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Because the curriculum a student
studies has a major effect on what she
or he will learn in school, the design and
implementation of curriculum programs
is a high priority for local, state, and
federal education agencies. Accord-
ingly, the National Science Foundation
(NSF) has designated the use of high-
quality, standards-based mathematics
and science curricula as important
components of the systemic initiatives it
funds at the local, state, and regional
levels. The NSF not only wants states
and districts to select high-quality
instructional mathematics and science
materials but also to assemble them in a
coherent way within and across grade
levels in a manner that has the greatest
potential for improving student achieve-
ment.

The NSF’s interest in enhancing
student learning in mathematics and
science motivated the agency to ask the
National Research Council’s (NRC)
Center for Science, Mathematics, and
Engineering Education (CSMEE) to

Designing Mathematics or Science Curriculum Programs: A Guide for Using Mathematics and Science Education Standards

develop a guide to help state- and
district-level mathematics and science
curricula developers design multi-year
curriculum programs. In making its
request, the NSF was aware of the
importance and difficulty of developing
coherent curriculum programs that
provide students with the opportunity to
learn mathematics and science in a
continuous, interconnected, and cumu-
lative way throughout their schooling,
kindergarten through high school. The
NSF asked for the guide to be based on
the National Council of Teachers of
Mathematics’ NCTM) Curriculum and
Evaluation Standards for School Math-
ematics' and the NRC’s National Science
Education Standards (NCTM, 1989;
NRC, 1996b). The guide was to be
designed for use with local and state
frameworks and curriculum guidelines
by school districts engaged in the work
of standards-based improvement efforts.
Generally, districts have a number of
instructional materials from which to
choose but little or no guidance in

1In 1998, the NCTM released a discussion draft of its latest standards effort. It is entitled Principles
and Standards for School Mathematics: Discussion Draft NCTM, 1998).
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determining how to assemble the
materials to create coherent curriculum
programs in either mathematics or
science.

After CSMEE’s receipt of the NSF’s
request, the Third International Math-
ematics and Science Study (TIMSS)
began to release the results of its
assessments of and contextual research
into three student populations at the
fourth- grade, eighth-grade, and the
final year of secondary school levels. In
addition to student achievement, TIMSS
specifically collected data on the cur-
riculum documents and textbooks used
in the various nations participating in
the study. Data were also collected from
the results of surveys of students,
teachers, school officials, and national
officials. The mathematics and science
curricula in the countries involved in the
study were thoroughly analyzed, and a
number of inferences were made about
the relationships between student
achievement and the curriculum.
Although a causal connection has not
been established between the TIMSS
achievement results and curriculum, the
possible relationship raises provocative
questions about the mathematics and
science curricula in the United States
and provides new lenses through which
to study and, hopefully, to improve
them.

In response to the NSF’s request for a
curriculum program design guide, the

Designing Mathematics or Science Curriculum Programs: A Guide for Using Mathematics and Science Education Standards

Mathematical Sciences Education Board
(MSEB) and the Committee on Science
Education K-12 (COSE K-12), both
within CSMEE, joined forces to form
the Committee to Develop a Guide for
Designing Mathematics and Science
Curriculum Programs. The members of
this committee are listed on page v of
this report.

In developing this guide, the commit-
tee found a common thread between the
NSF’s concern that curriculum pro-
grams lack coherence and questions
raised by TIMSS data about the math-
ematics and science curricula in the
United States. In responding to this
finding, this guide takes the position
that learning is cumulative over time
and, therefore, curriculum programs in
the United States should be designed to
be more coherent over time. This guide
outlines the components of coherent
programs in mathematics or science,
proposes criteria by which their quality
can be judged, and suggests a process
for developing them.

Cathy Seeley

Chair, Committee to Develop a Guide
for Designing Mathematics and
Science Curriculum Programs

Harold Pratt

Study Director
Center for Science, Mathematics, and
Engineering Education

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/9658

Designing Mathematics or Science Curriculum Programs: A Guide for Using Mathematics and Science Education Standards

Designing Mathematics or
Science Curriculum Programs

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/9658

Designing Mathematics or Science Curriculum Programs: A Guide for Using Mathematics and Science Education Standards

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/9658

PURPOSE OF THIS REPORT

The purpose of this report is to help
those responsible for curriculum deci-
sions in school districts to design
coherent mathematics and science
curriculum programs. Coherence, as it
is used in this report, refers to the
connectedness and sound development
of ideas and skills presented to students
within a year and over several years. To
achieve coherence, a curriculum pro-
gram must build new ideas and skills on
earlier ones within lessons, from lesson
to lesson, from unit to unit, and from
year to year, while avoiding excessive
repetition. As students construct and
develop new ideas and skills, the con-
cepts and processes they learn become
richer and more complex.

In this report, a curriculum program?
is defined as the content of instruction
and the ways in which it is structured,
organized, balanced, and delivered in
the classroom over an extended period

Introduction

Designing Mathematics or Science Curriculum Programs: A Guide for Using Mathematics and Science Education Standards

of time (at least a few years). The
components of a curriculum program
addressed by or discussed in this report
are goals, standards, a common vision, a
curriculum framework, and instruc-
tional materials.® (Teaching strategies
and the classroom assessments associ-
ated with the use of instructional materi-
als are also part of the program but will
not be discussed in this report per se.)

All of the components of a curriculum
program together are often referred to
as the “intended curriculum” of a school
district and may differ from what is
implemented by the teacher—the
“implemented curriculum”—and what is
learned by the students—the “achieved
curriculum.” (This report does not deal
with implemented or achieved curricula
but monitoring both can provide dis-
tricts with important data to guide their
process and results.)

Although curriculum programs,
frameworks, or guidelines of some
nature are in place in states and school

2 Use of the word “program” is meant to emphasize the multi-year nature of the curriculum and to
differentiate it from the broadly used word, “curriculum.”

3 Instructional materials are the discrete physical components or blocks of curriculum including, for
example, textbooks, software, kits, and teacher’s guides.

Copyright National Academy of Sciences. All rights reserved.
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districts across the country, they typi-
cally do not span all the years of pre-
college education and can lack coher-
ence. Rather, local school districts as
well as entities that can influence them,
such as textbook companies, national
curriculum development groups, and
state educational agencies, tend to
organize instruction around smaller
“chunks” of schooling that may focus on
the primary years (grades K-2), on
grades 6-8, or on a particular high-
school-level course. These smaller
chunks of schooling are not necessarily
designed to maximize the opportunities
for all students to learn the content
called for in standards. By contrast, this
report emphasizes the importance of
defining and coordinating curricula
across the entire 13-year span—based
on standards in use by local school
districts—as a way to improve the
quality of education. It describes the
components of coherent curriculum
programs based on mathematics or
science standards or both and a process
for designing such programs. ¢ Through
the process, schools and school districts
will be able to develop greater align-
ment between existing curriculum
programs and content standards. In
many districts, curriculum program

Designing Mathematics or Science Curriculum Programs: A Guide for Using Mathematics and Science Education Standards

design committees will be formed to
perform the task.

CURRICULUM PROGRAMS:
A NATIONAL PERSPECTIVE

TIMSS and Curriculum Programs
in the U.S. The Third International
Mathematics and Science Study
(TIMSS) compared the achievement of
over 500,000 fourth-, eighth-, and
twelfth-grade students in 41 countries.
In addition to measuring achievement in
mathematics and science, TIMSS
measured the opportunities of students
to learn mathematics and science. The
data were obtained through classroom
observations, videotaping of classroom
teaching, teacher and student surveys,
and an extensive review of each
country’s curricula. The results of the
study indicated that the typical math-
ematics and science curricula in United
States school systems are not well
designed.

When fourth-grade student achieve-
ment data from TIMSS were analyzed,
only one other country’s students
outperformed U.S. students in science.
U.S. students also were above the
international average in mathematics.
However, when eighth-grade student

*The design of interdisciplinary curriculum programs for mathematics and science is not addressed
in this report per se; however, the report’s guidelines could be used for this purpose.

DESIGNING MATHEMATICS OR SCIENCE CURRICULUM PROGRAMS

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/9658

achievement data were analyzed, U.S.
students scored below the international
mean in mathematics and just above the
mean in science. U.S. students slipped
even farther at the twelfth grade, where,
in science and mathematics general
achievement, they outperformed only
one other country’s students.

There may be a number of reasons
that the science assessment perfor-
mance of the fourth-grade students in
the United States was relatively high
compared to those of students in other
countries, including the fact many other
countries do not include formal science
instruction in the early grades; however,
education analysts found it most
startling that achievement appears to
decline over time in the United States
relative to other countries. Whatever
the cause, it appears to be cumulative,
contributing to the decrease in U.S.
scores as schooling progresses through
the grade levels.

Designing Mathematics or Science Curriculum Programs: A Guide for Using Mathematics and Science Education Standards

One possible cause for this decrease
is the nature of the curricula that many
U.S. students experience over their
13 years in the schools (Schmidt et al.,
1998). Most mathematics and science
curricula in the United States lack
coherence and focus, and that has
caused some researchers associated
with TIMSS to characterize the typical
curriculum in the United States as a
“mile wide and an inch deep” (Schmidt
etal., 1997). When Schmidt compared
the number of topics in U.S. textbooks
and curriculum guides with those of
other countries, he found that textbooks
in the United States contained consider-
ably more. As an example, Figure 1
displays data obtained in the analysis of
science textbooks for three age levels.
In addition, in the United States, fourth-
grade mathematics and science text-
books contain an average of 530 and
397 pages, respectively, whereas in
Japan, mathematics and science text-

Figure 1. Number of Science Textbook Topics for Three Age Levels Studied in TIMSS

Country Number of Topics
9-year-olds 13-year-olds High-school completion
United States 56 67 53
Japan 11 8 17
International Mean 25 27 23

A GUIDE FOR USING MATHEMATICS AND SCIENCE EDUCATION STANDARDS
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books intended for the same age level do not allow students to develop deep
contain an average of 170 and 125 pages,  understanding of the topics. An analysis
respectively (Schmidt & Valverde, 1998). of eighth-grade physical science text-
The breadth of topic coverage and books on the topic of chemical changes
lack of focus in the textbooks in the illustrates the problem (see Figure 2)
United States as illustrated by these data  (Schmidt et al., 1997). In the textbooks

Figure 2. Grade 8 Science Textbook Performance Expectations for “Chemical Changes”
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Reprinted from A Splintered Vision: An Investigation of U.S. Science and Mathematics Education, pg. 104, Exhibit 40, by

permission of Kluwer Academic Publishers (Schmidt et al., 1997).5

5 Percentages in some categories were so low or negligible that they may not appear on Fig. 2.
Performance expectations as defined in the TIMSS study are as follows: Simple information (informa-
tion such as vocabulary, facts, equations, simple concepts; examples include defining, describing,
naming, quoting, reciting, etc.; specific examples are defining scientific terms [boiling point, niche],
knowing symbols [abbreviations for units, chemical symbols], describing simple concepts [materials
expand when heated, characteristics of animals]); Complex information (information involving the
integration of bits of simple information; examples include differentiating, comparing, contrasting,
synthesizing; specific examples are understanding how increased external pressure raises boiling point
of liquids, how fire is a part of the life cycle of pine trees) (Robitaille et al., 1993).

DESIGNING MATHEMATICS OR SCIENCE CURRICULUM PROGRAMS
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used in the United States, approximately
65% of the textbook content calls for
students to understand only simple
information and only 10 % of the text-
book content requires students to
understand complex information. In the
books used in Japan, 83% of the text-
book content requires students to
understand complex information, and
there is virtually no emphasis on under-
standing only simple ideas. Clearly, the
performance expectations of textbooks
in the United States as shown here are
quite different from those in books used
in Japan.

These data on the number of topics
and level of expectations are an indica-
tion of the lack of focus and coherence
in curriculum programs in the United
States. As Schmidt and Valverde (1998)
state,

“Attempting to cover a large number of
topics results in textbooks and teaching
that are episodic. U.S. textbooks and
teachers present items one after the other
from a laundry list of topics prescribed by
state and local district guides, in a
frenzied attempt to cover them all before
the school year runs out. This is done
with little or no regard for establishing
the relationship between topics or themes
on the list. The loss of these relation-
ships between ideas encourages children
to regard these disciplines as no more
than disjointed notions that they are
unable to conceive of as belonging to a
disciplinary whole.”

