer, J., Marx, R.W., Krajcik, J., &
Chambers, J.C. (2000). Constructing extended inquiry projects:
Curriculum materials for science education reform. Educational
Psychologist, 35, 165–178.
22
Education Commission of the States. (2006, July). 50-state
view of high school graduation requirements in math and science
(State Notes). Denver: Author. Available at: http://www.ecs.org/
clearinghouse/68/74/6874.pdf

See Kilpatrick et al. (2001). P. 34.

11

National Council of Teachers of Math (NCTM). (2007). Curriculum focal points for prekindergarten through grade 8 math: A
quest for coherence. Reston, VA: Author; Achieve. (2008, July).
Out of many, one: Toward rigorous common core standards from
the ground up. Washington, DC: Author. NCTM. (2009). Focus in
high school mathematics: Reasoning and sense making. Reston,
VA: Author.
12

See NCTM. (2009); National Math Advisory Panel. (2008).

13

See National Math Advisory Panel. (2008). P. xiii.

23

For details on the Japanese high school curriculum, see: Kodaira, K. (Ed.). (1992). Japanese Grade 9 math. Chicago: University of Chicago School Math Project; Kodaira, K. (Ed.). (1996).
Math 1: Japanese Grade 10. Providence, RI: American Mathematical Society; Kodaira, K. (Ed.). (1997). Math 2: Japanese
Grade 11. Providence, RI: American Mathematical Society.
24

14

National Research Council. (2009). Math learning in early
childhood: Learning paths toward excellence and equity (prepublication copy). Committee on Early Childhood Math, C.T. Cross,
T.A. Woods, & H. Schweingruber (Eds.). Washington, DC: The
National Academies Press. Available at: http://www.nap.edu/catalog.php?record_id =12519#toc

See Achieve. (2008); Achieve. (2002, November). Staying on
course: Standards-based reform in America’s schools: Progress
and prospects. Washington, DC: Author. Achieve is an independent non-profit education organization created in 1996 by governors and state leaders to help states raise academic standards and
graduation requirements, improve assessments, and strengthen accountability. A description of the Algebra I and II end-of-course
exams created by a consortium of states in partnership with
Achieve is available at: http://www.achieve.org/ADPAssessment
Consortium

15

In the National Research Council (NRC) report by the Panel
on Learning and Instruction (Donovan & Pellegrino, 2004), a clear
argument was made about the types of R&D needed and different
time frames for conducting such work, as well as the range of areas related to student and teacher learning that were part of the
system of issues to be studied. The report covered math, science,
and reading and made recommendations for near-term and longterm priorities of work: Donovan, M.S., & Pellegrino, J.W. (Eds.).
(2004). Learning and instruction: A SERP research agenda. Panel
on Learning and Instruction, Strategic Education Research Partnership, National Research Council. Washington, DC: The National Academies Press.

26

Schmidt, W.H. (2008). What’s missing from math standards?
American Educator, 32(1). Available at: http://www.aft.org/pubsreports/american_educator/issues/spring2008/schmidt.htm;
Schmidt, W.H., & Houang, R.T. (2007). Lack of focus in the math
curriculum: Symptom or cause? In T. Loveless (Ed.), Lessons
learned: What international assessments tell us about math
achievement (pp. 65–84). Washington, DC: Brookings Institution
Press; Schmidt, W.H., Wang, H.C., & McKnight, C.C. (2005).
Curriculum coherence: An examination of U.S. math and science
content standards from an international perspective. Journal of
Curriculum Studies, 37, 525–559. For evidence from other
sources, see ACT. (2007). Rigor at risk: Reaffirming quality in the
high school core curriculum. Iowa City, IA: Author.

16

Partnership for 21st Century Skills. (2003, July). Learning for
the 21st century. Tucson, AZ: Author. Available at: http://www.
21stcenturyskills.org/images/stories/otherdocs/p21up_Report.pdf
17
Hyde, J.S., Lindberg, S.M., Linn, M.C., Ellis, A.B., & Williams, C.C. (2008, July 25). Gender similarities characterize math
performance. Science, 321(5888), 494–495; Turner, S.E., & Bowen, W.G. (1999). Choice of major: The changing (unchanging)
gender gap. Industrial and Labor Relations Review, 52, 289–313.
18

See National Math Advisory Panel. (2008).

