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Summary

This project involved the development and testing of introductory physics materials to
enable instructors to abandon the traditional separation of lecture and laboratory in favor of a
workshop format. The Workshop Physics courses emphasize cognitive development enhanced
by direct experience and the use of microcomputers as a tool for observations, data collection, and
data analysis. Written materials developed for the project included workbook style Activity
Guides that serve as text book supplements for both calculus-based and non-calculus-based
course sequences. Jr . addition, microcomputer-based laboratory (MBL) materials were
developed. These included a series of electronic sensors; an RS-232 compatible microcomputer
interface (ULI); and software packages for data collection on the Macintosh computer. As a
result of enhanced funding during year three, the Tools for Scientific Thinking Project centered
at Tufts University joined the project. Year three activities included: (1) co-development at
Dickinson College and Tufts University of several more MBL software and Lardware packages
for the Macintosh computer; (2) preparation of the MBL materials, Workshop Physics Activity
Guides, and the Tools for Scientific Thinking Curriculum Guide for commercial distribution;
and (3) conduct of a more thorough evaluation of the pedagogical advantages of using MBL
materials in the "workshop" environment.

Priscilla W. Laws, Professor
Department of Physics and Astronomy
Dickinson College
Carlisle, PA 17013 Telephone: (717) 245-1242

The following project products are available from Vernier Software Co., 2920 S.W. 89th Street,
Portland, OR 97225 (503) 297-5317:

The Workshop Physics Activity Guides (Calculus-Based and Non-Calculus-Based)
The Workshop Physics Calculus-Based Apparatus Guide
The Tools for Scientific Thinking Curricular Guide
Universal Lab Interface and Software Developer's Guide
Radiation Detector/Force Probe
Dickinson Software for the Macintosh Computer: Event Timer /Event Counter
Tufts MBL Software for the Macintosh Computer: Mac Motion /Mac Temp

The following publications have resulted from the project:

Laws, Priscilla W., Workshop Physics: Replacing Lectures with Real Experience, The
Conference on Computers in Physics Instruction: Proceedings. (Addison Wesley: Reading,
MA, 1990).

Thornton, Ronald K., Tools for Scientific Thinking: Learning Physical Concepts with Real-
Time Laboratory Measurement Tools, The Conference on Computers in Physics Instruction:
proceedings. (Addison Wesley: Reading, MA, 1990).

Thornton, Ronald K. and Sokoloff, David, Learning Motion Concepts Using Real-Time
Microcomputer-Based Laboratory Tools. Publication pending in the American Journal of
Physics.

Additional articles are under preparation for submission to the American Journal of Physics
during the spring of 1990.
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Executive Summary

Project Title: Workshop Physics

Grantee Organization: Department of Physics and Astronomy
Dickinson College
Carlisle, PA 17013

Project Contact: Priscilla W. Laws at (717) 245-1242

A. Project Overview

This project began with a year of planning and baseline testing of students taking introductory
physics courses at Dickinson College using traditional teaching formats. The project involved
development and testing of introductory physics materials to enable instructors to abandon the
traditional separation of lecture and laboratory in favor of a workshop format. Over 200 students
at Dickinson College and a number of students at other colleges and universities gained direct
experience with physical phenomena without the aid of lectures either by means of direct
observations or observations enhanced by the use of the microcomputer as a laboratory
instrument.

Project outcomes include: (1) demonstration of improvements in conceptual learning and
student attitudes toward physics over that achieved in traditional introductory physics courses;
(2) preparation of written and computer-based curricular materials for commercial distribution
to colleagues at other colleges and universities; (3) establishment of a regular sequence of
teacher workshops at the semi-annual national meetings of the American Association of
Physics Teachers on how to conduct laboratories using MBL instrumentation and how to teach
Workshop Physics; (4) provision of information and support to over 150 colleagues at other
institutions who are interested in modifying their introductory teaching; (5) publication of three
articles on the project as well as the acquisition of material for several more articles now under
preparation; (6) delivery by P. Laws and R. Thornton of over 100 talks and workshops at
professional meetings and physics colloquia; (7) receipt of two national awards for curricular
innovation; and (8) receipt of four additional grants from FIPSE and NSF to continue with the
development and dissemination of the program to other institutions.

B. Purpose

The four major objectives of Workshop Physics are to: (1) help students develop a positive
attitude toward science, (2) enhance scientific literacy, (3) reduce misconceptions, and (4)
retain traditional text book problem solving skills. Although we have learned how to achieve
dramatic conceptual gains in certain specific areas using kinesthetic experiences and MBL
tools, we have also learned that some student "misconceptions" are very resistant to change. We
have come to a new appreciation of the role of teacher-directed discussions and other activities
that help students reflect on their experiences. One of the major tasks in the coming three years
is to identify the types of concepts requiring follow-up work with students and to develop teaching
strategies and materials to provide maximum learning gains.
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C. Background and Origins

12/29/89

The project grew out of a dissatisfaction with the effectiveness of lectures in helping students
acquire fundamental concepts in introductory physics courses and a growing recognition that
the Microcomputer-Based Laboratory (MBL) instrumentation being developed for physics
experiments at Dickinson College had great potential in helping students grasp fundamental
physics concepts on an intuitive level.

This project benefited by a tremendous amount of institutional support for the purchase of 20
Macintosh computers and the remodeling of two substandard introductory physics laboratories
into "ideal" settings for computer-enhanced classroom/laboratory learning. Five of the full-
time teaching faculty in the Department of Physics and Astronomy have helped with the
planning and teaching of the courses.

The project has enjoyed additional outside support both from FIPSE and NSF to extend the
development of course materials for use at other institutions and for the conduct of teacher
workshops during the summer of 1990. Both the Merck Foundation and Educom in conjunction
with the National Center for Research to Improve Postsecondary Teaching have provided
national recognition for the Workshop Physics program by honoring it with awards for
curriculum innovation. As part of its award program the Merck Foundation has donated $15,000
to the science program at Dickinson College.

D . Project Description

Although the two programs share a common approach and educational philosophy, the Tools for
Scientific Thinking Project has focused on the development and extensive testing of a set of seven
guided inquiry units in the college and university laboratory setting. These units have been
designed to be used independently of knowledge gained in lectures so that they can be easily added
to the laboratory component of more traditional university courses. On the other hand, the
Workshop Physics Project is centered around the development of a new learning environment in
which formal lectures have been abandoned to create a maximum amount of time for active
learning. The Workshop Physics staff has generated and classroom tested a set of 28 guided
inquiry units. Several of the units developed in the Tools for Scientific Thinking Project have
been adapted for use in the Workshop Physics units. The topics span many of those normally
covered in introductory physics courses. Students experience physical phenomena directly
whenever possible. Macintosh SE computers are used extensively by students to collect, display,
and analyze data as well as for solving numerical problems, modeling, and graphic simulations.

