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If young people whose adult lives will be spent entirely in the 21st century are to be active and influential participants in the emerging social, political, economic, and scientific world, their education must provide broader and deeper knowledge of scientific concepts, principles, reasoning processes, and habits of mind than students typically acquire today.  Unfortunately, there is convincing evidence that large numbers of students leave secondary and collegiate education with inadequate information and understanding about science and mathematics and little inclination to apply or even value the methods of those disciplines in the solution of problems or in reasoning about important personal and societal questions.  A recent National Science Foundation review of undergraduate education concluded that

Too many students leave science, mathematics, engineering, and technology courses because they find them dull and unwelcoming.  Too many teachers enter school systems under-prepared, without really understanding what science and mathematics are, and lacking the excitement of discovery and the confidence and ability to help children engage science, mathematics, engineering, and technology.  Too many graduates go out into the workforce ill-prepared to solve real problems in a cooperative way, lacking the skills and motivation to continue learning.

(National Science Foundation, 1996, p.4)

Faculty who are drawn to Journeys of Transformation are already sensitive to the problem of providing more sophisticated scientific and mathematical education to a broad and underachieving population.  The central question is “If I want my students to develop a deeper understanding of science and mathematics, where do I turn for new ideas?”  In grappling with the same question, leaders and participants in the Maryland Collaborative for Teacher Preparation (MCTP) found a number of credible sources of guidance.

Over the past decade, mathematics and science educators have engaged in spirited critical examination of current practice and have undertaken creative research and development activities.  While the greatest energy has been focused on the elementary and secondary education, a significant number of college university faculty are now engaged in basic research and applied curriculum development projects aimed at improving undergraduate science and mathematics education.  Their critical and creative work is producing remarkably consistent recommendations and intriguing resources.

For the Maryland Collaborative as a whole, the challenge was sorting through the recommendations and deciding which to adopt as a package that could be called “the MCTP approach.”  For the individual instructors, a greater challenge was deciding which innovations to try in their own classrooms.  This section summarizes the underlying principles and recommendations that have guided their journeys of transformation.  It describes (1) curriculum issues, including content coverage, connections among disciplines, and materials emphasizing scientific and mathematical investigation; (2) instructional issues, including constructivism, active learning, hands-on experiences, collaborative learning, and writing to enhance learning; (3) new approaches to assessment; and (4) technology as an impetus for changing course goals and classroom activities and for enhancing communication among faculty and students.  (See also Appendix II for highlights of national recommendations that guided MCTP participants.)

Curriculum

For most scientists and mathematicians concerned with improving education, the first target of attention is usually the content and organization of topics in school and collegiate curricula.  Quite naturally, they ask themselves and others whether current instruction focuses on the most important facts, concepts, principles, and methods of the disciplines and whether those topics are presented in the most effective sequences for students with different interests, aptitudes, and prior achievement (e.g. Leitzel, 1991).

Less is More.  Given the explosive growth of scientific knowledge and the application of that new knowledge to a wide range of human activities, it is natural to expect that recommendations for reform would focus on the addition of topics to existing courses and an acceleration of the pace at which those topics are covered.  In fact, there are strong arguments for quite different answers to questions about appropriate curriculum.  For example, a report  from the American Association for the Advancement of Science (AAAS) Project 2061 argues that

Present curricula in science and mathematics are overstuffed and undernourished….They emphasize the learning of answers more than the exploration of questions, memory at the expense of critical thought, bits and pieces of information instead of understanding in context, recitation over argument, reading in lieu of doing.






(AAAS, 1990, p. xvi)

The sentiments in that influential AAAS proposal are echoed in many other recent discussions of K-16 curriculum issues.  Scientists and mathematicians have urged critical reexamination of their disciplines to identify the truly fundamental ideas and reasoning processes that most students must master and to cut away details that are important only for specialists.  Lunn Steen (1988) has spoken eloquently about an evolving view of mathematics as the science of patterns, and he has proposed a framework of structures, actions, abstractions, attitudes, behaviors, and attributes that are useful in describing and reasoning about patterns of many different kinds.  The Project 2061 recommendations include similar themes—systems, models, constancy, patterns of change, evolution, and scale—that are useful in thinking about science, technology, and mathematics in the worlds that we experience and seek to understand.