Designing Mathematics or Science Curriculum Programs: A Guide for Using Mathematics and Science Education Standards

These findings from TIMSS serve to
emphasize what many mathematics and
science educators have long believed—
that the typical curricula in schools in
the United States are shallow yet over-
loaded, undemanding, fragmented,
unfocused, and incoherent. The TIMSS
achievement data suggest that the toll
this takes on student learning is great—
and greater as the curricula advance
through the grades.

Practices that Contribute to the
Lack of Coherence in Curriculum
Programs. A number of practices in
curriculum design and implementation
appear to contribute to the lack of
coherence—and challenge—in math-
ematics and science curricula in the
United States.

e Mastery. In psychology, the concept
of “mastery” derived from the era of
behavioral objectives. Its use in
mathematics education refers to a
stimulus-and-response approach to
instruction, with reinforcement of
right answers, usually under condi-
tions of speed. When and if such an
approach produced high degrees of
accuracy, the student was said to have
mastered the concept. Delayed
testing often revealed a significant
loss in mastery. In addition, behavior-
ist approaches did not support under-
lying learning theory nor did they

A GUIDE FOR USING MATHEMATICS AND SCIENCE EDUCATION STANDARDS
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examine systematically the patterns of

errors that can explain student diffi-
culty. This led most mathematics
educators to the belief that a direct
and sole emphasis on mastery—as
learned in isolation and established at
a single moment—is a questionable
practice. Too often, mastery, as
defined previously, remains a major
goal in many classrooms. As a result,
when a student is not able to recall
immediately a concept or procedure,
often in a situation free of any context
such as a drill-and-practice exercise,
this is interpreted as a lack of
“mastery.” One consequence is that
the same procedures and content are
re-taught each year, often with
minimal improvement in student
outcomes. Another consequence is
that, when mastery is a major goal yet
students fail to achieve it, new con-
cepts and procedures are delayed or
not taught at all. Instead, as students
are exposed to an annual cycle of
repeating what was previously taught,
they lose motivation as well as are
denied access to higher level con-
cepts, procedures, and problems.
Students who are slower to gain skills
early are especially hard hit by this
practice because the impact of denied
access to new concepts begins so
early and accumulates over time,
causing these students to fall farther
and farther behind.

Designing Mathematics or Science Curriculum Programs: A Guide for Using Mathematics and Science Education Standards

Rejection of direct and sole empha-
sis on mastery, where skills are
learned in isolation and dependent on
repetition, in conditions of timed
tests, should not be interpreted as
rejection of the important characteris-
tics of procedural fluency and automa-
ticity. Because many more complex
skills and concepts in mathematics
and science depend on simpler ones,
a student is hampered if ease and
quickness are not achieved. This can
be accomplished through repeated
practice, especially as embedded in
other activities, and through careful
assessment and accountability prac-
tices.

¢ The practice of rote memorization.

It is difficult to change the attempt to
achieve mastery through repetition
and rote memorization because such
practices are widespread and deeply
engrained. Many teachers experi-
ence pre-college mathematics and
science instruction that is based
largely on rote memorization of
disconnected facts and skills. Many
never go on to acquire additional
education or experience in mathemat-
ics and science strong enough to give
them the confidence to teach these
subjects in an appropriate manner. It
is easier for teachers who have
experienced traditional instruction
and who have weak backgrounds to
teach low-level skills over and over
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than it is for them to provide instruc-
tion that develops new concepts and
procedures. Unfortunately, it is not
easier for students to learn well this
way.

Textbook content coverage. Pub-
lishers of mathematics and science
instructional materials at all levels
often attempt to cover all possible
content in single products—primarily
textbooks—in order to meet the
requirements of as many districts and
states as possible. The result is a
smattering of all possible concepts and
skills so that each state or district can
find the topics required by its syllabus
or standards (Tyson, 1997). In addi-
tion, at the secondary level, long-
standing practice and tradition have
dictated much of the textbook content
for decades. As a consequence, the
secondary science course content
recommended by the “Committee of
Ten” in 1892 still prevails today virtu-
ally intact (Hoffman & Stage, 1993).6
These courses mimic the design of
freshman college courses in name and
often in content structure and organi-
zation.

Overly flexible design. A major
curriculum design assumption in many
local districts and states is that the
curriculum should be flexible enough
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to allow for a choice of instructional
materials by schools and teachers. In
both mathematics and science, this
has led to the use of the “module”—
usually six to nine weeks in length—
as the basic unit or building block of a
curriculum. Several major curricu-
lum development projects have
produced complete K-6 programs
based on a matrix that assigns four
modules per grade level. Even when
these programs are based on a well-
thought-out development of concepts,
processes, and skills over the six or
seven elementary grades, schools,
school districts, and states often “mix
and match” the modules as they see
fit. In this case, there should be a
well-designed, multi-year framework
within which the selected modules fit
and can be coherently linked; other-
wise, there is the danger that their
inherent coherence and developmen-
tal sequence will be lost. Similar
types of modular programs are
emerging for use at the middle-grade
levels from some of the same curricu-
lum development groups. Districts
may be tempted to mix and match
these components, as well. The same
caution about the implications of such
a temptation for coherence and
developmental sequence applies.

6 The “Committee of Ten” was a committee of university presidents that met to consider the science
preparation needed for college admissions.
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¢ Lack of attention by schools to
coherent curriculum program
development. Most school districts
do not devote sufficient economic
resources and expertise to the devel-
opment of curriculum programs.
Typically, school districts use stan-
dards (or some other criteria) as the
basis for the selection of textbooks
and other instructional materials, and
then these materials become the
curriculum program for the district.
As mentioned above, in some cases,
the instructional materials may have
been designed to provide coherence
from unit to unit and from grade to
grade. However, it is often the case
that units, grade-level materials, and
textbooks from different sources—
even when they are internally well
designed—constitute separate collec-
tions that do not relate well to one
another. Also, the instructional
materials selection process often does
not include attention to multi-grade
coherence and articulation. The
curriculum program should guide the
selection of instructional materials to
ensure that the entire set provides the
coherence needed to ensure the
development of concepts and skills
within a given grade level, from one
grade level to the next, from one year
to the next, and from elementary
school to middle school to high
school.
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CURRICULUM PROGRAMS:
THE POTENTIAL

With the development of national
standards for mathematics and science
and of standards-based curricula,
educators have increased their under-
standing of practices that will contribute
to coherence in curriculum programs
and, of critical importance, enhance
accessibility for all students. The
potential for putting that understanding
to work and thereby significantly im-
proving the efficacy of curriculum
programs for all students is discussed
below.

National Standards Address the
Importance of High-Quality
Programs. Of the many landmark
national standards documents that
describe what students should know
and be able to do by the end of their
K-12 education, the first was the
Curriculum and Evaluation Standards
for School Mathematics NCTM, 1989).
It was followed a few years later by the
Benchmarks for Science Literacy (Bench-
marks) (American Association for the
Advancement of Science [AAAS], 1993)
and the National Science Education
Standards (NSES) (NRC, 1996b).

NCTM plans to release a new version of
its standards, Principles and Standards
Jor School Mathematics, in the year 2000.
All versions of these standards make the
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case for improving and aligning all parts
of the education system. See Table 1 on
pg. 10.

Since the release of these documents,
state educational agencies and local
school districts have been developing
their own content standards as a founda-
tion of their efforts to improve the
quality of educational opportunities for
their students in K-12 mathematics and
science (Council of Chief State School
Officers [CCSSO], 1997). Standards
related to curriculum programs gener-
ally have not been included in these
content standards, although suggestions
concerning curricula are often included
in other documents, such as state
frameworks.

This report assumes that schools and
districts will be guided by the state and/
or local district standards that they are
required to follow and that they will also
seek additional guidance from other
state documents and national standards
from the NCTM, NRC, and AAAS.

Coherence and Accessibility in
Curriculum Programs. In describ-
ing high-quality mathematics and
science programs over the 13-year
period of K-12 schooling, national
standards stress the importance of good
design, articulation, and coherence in
the K-12 curriculum program. Indeed,
this emphasis has received particular
focus in the revised NCTM Standards
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entitled Principles and Standards for
School Mathematics: Discussion Draft,
which include a mathematics curricu-
lum principle: “Mathematics instruc-
tional programs should emphasize
important and meaningful mathematics
through curricul[a] that are coherent
and comprehensive” (NCTM, 1998).

The connectness and sound develop-
ment of ideas and skills over the years
of schooling in a coherent program is
often compared to the progression of a
good story. Students become aware of
and understand the connections be-
tween ideas as the story develops over
days, months, and years. Of course, in
mathematics and science, as in most
core curriculum subjects, not just one
story is involved. In its best form, a
coherent program is one in which there
are many stories: some are being told
simultaneously, and there is an inter-
dependence between them; some are
unfolding progressively, with the com-
plexity and level of conceptual under-
standing increasing from one segment
or story to the next.

To achieve coherence, a curriculum
program must (1) focus on the impor-
tant ideas and sKills that are critical to
the understanding of important phe-
nomena and relationships and that can
be developed over several age levels;
(2) help students develop an under-
standing of these ideas and skills over
several years in ways that are logical
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Table 1

The National Science Education Standards (NRC, 1996b) contain “Program Standards” that
describe the conditions needed for high-quality school science. These standards include

* consistency across all elements of the science program and across the K-12 continuum;

e quality in the program of studies;

e coordination with mathematics;

* quality resources;

* equitable opportunities for achievement; and

e collaboration within the school community to support a quality program.

Specifically, the narrative for the second standard calls for “district-wide goals and expectations
for student achievement, as well as the curriculum frameworks, [which] serve to ensure coher-
ence and articulation across grades...”.

The NCTM Standards (NCTM, 1989) promote essentially the same points in Standards 11, 12,
and 13 of the “Evaluation” section, as follows:

Standard 11— Indicators of a mathematics program'’s consistency with the Standards should
include

e student outcomes;

® program expectations and support;

e equity for all students; and

® curriculum review and change.

Standard 12— In an evaluation of a mathematics program’s consistency with the Standards,
the examination of curriculum and instructional resources should focus on

® goals, objectives, and instructional methodology;

* relative emphases of various topics and processes and their relationships;

* instructional approaches and activities;

e articulation across grades;

¢ assessment methods and instruments; and
availability of technological tools and support materials.

Standard 13— In an evaluation of a mathematics program’s consistency with the Standards,
instruction and the environment in which it takes place should be examined, with special
attention to

¢ mathematical content and treatment;

* relative emphases assigned to various topics and processes and the relationships among

them;

* opportunities to learn;

® instructional resources and classroom climate;

¢ assessment methods and instruments; and

e the articulation of instruction across grades.
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and that reflect intellectual readiness;
(3) explicitly establish the connections
among the ideas and skills in ways that
allow students to understand both ideas
and the connections among them; and
(4) assess and diagnose what students
understand to determine the next steps
in instruction.

A coherent program does not contain
simply a listing of vocabulary or content
topics. Rather, ideas and skills connect
and build on one another, i.e., they are
clearly described; they include some
indication of the level of performance
expected of the students; and they are
connected in a logical progression of
ideas and skills. It is important that the
standards and benchmarks used in the
program contain enough detail to make
clear the connections between lessons,
units, or levels, and that the connections
make increasingly rigorous develop-
ment of ideas possible. (The second
section of this report includes an ex-
panded discussion of these important
characteristics of standards and bench-
marks.)

Connections can best be made among
ideas and skills that are well understood
and not just memorized as definitions or
procedures that are quickly forgotten.
Therefore, while a coherent curriculum
program will usually contain fewer
topics than an incoherent program, the
topics will be richer and lead to greater
depth and persistence of understanding.
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If a deep understanding is to be
achieved, content must be presented to
students at an age when they have a
readiness for it, are capable of under-
standing it, and can see the relation-
ships between the ideas to which they
are being exposed presently and those
to which they were exposed previously
(Schoenfeld, Smith & Arcavi, 1993).