E. Project Results
Evaluation

A range of instruments have been used to evaluate both the Workshop Physics and Tools for
Scientific Thinking programs. We have discovered demonstrable gains in student attitude and
motivation as well as in specific conceptual areas, computer skills, and experimental
techniques emphasized by the course. In addition, there has been no noticeable loss in the more
conventional problem solving skills needed for success in typical intermediate level physics
courses. Physics is still hard to master and there is no magic wand available to wave over the
students, but we are helping students to begin to achieve some mastery over more skills required
"to do physics." Since we have additional funding, refinement and extension of the course
materials and evaluation of their impact on students will continue for the next few years.
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Dissemination

12/29/89

Interest in using the materials is high. More than 130 people have asked to be on a mailing list to
receive information about course materials. At least twenty additional colleges and universities
have used parts of the curriculum even before its official dissemination. Project staff have
offered six oversubscribed workshops at the national meetings of the AAPT, and eight
international workshops have been offered. The project directors, Ron Thornton and Priscilla
Laws, have given invited talks throughout the United States and in six foreign countries. Some
upcoming speaking engagements include a pair of invited talks at the January 1990 AAPT
meeting in Atlanta (Thornton & Laws), two additional contributed talks (Penny & Laws and
Laws, et. al), a talk at the annual meeting of the Association of American Colleges in San
Francisco (Laws), an invited talk at the Macademia Conference in Daytona Beach (Laws), and
physics colloquia at Michigan State University (Laws) and Rutgers University (Laws). A
number of related projects have been funded in the last three years. These include funds from:
Dickinson College (for equipment and remodeling), FIPSE (for adaptation of curricular
materials for university settings and a teacher workshop), NSF (for laboratory instrumentation
and a teacher workshop), the Massachusetts Department of Education (for teacher training), and
Apple Computer (for equipment).

F. Summary and Conclusions

Introductory physics courses in the United States are in need of reform. The classroom testing of
the curricular materials already developed for the Tools for Scientific Thinking and Workshop
Physics projects indicate that they provide effective means of addressing the problems
encountered in typical university level introductory physics courses. Evaluation data in the
Tools for Scientific Thinking project show substantial and persistent mastery of basic physical
concepts, not often learned in lectures. Preliminary assessments of the Workshop Physics
project at Dickinson College show dramatic increases in the motivation of students while they
are taking introductory physics courses. The detailed evaluation of the learning gains of
students should add to the body of physics education literature, and thus contribute to better
models for teaching introductory physics. The curricular materials produced should allow
college and univ:,rsity instructors to experiment with more interactive approaches to the
teaching of introductory physics. There is strong evidence of interest in adopting materials
from both projects among college and university physics teachers. Other funding agencies at the
state and federal level are contributing in important ways to the acquisition of equipment for
new development efforts and to dissemination of curricular materials. The work of both projects
is already gaining a national and international reputation.

G. Appendices

The written materials appended to the full report include sample curricular material, reprints of
three articles (either published or pending) based on work undertaken in the projects funded by
this grant, a list of individuals, organizations, colleges and universities who have inquired
about the Workshop Physics Program, and a draft flyer describing commercial availability of
materials developed. Supplemental materials include: (1) Video tape excerpts of award
ceremonies in which the Workshop Physics Project was honored by the Merck Foundation and
NCRIPTAL; (2) Copies of the MBL software developed by the Project; and (3) Diskette copies
containing the Activity Guides developed for the Workshop Physics Project.
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The Report Narrative

A, Project Overview

This project began with a year of planning and baseline testing of students
taking introductory physics courses at Dickinson College using traditional
teaching formats. The project involved development and testing of introductory
physics materials to enable instructors to abandon the traditional separation of
lecture and laboratory in favor of a workshop format. Over 200 students at
Dickinson College and a number of students at other colleges and universities
gained direct experience with physical phenomena without the aid of lectures
either by means of direct observations or observations enhanced by the use of the
microcomputer as a laboratory instrument.

Project outcomes include: (1) demonstration of improvements in conceptual
learning and student attitudes toward physics over that achieved in traditional
introductory physics courses; (2) preparation of written and computer-based
curricular materials for commercial distribution to colleagues at other colleges.
and universities; (3) establishment of a regular sequence of teacher workshops at
the semi-annual national meetings of the American Association of Physics
Teachers on how to conduct laboratories using MBL instrumentation and how to
teach Workshop Physics; (4) provision of information and support to over 150
colleagues at other institutions who are interested in modifying their
introductory teaching; (5) publication of three articles on the project as well as the
acquisition of material for several more articles now under preparation; (6)
delivery by P. Laws and R. Thornton of over 100 talks and workshops at
professional meetings and physics colloquia; (7) receipt of two national awards
for curricular innovation; and (8) receipt of four additional grants from FIPSE
and NSF to continue with the development and dissemination of the program to
other institutions.
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B. Purpose

Workshop Physics and Tools for Scientific Thinking share a common
educational philosophy. Both projects assume that the acquisition of scientific
literacy as defined by Arnold Aronsl is more important than engagement with
the traditional textbook problem solving that currently dominates introductory
physics.

Table 1: Some Elements of Scientific Literacy
(from Arons, "Achieving Wider Scientific Literacy", Dmdalus, Spring 1983)

1. Recognition that scientific concepts (e.g. velocity, force, energy, etc.) are human
creations and not real objects accidently discovered.

2. Recognition that scientific concepts require careful operational definition. That is to
realize that a concept involves idea first and name afterward and that understanding does
not reside in the technical term.

3. Comprehension of the distinction between observation and inference.

4. Ability to distinguish between the occasional role of accidental discovery and the
deliberate strategy of forming and testing hypotheses.

5. Understanding the meaning of the word "theory" and having experience with how
theories are formed, tested, and accepted provisionally.

6. Comprehension of the limitations inherent in scientific inquiry and the kinds of
questions that can and cannot be asked and answered.

7. Development of enough knowledge in an area of science to allow intelligent study and
observation to lead to subsequent learning without formal instruction.

The four major objectives of Workshop Physics are to: (1) develop a positive
attitude toward science, (2) enhance scientific literacy, (3) reduce
misconceptions, and (4) retain traditional text book problem solving skills.
Although we have learned how to achieve dramatic conceptual gains in certain
specific areas using kinesthetic experiences and MBL tools, we have also learned

1A. Arons, "Achieving Wider Scientific Literacy", Dwdalus, Spring 1983

-2-
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that some student "misconceptions" are very resistant to change. We have come
to a new appreciation of the role of teacher-directed discussions and other
activities that help students reflect on their experiences. One of the major tasks
in the coming three years is to identify the types of concepts requiring follow-up
work with students and to develop teaching strategies and materials to provide
maximum learning gains.

In administering the project, we initially underestimated the need for full-
time administrative help. In addition, the development, testing and pre-
commercial dissemination of the computer interface, sensors, and software have
taken far more time than we expected. This part of the enterprise which is
deemed crucial pedagogically is badly underfunded, and our focus on making the
development of the computer-based materials happen by hook or crook has meant
that we are not as far along in the assessment of the project outcomes as we had
hoped to be by September 30, 1989.

C. Background and Origins

The project grew out of a dissatisfaction with the effectiveness of lectures in
helping students acquire fundamental concepts in introductory physics courses
and a growing recognition that the Microcomputer-Based Laboratory (MBL)
instrumentation being developed for physics experiments at Dickinson College
had great potential in helping students grasp fundamental physics concepts on
an intuitive level.

This project benefited by a tremendous amount of institutional support. Upon
receipt of the FIPSE grant in 1986, Dickinson College allocated $50,000 for the
purchase of 20 Macintosh computers and another $66,000 to remodel two
substandard introductory physics laboratories into "ideal" settings for computer-
enhanced classroom/laboratory learning. Five of the full-time teaching faculty in
the Department of Physics and Astronomy have helped with the planning of the
courses, taught sections, and written curricular materials for the courses. Two

-3-
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individuals have spent their sabbaticals at Dickinson to help with the program
and bring changes back to their own institutions.