While students undoubtedly will need some specific factual knowledge and skills as a basis for learning the proposed broader concepts and “habits of mind” (Cuoco, et al., 1996), a common thread in recent curriculum advice suggests that students would be better off if we would “organize curricula around profound exploration of a few basic ideas” (Stanley, as quoted in Millar & Alexander, 1996, p. 65).  This point of view is often expressed with the catchy phrase, less is more.  

Connections.  The growth of scientific and mathematical knowledge has also been accompanied by increasing specialization in research fields.  Science and mathematics curricula in secondary school and undergraduate education tend to be organized in ways that honor those specializations.  On the other hand, recent developments have demonstrated that progress on major scientific problems usually requires integration of principles and methods from several traditional disciplines.  For example, problems in environmental science often require concepts and strategies from the biological and physical sciences and mathematics as well as significant insights from economics, public policy, and law.  The case for better-connected science and mathematics curricula rests on pedagogical grounds as well.  For example, recent critiques of school and undergraduate mathematics have pointed out that typical syllabi and textbooks consist of hundreds of exercises “detached from the life experiences of students and seen by many students as irrelevant” (Mathematical Sciences Education Board, 1991, p. 17).  A solid body of research in cognitive science demonstrates that learning with understanding requires learning how concepts, principles, and procedures are connected (Hiebert & Carpenter, 1992; Redish, 1994).  These connections can relate within a subject area, across other subject areas, and to real-life situations in which the scientific or mathematical principles are at work.

Students can develop such interdisciplinary perspectives through theme-based curricular materials such as Teaching Integrated Mathematics and Science (TIMS) at the elementary level, Event-Based Science in the middle grades, and even the Applications Reform in Secondary Education (ARISE) and Systemic Initiative for Montana Mathematics and Science (SIMMS) projects at the high school level.  (See references to follow for publisher information on curricular materials.)  Not surprisingly, as one gets into advanced secondary school and undergraduate curricula, specialization by traditional discipline becomes more common.  However, most of the recent developments in calculus and linear algebra curriculum materials give a prominent role to modeling of scientific and economic situations (Tucker & Leitzel, 1995; Carlson, et al., 1997).  Moreover, at the college level, NSF has sponsored the development of curricular materials that honor the less-is-more philosophy and provide modules that exemplify current views of teaching and learning.  One such project is Powerful Ideas in Physical Science, published by the American Association of Physics Teachers (College Park, MD).  This project had a major influence on how MCTP structured its summer faculty

development programs.  Another example of theme-based materials at the college level is Chemistry in Context (Schwarz, et al., 1994), described by Dr. Thomas O’ Haver in his contribution to this publication.

Scientific and Mathematical Thinking.  While curriculum design has traditionally focused solely on the selection and sequencing of topics to be ‘covered’ in a course, there is growing support for the principle that how we teach is as important as what we teach.  The National Council of Teachers of Mathematics (NCTM) articulates this notion in its Curriculum and Evaluations Standards:

Students’ ability to reason, solve problems, and use mathematics to communicate their ideas will develop only if they actively and frequently engage in these processes.  Whether students come to view mathematics as an integrated whole instead of a fragmented collection of arbitrary topics and whether they ultimately come to value mathematics will depend largely on how the subject is taught.

(National Council of Teachers of Mathematics, 1989, p. 244)

That NCTM position has been echoed in many recent comments on science curriculum and teaching as well.  For example, at a 1994 conference on the preparation oif science and mathematics teachers, Jaleh Daie suggested

Science is best learned as a way of knowing, not as a collection of facts…(C)ertain scientific facts are…needed before larger concepts can be understood and ideas can be constructed.  (But) learning the process of science (logic, methods, quantitative skills, and cause and effect relationships) is more important than having a collection of facts.  This approach emphasizes attainment of intellectual skills (rather than routine memorization) to reinforce student interest and increase motivation.