25

27
U.S. Department of Education, National Assessment Governing Board. (2008). Science framework for the 2009 National Assessment of Educational Progress. Washington, DC: U.S. Government Printing Office. Available at: http://www.nagb.org/publications/frameworks/science-09.pdf; U.S. Department of Education, National Assessment Governing Board. (2008). Math framework for the 2009 National Assessment of Educational Progress.
Washington, DC: U.S. Government Printing Office. Available at:
http://www.nagb.org/publications/frameworks/math-framework09
.pdf

See Education Commission of the States. (2006).

19

Schmidt, W.H. (2008). The quest for a coherent school science curriculum: The need for an organizing principle. Review of
Policy Research, 20, 569–584. Available at: http://www3.inter
science.wiley.com/cgi-bin/fulltext/118855892/PDFSTART
20
See Biological Sciences Curriculum Study. (2008). Another
model might be the process being used by the College Board to
rethink and redesign the content of the AP science courses in
Physics, Biology, Chemistry, and Environmental Science.

28
Organisation for Economic Co-operation and Development.
(2003). The PISA 2003 assessment framework: Math, reading,
science and problem solving knowledge and skills. Paris: Author.

21

29

For examples, see Anderson, O.R., Randle, D., & Covotsos,
T. (2001). The role of ideational networks in laboratory inquiry
learning and knowledge of evolution among seventh grade students. Science Education, 85, 410–425; Chinn, C., & Hmelo-

The issue of systems of assessment and the roles of formative
and summative assessment are discussed in Pellegrino, J., Chudowsky, N., & Glaser, R. (Eds.). (2001). Knowing what students
know: The science and design of educational assessment. Com10

mittee on the Foundations of Assessment, National Research
Council. Washington, DC: National Academy Press; National Research Council. (2003). Assessment in support of instruction and
learning: Bridging the gap between large-scale and classroom assessment (Workshop report). Committee on Assessment of Instruction and Learning, Committee on Science Education K-12.
Washington, DC: The National Academies Press.

(AIP Report No. R-427). College Park, MD: American Institute of
Physics; Weiss, I. (1994). A profile of science and math education
in the United States, 1993. Chapel Hill, NC: Horizon Research.
Available at: http://2000survey.horizon-research.com/reports
/profile93.pdf
40

This recommendation refers to pay scales for categories of
teachers, not to pay based on individual teacher performance.

30

New England Common Assessment Program. (2008). Guide
to using the 2008 NECAP Science Reports. Available at:
http://education.vermont.gov/new/pdfdoc/pgm_assessment/necap/
necap_guide_science_ 08.pdf.

42
Rivkin, S.G., Hanushek, E.A., & Kain, J.F. (2005). Teachers,
schools, and academic achievement. Econometrica, 73, 417–458.
43
Examples of ICTs include recording media such as DVDs,
broadcasting technologies such as radio and television, communication media such as wireless mobile phones, hardware such as
cameras and computers, software such as spreadsheets and word
processing programs, and the Internet itself. Research to support
claims that ICTs can help science and math learning includes the
following: Sandoval, W.A., & Daniszewski, K. (2004). Mapping
trade-offs in teachers’ integration of technology-supported inquiry
in high school science classes. Journal of Science Education and
Technology, 13, 161–178; Barab, S.A., MaKinster, J.G., Moore,
J., & Cunningham, D. (2001). Designing and building an online
community: The struggle to support sociability in the Inquiry
Learning Forum. Educational Technology Research and Development, 49, 71–96; Edelson, D.C. (2001). Learning-for-use: A
framework for the design of technology-supported inquiry activities. Journal of Research in Science Teaching, 38, 355–385;
Quintana, C., Zhang, M., & Krajcik, J. (2005). A framework for
supporting metacognitive aspects of online inquiry through software-based scaffolding. Educational Psychologist, 40, 235–244;
White, B.Y., & Frederiksen, J.R. (1998). Inquiry, modeling, and
metacognition: Making science accessible to all students. Cognition and Instruction, 16, 3–118.

31

Council of Chief State School Officers & National Governor’s Association Center for Best Practices. (2009, September).
Fifty-one states and territories join Common Core State Standards
Initiative (press release). Available at: http://www.corestandards.
org/CoreStandardsNews.htm; Coalition for Student Achievement.
(2009, April). Smart options: Investing the recovery funds for student success. Available at: http://broadeducation.org/asset/429arrasmartoptions.pdf
32

See Pellegrino et al. (2001).