We had some initial difficulty in trying to accommodate three weekly two-
hour sessions for each workshop physics section into the course schedule
scheme. This ruffled feathers in the Chemistry Department where schedule
conflicts were anticipated for their majors. At times students complained that we
were working them too hard. However, a small liberal arts college setting has
been an ideal place to try new ideas because in addition to the special support
afforded us by the College, the small class sizes, level of support from academic
computing, the comraderie among departmental colleagues, and the closeness
between faculty and students have allowed us to iron out kinks and rough spots
in the curricular materials with a minimum of agony.

Additional outside support came from an NSF ILI grant for $29,000 which
was matched by the College to purchase additional computers, video equipment,
and software for the project. A FIPSE dissemination grant of $7,900 was
awarded to give a one-week seminar on Workshop Physics to teachers at other
colleges and universities in the summer of 1900. An NSF Faculty Enhancement
Grant of $62,300 was awarded for the conduct of a two-week seminar on
Workshop Physics in June 1990. Effective October 1, 1989 FIPSE awarded
Dickinson College and Tufts University another three-year grant to adapt and
refine materials developed in the Workshop Physics and Tools for Scientific
Thinking Projects for use at larger universities where several hundred students
are enrolled in introductory physics courses. Both the Merck Foundation and
Educom in conjunction with the National Center for Research to Improve
Postsecondary Teaching have provided national recognition for the Workshop
Physics program by honoring it with awards for curriculum innovation. As part
of its award program the Merck Foundation has donated $15,000 to the science
program at Dickinson College. In addition, the Educational Research Division of
Apple Computer has awarded two equipment grants totaling more than $100,000
to the Center for the Teaching of Science and Mathematics at Tufts University in

-4-
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the past year and a half for continued research on stucient learning and
development of new MBL curricular materials.

D. Project Description

12/29/89

Influenced in part by the successes of the FIPSE funded Professional
Development Program at U.C. Berkeley directed by Uri Teisman and Robert
Fullilove, both the Workshop Physics and Tools for Scientific Thinking projects
share an emphasis on the processes of verbal communication and peer learning.
Students in both projects are given ample opportunity to plan activitie% and
discuss findings with each other in and out of the classroom environment.
Both projects make extensive use of microcomputers, not as tutorial devices or
teaching machines, but rather for the acquisition of both qualitative and
quantitative information about physical phenomena.

Although the two programs share a common approach and educational
philosophy, they have some fundamental differences that complement each
other. The Tools for Scientific Thinking Project has focused on the development
and extensive testing of a set of seven guided inquiry units in the college and
university laboratory setting. These units have been designed to be used
independently of knowledge gained in lectures so that they can be easily added to
the laboratory component of more traditional university courses. On the other
hand, the Workshop Physics Project is centered around the development of a new
learning environment in which formal lectures have been abandoned to create a
maximum amount of time for active learning. The Workshop Physics staff has
generated and classroom tested a set of 28 guided inquiry units. Several of the
units developed in the Tools for Scientific Thinking Project have been adapted for
use in the Workshop Physics units. The topics span many of those normally
covered in introductory physics courses. Project resources have not allowed for
detailed measurement of learning gains in Workshop Physics on a unit by unit
basis. However, the insights about the learning process gained from the detailed
assessments conducted in the Tools for Scientific Thinking Project have served to

-5-



FIPSE Final Report: Workshop Physics 12/29/89
(Dickinson College and Tufts University)

inform the development of new curricular materials in the Workshop Physics
Project.

1. Tools for Scientific Thinking, Tufts University (Oct 1986-Sept 1989)

This project, described in more detail in Appendices E and F uses the
microcomputer equipped with sensors, a special interface, and software to collect
and display real scientific data instantaneously in graphic form. Such a setup is
commonly known as a Microcomputer. Based Laboratory or MBL. The graphs on
the computer screen might represent the change of a measured quantity such as
the distance of a student from a motion detector, the counting of a beta particle for
a radioactive nucleus, or the temperature of a cooling object as time passes. An
MBL setup is illustrated in Figure 1 below.

Fib 1: An MBL setup to
display beta particle counts
from a radioactive source.

Geiger
Tube

Radioactive
Source

00000000
MBL

Interface

eum

Using Microcomputer-based laboratory (MBL) sensors and software, students
can simultaneously measure and graph such physical quantities as position,
velocity, acceleration, force, temperature, light intensity, sound pressure,
nuclear radiation, current and voltage.

MBL stations give students immediate feedback by presenting data
graphically in a manner that students can learn to interpret almost instantly.
This provides a powerful link between real events that can be perceived through
the senses and the graph as an abstract representation of the history of those
events. Thus, MBL tools provide an ideal medium to support the development of
physical intuition through direct inquiry an approach strongly recommended
by cognitive scientists and physics educators.

-6-
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Inquiry-based curricular materials and MBL tools have been developed for
seven topics covered in traditional introductory physics courses:

1. motion (kinematics)
2. force and motion (dynamics)
3. heat and temperature
4. simple harmonic oscillations (including energy)
5. sound
6. visible light
7. electricity

The MBL unit on motion has been reproduced in Appendix B.

Seven colleges and universities have been involved in the primary testing of
the materials including: California State Polytechnic University, Dickinson
College, Massachusetts Institute of Technology, Muskingham College, the
University of Oregon, Tufts University, and Xavier University.

2. The Workshop Physics Program, Dickinson College (Oct 1986-Sept 1989)

The lack of integration of laboratory and classroom instruction inherent in
the use of the Tools for Scientific Thinking materials in the laboratory has not
been a problem for the Workshop Physics program where the normal distinction
between lecture and laboratory has been abandoned. Students and the instructor
meet for three two-hour sessions each week in which they can move freely
between guided activities and discussions. (See Appendix D for a more complete
description of the Workshop Physics Program). In Workshop Physics,
curricular materials have been created for a range of activities that cover most of
the traditional introductory physics topics. These topics are listed in Appendices
A and C. Among other things students pitch baseballs, whack bowling balls with
twirling batons, attempt pirouettes, construct digital circuits, ignite paper by
compressing gas, design engine cycles with rubber bands, and use an MBL
system to monitor radon on campus. Students experience physical phenomena
directly whenever possible. Macintosh SE computers are used extensively by
students to collect, display, and analyze data as well as for solving numerical

7 -
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problems, modeling, and graphic simulations. This allows students to perform
and analyze many more qualitative observations and quantitative experiments
than is typically possible in an introductory physics laboratory.

The design of learning activities in each unit are adapted from a learning
sequence suggested by David Kolb and others. The sequence begins with student
predictions of the outcome of casual, qualitative observations of a phenomenon of
interest. Students proceed to actual observations and reflect on the results of
these observations. With the help of the instructor, the outcome of the
observations is often the basis for the development of a formal mathematical
description of a phenomenon. The sequence culminates in providing the
students with an opportunity to apply their new understandings to the solution of
a novel experimental or theoretical problem or to perform a quantitative
experiment that verifies the predictions of the formal theory. The content of the
courses was cut by about 30% to allow for the longer time needed for students to
begin mastering important physics concepts. Preliminary assessments of
learning gains in covering the subset of MBL units adapted from the Tools for
Thinking Project indicate that content should be cut even more, if maximum
educational benefits are to be realized.