Because ideas build and connect over
time in a coherent program, monitoring
student progress through thoughtful
classroom assessment is essential to
prevent the thread of ideas or skill
development from being broken. As-
sessment used by teachers as feedback
to guide the modification of the teaching
and learning activities (often called
formative assessment) has been demon-
strated as an effective means to improve
the achievement of students (Black &
Wiliam, 1998).

It may seem from the discussion so
far that, if a program has coherence,
then only students who have success-
fully experienced everything preceding
a unit can learn the intended outcomes
of that unit. Such a view has the poten-
tial to limit access for many students. A
belief that a student can move on to the
next skill in a continuum only when that
student has “mastered” all previous
skills has prevented many students from
ever experiencing the level or type of
content in which they would be
motivated to succeed. This has been
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especially true in mathematics, where
the curriculum traditionally has been
viewed as a linear progression of skills
and procedures (NCTM, 1989).

It is important to stress that a coher-
ent program should be accessible to all
students. While the curriculum should
be designed so that each learning
activity builds on previous activities,
instruction should be guided by deci-
sions that allow every student, regard-
less of past experience, to participate in
intellectually stimulating ways and to
demonstrate continual progress. If the
curriculum has been designed with rich,
engaging tasks, appropriate instruc-
tional decisions can be made to assist all
students in attaining significant cogni-
tive growth. Use of a variety of tools,
such as calculators, computers, mea-
surement equipment, and computational
recording devices, can increase the
likelihood that students with past gaps
in experience, particularly computa-
tional gaps, will not be denied access to
new material while being encouraged to
gain procedural fluency with past
material. Students at all levels of prepa-
ration solve problems in their own
unique ways and can contribute signifi-
cant insights to a class’s mathematical
activity. Frequently, it is when their
contributions are solicited and recog-
nized that these students recognize the
value in gaining computational fluency
and show marked gains in achievement.
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Simultaneously, other class members
continue to progress academically.

In mathematics, in particular, when
mastery procedures that can be per-
formed mechanically, such as paper-and-
pencil computation or factoring of
binomials, dominate the curriculum,
underprepared students have virtually
been excluded from reaching classes
that involve more interesting contextual
problems. The assumption has been
made that students must demonstrate
proficiency in low-level skills before
engaging interesting and challenging
ideas and problem solving. In such a
system, a student with gaps in low-level
skills or computational proficiency is
highly unlikely to succeed.

A well-developed, coherent curriculum
program not only is designed to take
advantage of important previous knowl-
edge but to have multiple entry points to
allow students who may have gaps in
their previous knowledge to participate
and learn rigorous content. At least one
NSF-funded curriculum project is built
on this premise, with units that evolve to
increasing levels of rigor and sophistica-
tion with entry points for students with
less than complete prior experience. All
students have opportunities to be suc-
cessful, including those who may not
have experienced previous units (Lappan
& Phillips, 1998).

In science, accessibility for all students
is possible through the inquiry provided
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by laboratory investigations that allow
all students to approach new concepts
with a common set of concrete experi-
ences. Subsequent analyses of experi-
mental data and constructions of expla-
nation will vary in sophistication from
student to student depending on their
previous learning. Although ideas and
activities may build on previous activity,
each new investigation presents new
opportunities for students with gaps in
their past experience to contribute to
their team’s or class’s solution to the
investigation. Students with less com-
prehensive prior preparation can still
reach an acceptable level of understand-
ing and success. Having access and
success through the concrete experi-
ence of the investigations may enable a
student to find renewed interest and
achievement in the importance and
application of previous concepts and
skills that would have been impossible
in a more didactic program.

ASSUMPTIONS UNDERLYING
THIS REPORT

Four broadly accepted assumptions
underlie this report:

1. Some knowledge is more funda-
mental than other knowledge.

2. Student learning can be signifi-
cantly enhanced when learning experi-
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ences are designed in a coherent way
based on what students have already
learned.

3. Curriculum programs should
specify what ALL students should know,
understand, and be able to do.

4. The curriculum affects what is
taught and learned.

Some Knowledge Is More Funda-
mental Than Other Knowledge.
Some ideas and procedures are more
fundamental than others because they
are the foundation for ideas that will be
taught, have rich explanatory power,
and relate to everyday experiences
(NRC, 1996b; NRC, 1993). Mathematics
and science curriculum programs
should focus on providing students with
the opportunity to learn a limited
number of fundamental ideas well rather
than presenting them with a long list of
random, unconnected information
(Schoenfeld, Smith & Arcavi, 1993).

Student Learning Can Be Signifi-
cantly Enhanced When Learning
Experiences Are Designed in a
Coherent Way Based on What
Students Have Already Learned.
Students are more likely to learn when
the sequence of their experiences is
designed so that the development of
their understanding of ideas grows and
expands over time, reaching higher and
higher levels of sophistication and
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depth. Conversely, students’ learning
suffers when their experiences have no
particular order and do not require or
capitalize on earlier learning (NRC,
1999b). This does not mean that a
student who has missed one or more
units should not be allowed to progress.
There are many alternative and creative
ways to assist students to progress
when some elements of important prior
knowledge are missing.

Curriculum Programs Should
Specify What ALL Students
Should Know, Understand, and
Be Able To Do. This assumption
echoes the central theme of both the
NSES and the NCTM Standards, i.e., the
content described in both documents is
for ALL students.” This report focuses
on curriculum programs that will make
that learning possible. Regardless of
the source, an agreed-upon set of
learning targets to be met by all stu-
dents over a given amount of time (such
as grades K through 12 or any other
multi-year period) is a key element in
the design of an effective curriculum
program.

The Curriculum Affects What Is
Taught and Learned. Teachers
adapt and modify most curricula and
instructional materials before and
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during use in the classroom. Even
though the intended curriculum may
vary from the delivered curriculum,
there is ample evidence that the in-
tended curriculum still has a significant
effect on what is presented and learned
(Schmidt et al., 1998).

In addition, the authoring committee
acknowledges that the effort to improve
mathematics and science education at
the K-12 level must be embedded in a
systemic context. In systemic reform,
goals, standards, instructional materials,
teaching practices, professional develop-
ment opportunities, and assessment
practices all are aligned with one an-
other. In systemic reform, educational
agencies adopt policies for the establish-
ment and alignment of high-quality
programs in curricula, teaching, assess-
ment, professional development, and
systems of support (Smith & O’Day,
1991; O’Day & Smith, 1993). The
shaded and non-shaded portions of
Figure 3 show key aspects of the system.

As noted in the “Introduction,” this
report addresses the steps leading to
the design of the curriculum program,
represented by shading in Figure 3. It
does not address professional develop-
ment, large-scale district, state, or
national assessments, and support
systems represented by the non-shaded

"The current version of the NCTM Curriculum Standards contains a few standards in grades 9-12

for advanced students (NCTM, 1989).
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Figure 3. Using Standards to Improve Student Achievement

Framework and Instructional

Materials

Learning
(Assessment)

portions of Figure 3. These systemic
components also play a role in curricu-
lum programs but primarily in the
implementation phase. While it is
outside the scope of this report to
provide a detailed examination of these
components, their importance and their
role in implementation are addressed
briefly in an appendix (Appendix A).
Finally, an important premise of this
report is that what a student learns
depends to a great degree on how he or
she is taught (NCTM, 1989). As school
districts develop curriculum programs,
they need to be as thorough in their
consideration of and communication
about the instructional approaches of
teachers as they are in their consider-
ation of and communication about
mathematics and science content.
Instructional approaches that will lead

Vision / Professional
Goals and Learning / Development \ .
— | Teaching Teaching
Standards Assessment ~ Assessment /
Support
\ Methods
Support
Systems

students to process information for
meaningful interpretations and to think
creatively about mathematics and
science must be clearly expressed and
be coherent from unit to unit and from
grade to grade. While these are not
topics of this report per se, instructional
methodology must support student
development of conceptual understand-
ing or the intended levels of student
achievement will not be attained.

The next section of this report,
“Components of Coherent Mathematics
and Science Education Curriculum
Programs,” outlines the components of
a coherent curriculum program and
describes the criteria necessary to
design and create each component. It
then suggests a process for using the
components to develop the curriculum
program.
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Components of Coherent

Mathematics and Science
Education Curriculum Programs

A curriculum program should contain
goals, content standards, a common
vision, a curriculum framework, and
instructional materials. ® These compo-
nents communicate the structure,
organization, balance, and delivery of
the content that students are expected
to learn and, when effectively employed
by teachers, that have the most direct
impact on student learning in mathe-
matics and science. These components
constitute the instructional blueprint for
the school district. This blueprint
enables school system stakeholders—
students, teachers, administrators,
school board members, parents, repre-
sentatives of colleges and universities,
and others—to have a clear understand-
ing of what students are expected to
learn and the instructional opportunities
they will have to learn it.

GOALS OF K-12 MATHEMATICS
AND SCIENCE CURRICULUM
PROGRAMS

Effective curriculum programs have
goals that serve several important and
interrelated functions. These goals
should be written to communicate the
overall purposes of the program to many
audiences, including staff, parents, and
policy makers, such as school board
members. Goals also should be used to
guide the actions and decisions of
teachers, administrators, and support
staff as these personnel develop, imple-
ment, and support activities to improve
the quality of mathematics and science
education in the district.

Goals serve to avoid the confusion
between ends and means. For example,
goals—and the standards that are

8 The term “framework” refers to the “skeleton” or frame that guides and organizes the placement of
the instructional materials. It does not refer to the comprehensive documents that many states have
developed to describe all aspects of a mathematics or science program. Further, neither “assessment”
nor “vision” is included as a component here. Assessments used by schools, districts, or states,
although essential in the total scheme of improvement (see Fig. 3), are outside the definition of
curriculum program and the scope of this report. Because high-quality instructional materials should
contain a variety of assessments for use by classroom teachers, the presence of aligned assessments
will be an important criterion in evaluating instructional materials. While a common “vision” is a critical
starting point for the design of a coherent curriculum program, it is not often considered to be a part of

the actual program blueprint.
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derived from them—help to maintain a
focus on significant ends or outcomes
but do not dictate a single means as “the
way” to approach instruction. A number
of suitable and effective instructional
strategies can be used to help students
learn the mathematics and science
content.

Goals for mathematics and science
curriculum programs rarely stand alone.
Often, they are derived from a broader
set of educational goals already in place
for the state or district. Groups design-
ing curriculum programs may decide
that their local goals should reflect the
goals of the NCTM Standards (NCTM,
1989) and/or the NSES (NRC, 1996b).

The NSES begin with a “Call to Ac-
tion.” The first sentence of this call is an
important and broad goal: “The nation
has established as a goal that all students
should achieve scientific literacy” (NRC,
1996b). That overarching goal clearly
and unambiguously frames the other
goals by stating that the standards are to
achieve scientific literacy for ALL stu-
dents. The document then sets out four
learning goals that describe students
who are able

e “to experience the richness and
excitement of knowing about and
understanding the natural world;

e to use appropriate scientific processes
and principles in making personal
decisions;
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¢ to engage intelligently in public
discourse and debate about matters of
scientific and technological concern;
and

e to increase their economic productiv-
ity through the use of the knowledge,
understanding, and skills of the
scientifically literate person in their
careers.”

The NCTM Standards state that
“...today’s society expects schools to
insure that all students have an opportu-
nity to become mathematically literate,
are capable of extending their learning,
have an equal opportunity to learn, and
become informed citizens capable of
understanding issues in a technological
society” (NCTM, 1989). Following that
opening charge, five goals for ALL

students are given:

e that they learn to value mathematics;

e that they become competent and
confident in their ability to do math-
ematics;

e that they become mathematical
problem solvers;

e that they learn to communicate
mathematically; and

e that they learn to reason mathemati-
cally.”