33

Ball, D.L., Hill, H.C., & Bass, H. (2005). Knowing math for
teaching: Who knows math well enough to teach third grade and
how can we decide? American Educator, 35. Available at:
http://www.aft.org/pubs-reports/american_educator/issues/fall
2005/BallF05.pdf; National Math Advisory Panel. (2008); Shulman, L. (1986). Those who understand: Knowledge growth in
teaching. Educational Researcher, 15(2), 4-14.
34
See Shulman. (2006). Pedagogical content knowledge refers
to knowledge specific to the subject that is required for teaching
that subject; for example, how to interpret specific student responses and questions so as to help frame further instruction, examples and counterexamples that illuminate particular topics, students’ common naïve conceptions or misconceptions, and how to
recognize symptoms of common erroneous calculation strategies.

44
The 2000 NAEP in science found that “Eighth-graders whose
teachers indicated using computers for simulations and modeling,
and data analysis and other applications scored higher, on average,
than eighth-graders whose teachers did not indicate doing so.”
Similar effects were found for 12th-graders; those who reported
using a computer at least monthly to collect data had higher scores
than those who reported less frequent use. National Center for
Education Statistics. (2003, January). The nation’s report card:
Science 2000 (NCES 2003-453). P. 129. Available at: http://nces.
ed.gov/nationsreportcard/pdf/main2000/2003453.pdf.

35

Briggs, D., Geil, K., & Harlow, D. (2006). The STEM Colorado Program descriptive statistics: Fall 2003 to spring 2006.
Available at: http://stem.colorado.edu/la-program/reports-publica
tions/publications/Final-03-06.pdf; Sanders, T. (2004, October).
No time to waste: The vital role of college and university leaders
in improving science and math education. Paper presented at the
Invitational Conference on Teacher Preparation and Institutions of
Higher Education: Math and Science Content Knowledge. Washington, DC: U.S. Department of Education. Available at:
http://www.teacherssupportnetwork.com/corporate/TedSanders.pd
f

45

Tatar, D., Roschelle, J., Knudsen, J., Shechtman, N., Kaput,
J., & Hopkins, B. (2008). Scaling up innovative technology-based
math. Journal of the Learning Sciences, 17(2), 248–286; Anderson, J.R., Corbett, A.T., Koedinger, K.R., & Pelletier, R. (1995)
Cognitive tutors: Lessons learned. Journal of the Learning Sciences, 4, 167–207; Koedinger, K.R., & Corbett, A.T. (2006).
Cognitive tutors: Technology bringing learning sciences to the
classroom. In R.K. Sawyer (Ed.), The Cambridge handbook of the
learning sciences (pp. 61–77). New York: Cambridge University
Press; VanLehn, K., Graesser, A.C., Jackson, G.T., Jordan, P., Olney, A., & Rose, C.P. (2007). When are tutorial dialogues more
effective than reading? Cognitive Science, 31(1), 3–62.

36
Physics Teacher Education Coalition. (2008, Spring). PhysTEC News, Vol. 1. Available at: http://phystec.org/newsletter/
spring08.pdf; UTeach. (2007, Fall). UTeach 10th anniversary report. Austin: University of Texas at Austin, College of Natural
Sciences.
37

See Physics Teacher Education Coalition. (2008).

38

See Kilpatrick, J., Swafford, J., & Findell, B. (Eds.). (2001).

See National Center on Education and the Economy. (2006).

41

39

California Council on Science and Technology & Center for
the Future of Teaching and Learning. (2007, March). Critical path
analysis of California’s Science and Math Teacher Preparation
System. Sacramento, CA: California Council on Science and
Technology. Available at: http://www.ccst.us/publications/2007
/2007TCPA.pdf; Neuschatz, M., & McFarling, M. (1999). Maintaining momentum: High school physics in the new millennium

46

Pea, R.D. (2000). Technology, equity, and K-12 learning. In
R.G. Noll (Ed.), Bridging the digital divide: California Public Affairs Forum (pp. 39–52). Sacramento: California Council on Science and Technology.
47

Dalton, B., Morocco, C.C., Tivnan, T., & Mead, P.L. (1997).
Supported inquiry science: Teaching for conceptual change in ur-

11

50
For an argument that math education should be seen as the
engineering of math, see Wu, H. (2007). How mathematicians can
contribute to K–12 math education. In M. Sanz-Solé, J. Soria, J.L.
Varona, & J. Verdera (Eds.), Proceedings of the International
Congress of Mathematicians, Madrid, August 22–30, 2006 (Vol.
3, pp. 1676–1688). Zürich: European Mathematical Society Publishing House.