During the 1986-87 academic year, five members of the Department of
Physics and Astronomy drafted Student Activity Guides for both the calculus and
non-calculus sections of the course. Development of hardware and software for
MBL photogate timing and nuclear counting was started, and new apparatus
was designed to aid students in direct observations. The Workshop courses were
introduced to about 70 students at Dickinson College during the fall of 1987. The
courses are now undergoing a third full year of classroom testing, and the
Activity Guides are being revised for the third time by Profs. P. Laws, J.
Luetzelschwab, and R. Boyle. These Activity Guides will be distributed by Vernier
Software beginning in January 1990.

-8-
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E. Project Results
Evaluation

A range of instruments have been used to evaluate both the Workshop
Physics and Tools for Scientific Thinking programs. In the Tools program pre-
and post-tests were administered after each laboratory unit involving the use of
MBL materials. In some cases the persistence of the learning was tested several
months after the original intervention. These tests focused on major concepts
and misconceptions identified by researchers. Data show dramatic and
persistent learning of physical concepts, not easily learned in lectures, by
students who use the MBL curricular materials. (See reprints of articles in
Appendices E and F for details). For example, university students who were
given two kinematics labs each lasting between 2 and 3 hours were able to reduce
error rates on questions aimed at interpreting velocity graphs from a pre-test
average of 65% to a post-test average of about 12% as shown in Figure 2 below.

Weighted Average Error BEFORE and AFTER MBL (all after Lectures)

80
c

1 2 3 4 5
Velocity Question

Figure 2

(N)
Pre-MBL (506)
Post-MBL (535)

On the other hand, students from Tufts University and the University of
Oregon receiving lectures on the same topic only reduced their average error
rates to 50% and thus, had much smaller learning gains. Additional research
with high school populations indicates similar pre- and post-test patterns that
appear to be independent of ethnic origin, intended major, or sex. One student at

-9-
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Tufts after using the MBL motion detector and figuring out the meaning of linear
acceleration for herself exclaimed, "Look at me, I'm a scientific humanist!"

Evaluations in the Workshop Physics program started in the Fall of 1986
when pre-workshop physics baseline tests were administered using the
Mechanics Concepts test developed at Arizona State University, select portions of
the AP Physics examination, the standard Dickinson College course evaluation
form, and a special questionnaire asking students to rate how various course
activities contributed to their learning, to estimate how much time they spent on
the course, and to describe what changes they would most like to see made. Each
of these tests has been administered one or more times to students who have
taken Workshop Physics along with post tests for MBL activities developed in the
Tools for Scientific Thinking project. In addition, the enrollment of Workshop
Physics graduates in advanced courses was monitored and performance in
subsequent courses and on MCAT examinations was assessed. Results are
summarized briefly in this narrative. More details will be reported in an article
now being prepared for the American Journal of Physics.

The most dramatic impact of Workshop Physics on students is an
improvement in their attitude toward the study of physics. In comparison with
the time spent on other courses and time spent by cohorts at other institutions,
the average student reported working harder on Workshop Physics courses. In
spite of this fact, the written comments on the course evaluation forms indicated
that the vast majority of the students in the calculus-based course and more than
half the students in the non -.calculus based course preferred the workshop
method to the lecture method. On a nine point quality-of-course scale one
calculus section in the spring of 1988 gave the course an average rating of 7.6 and
a median rating of 8.0 in spite of the factthat this was the first trial of the second
semester calculus-based course. This was the second highest combined rating
given to any of the 117 laboratory sc. 'ence course sections taught at Dickinson in
the past three years and thus placed it in the top 2% of the lab science courses
offered. One freshman who enrolled in physics to fulfill the science requirement
commented

-1 0-
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"The intellectual challenge and quality of this course were excellent. Some
days after doing an experiment that worked out really well, I would feel as if I
accomplished so much, Even after struggling over an experiment for the whole
period, finally getting it was a great feeling. 1 received a lot more from the
course than an understanding of physics. The "hands-on" experience was
great. .. Besides the physics I learned, just the experience with the computers
and equipment have helped me a lot. I have stayed away from computers and
been afraid to play around with equipment before, but aow I'm not and I can just
"dig in". . . .Workshop Physics is Phun!

Although it is too early to be sure of the trends, enrollments in the non-
calculus course have remained stable while enrollments in the calculus course
are about 15% higher than they were before the program began and enrollment
in the sophomore level modern physics course is up by about 50% this year over
the pre-program figures. In the past 25 years only one student has gone into high
school teaching. Now in its third year, the Workshop program has yielded three
physics students who have expressed a desire to become certified in high school
teaching. We'd like to think this is a result of Workshop Physics classes being
more fun to be in than lectures and conventional laboratories.

The Workshop Physics courses have adopted MBL materials for motion,
force, oscillations, and heat and temperature and in some cases adapted them for
use with the learning sequences in the Workshop Physics Activity Guides.
Learning gains based on pre- and post-tests evaluated as part of the Tools for
Scientific Thinking Program are dramatic and entirely consistent with those
achieved at other institutions where the MBL materials have been tested. See
Appendix F for more details on the outcomes of the general study in which
Dickinson's Workshop Physics students participated.

Although the results of pre- and post-testing for the Mechanics Concepts test
developed at Arizona State University are difficult to interpret for reasons which
will be discussed in the upcoming article, it appears that there are modest overall
gains in mechanics concepts as measured by the test over those experienced by
Dickinson students before the Workshop Physics program was introduced and
over those experienced by students taking lecture based physics courses at other
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institutions. There were more demonstrable gains on some key misconceptions
for which specific learning sequences were developed. For instance students
who whacked bowling balls were superior several weeks later in describing the
motion of an object undergoing a constant force perpendicular to the direction of
its initial velocity on the Mechanics Concepts post-test.

Performance on problem sets and the problem portion of examinations
suggests that students in Workshop Physics have about the same facility with
conventional textbook problem solving as their pre-workshop physics cohorts.
Ditto for their performance in advanced courses. It is not noticeably better or
worse by conventional standards. Ws know by watching the students as they set
up new experiments and handle the computers that they are more literate in the
process of scientific investigation. However, we have not developed good
measures for evaluating these gains scientifically.

In some ways we were hoping for more dramatic gains across the board for
students taking physics using the workshop approach. We have discovered
demonstrable gains in student attitude and motivation as well as in specific
conceptual areas, computer skills, and experimental techniques emphasized by
the course. In addition, there has been no noticeable loss in the more
conventional problem-solving skills needed for success in typical intermediate
level physics courses. Physics is still hard to master and there is no magic wand
available to wave over the students, but we are helping students to begin to
achieve some mastery over more skills required "to do physics." Since we have
additional funding, refinement and extension of the course materials and
evaluation of their impact on students will continue for the next few years.

Dissemination

Although the Workshop Physics materials will not be officially ready for
dissemination until January 1990, interest in using the materials seems high.
Some of the materials have already been used informally at a number of
institutions including the University of Oregon, the University of Nebraska,
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Johnson C. Smith College, Bellevue Community College, Troy State University,
Ohio State University, and several high schools. More than 130 people have
asked to be on a mailing list to receive information about course materials.