Criteria for Goals

o The target audience should be clearly
specified. The NSES and NCTM
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Standards make it clear that their
goals and standards are intended for all
students. If the audience for a set of
goals is not all students, this should
be clearly stated. The absence of
such a declaration creates uncertainty
when subsequent decisions are made
about standards, instructional materi-
als, instructional grouping, assess-
ment, budget allocations, and so on.
Although the goals in the national
standards are for all students, it
should be recognized that different
students will proceed at different
rates and, therefore, will have some
common and some individualized
experiences. Any student willing to
work hard and persistently should be
able to have access to all aspects of
the curriculum with no disadvantage
due to race, ethnicity, religion, socio-
economic class, gender, or other non-
relevant feature.

Goals should communicate broad
outcomes and values. Usually goals
convey the essence of intended
student behavior, ability, and knowl-
edge. Generally, goals are not mea-
sured directly but are transformed
into progressively more specific and
measurable outcomes that can be
used to develop assessments. Several
levels of specificity can be derived
from the goals. Typically, the next
higher level of specificity consists of
content standards, often followed by
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performance standards that describe
the level of expectations called for in
content standards. Yet another level
of specificity would be objectives that
are more specific and unique to
student activities; these are usually
found in instructional materials.
Goals should provide guidance. Al-
though general in nature, goals
should provide guidance for the
decisions that shape the curriculum
program. They should not be written
in such broad terms or so ambigu-
ously that they could be interpreted in
almost any manner. For example,
both the NCTM Standards and the
NSES make the target of “all stu-
dents” very clear. The mathematics
standards call for students to become
“mathematical problem solvers,” an
outcome that moves beyond the
traditional goal of getting correct
answers to arithmetic exercises. The
NSES add personal decision making,
engaging in public discourse, and
economic productivity to the tradi-
tional “understanding the natural
world” outcome. If used as guidance,
goals such as these can significantly
affect the nature of curriculum
programs.

Goals should describe student out-
comes, not system outcomes. In this
era of standards, emphasis on student
learning, and use of student learning
outcomes, goals should be written
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with students as the focus. At
present, goals often are written to
describe outcomes for the district or
school, such as expecting the scores
on a standardized norm-referenced
test to improve during the next year.
Goals should be widely accepted. As
with any policy document, goals will
be of little value if they are not widely
accepted. For maximum acceptance,
goals should be free of jargon and
highly technical language so that the
public can understand them. To the
degree possible, the development
process should be initiated and led by
the science and mathematics staff,
but it should also involve extensive
input, hearings, public and staff
discussion, and review to achieve as
high a level of agreement for the
goals as possible.

o Avoid frequent modification of goals.
After the goals are accepted, they
guide the next steps in the process.
The flow of this development process
is in one direction. Once the total
curriculum program has been imple-
mented and is in place, modification
of the goals should be undertaken
with care, as unexamined changes
could create inconsistencies through-
out the program.
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CONTENT STANDARDS

A comprehensive set of content
standards that defines what students are
to understand or be able to do is the key
component in the design of an effective
curriculum program. These content
standards should be in place, along with
goals, before development of the other
components begins. The case for using
standards to improve the quality of
mathematics and science education and
the achievement of students has been
made by a number of groups (Gandal,
1997; Education Commission of the
States [ECS], 1996; The Business
Roundtable, 1996; McLaughlin &
Shepard, 1995). The history of educa-
tional standards also has been well
documented (Bybee, 1997; ECS, 1996).

Although the initial development of
content standards in mathematics and
science was conducted at the national
level (NCTM, 1989; AAAS, 1993; NRC,
1996b), virtually every state has devel-
oped its own mathematics and science
education standards modeled in various
degrees after the national standards
(CCSSO0, 1997). In some local-control
states, each district is responsible for
the development of content standards,
although model state standards often
are available as a default alternative.

The National Science Education
Standards define the content standards
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as “what students should know, under-
stand and be able to do in natural
science” (NRC, 1996b). The National
Academy of Education has defined both
content and performance standards, as
follows: “Content standards are broad
descriptions of the knowledge and skills
students should acquire and be able to
do in a particular subject area” and
“Performance standards are the more
specific, concrete examples and explicit
definitions of what students must know
and be able to do to demonstrate that
they have attained the content stan-
dards. Performance standards should
include multiple benchmarks that lead
to higher standards of proficiency,
making it possible to demonstrate
progress for students at all levels of
achievement. To the extent that content
standards include examples of assess-
ment tasks and of various levels of real
student performance in response to
these tasks, they can better provide
teachers and the public with the insights
into the concrete meaning of the stan-
dards and specific expectations for
student learning” (McLaughlin &
Shepard, 1995).

Although states and schools districts
rarely develop both types of standards
initially, understanding the purposes of
both types and the distinctions between
them is important before standards are
written for curriculum programs.
Content standards describe “what” is to
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be learned, and performance standards
describe “how” it will be assessed. The
mistake that many writers make is to
attempt to make content standards
serve both purposes by using words of

» «

action such as “describe,” “explain,” or
“apply” to help describe content. Verbs
such as these, if followed by detailed
performance expectations, can be used
as one means of assessing student
knowledge and understanding, but they
immediately eliminate other possible
means of assessment and often obscure
the important content or skill that
should have been described in the
content standard. The issue of the
language used in the standards is visited
again in the next section, “Criteria for
Content Standards.”

Criteria for Content Standards

Many groups faced with the task of
designing curriculum programs will be
expected to use a set of pre-existing
content standards. Others may have the
opportunity to create their own stan-
dards based on national or state stan-
dards. In this latter case, a few basic
criteria or guidelines for writing stan-
dards will be useful.

e A clearly specified audience. The
NSES, NCTM Standards, and most
state standards make clear that they
are intended for all students. Without
a clear identification of audience,
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subsequent decisions about instruc-
tional materials, assessment, and
budget allocations are made more
difficult.
Fundamental content. One of the
important purposes of standards is to
focus instruction and student learn-
ing on a deep understanding of
fundamental content.

In science, the NSES (NRC, 1996b)
considers content to be fundamental
if it

-“represents a central event or phe-
nomena in the natural world;

-represents a central scientific idea
and organizing principle;

-has rich explanatory power;

-guides fruitful investigations;

-applies to situations and contexts
common to everyday experiences;

-can be linked to meaningful learning
experiences; and

-is developmentally appropriate for
students at the grade level specified.”

In the national mathematics cur-
riculum standards, content is consid-
ered fundamental if it meets the
following criteria (NCTM, 1989):

-“Knowing mathematics is doing
mathematics. Informational knowl-
edge has value in the extent to which
it is useful in the course of some
purposeful activity.
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-All students should have the oppor-
tunity to develop an understanding of
mathematical models, structures,
and simulations applicable to many
disciplines.

-Students should have a balanced
approach to calculation, be able to
use appropriate procedures (includ-
ing mental arithmetic, paper-and-
pencil procedures, and calculators or
computers), find answers, and judge
the validity of those answers.

-The content of the curriculum
should be appropriate for all stu-
dents. All students should have an
opportunity to learn the important
ideas of the standards.”

Scientific and mathematical accuracy.
All content standards should be
reviewed carefully for scientific and
mathematical accuracy.
Understandable vocabulary. The
general public should be able to read
and understand the content stan-
dards. The terminology used should
be similar to or reflect terminology
used by the general public. The
vocabulary for the lower grades
should be adjusted to “signal the
nature and sophistication of the
understanding sought” (AAAS, 1993).

o Appropriate grain size. Many writers of

standards are tempted to craft state-
ments that contain several related ideas
in an effort to present a coherent view
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of the topic at hand. Other writers do
the opposite and write several state-
ments that parse ideas into their
smallest parts. Both approaches have
advantages and disadvantages. A
collection of ideas may communicate
how the components of the collection
are related but also may require very
large amounts (many weeks) of in-
structional time and the assessment of
many different concepts or skills. On
the other hand, confining one idea to
one standard may make writing perfor-
mance standards and assessments
much easier, but one idea often cannot
be evaluated alone; it must also be
evaluated in light of student under-
standing of other ideas and their
relationship or connections with one
another.

o Use of verbs to describe the outcomes.”®
The language used to describe what
students should know or be able to do
should do just that. If the outcome is
knowledge or understanding, the
standard should contain the verbs
“know” or “understand.” If the
outcome is a skill, language related to
that skill (such as “measure,” “com-
municate,” or “design”) should be
used. The NSES developers settled
on “understand” and “develop the
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abilities of” to communicate knowl-
edge and skills, respectively, and the
Benchmarks developers chose “know”
and “know how.” Both groups ad-
dress the qualities of effective instruc-
tion in other ways: the NSES included
“Science Teaching Standards,” and
Project 2061 included chapters on
teaching in Benchmarks as well as in
Blueprints for Reform: Science, Math-
ematics, and Technology Education
(NRC, 1996b; AAAS, 1993 and 1998).
In mathematics, the NCTM communi-
cated its emphasis on instruction by
developing a separate document,
Professional Standards for Teaching
Mathematics NCTM, 1991¢).

Verbs that describe instruction,
such as “investigate,” “explore,” or
“research,” should be avoided. These
action verbs are often used to convey
a message about the desirability of
“hands-on” teaching, but, in so doing,
they can limit instruction to a single
strategy. Allowing standards to imply
instruction also results in statements
that communicate the “means” of
learning rather than the “end” or
outcomes of instruction.

The writers of many state and local
standards have used a variety of
action verbs to describe different

9 Benchmarks for Science Literacy’s chapter on “Characterizing Knowledge” has an excellent discus-

sion of this topic (pg. 312).
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observable behaviors as well as levels
of sophistication or understanding as
a way to guide the assessment of
student understanding of the content
of the standard. The problem with
this is that the choices of action and
level are arbitrary and limit the
performance that can be used in the
assessment to the ones specified. A
much more satisfactory solution is to
write the content standards as state-
ments of knowledge or understanding
and skill and to develop a separate set
of performance standards to guide
the assessment process. (See the
earlier discussion of performance
standards on pg. 21.)

CURRICULUM FRAMEWORK

A framework is the listing of out-
comes (usually content standards or
benchmarks) by grade level that guides
the development of the curriculum and
the selection and placement of instruc-
tional materials. Ideally, the framework
also includes the performance stan-
dards associated with the content
standards. It is a key component of a
coherent curriculum program. In some
ways, a frameworKk is like an elaboration
of the scope-and-sequence documents
that have traditionally served as a basis
for many district programs. In this
report, though, use of the term “frame-
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work” is meant to highlight the critical
need for attention to coherence—to the
way the content that students learn builds
within a year and over a span of years.

Designing Frameworks to Facili-
tate Growth of Understanding.
An important function of the framework
is to identify and locate the standards or
benchmarks that will facilitate the
growth of understanding of ideas and
skills, an important characteristic of
coherence, during a year and from year
to year. For example, in science, stu-
dents should understand by the end of
high school that, “The physical proper-
ties of [a] compound reflect the nature
of the interactions among its molecules”
(NRC, 1996b). Students could memo-
rize this statement fairly quickly; how-
ever, they might understand the concept
better if they first experiment with a
variety of properties, know about the
existence and properties of atoms, and
understand that everything is made up
of atoms. They also need to understand
the relationship between atoms and
molecules and realize that molecules
vary in shape and size. Designs for
Science Literacy describes such a se-
quence as follows: “...what is learned
now should be based on what was
learned earlier, what is capable of being
learned now, and what needs to be
learned next (AAAS, at press).” In
short, in science, the more complex,
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higher level idea is understood best
when it is built on a comprehension of
earlier knowledge. Figure 4 on pg. 26
illustrates in more detailed fashion this
growth of understanding from the NSES.

In mathematics, a similar observa-
tion about growth of understanding has
been made by researchers involved in
an in-depth NSF-funded study of how
young children develop computational
understanding based on their informal
background knowledge (Carpenter et
al., 1992).