(Daie, 1996, p.70)

This point of view implies that curriculum materials should emphasize investigation and problem solving more than reading and imitation examples, and that students should have an opportunity to experience authentic scientific research environments.

Instruction

When content goals and curricular structures have been agreed upon, it is natural to turn to considerations of learning and instruction.  How do students with various interests and aptitudes acquire the understanding we aim for?  What kinds of instructional materials and activities stimulate that learning?  Consistent themes have emerged from a substantial body of research on these questions, including much work directly related to undergraduate science and mathematics education.

Constructivism.  The traditional pattern of K-16 mathematics and science teaching includes teacher explanation and demonstration of new ideas and skills followed by guided and then independent student work on routine exercises.  Some students are able to learn from this pattern of interaction with their teachers and curriculum materials, but many are unsuccessful.  Teacher-focused class meetings induce student inattention and, even when teacher explanations are clear and complete, students often report frustration when they face homework tasks away from the teacher’s immediate guidance.

In response to the well-known difficulties that students have in learning science and mathematics, extensive research has attempted to clarify the mechanisms of learning in students of various ages and aptitudes.  Over the years, this research, from a combination of content discipline and psychological perspectives, has led to a number of general theories about learning and those theories have then been used as bases for models of instruction.  The theories that currently hold most promise for explaining and facilitating learning with understanding in science and mathematics are described the general label of constructivism.

With primary roots in the research and though of John Dewey, Jean Piaget, and Lev Vygotsky, modern constructivism has several key tenets:

· Knowledge is actively created, not passively received.

· Students construct new understanding by reflecting on and modifying their prior knowledge structures.  

· Knowledge is personal, an amalgam of individual interpretations of experiences and observations that are shaped by prior conceptions and social interactions.

· Learning is a social enterprise in which scientific ideas are established by members of a culture through shared observations and social discourse involving explanation, negotiation, and evaluation.

From a constructivist perspective, the goal of learning is the formation of internal representations of objects and relationships.  Those representations can then be manipulated mentally to explain and make predictions about the structure of modeled situations.  While there is little direct evidence of how representations are stored in the brain, there is general consensus that students will develop effective representations of mathematical and scientific concepts and principles only if they actively examine those ideas in varied forms, on a continuum from tactile to symbolic.

Active Learning.  Constructivism is basically a theory of knowledge and how knowledge is acquired and used.  However, it has been translated in various ways to give guidelines for mathematics and science instruction as well.  The fundamental premise of constructivist learning theory is that knowledge is acquired only through direct involvement of the learner.  Theories of teaching built on that principle have emphasized some of the following objectives:

· Instruction should engage students in experiences that challenge their prior conceptions and beliefs about mathematics and science.

· Instruction should encourage student autonomy and initiative.  The instructor should be willing to let go of control over classroom discourse.

· The instructor should encourage the spirit of questioning by posing thoughtful, open-ended questions and encouraging discussion among students.

· Instruction should not separate knowing from the process of finding out.

· The instructor should allow student responses to drive lessons and seek elaboration of students’ initial responses.

· The instructor should allow students some thinking time after posing questions.

A comprehensive listing of “Learner-Centered Psychological Principles” developed by the American Psychological Association can be found in Appendix II.

Of course, it is one thing to set these admirable goals and quite another to create the desired classroom learning community.  It seems fair to say that development has just begun on instructional materials (problems, laboratory investigations, etc.) and classroom strategies that will constitute a “wisdom of practice” comparable to the patterns of traditional instruction that have been passed from generation to generation of teachers.  Further discussion of constructivist teaching and its foundation in theory and research on learning appears in a number of contemporary research and expository journals and books (for example, see Brooks & Brooks, 1993; NCTM, 1990; Simon, 1995; Driver, et al., 1994; Redish, 1994).