The Tools for Scientific Thinking materials have been widely disseminated
and adopted. In the Fall of 1989 Ohio State University acquired motion detectors,
software, and ULIs for use with 800 students in their introductory physics
laboratory. At least twenty additional colleges and universities have used parts of
the curriculum even before its official dissemination. Project staff have offered
six oversubscribed workshops at the national meetings of the AAPT, and eight
international workshops have been offered. Project co-director, Ron Thornton,
has given many invited talks in the United States and in six foreign countries. A
number of related projects have been funded in the past three years. These
include an NSF grant held by Tufts University, Hampton University and the
University of Georgia for the training of high school teachers, a two-year-long
summer seminar for exemplary high school teachers funded by the U.S.
Department of Education, and grants from the states of Massachusetts, Oregon,
and Ohio to help with the training of high school science teachers.

About 120 individuals attended one or more of a series of hour-long mini-
workshops on computer use in Workshop Physics at the Conference on
Computers in Physics Instruction held in August 1988. An invited talk on
Workshop Physics was given at that meeting by Priscilla Laws, the project
director. Almost 60 people signed up for 20 spaces in a day long combined
workshop sponsored by the American Association of Physics Teachers (AAPT)
on the Tools for Thinking and Workshop Physics projects held in January 1989 in
San Francisco. Two heavily oversubscribed one-day long works1 ops were given
at the June 1989 meeting of the AAPT in. San Luis Obispo and are slated to be
repeated at the January 1990 meeting in Atlanta. Profs. Laws and Thornton
have been giving an average of three major talks each month for the past two
; ears on the Workshop Physics and Tools for Scientific Thinking Projects.
Highlights from this fall include talks at Hamilton College (Thornton), Arizona
State University (Laws), the Introductory University Physics Project Conference
in Denver (Laws), San Francisco State University during the earthquake
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(Thornton), and tandem talks at a NATO Advanced Study Workshop in Pavia,
Italy (Laws and Thornton) which Prof. Thornton helped to organize.

Some upcoming speaking engagements include a pair of invited talks at the
January 1990 AAPT meeting in Atlanta (Thornton & Laws), two additional
contributed talks (Penny & Laws and Laws, et. al), a talk at the annual meeting
of the Association of American Colleges in San Francisco (Laws), an invited talk
at the Macademia Conference in Daytona Beach (Laws), and physics colloquia at
Michigan State University (Laws) and Rutgers University (Laws).

Prof. Mary A.H. Brown from Troy State University in Dothan, Alabama
spent her 1987-88 sabbatical leave at Dickinson College to help set up the first
round of workshop courses. She is now using the materials at her institution.
Prof. Desmond Penny of Southern Utah State University has arranged to spend
his sabbatical at Dickinson College during the 1989-90 academic year. He will
work with the Workshop Physics Program with the idea of setting up a similar
program at his university. Prof. Geoffrey Wilson of Johnson C. Smith College is
testing our materials with eight black students at Johnson C. Smith University.
Profs. Wilson and Penny will be reporting on their experiences in talks at the
January 1990 meeting of the American Association of Physics Teachers. Under
the aegis of the new FIPSE grant for the Interactive Physics project, colleagues
from the University of Oregon, the University of Nebraska, and Boise State
University will begin refining and testing materials at their institutions.
Introductory physics course organizers at Auburn University, the Air Force
Academy, and Arizona State University have also expressed interest in
implementing workshop physics programs at their institutions.

Profs. Thornton and Laws are serving as advisors on a pilot project known as
CUPLE. This project is centered at the University of Maryland and funded by the
Annenberg CPB project and IBM. MBL and curricular materials developed in
the Workshop Physics and Tools for Scientific Thinking projects will be used in
the development of a sample computer-based unit in mechanics to show the
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potential of high technology computer work stations coupled with video input to
serve as a learning resource for introductory physics students.

F. Summary and Conclusions

Introductory physics courses in the United States are in need of reform. The
classroom testing of the curricular materials already developed for the Tools for
Scientific Thinking and Workshop Physics projects indicate that they provide
effective means of addressing the problems encountered in typical university
level introductory physics courses. Evaluation data in the Tools for Scientific
Thinking project show substantial and persistent mastery of basic physical
concepts, not often learned in lectures. Preliminary assessments of the
Workshop Physics project at Dickinson College show dramatic increases in the
motivation of students while they are taking introductory physics courses. The
detailed evaluation of the learning gains of students should add to the body of
physics education literature, and thus contribute to better models for teaching
introductory physics. Furthermore, the actual curricular materials produced
should allow college and university instructors to experiment with more
interactive approaches to the teaching of introductory physics. The development
and implementation of the Workshop Physics courses at Dickinson College have
required a tremendous amount of work and planning and probably would not
have been successful without the extensive grant aid and staff support it afforded.
We are very excited to discover that after three years of effort the ongoing
teaching of the Workshop courses is not requiring more effort than our
traditional lecture and laboratory courses required. Hopefully by using the
materials developed in the program most small to medium-sized liberal arts
colleges committed to implementing a Workshop Physics course sequence can do
so with affordable support for computer equipment and start-up staff time. After
the first two years we would expect that the courses should not require more
faculty and staff time to maintain than the traditional courses did.
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There is strong evidence of interest in adopting materials from both projects
among college and university physics teachers. Other funding agencies at the
state and federal level are contributing in important ways to the acquisition of
equipment for new development efforts and to dissemination of curricular
materials. The work of both projects is already gaining a national and
international reputation. The Tools for Scientific Thinking and Workshop
Physics projects have proven track records and when combined are in a unique
position to continue the development of learning materials that can have an
important impact on science education at the university level. Several years of
effort have resulted in the development of relationships with physics educators at
a host of other colleges and universities. These relationships will facilitate the
testing, pedagogical research, and the evaluation necessary for the development
of effective curricular materials for introductory physics courses in a wider
range of university teaching environments. Most importantly, an experienced,
highly qualified, and enthusiastic staff are available to continue the important
work of these two projects.

G. Appendices

See attachments on grey paper.



SUMMARY OF APPENDICES
AND SUPPLEMENTAL MATERIAL

for

The Workshop Physics Program
Final Report, December 1989

IA. Reduced sample of curricular materials developed by the
Workshop Physics Program.

B. Reduced sample of curricular materials developed by the Tools
for Scientific Thinking Project.

C The Workshop Physics Syllabus for the 1989-90 Version of the
calculus-based introductory physics course sequence indicating
the to s is for each of the 28 Activit Guide Units.

D. Paper by Priscilla W. Laws entitled "Workshop Physics: Replacing
Lectures with Real Experience," published in the Proceedings of the
Conference on Computers in Physics Instruction (Addison Wesley,
Reading MA, 1990)

E. Paper by Ronald K. Thornton entitled "Tools for Scientific Thinking:
Learning Physical Concepts with Real-Time Laboratory
Measurement Tools," published in the Proceedings of the
Conference on Computers in Physics Instruction (Addison Wesley,
Reading MA, 1990)

F. Paper by Ronald K. Thornton and David Sokoloff entitled "Learning
Motion Concepts Using Real-Time Microcomputer-Based Laboratory
Tools," accepted for publication in the American Journal of Physics.

G. Dissemination of Workshop Physics and Tools for Scientific
Thinking Concepts.

H. Draft of a flyer describing items developed through the auspices o
the Workshop Physics Program and Tools for Scientific Thinking
Program that are being distributed by Vernier Software, Inc.,
Portland, Oregon.