The NCTM “Probability Standard”
for grades 9-12 illustrates this. The
goal within the standard is for students
to “describe, in general terms, the
normal curve and use its properties to
answer questions about sets of data that
are assumed to be normally distrib-
uted” (NCTM, 1989). This outcome
builds on many experiences from
earlier grades. These include con-
structing and interpreting a variety of
graphs, including line graphs, and
making connections among a data set, a
graph, and numerical statistical repre-
sentations, such as mean and standard
deviation. To use the normal curve in
the ways described, a student should
understand what a normal distribution
is and should have had experiences
using data to test the validity of hypoth-
eses. It also is best if students have
learned about rational numbers and
their applications in a variety of situa-
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tions. Yet another expectation is under-
standing and skill in computation with
rational numbers. Figure 5 on pg. 27
illustrates in a more detailed fashion the
growth of understanding from the
NCTM “Statistics Standard.”

The treatment of the science and
mathematics standards represented in
Figures 4 and 5 represent only the “big
idea” parts of these standards. It should
be noted that the framework allows
considerable flexibility for the design of
the sequence of learning activities in the
instructional materials. For example, in
Figure 5, specific graphing forms, such
as bar graphs, are not named at any of
the levels. The grade levels at which
such forms are introduced vary from
one program or location to another.
Some programs might wait until second
grade and precede the introduction with
student-invented graphing forms. The
examples provided in Figures 4 and 5 do
not indicate the precise placement of the
standards. They are offered as an
illustration of one thread through the
curriculum program that can facilitate
the growth in understanding of a funda-
mental concept. The national mathemat-
ics and science standards and the
Benchmarks contain many such threads
that are not obvious without developing
the “growth of understanding” figures.
These in turn facilitate the placement of
the standards in the framework in a
coherent manner.

A GUIDE FOR USING MATHEMATICS AND SCIENCE EDUCATION STANDARDS

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/9658

Designing Mathematics or Science Curriculum Programs: A Guide for Using Mathematics and Science Education Standards

Figure 4. Growth in Understanding the Structure of Matter: An lllustration of How
Understanding Can Progress Over Many Years Based on the National Science
Education Standards

By the end of grade 4, students will understand that

® Objects have many observable properties, including size, weight, shape, color, temperature, and the
ability to react with other substances. Those properties can be measured using tools, such as rulers,
balances, and thermometers.

* Objects are made of one or more materials, such as paper, wood, and metal. Obijects can be de-
scribed by the properties of the materials from which they are made, and those properties can be used
to separate or sort a group of objects or materials.

* Materials can exist in different states— solid, liquid, and gas. Heating or cooling can change some
common mc:teric:|s, such as water, from one state to another.

By the end of grade 8, students will understand that

* A substance has characteristic properties, such as density, a boiling point, and solubility, all of which
are independent of the amount of the sample. A mixture of substances often can be separated into the
original substances using one or more of the characteristic properties.

® Substances react chemically in characteristic ways with other substances to form new substances
(compounds) with different characteristic properties. In chemical reactions, the total mass is conserved.
Substances often are placed in categories or groups if they react in similar ways; metal is an example of
such a group.

e Chemical elements do not break down during normal laboratory reactions involving such treatments as
heating, exposure to electric current, or reaction with acids. There are more than 100 known elements
that combine in a multitude of ways to produce compounds, which account for the living and non-living
substances that we encounter.

By the end of grade 12, students will understand that

* Matter is made of minute particles called atoms, and atoms are composed of even smaller components.
These components have measurable properties, such as mass and electrical charge. Each atom has a
positively charged nucleus surrounded by negatively charged electrons. The electric force between the
nucleus and electrons holds the atom together.

* Atoms interact with one another by tronsferring or sharing electrons that are farthest from the nucleus.
These outer electrons govern the chemical properties of the element.

* An element is composed of a single type of atom. When elements are listed in order according fo the
number of profons (called the atomic number), repeating patterns of physical and chemical properties
identify families of elements with similar properties. This “Periodic Table” is a consequence of the
repeating pattern of outermost electrons and their permitted energies.

* Bonds between atoms are created when electrons are paired up by being transferred or shared. A
substance composed of a single kind of atom is called an element. The atoms may be bonded together
into molecules or crystalline solids. A compound is formed when two or more kinds of atoms bind
together chemically.

* The physical properties of a compound reflect the nature of the interactions among its molecules. These
interactions are determined by the structure of the molecule, including the constituent atoms and the
distances and angles between them.
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Figure 5. Growth in Understanding of Statistics: An lllustration of How
Understanding Can Progress Over Many Years Based on the NCTM Standards

By the end of kindergarten, students will understand that

® Objects and data can be sorted and displayed so that population characteristics are seen and compari-
sons can be made between populations (e.g., Did more students wear shoes with laces, shoes with
Velcro, or slip-on shoes? Was it a lot more or just a litle more?).

By the end of grade 2, students will understand that
¢ Data are organized and displayed in a variety of ways fo communicate information about groups or
events (e.g., tables, charts, graphs, etc.).

By the end of grade 4, students will understand that

e Graphic displays of data are interpreted to describe the characteristics of things such as populations
and events.

* The general shape of the data as seen in the display can often be used o get a general sense of the
story the data are telling.

* Information from a graphic data display can be used to solve problems, to make interpretations, or fo
generate questions (e.g., Do you think that next month’s weather graph will show the same patterns as
this month’s2 How is this month’s weather graph different from last month’s2 Why do you think that is
s02).

By the end of grade 6, students will understand that

e Graphic displays of data can be used to make inferences and predictions and to support arguments
about people and events.

o Looking at where the data cluster, the center, and how the data spread out can help with interpreting the
story that the data fell.

* The way data are displayed has a significant effect on the ease of reading the display, as well as on the
quality and accuracy of interpretations made by observers (e.g., If we group the data in intervals of 10,
how is the display changed?).

By the end of grade 8, students will understand that

e Decisions about data collection and display should be based on the questions that are to be addressed
by the data.

e Data displays can be constructed to communicate information accurately and clearly. They can also be
designed to distort communication and encourage wrong interpretations.

By the end of grade 10, students will understand that
e Statistical methods provide powerful means of influencing people and making decisions based upon
information.

By the end of grade 12, students will understand that

e Statistical methods are used to test a wide variety of hypotheses about populations and events.

¢ If appropriate, data can be transformed to facilitate their interpretation and the making of predictions
based upon the data. Statistical measures of central tendency, variability and correlation are used to
describe and make decisions about populations and events.

* Large populations can be sampled to gather data to describe the population and/or to make predic-
tions. The sample size and sampling method affect the confidence that one has in the interpretations
and predictions that are made about the population.
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It also should be noted that, at the
district and school levels, standards that
span more than one grade level can be
too broad to be useful. Because most
schools are organized around one-year
grade levels, standards may need to be
specified further to fit one-year blocks.
In some cases, even shorter increments
may be needed. To accommodate these
needs, the concepts in the content
standards (state and/or local) that span
several grade levels can be “unpacked”
and assigned to particular grade levels.
At times, adding intermediate standards
or benchmarks will be desirable be-
cause the conceptual or procedural gap
between standards is so great. This is
particularly true at the earliest level
(grade 4 for the NCTM Standards and
the NSES; grade 2 for the Benchmarks).
Because of the large grade span and
even larger difference in cognitive
growth, informal standards for kinder-
garten or the early primary grades may
be useful, also. For similar reasons, it
may be useful to find intermediate
“standards” to fill intervals that may
exist in state or national standards,
especially at the higher-grade levels.

Although Figures 4 and 5 are linear,
both contain a number of intercon-
nected story lines. Anyone familiar with
the concepts and processes of math-
ematics and science is aware of the
multiple connections that exist among
ideas within each discipline. The
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national mathematics and science stan-
dards describe some aspects of this type
of connection, both within the text of the
standards and in elaborations of the
standards. Maps of the content stan-
dards across the grade levels, as illus-
trated by Appendixes B and C, can make
even more apparent the comprehensive
and interconnected nature of subject
matter (Ahlgren & Kesidou, 1995). Such
maps, whether they are simple or com-
plex, represent the next possible phase in
the development of a framework. This
phase requires considerable time and
effort. Project 2061 is planning to pro-
duce a series of maps based on the
Benchmarks that illustrate such connec-
tions graphically (AAAS, 1999a).

Criteria for a Curriculum
Framework

e Concepts in the framework should be
assigned to grade levels based on what
students are capable of learning.

o The framework should indicate develop-
ment of processes/skills/abilities over
several years.

o The framework should clearly indicate
what standards are prervequisites for
other standards.

o The assignment of content across grade
levels should be appropriately balanced
or concentrated. (For example, do
those who have been tasked to design
the curriculum program want to
emphasize geometry at the tenth
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grade or earth science at the eighth
grade? Or is a coordinated or inte-
grated selection of content desired at
each level?)

e Concepts in the framework should be
grouped to form the basis of units or
courses, with logical connections shown
both within a grouping and across
grades.

o The framework should account for all
standards.

In a well-designed curriculum pro-
gram, the sequence is cumulative, with
each subsequent level applying, extend-
ing, and building on previously obtained
knowledge. The main purpose is to
build coherence into the program by
describing a reasonable flow of these
ideas across the grade levels.

It should be clear that neither the
standards nor the framework constitute
a curriculum program. Standards and
frameworks identify the concepts that
are to be learned and the order in which
they are to be addressed. They do not
specify how the content is to be taught.
This is addressed by the fourth—and
final—component of the curriculum
program to be addressed in this report—
instructional materials.

INSTRUCTIONAL MATERIALS THAT
SUPPORT THE K-12 STANDARDS

There is broad consensus in both the
mathematics and science education
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communities that use of instructional
materials aligned with the content and
teaching standards in national standards
documents is a critical component of
effective curriculum programs. With
funding from the NSF, developers have
designed instructional materials to
address the standards, have tested them
in classrooms, and have made available
evidence of their effectiveness. The use
of exemplary instructional materials to
support the student learning identified
in the K-12 instructional framework
increases the likelihood that all students
will have an opportunity to attain the
level of understanding called for in the
standards.

In recent years, several groups have
developed objective criteria that can be
used to identify exemplary instructional
materials. Various review instruments
have been produced that can be used by
a school or district to select high-quality
instructional materials. While the review
instruments vary in format and some
criteria, they all address two important
dimensions of materials: 1) the degree
of alignment between the content of the
materials with that specified in the
standards; and 2) the quality of the
suggested instructional strategies. Many
of the instruments also include a review
of the assessments that are used in the
materials and their degree of alignment
with the specified learning outcomes
(AAAS, 1997; NCTM, 1995; NRC, 1999c;
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National Science Resources Center
(NSRC), 1998a; U.S. Department of
Education [DoEd], 1997; NSF, 1997;
National Association of Biology Teach-
ers (NABT) [year of publication not
available]; Kahle & Rogg, 1996).

Both the materials review process
developed by Project 2061 (AAAS, 1997)
and the process and instrument devel-
oped by the Center for Science, Math-
ematics, and Engineering Education at
the NRC link the review of instructional
strategies to specific learning outcomes
(AAAS, 1997; NRC, 1999¢). Although the
two tools differ in many ways, both of
them first examine the match between
the materials under review and the
learning outcomes of the Benchmarks, the
NSES, or other relevant local standards.
If materials do not match standards to a
reasonable degree, they are dropped from
further consideration for selection. If
there is a reasonable match between the
materials and content standards, the
materials are examined more closely to
judge whether or not the teaching strate-
gies in the materials provide adequate
opportunities for students to learn what is
called for in the content standards.

An instructional materials review and
selection process from the U. S. Depart-
ment of Education differs from those
discussed above in that it asks reviewers
to ascertain empirical evidence that
student learning can be attributed to use
of the materials (DoEd, 1997).
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Criteria for the Selection of
Instructional Materials

The following broad criteria have
been gleaned from the procedures for
analyzing and selecting instructional
materials described above.

o The content of the instructional mate-
rial should be mathematically and
scientifically accurate, consistent with
the outcomes in standards, and tar-
geted at the level called for in the
framework.

o The instructional strategies consistently
used by the material should be sup-
ported by learning research and make
it possible for students to attain the
specific outcomes identified in the first
criterion, above.

o The assessments that accompany the
material should be aligned with the
content in the standards and the level
of understanding or skill expected by the
standard.

o The support for the teacher in the
teacher’s guide and ancillary materials
should be adequate.

o There should be evidence from field
trials that students can learn the
specified content and skills if the
materials are used as intended.