Hands-On Laboratory Experience.  Interpretations of constructivist learning theory also generally infer that the most effective path to conceptual understanding is one that proceeds from active engagement with concrete embodiments to progressively more abstract and efficient representations.  The implication for education is that science and mathematics instruction should make extensive use of interactive physical materials and “real-world” data from primary sources.  While laboratory experiences have been standard features in secondary and collegiate science instruction for years, there have always been challenges to the authenticity of those experiences.  They tend to be exercises in demonstrating or confirming principles learned from classroom lectures, rather than opportunities to discover answers to genuine scientific puzzles.  Until very recently, mathematics classrooms have only rarely engaged students in genuine investigation of data or modeling results from experiments.

Over the past decade creative science educators have demonstrated ways to make laboratory investigations the central component of instruction in physics.  The pervasive influence of computers and calculators on mathematics has transformed many school and college classrooms into laboratory environments as well.  Furthermore, calculator- and computer-based laboratory equipment has facilitated a blending of science laboratory and mathematical modeling/analysis activity.  Many innovative instructional materials and case reports of laboratory-style classes are now available, particularly for courses in physics, statistics, and calculus.  Much of that work began at the Technical Education Research Center (TERC) under the leadership of Robert Tinker, and descriptions of the development are in reports from physics educators (see Thornton & Sokoloff, 1990; Laws, 1991; Krajcek & Layman, 1992).  Moreover, evidence that these methods really work is building (see Redish, et al., 1997).

Collaborative Learning.  The dominant public image of a scientist or mathematician is that of a solitary figure in a private world of laboratory experimentation or hypothetical reasoning.  Indeed many stunning examples of scientific and mathematical discoveries have developed from one individual’s sustained deep though about complex problems.  However, progress in science and mathematics is also cumulative—the work of any individual builds on the observations, conjectures, and reasoning of many others with similar interests.  Furthermore, the power of teamwork in problem solving has been demonstrated not only in science and mathematics but also in our increasingly complex and technical environments in business and industry.

In addition to the payoff of collaborative work in professional science, mathematics, and engineering, recent research on learning and teaching has demonstrated the effectiveness of engaging students in structured cooperative learning activities.  Consistent results suggest that student learning will be impressive if the classroom is organized to put students in small groups working on challenging problems.  Common guidelines for teaching through cooperative problem solving include (from Johnson, Johnson & Smith, 1991, and Davidson, 1990)

· Simultaneous Interaction.  Students should interact in team structures that work simultaneously to optimize their engagement during classroom time.

· Positive Interdependence.  Activities should be structured to require contributions from all team members.

· Individual Accountability.  While learning takes place in a team environment, students must demonstrate individual achievement.

· Social Skill Development.  Since learning is socially negotiated from multiple perspectives, students must develop the social skills necessary for effective group interaction.  Those skills must be taught and monitored along with academic objectives.

· Reflecting.  At the conclusion of an activity, groups should be brought together to share their findings and reflect in their meaning.

Studies show that when these guidelines are effectively implemented, students have higher achievement, increased retention, increased motivation to learn, increased ability to consider multiple perspectives, more positive relationships with others, more positive attitudes toward learning, better self-esteem, and improved social skills.

If one is interested in acquiring skill in teaching that employs cooperative small-group problem solving in science and mathematics, advice is readily available (see, for example, Artzt & Newman, 1990; Davidson, 1990).  Furthermore, new curriculum materials generally include a variety of group problem-solving activities that stimulate positive interdependence, allow multiple solution approaches, and pose refelction questions that help groups to articulate important scientific and mathematical principles represented in the problems.

Writing.  When educators ask representatives of business and industry about skills they look for in future employees, they often mention the ability to work effectively as part of problem-solving teams.  But representatives of technical fields also frequently mention the importance of the ability to communicate clearly in speaking and writing.