SUPPLEMENTAL MATERIAL

1. Video Tape excerpts of EDUCOMINCRIPTAL and MERCK awards
received for Workshop Physics Program plus scenes of students
using hardware and software generated jointly by the Tools for
Scientific Thinking project at Tufts University and the Workshop
Physics program at Dickinson College

Software developeti as follows:

Diskette Label
Macintosh MBL Software (Disk 1)
Workshop Physics Program

Macintosh MBL Software (Disk 2)
Tools for Scientific Thinking

Contents
Event Timer V3.0 (for PG Timing)
Event Counter V4.0 (Mac Nuke)

Macmotion V1.9h
Mac Temp V0.5

Diskettes containing Workshop Physics Curriculum
Calculus Version (5-Disk Set)
Non-Calculus Version (2-Disk Set)
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Aug 30

Sep 1

Sep 4

Sep 6

Sep 8

Sep 11

Sep 13

Sep 15

Sep 18

Sep 20

Sep 22

APPENDIX C

Workshop Physics Schedule v2 9/11/89
Physics 131, Fall 1989

Dickinson College
Robert Boyle and Priscilla Laws w/ Desmond Penny

Physics?

Week 1:Introduction and Computing

4.0 Indira?

Week 3: One-Dimensional Motion

Acki An exam is coming/
n exam is coming!Week 4: Two-Dimensional Motion

and Vectors

c-i 71



Sep 25
7 pm

Sep 25

Sep 27

Sep 29

Oct 2

Oct 4

Oct 6

Oct 9

Oct 11

Oct 13

Oct 16

Oct 18

.sciip._ EXAM I
Q-41onday, September 25

Week 5:Laws of Motion and Friction
..,...........a.

Il
Week 7: Energy Conservation

Turn lights off
when not in use

quinia. goorin.
EXAM II.c?

Friday, October 13

Week 8: Particle Systems
Momentum

and

72

.11.. 0
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Oct 20

Oct 23

Oct 25

Oct 27

Oct 30

Nov 1

Nov 3

Nov 6

Nov 8

Nov 10

Nov 13

( 4
Nov 17

Nov 20

Week 10: Rotation

Week 11: Angular Momentum
and Torque

Selpt

41mann imcwv
EXAM III

Week 12: Harmonic Motion

Participate in Declare Day on Weds!!!!



Nov 22

Nov 24

Nov 27

Nov 29

Dec 1

Dec 4

Dec 6

Dec 8

Thanksgiving

Week 13: Wave Motion

ouram.
EXAM IV

Friday, December

Week 14: Chaos or

r9 r



Jan 25

Jan 27

Jan 30

Feb 1

Feb 3

Feb 6

Feb 8

Feb 10

Workshop Physics Schedule
Physics 132, Spring 1989

Dickinson College
Robert Boyle and Priscilla Laws

Picking up right where we left off...

Unit 15: Temperature

-273°

Unit 16: First Law of Thermodynamics

Unit 17: Heat Engines

Formal Lab due Monday, February 13

C-3



Feb 13

Feb 15

Feb 17

Feb 20

Feb 22

Feb 24

Feb 27

Mar 1

Mar 3

Mar 6

Mar 8

Mar 10

Mar 13

Mar 15

EXA M
Friday, February 17

Unit 19: Electric Fields

Formal Lab due Monday, February 27

4
Unit 20: Gauss' Law

Attend Lecture, 7 pm, March 1, Dana 110

Gravitational & Electrical
Potential

Formal Lab due Monday, March 13

(Unit 22: Batteries, Bulbs, and Currents

76

Acid An exam is comin;)
An exam is coming!



Mar 17

Mar 20

Mar 22

Mar 24

Mar 27

Mar 29

Mar 31

Apr 3

Apr 5

Apr 7

Apr 7

Friday, March 17

Unit 23: Direct Current Circuits

10111>1114110111,'4414'111\le\

C

Attend Lecture, 8 pm, March 30, Weiss Center

Unit 24: Capacitors and Circuits



Apr 10

Apr 12

Apr 14

Apr 17

Apr 19

Apr 21

Apr 24

Apr 26

I Unit 25: Electronics

0000000000000000*1111

Unit 27: Electricity and Magnetism

Apr 28

May 1

May 3

May 5

Unit 28: Radioactivity and Radon

43 R na.
Formal Lab due Monday, May 8

%-1
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LEARNING MOTION CONCEPTS USING REAL-TIME MICROCOMPUTER-
BASED LABORATORY TOOLS1

Ronald K. Thornton
Center for Science and MathernaticsTeaching, Tufts University,
Medford, Massachusetts 02155

David R. Sokoloff
Department of Physics, University of Oregon, Eugene, Oregon 97403

Microcomputer-based laboratory (MBL) tools have been developed which interface to
Apple II and Macintosh computers. Students use these tools to collect physical data which
are graphed in real-time and then can be manipulated and analyzed. The MBL tools have
made possible discovery-based laboratory curricula which embody results from educational
research. These curricula allow students to take an active role in their learning and
encourage them to construct physical knowledge from observation of the physical world.
The curricula encourage collaborative learning by taking advantage of the fact that MBL
tools present data in an immediately understandable graphical form. This paper describes
one of the tools--the motion detector (hardware and software)--and the kinematics
curriculum. The effectiveness of this curriculum compared to traditional college and
university methods for helping students learn basic kinematics concepts has been evaluated
by pre- and post-testing and by observation. There is strong evidence for significantly
improved learning and retention by students who used the MBL materials, compared to
those taught in lecture.

I. INTRODUCTION

Results from research in cognitive science and education substantiate the importance of
basing development of scientific concepts and skills on concrete experience.2,3 The "Tools for
Scientific Thinking" project 4,5,6 at the Center for Science and Mathematics Teaching at Tufts
University has developed microcomputer-based laboratory (MBL) tools and curricula that can help
students make connections between the physical world and the underlying principles which
constitute scientific knowledge. These materials, which are intended for use in introductory
courses in high school and college, provide a convenient and effective means for collecting and
displaying physical data in a form that students can remember, manipulate and think about.

MBL tools of the style described in this paper, were first developed at the Technical
Education Research Centers (TERC) 7, and are readily available.8 They make use of inexpensive
probes, connected to an Apple II+, lie or EEGS computer through an interface box (the "Red Box"),
to measure such physical quantities as temperature, position, velocity, acceleration and sound
pressure. Additional Apple II MBL tools which are able to measure force and motion
simultaneously, current and voltage, and light intensity, have been developed at the Center for
Science and Mathematics Teaching at Tufts University. For the Macintosh computer, MBL tools
able to measure these physical properties and others (such as ionizing radiation) have been
developed at Tufts University and Dickinson College.9

Students are not required to know anything about computers to use the MBL tools. Menu-
driven, self-explanatory software is friendly, even for first time users, and encourages under-
prepared and anxious students. With these tools, students are in control of their learning since they
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select the measurements to be made and the way the data are displayed. Data are displayed in
digital and graphical form on the computer monitor as the measurements are taken. Students can
transform and analyze the data, print graphs or tables, or save data to asks for later analysis. The
tools do riot simulate physical phenomena, but instead are a means of changing inexpensive
computers into instruments for student-directed exploration of the physical world.