With these components and criteria in
mind, a process for developing a com-
plete curriculum program is discussed
in the next section, “Process for Design-
ing a Curriculum Program.”
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Process for Designing a

Curriculum Program

The process of designing a curricu-
lum program that includes components
that meet the criteria described in the
preceding section requires considerable
time and commitment. Fortunately, the
process does not have to be considered
completely implemented for improve-
ments in mathematics and science
teaching and learning to be realized.
Each stage of the process makes a
contribution to these goals.

This report assumes that a curricu-
lum program design committee, with
representatives of various stakeholders
in the school system or district, will be
responsible for the design process.

This process—described in this sec-
tion—will be a major professional
development experience for the commit-
tee members.

The process described in this section
and illustrated by Figure 6 is not in-
tended to be prescriptive but, rather, to
suggest how to design a curriculum
program. The boxes in Figure 6 repre-
sent key steps in the process. Factors
that influence the process are repre-
sented by ovals.

Early in the process of developing or
revising a curriculum program, the
committee should study the mathemat-
ics and science education context of the

Figure 6. Process for Designing a Curriculum Program
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local community, community priorities,
state mandates and assessments, local
and state educational system structures,
and local history of educational prac-
tices and programs. It is important for
the committee to become familiar with
this context, particularly with local,
state, and national standards. Other
policy documents, such as goals, mis-
sion statements, course requirements,
and curriculum guides, should be
considered carefully in the initial part of
the design process. In addition, the
committee should not only study cur-
rent practices, customs, and beliefs
about education in the local schools but
should compare these to the educational
research literature on best practices in
teaching, learning, and curriculum
design.

ESTABLISHING GOALS AND
STANDARDS

As the starting point in the develop-
ment of an improved curriculum pro-
gram, a district needs goals and a set of
standards to guide the work of the
curriculum program design committee,
particularly in the important areas of
creating a framework and selecting the
core instructional materials.

The previous section of the report,
“Components of Coherent Mathematics
and Science Education Curriculum
Programs,” lists criteria for goals and
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standards and indicates how national
standards provide guidance for districts
that are writing their own. In recent
years, most states have adopted math-
ematics and science goals or standards
(CCSSO0, 1997). Itis important for the
design committee to base its work on
state policy since that policy determines
the extent to which state goals and
standards must be used locally. Some
states require local districts to follow the
state standards, while others expect the
standards to be used as guidelines only.
In some cases, state content standards
guide a state’s assessment program. In
these cases, districts—and their curricu-
lum program design committees—will
likely choose to focus on those stan-
dards so that their students will perform
well on the state assessments.

Where local or state-level standards
do not exist or where state standards
are optional or do not meet the criteria
for high-quality standards given in the
previous section of this report, design
committees may want to use national
standards. Many districts and states
have used the following national stan-
dards as the basis for their own stan-
dards:

e The Curriculum and Evaluation
Standards for Mathematics NCTM,
1989);

o The Professional Standards for Teach-
ing Mathematics NCTM, 1991c¢);
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e The Assessment Standards for School
Mathematics NCTM, 1995);

e The National Science Education
Standards (NRC, 1996b); and

e The Benchmarks for Science Literacy
(AAAS, 1993).

BUILDING A COMMON VISION

Even with the availability of goals and
a comprehensive set of standards, the
curriculum program design committee
needs to agree upon and articulate a
common vision for the district in its own
language. Teachers, administrators, and
others on the committee should trans-
late what is called for in national, state,
and local standards into administrative
and classroom policy and practice for
their district. The committee will want
to consult research literature and other
sources on best practices in teaching
and learning science and mathematics.

Creating a common vision of what
and how students will learn mathemat-
ics and science is an important compo-
nent of the development of the curricu-
lum program, regardless of whether
most of the program’s components are
adopted or adapted from other pro-
grams or developed independently. A
common vision helps focus all stake-
holders on what the school district
believes is important. The vision is
critical for good communication, as it
will help the committee describe what
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the practices and behaviors of students,
teachers, administrators, and parents
should be when the curriculum pro-
gram is in place.

In building a common vision, the
design committee should describe what
would be observable when the curricu-
lum program is fully developed and
implemented in terms of

e what students are learning and how
they are learning it;

e what teachers are doing to support,
encourage, and expect learning;

e the evidence to be used during
assessment of student performance;
and

e activities parents, administrators,
businesses, and colleges and universi-
ties are engaged in to support and
encourage high levels of student
performance.

Many approaches to this part of the
design committee’s work are possible as
long as members engage in intellectual
and focused discussion regarding issues
of teaching and learning. One such
discussion might include tracing the
development of a particular concept or
strand across several grade levels, and
correlating this development with
national and state standards documents.
Examining sample instructional materi-
als or student work also could help the
committee clarify the nature of student
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performances called for in the stan-
dards. Classroom examples paint
pictures that communicate to teachers,
administrators, supervisors, and mem-
bers of the public how students engage
in meaningful learning of mathematics
or science. The classroom examples in
the NSES have helped educators get a
concrete sense of the national recom-
mendations in practice. Other useful
sources of examples include the
NCTM'’s addenda to its Standards
(NCTM, 1991a) and similar addenda in
science, to be published in 1999 by the
National Research Council for the
Center for Science, Mathematics, and
Engineering Education. In addition,
committee members may want to
participate in actual classroom lessons,
either as teachers or as students.

It is important at this stage in the
development of a curriculum program
for the committee members to have an
opportunity to share and discuss their
many, often diverse, views about the
discipline itself (mathematics or sci-
ence) and about how students learn that
discipline. For example, teachers may
not agree about the contributions and
limitations of lecture versus inquiry or
of small group versus large group
instruction. These issues are best
addressed explicitly in a positive, profes-
sional environment where relevant
educational research literature can be
accessed and reviewed.
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Ideally, when the vision statement is
finalized, it will be a concrete statement
that communicates the district’s vision
of what is important in mathematics and
science education. It should illustrate
how standards will be used and describe
what a classroom should look like or
what kind (s) of thinking a student
should be able to do. It also should
address the broader learning context,
such as how teachers will teach, how
students will be assessed, and how the
district will support and be accountable
for its students’ learning.

DRAFTING A K-12 CURRICULUM
FRAMEWORK

Once the goals and standards that
guide the curriculum program have
been identified and translated into a
more specific vision of learning, teach-
ing, assessing, and support, work on the
curriculum framework can begin. This
framework is meant to organize and
sequence the content to create coher-
ence in the curriculum program across
all grades in all courses. It does this by
assigning concepts to grade levels based
on the growth and development of ideas
and skills from grade to grade and by
grouping the concepts to form units or
courses. Whether the framework is
developed locally or taken from an
outside source, it should be reviewed
carefully to ensure its coherence.
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Although instructional materials are
not part of the curriculum framework, 1
the two elements must be aligned and
interconnected. Therefore, drafting a
framework is the beginning of an
iterative process. First, a draft of the
framework indicates at which grade
level concepts and skills (these may be
expressed as standards or benchmarks,
depending on the document being used)
might be taught. Then, as instructional
materials are reviewed, this early
framework will be refined until a final
product emerges. It may be tempting to
begin assigning concepts to grade levels
and/or courses immediately, but it is
wise to refrain from doing so too early in
the process. If districts assign concepts
to grade levels or courses before look-
ing at instructional materials, they are
likely to create a need for unique units
or courses. This then places them in
the position of having to write materi-
als—a difficult and expensive process
that most districts do not have the
resources to accomplish.

The design committee should have
the following questions in mind while
drafting the framework:
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¢ Are some units so ingrained in the
local curriculum that they must be
retained? (If this is the case, the
appropriate standards must be refer-
enced in the framework.)

e Who are the intended audiences of
the framework? How will these
audiences use the framework? Will
they understand it in its current form?

e What instructional resources are
available locally in the community
that should be built into the frame-
work? (For example, an outdoor
education laboratory school, a district
greenhouse or planetarium, a mu-
seum of science and industry, or
connections with a local industry may
all complement a high-quality curricu-
lum program.)

IDENTIFYING CORE
INSTRUCTIONAL MATERIALS

Deciding What to Review. The
goal of this step is to identify instruc-
tional materials that best support the
standards as they are organized in the
draft curriculum framework. As men-

10 Because of the widespread influence of national standards in mathematics and science, increasing
numbers of instructional materials and, in some cases, multi-year programs are available commercially
that provide for instruction and the learning of content called for in the national standards. Both
commercial publishers and curriculum development groups funded by the National Science Foundation
have developed these materials. Some of the programs may address a number of the criteria for
curriculum programs outlined above; therefore, local design process committees may use some aspects
of these programs—as well as adjustments to their own local frameworks— to help them construct

coherence within and across grades.
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tioned earlier, the processes of identify-
ing instructional materials and design-
ing the curriculum framework go hand
in hand. The draft framework indicates
a possible assignment of standards to
grade levels. Examining the instruc-
tional materials informs the committee
as to what is available at each grade
level, how the standards are presented
in the materials, and the prior knowl-
edge students need before beginning
each unit. After the design committee
reviews information about the materials,
it may find a need to revise some por-
tions of the framework.

Committee members should be
selective about their review of material
because they will not have time to
review everything. The committee may
want to become acquainted with tools
developed or under development by
several national groups for the identifi-
cation of “exemplary” materials. For
example, the National Science Founda-
tion has made recommendations for
middle-level science (NSF, 1997). The
National Science Resources Center has
done a similar study of materials for
elementary- and middle-level science
(NSRC, 1996 and 1998b). In addition,
the NRC’s Center for Science, Math-
ematics, and Engineering Education,
AAAS’s Project 2061, and the U. S.
Department of Education all are work-
ing to analyze and identify or to help
local decision makers analyze and

Designing Mathematics or Science Curriculum Programs: A Guide for Using Mathematics and Science Education Standards

identify exemplary mathematics or
science materials (NRC, 1999¢c; AAAS,
1997; and DoEd, 1997).

The design committee may want to
consider reviewing the materials cur-
rently in use. Even though some
members will be familiar with these
materials, all materials that have the
potential for use in the curriculum
program should be reviewed using the
same set of criteria. Then, if thereis a
decision to drop a widely used textbook,
evidence will be available. Conversely, if
a district chooses to continue using a
program that is unpopular, how and why
this decision was made may be more
easily explained.

Review Instruments and Proce-
dures. With the introduction of
content standards, most districts will
need to revise their process for review-
ing instructional materials, employing
criteria similar to those outlined in the
second section of this report. The
review process should be clearly de-
fined and involve the use of multiple
techniques that give teachers and
others an opportunity to analyze the
materials under consideration. Supple-
mental materials may play a role in this
process and will be discussed later in
this section (beginning on pg. 37).

A considerable amount of time is
needed for careful review of materials.
Setting up a two-stage process has some
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advantages. The first stage can be used
to eliminate the weakest instructional
materials based on the criteria provided
in this report and the design
committee’s vision of teaching and
learning. First-stage “filtering” could
involve analyzing the materials’ instruc-
tional approach and quickly retaining
those materials that support the skills
and concepts needed for problem
solving, but eliminating materials that,
for example, emphasize confirmatory,
pencil-and-paper activities or that would
provide students with little or no experi-
ence in problem solving, data collection,
and analysis. In this first stage, the
committee also could exclude materials
that are collections of unrelated activi-
ties or short units on single topics not
connected to others. This would allow
members to focus in the second stage
on materials that have the most poten-
tial to support the development of a
coherent curriculum program.

In the second stage, reviewers need
to begin by choosing a review instru-
ment and then practicing with it. In the
practice session, all reviewers should
use the instrument to evaluate the same
set of instructional materials. The
reviewers should discuss and agree as a
group on the interpretation of each
criterion to increase the reliability of the
resulting reviews (i.e., independent
reviewers would arrive at similar judg-
ments). Working through this process
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also will give reviewers further insight
into the standards that they will be
using to judge the materials.

The results of the first and second
stages of review should reveal strengths
and weaknesses of each considered set
of materials. The next step is to use this
knowledge to refine the framework.