One of the truisms of education asserts that one never truly understands a subject until required to teach it to others.  Thus it is not surprising that active participation in collaborative problem-solving activities facilitates learning.  It also appears to enhance the development of student communication skills.  Furthermore, one of the standard aspects of laboratory and small-group problem-solving instruction is the writing of reports that summarize and reflect on group work.  Experimental K-16 science and mathematics curricula are now including substantial writing tasks, and they seem to help students to solidify and become more articulate about their knowledge (see, for example, Countryman, 1992).

Many science and mathematics teachers have begun using regular journal writing as a tool for communication with their students.  On a daily or weekly basis, students are asked to write about their understanding of ideas in science or mathematics courses—what they are confident about and what they are still puzzled about—and their reflections on class activities.  For many students this sort of opportunity to write about their learning is a powerful tool for developing understanding as well as a way to make personal contact with their teachers.

Assessment

Closely related to questions of learning and instruction are questions about techniques for assessing students’ skills and conceptual understanding.  In K-16 science and mathematics classrooms, the most common strategy for assessing student learning is through competitive, timed, written quizzes and tests that require individual students to answer a collection of specific short questions or to perform routine calculations to solve well-defined problems.  Some students do very well in this sort of testing, but for many others, the conventional testing paradigms do not give accurate readings of their knowledge.  Furthermore, even students who are “successful” on standard tests often have embarrassing gaps in their understanding of key scientific and mathematical ideas.

As curriculum developers have focused more on developing student skills and conceptual understanding and less on memorization and routine procedural skills, they have been compelled to devise assessment approaches that reflect the same shift in goals.  For both mathematics and science, many prototypes for new assessment strategies are available (see Hestenes, Wells & Swackhammer, 1992; Mathematical Sciences Education Board, 1993; Schoenfeld, 1997).

To make student assessment more authentic, the tasks used in testing are increasingly set in realistic, open-ended contexts; may involve small groups of students; and allow multiple solutions or multiple paths to solutions.  Responses to these assessment tasks are being scored using a range of new techniques, including looking at the work holistically, rather than by analyzing it as a collection of many discrete “right/wrong” responses.  Assessment of portfolios of student work, which show the development of understanding over time, can also play a role in a more complete evaluation of each student’s progress.

Advocates of group and portfolio assessment strategies often emphasize their interest in learning what students do know as much as what they do not know.  They also stress the importance of making assessment an integral part of instruction, not simply a sorting tool to identify winners and losers in the game of science and mathematics learning.

As with other new ideas in mathematics and science teaching, the opportunities for innovative assessment are described in numerous publications.  The NCTM has published a Standards volume focusing on assessment in mathematics (NCTM, 1995), the National Science Education Standards (NRC, 1996) contain similar guidance to options in science assessment, and there are practical suggestions in dozens of books (e.g., Stenmark, 1991), journal articles, and Web sites.

Technology

Curriculum, learning, teaching, and assessment are long-standing concerns in mathematics and science education.  But consideration of new approaches to those problems is influenced today by fundamental changes in the technology available for doing and learning about science and mathematics.  From calculators and computers to video disks and the World Wide Web, science and mathematics educators can employ many new tools in their teaching practice.  These tools influence the choice of content goals in mathematics and science courses, strategies for organizing classroom and laboratory instruction, and options for communication with students and colleagues about course materials and assignments.

Changing Course Goals.  When calculators and computers are available as standard tools for mathematical problem-solving, it makes sense to rethink the goals for students learning mathematics.  Curriculum development projects at every level are designing new mathematics courses that assume access to arithmetic and graphing computing software—reducing attention to training students in paper and pencil execution of routine procedures and increasing attention to strategies for intelligent use of electronic tools.

The explosion of information resources available on CD-ROM and World Wide Web networks raises similar questions about the balance between conceptual learning and acquisition of specific facts in science courses.  When one can search the libraries of the world from a home computer terminal, what sort of broad understanding is needed to guide the retrieval of information from those resources, and what knowledge must still be retained “locally?”  It is still too early to tell how science and mathematics education will use these information resources most effectively, but a great deal of activity is under way.