The following characteristics of these tools are important to student learning. (1) The tools
allow student-directed exploration but free students from most of the time consuming drudgery
associated with data collection and display. (2) The data are plotted in graphical form in real time ,
so that students get immediate feedback and see the data in an understandable form. (3) Because
data are quickly taken and displayed, students can easily examine the consequences of a large
number of changes in experimental conditions during a single laboratory period. The students
spend a large portion of their laboratory time observing physical phenomena and interpreting,
discussing, and analyzing data. (4) The hardware and software tools are general--independent of
the experiments. The variety of probes use the same interface box and the same software format.
Students are able to focus on the investigation of many different physical phenomena without
spending a large amount of time learning to use complicated tools. (5) The tools dictate neither the
phenomena to be investigated, the steps of the investigation nor the level or sophistication of the
curriculum. Thus a wide range of students from elementary school to university level are able to
use this same set of tools to investigate the physical world.

II. The Motion Detector
The motion detector (hardware and software) is able to measure, display and record the

position, velocity, and acceleration of an object. The original motion detector was developed by
TERC using a sonic transducer designed for Polaroid cameras. The motion probe (essentially a
SONAR unit) transmits short pulses of high-frequency sound (50 kHz), then amplifies and detects
the echo (much as a bat is able to do). The computer is programmed to measure the time between
the transmitted and received pulses, and to calculate the position, velocity and acceleration of the

+1
e
1

n

t
H

i 4
I

6 8
I

10
I

Time (sec)
Figure 1 Distance (position) and velocity graphs recorded on an Apple H
computer for a student walking away from the motion detector slowly and then
moving towards it more quickly. The velocity variations due to the student's
steps shows clearly in the velocity graph.

taken, and any one or more are available for display immediately after the measurements are
completed. The motion detector can accurately detect objects between 0.5 m and 6 m away. It
detects the closest object in a roughly 15° cone.
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Figure 2 Student's third attempt (solid line) to duplicate with the motion of
her body a velocity graph stored in a Apple II computer (dotted line).

Figures 1 and 2 are examples of motion graphs produced by the detector interfaced to an
Apple II computer, while Figures 3 and 4 show Macintosh displays. The software enables
students to change the scales of the vertical and time axes before or after the data are collected.
Students who in the past plotted graphs in the corner of a large sheet of graph paper, soon learn to
make readable graphs--a general purpose skill, useful in many disciplines. The software allows
one set of data to be displayed on the screen while a new set of data are collected and graphed
(perhaps after a slight change in experimental conditions). Numerical data are available in tablular
form or can be read directly from the graph using the analysis software feature which presents
digital values corresponding to the position of a movable cursor on the graph.

r e File Edit Window Collect Data El (play

Figure 3 Macintosh screen display of velocity and acceleration graphs for a
cart (with friction) given a push away from the motion detector and then
released. The surface is horizontal.
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One of the most exciting features of the motion detector is its ability to detect and display
graphs of the motion of any object. Thus, instead of using complex apparatus like nearly
frictionless air tracks, which are not common to students' everyday experiences, the motion probe
may be used to measure the motion of simple, common objects such as toy cars and and even the
motion of the students themselves. There is no other way of accurately displaying such graphs,
certainly not in real time.

Ma Edit Window Collect Data Display
C] Graph 111111111111111111111111M11111111=11111611111O1

A 2

0

0 -2
0.60 1.20 1.00

Tim. (sec)
2.40

1.50

0 0.75

7-9.7Z
-1.5a

0 0.60 1.20 1.10 2.40 3

Time (sac)

( zero

Figure 4 Macintosh screen display of velocity and acceleration graphs for a
cart (with friction) rolling up and back down an inclined ramp after a short
push. (The motion detector was at the top of the ramp.)

HI. The Motion Curriculum
These tools have made possible The Tools for Scientific Thinking curricula for university

and secondary-school students developed by the Center for Science and Mathematics Teaching at
Tufts University.10 These discovery-based laboratory curricula allow students to take an active
role in their learning and encourage them to construct physical knowledge from actual observation.
This paper will discuss only the kinematics curriculum. This curriculum, in common with the
others, makes substantial use of the results of educational research. 11,12,13,14 The curriculum
uses a guided discovery approach and is intended for student groups of two to four. It supports the
peer learning that is possible when data are immediately presented in an understandable form. It
also uses predictions to engage the student and provide a vehicle for discussion. It pays attention to
student alternative understandings which have been documented in the research literature, and
encourages students to construct knowledge for themselves. The introductory parts of the
curriculum make substantial use of the students' own body motions to teach kinematicconcepts.

The kinematics curriculum is divided into two pieces: Introduction to Motion, which covers
concepts of position (distance from the motion detector) and constant velocities, and Introduction
to Motion--Changing Motion, which covers changing velocities and acceleration. Figure 5 shows
excerpts from the first page of Investigation 2--the velocity section of Introduction to Motion . .

(Investigation 1 contains a number of exercises with distance graphs.) Students are asked to graph
their velocities as they walk quickly and slowly toward and away from the motion detector. They
are then asked questions about the graphical representations of fast, slow, away from and toward.
Figure 1 shows typical distance and velocity graphs for moving away from the detector slowly and
then moving toward it more quickly. Many students-- including university physics students--are
surprised, after viewing inclined distance graphs, to see roughly horizontal lines on the velocity
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graphs. These simple and quick exercises are designed to relate velocity graphs to various motions
of real objects. Specifically, the exercises clarify the sign convention for velocities and firmly
establish the relationship between an object's actual velocity and the displacement of the velocity
graph from the time axis. Experience has shown that these simple exercises are necessary even for
the majority of university students in calculus-based physics courses.

INTRODUCTION TO MOTION

INVESTIGATION 2: VELOCITY-TIME GRAPHS OF YOUR MOTION

introduction You have already plotted your distance (position) from the motion probe
as a function of time. You can also plot how fast you are moving. How
fast you move is your speed or velocity. It is the rate of change of distance
with respect to time.

Activity 1 Making Velocity Graphs
1 Go to the Main Menu, Select Motion Grapher, then Collect. By

selecting Screens, you can display Velocity. Use Get Data when
you are ready to begin.

2. SILADilalltalagillaaLclittitrILILWAkillgC2atiaill.
a. Make a velocity graph by walking away from the detector slowly

and steadily . Try again until you get a graph you're satisfied with.

You may want to change the velocity scale so that the graph fills
more of the screen and is clearor. To do this select Axes then
Velocity. Esc to get back to Gat Data.
Sketch your result below (Just draw smooth patterns; leave out
smaller bumps that are mostly due to your steps.)

v

-1

tab 1 2 3 4 5

Time (sac)

b. Make a velocity graph, walking away from the detector medium
fast and steadily. Sketch your graph.

V +I
a

-1

mh 1

Time (see)

4

Figure 5 Exerpt from the first page of Investigation 2--the introductory
velocity section in the motion curriculum.

After being asked to produce a velocity graph for a more-complicated motion involving
walking away, stopping for a few seconds and then walking towards, the students are asked to
walk so as to duplicate a velocity graph which appears on the screen. (A similar exercise with a
distance graph is included in Investigation 1.) Figure 2 shows the velocity graph to be matched
(stored in the alternate display, so that it remains on the screen), and a student's third attempt to
duplicate it with her own motion. The velocity graph is deliberately "unrealistic" (it shows several
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infinite accelerations) to provoke discussion. In addition, since the motion toward the detector is
of longer duration than the motion away, students are forced to observe -when they run into the
motion detector on the way backthat a velocity graph does not specify initial position.