REFINING THE CURRICULUM
FRAMEWORK

Finalizing Placement of Core and
Supplemental Instructional Mate-
rials. The design committee, having
worked with the policy documents
(goals and standards), developed and
described its vision of teaching and
learning, analyzed the current program,
and reviewed and selected instructional
materials, is ready to begin refining the
curriculum framework. Refining the
framework involves 1) clarifying the
growth of student understanding within
and across years by assigning concepts
to grade levels, and 2) identifying and
addressing transitions and gaps in the
framework, as follows:

1. Clarifying the growth of stu-
dent understanding within and
across years by assigning concepts
to grade levels. Once instructional
materials have been selected, concepts
and skills can be assigned to grade
levels.
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When the design committee is focus-
ing on the expected level of student
understanding, they should describe
performance expectations, not just
specify topics. For example, a topic such
as “introduction to photosynthesis” may
be assigned to sixth grade. As written,
this phrase can be interpreted in many
ways. Some teachers may have their
sixth-grade students memorize defini-
tions; other teachers may go so far as to
have students design experiments to
collect evidence that plants need light;
and yet others will ask students to
memorize the equations that summarize
the chemical reaction. In mathematics, a
similar situation arises when a topic such
as “length” is assigned to the first grade.
Some teachers may feel that they should
help students understand the concept of
measuring length by using non-standard
units; others may use standard units,
such as centimeters or inches but not
tools such as rulers and meter sticks;
and yet others may go directly to mea-
suring with rulers and meter sticks.

As discussed in the previous section
on curriculum program components, the
most significant difference among
frameworks is their level of coherence.
To build coherence into a framework
requires clear descriptions of the con-
tent. Necessary prior knowledge is
identified, ideas sequenced, and connec-
tions among ideas developed. This
process is facilitated by using “Growth of
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Understanding” tables similar to Fig-
ures 4 and 5 on pgs. 26 and 27 to iden-
tify the order of introduction of con-
cepts, both within a given year and
across years.

To recap, Figures 4 and 5 illustrate
how each year’s instruction builds on
that from prior years, with the concepts
becoming progressively more complex.
Such a progression helps insure that
students will be able to develop a solid
understanding of the “big ideas” of the
discipline. Although this progression
has to be considered for each major
concept, skill, and ability, every concept
should #ot be addressed every year.
This would result in too many concepts
being addressed each year without
adequate time for students to develop an
understanding of anything, exacerbating
the problem described in TIMSS re-
ports (Schmidt et al., 1998). Typical
mathematics and science curricula
attempt to address far too many topics
per grade level. Unnecessary repetition
can quickly stifle both student enthusi-
asm and understanding, leading to low
expectations. One of the most impor-
tant lessons from international studies
and analyses cited in the introduction to
this report is the value of tightening the
focus of our curriculum to address
fewer topics each year, allowing for
much greater depth of learning.

Ideas also must build within a year.
Not only should there be a lesson-to-
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lesson progression, but ##its should
also build from one to the next. Atten-
tion must be paid to the development of
themes, concepts, and skills from the
beginning to the end of a school year.
The framework should be explicit about
how skills and concepts interweave
within individual units, across a year,
and over a span of years. Without this
purposeful interconnection, the curricu-
lum program cannot be coherent.

To illustrate, in science students too
often read about a rigid “scientific
method” at the beginning of the school
year, then they read science content for
the rest of the year without ever having
the opportunity to experience how
science concepts are derived from
investigations. In mathematics, a
parallel experience often occurs, when
algorithmic procedures are taught as
though they were important in and of
themselves, rather than as tools for
solving real-world problems. In such
cases, the understanding that is essen-
tial to the eventual application of the
algorithms is often omitted. Equally
efficient procedures that are better
understood—or that have been created
by students—may be equally as accept-
able and never considered. Even when
efforts are made to address standards,
concepts and skills often are separated.
Students may study independent units
on graphing, metric measurement, and
microscope use or on plant classifica-
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tion, plant structure, and plant distribu-
tion, without ever seeing the connec-
tions among the concepts and skills in
those units.

The following questions can guide the
development of a framework that
supports a logical and sequential build-
ing of student understanding:

e What prior knowledge is needed for
each concept? Is it addressed in an
earlier unit? Can it be presented in
the current unit?

e [s alogical or developmental se-
quence of concepts presented within
each grade level?

e How will we assist students who have
missed important prior knowledge
and experiences?

e How does the framework convey the
importance of interconnected skills
and concepts?

e How will the connections and prior
knowledge and skills called for in the
framework be conveyed to teachers
and others who are using the curricu-
lum program?

2. Identifying and addressing
transitions and “gaps” in the frame-
work. The instructional materials
selected to support the K-12 framework
may come from several sources. Ideally,
one curriculum series or program would
suffice for a complete span of grades,
such as K-5 or K-8. The challenge is to
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figure out how to create links between
different programs. For example, with
series adopted for grades K-6, 7-8, and 9-
12, the connections between grades 6
and 7 and between grades 8 and 9 must
be examined closely. Does the middle-
grades program pick up where the
elementary grades program ends and
adequately prepare students for the
high-school learning goals? Linking
different sources of materials makes the
process of putting together a curriculum
program complicated. Even when all the
materials selected are of high quality,
they usually differ in philosophy, pro-
gram design, expectations of students,
and attention to particular concepts.

Some curriculum materials are
written and marketed as a set of stand-
alone units that schools or districts can
mix and match to meet their needs.
This situation is more typical of science
than mathematics, for which complete
programs are available that span several
grade levels. Although the mix-and-
match approach gives districts more
flexibility, if districts choose units from a
variety of sources, care should be taken
to ensure that the units achieve the
desired coherence in the curriculum
program.

After instructional materials have
been selected, there may be places
where the coherence is weak. The gaps
in the curriculum program need to be
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identified, as well as inconsistencies in
expectations of students when there are
transitions from one set of materials to
another. First, the big ideas (standards
or benchmarks) in each program and
flow between the units should be identi-
fied. If the understanding of the big
ideas do not build progressively, then
the remaining gaps must be filled and
redundancies eliminated. It is equally
important to track the skills that are
expected of students, such as graphing,
measurement, analysis of data, and use
of tools.

A design committee refining its
curriculum framework could address
gaps and transition problems by recom-
mending that

e instructional materials be modified to
create transition activities;

¢ new units be written where major
gaps exist;

¢ supplemental units from other
sources be identified; or

e professional development be provided
for teachers that addresses the issues
associated with the gaps.

As mentioned earlier, modifying
existing units or writing new units is an
expensive and time-consuming solution
to creating better transitions or covering
gaps between the instructional materials
from different sources. Finding units
from other sources is an alternative way
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to fill gaps. However, this approach may
result in a “patchwork” program that
creates additional inconsistencies.

Professional development offers a
flexible solution, in which teachers
identify transition problems and con-
sider ways to address them. They may
supplement the content by using units
from other programs or fill gaps or
address transition problems with their
own strategies.

The process described here of refin-
ing the curriculum framework may
seem overwhelming. The long-term
goal—to design a high-quality curricu-
lum program for mathematics and
science—is well worth the additional
commitment called for. In addition,
keep in mind that this report does not
mention timelines because the process
never ends; there will always be room
for improvement. The most difficult and
time-consuming part of the process is
the beginning, when the design commit-
tee and the district are learning to use
standards to create coherence. Once
this process is understood and a few
examples developed across several
grade levels, continuous improvement
of the total curriculum program will
become much easier.

Pilot Testing the Proposed Cur-
riculum Program. Although indi-
vidual instructional materials adopted
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for the curriculum program may have
been pilot tested in other school dis-
tricts, the particular collection of materi-
als now gathered in the design
committee’s framework may not have
been. It needs to be. The purpose of
pilot testing material is to identify
problems and to correct them before
full-scale implementation.

Ideally, the total program would be
evaluated over several years as a cohort
of students moved through the program
starting in kindergarten or first grade.
Obviously, full-scale implementation
cannot wait for this. Rather, the district
should strive to answer questions such
as those listed below by piloting the
program over a short period of time in
several schools that together cover the
total K-12 grade span.

e How well do diverse students achieve
the intended results (standards)
using the new instructional materials?
Teacher reports and some objective
test data will be useful in comparing
results across schools and against
desired results.

¢ Do students have the expected prior
knowledge and skills at the beginning
of each unit/course so that the
coherence designed into the curricu-
lum program can be maintained?

e When students do not have the prior
knowledge and skills, how do teachers
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make the needed adjustments for these
students? Are any problems severe
enough to justify the revision of the
framework?

e What professional development is
needed so that teachers can maintain
the coherence of the curriculum
program without denying access to
students who have not attained the
prior knowledge and skills called for?

e What professional development is
needed to support teachers and
principals in the use of the instruc-
tional materials in the curriculum
program?

e What resources (time, materials,
instructional technology, facilities,
and community resources) do teach-
ers need to use the materials?

e What resources are needed to main-
tain durability and usefulness of the
materials between adoption cycles?

e What resources are needed to keep
parents informed?

EVALUATING THE CURRICULUM
PROGRAM

The process of developing a coherent
curriculum program is not complete
until the design committee has formu-
lated a method and schedule for the
periodic evaluation and improvement of
the curriculum program. Like other
important programmatic changes in a
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district, designing a curriculum pro-
gram should be considered to be an
ongoing process, not a one-time event.
In today’s rapidly changing environ-
ment, mathematics and science pro-
grams can become outdated quickly,
even if they had represented state-of-
the-art thinking at the time they were
designed.

In making critical decisions about the
nature of a new mathematics and/or
science program, district policy makers
and the committee will want to consider
how drastic a change from their current
program is desirable. As they compare
their existing curriculum with national
standards and their local vision, the
benefits versus costs and risks will need
to be weighed. An increasing number
of districts also will need to take into
account statewide standards of learning
that are reinforced by mandatory
statewide assessments. In the end,
some communities may decide that they
want to upgrade their mathematics and
science programs dramatically to reflect
the most innovative direction possible.
Other communities, especially where
the school district is large or where
there are significant philosophical
differences of opinion about what
should be taught and how students
should learn, may decide to proceed
with more moderate change.

Dramatic change and slower, more
incremental change both have their
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advantages and disadvantages. One
advantage of dramatic change is that it
requires teachers to learn new skills
and ways of teaching. However, such
change may be so radical that school
district staff and the community reject it
before there has been adequate oppor-
tunity to see results (Fullan, 1991). On
the whole, a slower, more incremental
approach may be more acceptable to
staff and the community, but because
teachers have the time and opportunity
to modify new approaches, the innova-
tion may be unacceptably compromised.
Regardless of how drastic the change
decided upon it should be noted that
improvement in teaching and the
subsequent improvement in student
achievement will take time. The imple-
mentation of an innovative program
requires that teachers learn new and
different teaching strategies. Often, this
takes as many as three years (Fullan,
1991). Indeed, the implementation of an
innovative program may result in an
achievement dip during the first year or
two of implementation. Furthermore,
because the program advocated in this
report is connected across several
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years, significant improvement of
students’ achievement likely will result
from their being in the program for
more than one year.

The district’s evaluation plan should
take into account the need for early
data—as well as long-term data—on
program effectiveness. The data gath-
ered early will be helpful in deciding
whether to move from pilot testing to
full implementation. The data gathered
over time will be critical to long-term
evaluation and improvement decisions.
One solution to this dual need for
evaluation data is to collect enough to
reach the consensus needed for formal
approval of the program from the pilot
sites that have been using the program
for the greatest period of time and,
simultaneously, to design a program
evaluation process that gathers data
over a more extended period of time
from all schools. Such a process would
provide, for example,

¢ a description of what constitutes a
well-implemented curriculum pro-
gram';

¢ a means of identifying schools and

1 There are useful procedures for defining a well-implemented program. Three are mentioned here.
First, the National Science Resources Center has developed a series of rubrics for this purpose (NSRC,
1997). Second, the Concerns-Based Adoption Model has developed a method of describing and mapping
the progression of implementation of an innovative program (Hall & Loucks, 1978). Third, the National
Science Foundation-funded Classroom Observation Protocols (Weiss et al., 1998; Horizon Research,
1999) provide criteria to determine effective classroom instruction and program implementation.
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classrooms where curriculum pro-
grams have been well implemented;
and

e a comparison of student achievement
in classrooms and schools where
curriculum programs have been well
implemented for two or three years
with student achievement in control
classrooms in the same district or
comparable districts. (The measures
used should be aligned with the
standards that were used to develop
the program.)