Changing Classroom Activities.  Hand-held electronic technologies of various kinds are reshaping the possibilities for classroom instruction in science and mathematics in fundamental ways.  The popular calculator- and computer-based laboratory instruments (CBL) are supporting exciting new kinds of investigations in which data are collected in real-time and then represented and modeled in numerical, graphic, and symbolic forms.  These electronic tools for data collection and analysis are helping to integrate science and mathematics more deeply than ever before.  Mathematical concepts are developed through modeling of real-life activities and scientific experiments are analyzed mathematically with a variety of convenient statistical and algebraic tools.

For example, motion detectors can be used to monitor the movement of people or objects and transform and record that information, usually in real time, directly into computers or calculators.  The computers or calculators then display the data in tabular or graphic formats.  Students can then analyze the data to study position, velocity and acceleration for these experiments.  In addition, devices are being used with computers and calculators that measure force, temperature, pressure, voltage, current, and kinetic energy for a wide variety of “real-time” experiments.  Laboratory material is available for these devices (see Thornton & Sokoloff, 1990).  

When mathematics students have access to hand-held calculators with powerful numeric, graphic, and symbolic capabilities, they can investigate algebraic expressions, functions, and geometric shapes in search of interesting patterns.  The mathematics classroom can become an experimental laboratory in which students construct their own understanding of key ideas and then share results with other students and the teacher as co-investigator.  The use of multiple representations for mathematical ideas open doors to the subject for students who are more adept at visual or numeric reasoning than the conventional symbol manipulation.  These attractive options are being built into a range of new K-16 curricula.

Communication.  Electronic communication via e-mail and the World Wide Web has made the world seem physically smaller but intellectually larger.  Recent projects have also explored the power of electronic information technologies for creating scientific communities that join individuals from many schools and geographic areas—sharing experimental data and mathematical problems across state and national borders.  Although work has only begun on projects to provide access to rich databases and on-demand assessments, the promise is great.  Many school and university faculty are already using e-mail to communicate with their students and colleagues, as well as using the World Wide Web as an information resource and as a medium for publishing class materials and student projects.

The Challenge and the Opportunity

It is easy to identify the problems of teacher education in mathematics and science.  But reaching agreement on ways to proceed toward solutions for those problems is a more imposing challenge.  It took science, mathematics, and education faculty participating in the Maryland Collaborative for Teacher Preparation nearly two years to reach a comfortable consensus on the principles that would characterize MCTP courses.  The key changes from traditional practice that we agreed would be required to reach our goals are summarized well by the following table, adapted from Johnson et al. (1991, p. 7) and Wright & Penn (1992, p. 35).

Science, mathematics, and education faculty from across Maryland accepted the challenge of creating courses that reflect these desired departures from traditional practice.  Working together across disciplines and institutions, they have developed, tested, refined, and implemented dozens of new courses.  Their case reports describe both successes and failures along the way.  They also illustrate ways that such collaboration can facilitate faculty professional development by forming an invisible college of interacting students, mathematicians, and educators who stimulate and support each other in change.

	Traditional Courses
	MCTP Courses

	Science and Mathematics for Some
	Science and Mathematics for All

	Science and Mathematics as Separate and Distinct Subjects
	Science and Mathematics as Part of an Interdisciplinary World

	Many Topics Covered with Little Depth
	Few Topics Covered in Greater Depth

	Focus on Factual Knowledge
	Focus on Conceptual Knowledge

	Behaviorist Learning Theory 
	Constructivist Learning Theory

	Teachers Imparts Knowledge and Students Receive and Store it
	Teacher is a Facilitator of Learning and a Learner, Too

	Passive Students
	Active Students

	Text-Based Instruction
	Hands-on/Minds-on Investigation

	Confirmatory Investigations
	Problem-Solving Investigations

	Teacher Demonstration
	Laboratory and Field Experiences

	One-Way Communication
	Networks of Communication in a Learning Commmunity

	Limited Use of Technology
	Full Integration of Appropriate Technology

	Competitive Learning
	Cooperative Learning

	Testing to Assign Grades
	Multi-dimensional Assessment Integrated with Instruction
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