ban and suburban science classrooms. Journal of Learning Disabilities, 30, 670–684; Marx, R.W., Blumenfeld, P., Krajcik, J.,
Fishman, B., Soloway, E., Geier, R., & Tali Tal, R. (2004). Inquiry-based science in the middle grades: Assessment of learning
in urban systemic reform. Journal of Research in Science Teaching, 41, 1063–1080; Nemirovsky, R. (2005). Everyday matters in
science and math. London: Routledge; Songer, N.B. (2007). Rethinking sustainability of curricular innovations: Notes from urban
Detroit. In B. Schneider & S. McDonald (Eds.), Scale up in education: Issues in practice (pp. 165–182). Lantham, MD: Rowman
and Littlefield.

51

RAND Math Study Panel. (2003). Math proficiency for all
students: Toward a strategic research and development program in
math education. Santa Monica, CA: RAND. P. xiv.
52
See, for example, Achieve. (2002, 2008). A related argument
was made in the SERP report: Donovan, M.S., Wigdor, A.K., &
Snow, C.E. (Eds.). (2003). Strategic education research partnership. Committee on a Strategic Education Research Partnership,
National Research Council. Washington, DC: The National Academies Press.

48

Krajcik, J., Marx, R., Blumenfeld, P., Soloway, E., & Fishman, B. (2000). Inquiry based science supported by technology:
Achievement among urban middle school students. Ann Arbor:
University of Michigan School of Education. (ERIC Document
Reproduction Service No. ED443676); Songer, N.B., Lee, H.S., &
Kam, R. (2002). Technology-rich inquiry science in urban classrooms: What are the barriers to inquiry pedagogy? Journal of Research in Science Teaching, 39, 128–150.

53

See, for example, Biological Sciences Curriculum Study.
(2008). Measuring our success: The first 50 years of BSCS. Dubuque, IA: Kendall/Hunt. The BSCS has existed for 50 years and
has succeeded in formulating and gaining broad acceptance of major changes to the content of high school biology courses and in
becoming a recognized center of expertise about the teaching of
biology.

49

Bell, P., Lewenstein, B., Shouse, A.W. & Feder, M.A. (Eds.).
National Research Council. (2009). Learning science in informal
environments: People, places, and pursuits. Committee on Learning Science in Informal Environments, Board on Science Education, Center for Education, Division of Behavioral and Social Sciences and Education, National Research Council. Washington,
DC: The National Academies Press. P. 236.

This manuscript is a product of the Education Policy White Papers Project, an initiative of the National Academy of Education (NAEd). The goal of this
project is to connect policymakers in the Administration and Congress with the best available evidence on selected education policy issues: equity and
excellence in American education; reading and literacy; science and mathematics education; standards, assessments, and accountability; teacher quality; and
time for learning.
NAEd Education Policy White Papers Project Steering Committee: LAUREN RESNICK (Chair), University of Pittsburgh; RICHARD ATKINSON,
University of California; MICHAEL FEUER, National Research Council; ROBERT FLODEN, Michigan State University; SUSAN FUHRMAN, Teachers
College, Columbia University; ERIC HANUSHEK, Hoover Institution, Stanford University; GLORIA LADSON-BILLINGS, University of Wisconsin,
Madison; and LORRIE SHEPARD, University of Colorado at Boulder. Research Assistants, Working Group on Science and Mathematics Education: KYLE
T. SCHULTZ, James Madison University, and JONATHAN SHEMWELL, Stanford University. NAEd Staff: ANDREA SOLARZ, Study Director; JUDIE
AHN, Program Officer; and GREGORY WHITE, Executive Director.
The NATIONAL ACADEMY OF EDUCATION advances the highest quality education research and its use in policy formation and practice. Founded in
1965, NAEd consists of U.S. members and foreign associates who are elected on the basis of outstanding scholarship or contributions to education. Since its
establishment, the academy has undertaken numerous commissions and study panels, which typically include both NAEd members and other scholars with
expertise in a particular area of inquiry.
Copyright © 2009 by the National Academy of Education. All rights reserved.

NATIONAL ACADEMY OF EDUCATION • 500 Fifth Street, NW, Suite 333, Washington, DC 20001 • 202-334-2340 • www.naeducation.org
12