BUILDING CONSENSUS AMONG
THE STAKEHOLDERS AND
OBTAINING APPROVAL

As indicated earlier, the committee
responsible for designing the curricu-
lum program will learn a great deal
about curriculum, instructional materi-
als, and other factors, such as pedagogy
and assessment, that can affect the
achievement of students. In the pro-
cess, this committee will make a num-
ber of recommendations that will
change the current program and that
may impact teachers, administrators,
and parents. The success of the new
curriculum program ultimately will
depend on the stakeholders outside the
committee reaching a level of under-
standing and support for it comparable
to that of the committee members. This
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requires that sustained and systematic
communication be planned and ex-
ecuted to keep these stakeholders
informed, to solicit their input, and to
develop consensus and support for the
committee’s work. Specific strategies
for the committee could include

e developing a two-way communication
link with all stakeholders through
status reports, newsletters, World
Wide Web sites, newspaper articles,
and presentations to school staffs and
parent-teacher organizations;

¢ seeking input and response on a
periodic basis through question-
naires, focus groups, use of external
reviewers, and presentations to
faculty and community groups;

¢ informing stakeholders of pilot testing
results, how the feedback has been
used, and the specific impact both
are having on the committee’s work;

e judging the degree to which the
committee’s work has been accepted
by examining the various forms of
feedback received (a committee that
has communicated its work well will
have a good sense of the degree to
which its work will be supported);
and

e convening meetings for the purpose
of obtaining formal expressions of
consensus.

The next step is formal approval of
the curriculum program by appropriate
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district decision makers. When the this approval. Ideally the committee
committee has achieved consensus with ~ would simultaneously present its imple-
other stakeholders, it is ready to request = mentation plan 2 and budget.

12 1n order to translate the curriculum program into classroom practice, a number of implementation
strategies, activities, and mechanisms must be in place. These include professional development for
both teachers and administrators and development of a number of support mechanisms. See Appendix
A for an overview of this topic.
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IMPLEMENTING A MATHEMATICS OR SCIENCE CURRICULUM PROGRAM

This report primarily describes the
elements of a coherent curriculum
program and suggests a process for its
development. If the program is then to
impact student learning, a number of
activities must be undertaken to give life
to the curriculum program through
well-supported practice in all K-12
classrooms. This appendix provides a
few suggestions, with a minimum of
discussion, for this implementation.
Particularly helpful will be the reports
and studies cited here.

Support the Implementation of
the Curriculum Program with
Extensive Professional
Development '3

The information needed to plan full-
scale implementation can be derived not
only from the process used to develop
the curriculum program but also from
the additional processes, described in
the report, of building consensus for

and pilot testing the program. Typically,
the implementation plan will contain the
following activities *:

¢ Continued use of the information
dissemination strategies of the con-
sensus-building process noted in this
report on pg. 44 to inform staff of the
schedule and nature of the implemen-
tation activities and professional
development they will be involved in;

¢ Engagement of principals and depart-
ment chairs (middle and secondary
level) in professional development to
inform them of the nature of the new
program and the results of the pilot
test, as well as the following—

—the decisions they will need to
make concerning procedures and
timelines for implementation in
their respective buildings,

—the availability and type of profes-
sional development to which their
teachers will have access,

—the costs and sources (designers,

3 The nature and order of the activities listed, although briefly stated, are part of an overarching
strategy based on the Concerns- Based Adoption Model (CBAM) framework for understanding and
responding to the concerns of teachers engaged in adopting an innovation (Hord et al., 1987).

4 An excellent resource is Science for All Children: A Guide to Improving Elementary Science

Education in Your School District (NSRC, 1997).
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publishers) of instructional materi-
als, kits, and equipment,

—the support systems available to
them and their teachers,

—suggested ways of informing
parents about the program and
implementation,

—the impact that the new program
will have on the teacher evaluation
process, and

—plans for student and program
assessment;

¢ Identification and purchase of the
instructional materials, related kits,
and equipment (Sources and methods
of re-supplying expendable materials
should be included in the implementa-
tion plan.); and

¢ Planning and execution of professional
development experiences for teachers.

(A comprehensive treatment of this

important topic is available.)®®

Develop and Maintain Ongoing
Support and Partnerships in the
Community

As important as developing consensus
among district teachers and administra-
tors is the task of developing support
from and partnerships with various
members of the community. These
include parents of students in the school

Designing Mathematics or Science Curriculum Programs: A Guide for Using Mathematics and Science Education Standards

system, the non-parental public in the
community, and representatives of local
businesses and industry, local corpora-
tions, universities, professional organi-
zations, science-related agencies, and
museums.

Develop and Implement a
Program for Assessing and
Reporting Student Achievement

The wide range of reasons for exam-
ining student achievement include

¢ helping teachers improve their
instruction and the achievement of
their students;

e providing teachers with a basis for
assigning grades:

e assist teachers and administrators
with decisions about tracking, promo-
tion, and graduation;

¢ informing students, parents, and the
general public about how well stu-
dents are achieving; and

e assisting in monitoring the quality of
teaching, the effectiveness of the
curriculum program, and other “oppor-
tunity to learn” factors (such as infra-
structure support, supplies and materi-
als availability, facilities, and so on).

The role of assessment is much
broader than the assignment of grades

15 See Designing Professional Development for Teachers of Science and Mathematics (Loucks-Horsley

et al., 1998).
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and other critical decisions about
students, such as promotion and track-
ing. Even this traditional role for
student assessment is often misunder-
stood and misused. (See High Stakes
Testing for Tracking, Promotion, and
Graduation [INRC, 1999a] for a careful
analysis of the issues of high stakes
testing that can have a major impact on
students’ lives.) When student assess-
ment is considered as feedback, it is an
effective means of improving student
learning (Black & Wiliam, 1998) and the
quality of teaching and the curriculum
program. (See the NSES “Assessment
Standards” [NRC, 1996b] for a discus-
sion of the uses of assessment.) Of
particular importance to this guide is
the use of student assessment data
coupled with other information in the
evaluation of coherence and accessibil-
ity in the curriculum program.

Quality assessment for any of these
purposes depends on the availability of
effective instruments, procedures, and
performance standards (see the descrip-
tion of performance standards on pg. 21

Designing Mathematics or Science Curriculum Programs: A Guide for Using Mathematics and Science Education Standards

of this report), in addition to content
standards. When performance stan-
dards do not formally exist, teachers
must decide what it is that they expect
students to know, understand, or be able
to do. If district-wide assessment items
are being developed, these become
informal performance expectations.

The pervasive need for explicit
performance standards that align with
content standard expectations argues for
inclusion of performance standards in
the curriculum program. If these
standards are not included in the initial
design of the curriculum program,
teachers and the assessment developers
will need additional professional devel-
opment to assist them in understanding
how assessment tasks and scoring
guides are developed and how perfor-
mance standards are established.

Equipped with the ability to define
and decide when a content standard has
been met, teachers will be equipped to
use assessment as a powerful means to
improve their instruction and student
learning.
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MAPPING THE NSES FOR STRUCTURE OF MATTER (K-12)

9-12

/'

The physical properties of a compound reflect the
nature of the interactions among its molecules.
These interactions are determined by the structure
of the molecule, including the constituent atoms
and the distances and angles between them.

T

Bonds between atoms are created when
electrons are paired up by being transferred or
shared. A substance composed of a single kind

Matter is made of minute particles
called atoms, and atoms are
composed of even smaller
components, which have measurable

charge. Each atom has a positively
charged nucleus surrounded by
negatively charged electrons. The

electric force between the nucleus

properties, such as mass and electrical

and electrons holds the atom together.

T~

of atom is called an element. The atoms may be
bonded together into molecules or crystalline
solids. A compound is formed when two or

more kinds of atoms bind together chemically.

T

Atoms interact with one another by
transferring or sharing electrons that are
farthest from the nucleus. These outer
electrons govern the chemical properties of

Y LY

An element is composed of a single
type of atom. When elements are
listed in order according to the number
of protons (called the atomic number),
repeating patterns of physical and
chemical properties identify families
of elements with similar properties.
This “Periodic Table” is a consequence
of the repeating pattern of
outermost electrons.

the element.

A

Substances react chemically in characteristic ways
with other substances to form new substances
(compounds) with different characteristic properties.
In chemical reactions, the total mass is conserved.
Substances often are placed in categories or groups if
they react in similar ways; metal is an example of
such a group.

T

A substance has characteristic properties, such as
density, a boiling point, and solubility, all of which are
independent of the amount of the sample. A mixture of
substances often can be separated into the original
substances using one or more of the characteristic
properties.

A

N

Chemical elements do not break down
during normal laboratory reactions
involving such treatments as heating,
exposure to electric current, or reaction
with acids. There are more than 100
known elements that combine in a
multitude of ways to produce compounds,
which account for the living and nonliving
substances that we encounter.

/1

Objects are made of one or more materials, such as paper,

wood, and metal. Objects can be described by the properties

of the materials from which they are made, and those

properties can be used to separate or sort a group of objects

or materials.

Materials can exist in different

Ability to describe: Color,
Shapes, and Textures

el

T

states—solid, liquid, and gas.
Heating or cooling can change
some common materials, such as

Objects have many observable properties, including size,
weight, shape, color, temperature, and the ability to react
with other substances. Those properties can be measured
using tools, such as rulers, balances, and thermometers.

water, from one state to another.

Ability to measure: Length,

AN

Weight, and Temperature
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Appendix C

MAPPING THE NCTM STANDARDS FOR THE TOPIC OF STATISTICS (K-12)

11-12

Large populations can be sampled to gather data for

describing the population and/or to make predictions. The
sample size and sampling method affect the confidence that If appropriate, data can be transformed to facilitate
one would have in the interpretations and predictions that are its interpretation and the making of predictions based
made about the population. upon these data.

N\ /

Statistical measures of central tendency,
variability, and correlation are used to
describe and make decisions about
populations and events.

A

Statistical methods are used to test a wide
variety of hypotheses about populations and
events.

9-10
Statistical methods provide powerful means of
influencing people and making decisions based upon
information.
A
7-8

Data displays can be constructed to communicate information
accurately and clearly. They can also be designed to distort
communication and encourage wrong interpretations.

A

Decisions about data collection and display should be based on the
questions that are to be addressed by the data.

(From Grade 5-6)
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5-6 (To Grade 7-8)

SN

- The way data are displayed has a significant effect on the case
cenlt_:rogrqg ﬁg\\,/vvf;te;e :Qsddsaﬁflc“as,feﬁ‘efhimh of reading the display, as well as on the quality and accuracy of
intér reting the sFt)or that the data tZII interpretations made by observers (e.g., If we group the data in

P 9 Y : intervals of 10, how is the display changed?).

AN /

Graphic displays of data can be used to make inferences and
predictions and to support arguments about people and events.

PN __
e

Information from a graphic data display can be used to solve
problems, to make interpretations, or to generate questions (e.g.,

A , - The general shape of the data as seen in the display can often
Do you think that next month’s weather graph will show the same :
patterns as this month? How is this month’s weather graph be used to get a general sense of the story the data are telling.

different from last month? Why do you think that is s0?). /

Graphic displays of data are interpreted to describe the
characteristics of things such as populations and events.

3-4

A
1-2
Data are organized and displayed in a variety of ways to communicate
information about groups or events (e.g., tables, charts, graphs).
A
K

Objects and data can be sorted and displayed so that population
characteristics are seen and comparisons can be made between populations
(e.g., Did more students wear shoes with laces, shoes with Velcro, or slip-on

shoes? Was it a lot more, or just a little more?).

A

Vocabulary and concepts are necessary for sorting
objects and using descriptive words.
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