Introduction

Activity 1

INTRODUCTION TO MOTION
Investigation 3: Distance and Velocity Graphs

You have looked at distance- and velocity-time graphs separately. Now
you will see how they are related.

Predicting Velocity Graphe! from Distance Graphs

1. 2,sajo the Main Menu, Select Motion Grapher, Collect, Screens,
then Split and Distance & Velocity.

2. aeriguyelordturaphframldistanaszaohandstsdsyour
prediction Carefully study the distance graph shown below. Using a
dotted line, sketch your prediction of the corresponding velocity-time
graph on the velocity axes.

3. Make the graphs. After each person has sketched a prediction, select
Get Data, then Distance, and do your group's best to duplicate the
distance graph shown by walking. Walk as smoothly as possible.

When you have made a good duplicate of the distance graph, sketch
your actual graph on the distance axes over the existing graph.

Press RETURN to see the actual velocity graph for your motion. Use
a solid line to draw the actual velocity graph on the same graph with
your prediction. (Do not erase your prediction).

+1

1

0

Y -1

D

t

s
ov T I tn a (sec)

Questions How would the distance graph be different if you moved faster? Slower?

3

How would the velocity graph be different if you moved faster? Slower?

Figure 6 Exerpt from Investigation 3. Students are asked to predict the
velocity graph corresponding to the given distance (position) graph.

Figure 6 shows excerpts from the first page of Investigation 3, where students are asked to
predict the velocity graph for a given distance graph. They then duplicate the distance graph with
their body motion, display the corresponding velocity graph and compare the latter to their
prediction. Later, they make a more quantitative comparison of the velocity read off the velocity
graph to the slope calculated from the distance graph (using the analysis capability of the software
to read specific values). They then predict and produce the distance graph corresponding to a
given velocity graph.
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caul rap ng oci y an cce era on o a ast ng ar

1. 2gLabliialittaslekclarateMisIal2=1. Use a 2-3 meter long board on the
floor or a level table top. The detector should be at one end, aimed toward the other
end. Use a distance graph to make SUM that the detector can *sae the cart all the
way to the end of the board. You may need to tilt the detector up slightly.

4;1
Make a mark on the board .5 meter from the front of the detector, and be sure that the
starting point of the cart is always beyond this mark.
Choose a cart with a significant amount of friction, but with wheels that roll smoothly.
Use this same cart throughout the rest of this and the next two investigations.

2. SagliallttELYSIICRIIX3120...51012181111i2114aSIDSLI2MLC2011295211theleAdaarl,
When you begin to hear the clicks from the motion detector, give the cart a gentle
push away from the detector and let it coast to a stop near the end of the track. (Be
sure that your hand is not between the car and the detector.) You may have to try a
few times to get a good run. Don't forget to change the scales if this will make your
graphs clearer.
When you get a good run, move your graph to Data B.

3. higudv sketch vour results on the axes below,

A
+2

0

42

°ItA 4
0 2 3

Time (se)

LataeLY.211Lcaralxurith

W at the spot where you started pushing.
*41* at the spot where you stopped pushing.
"C" at the s. where the cart sto coastin

4

Figure 7 Directions for the activity in which a toy car is given a short push
away from the motion detector and then released.

Introduction to Motion -- Changing Motion, begins with a series of exercises designed to relate
the sign of the acceleration to actual changing motions. Students are first asked to walk so as to
produce graphs of distance, velocity and acceleration for moving away from the detector while
speeding up. After storing these in the alternate display, they produce graphs walking toward the
detector quickly at first and then slowing down. Then they are asked to predict what the graphs
will look like for walking toward the detector, speeding up and for walking away, slowing down.
The students then move in the appropriate manner and compare their results to the predictions.
Next they graph the motions of a cart, under various conditions. Figure 7 shows an activity where
students observe the acceleration and velocity of the cart slowing down and coming to rest from
friction. Figure 3 shows the corresponding graphs.

An interesting motion is that of a cart rolling up an inclined ramp, corning to rest and rolling
back down. The velocity and acceleration graphs are shown in Figure 4. These graphs illustrate
the advantages of tools which allow students to extend their observations beyond specialized cases
such as uniform motion on a nearly frictionless air track. We have in fact used a toy car or a
dynamics cart modified with an adjustable friction pad on the bottom, so that motion can be
examined with different amounts of friction. The different slopes of the velocity graph on the way
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up and the way down, combined with the different heights of the acceleration graph are convincing
evidence for a frictional force which changes its direction when the cart reverses direction at the
top.

The last investigation is a more quantitative one comparing two ways of measuring the
accelerations of the cart rolling down a ramp of different inclinations. Accelerations are read
directly from the acceleration graphs and compared to accelerations calculated from the slopes of
portions of the velocity graphs.

The MBL curriculum has been designed to be incorporated into traditional introductory
physics courses found at most colleges and universities, where laboratory sections are often taught
by teaching assistants with varying pedagogical skills, and where lecturers pay little attention to the
laboratory. In place of the classroom discussions--which under the best of circumstances would
be used to consolidate the concepts learned in laboratory--each of these laboratories is accompanied
by a homework assignment which the students complete after the laboratory session. They are
asked to draw and interpret a number of graphs, similar to and different from the ones they have
produced in the laboratory. It is sometimes possible to have these problems discussed in
discussion sessions.

IV. How Effective is MBL in Teaching Kinematics?
A visit to an MBL laboratory illustrates the contrast with a traditional class. Students are

actively involved in their learning. They are sketching predictions, and discussing them in groups
of two or three. They are appealing to features of the graphs they have just plotted to argue their
points of view with their peers. They are asking question-, and in many cases either answering
them themselves, or finding the answers with the help of fellow students. There is a level of
student involvement, success, and understanding which is rare in a physics laboratory.

Enthusiasm is one thing, but are the MBL tools and curriculum really effective in teaching
kinematics? Over the past three years we have been conducting studies of the effectiveness of the
tools and curricula at a number of college and university campuses which are part of the "Tools for
Scientific Thinking" project.15 It has been particularly valuable to collaborate with Priscilla Laws
and the Workshop Physics Program16 at Dickinson College where the tools and some of the
curricular pieces have been adapted into a more ideal learning environment. In more usual
environments, we have used pre and post-testing and other forms of evaluation to examine the
kinematics understandings of more than 1500 college and university physics students. We have
also collected data for a large sample of secondary school students which will be discussed in
another paper. There is strong evidence for significantly improved learning and retention by
students who used the MBL materials, compared to those taught in lecture.4,5 As examples of
these results, we discuss data from Tufts University and the University of Oregon below.

The pre and post-tests that we have used in these studies consist in part of multiple choice
questions. From earlier testing of students using free response questions requiring written
answers and the drawing of graphs, we have constructed questions which seem to give a
reasonable indication of students' basic knowledge of kinematics concepts and of graphical
representation. Student results with these questions correlate well with their written answers on
these and earlier tests. We find there are almost no random answers. Almost all students pick
choices that we can associate with a small number of student models. Many of the multiple choice
questions require students to choose the correct graph from a group of graphs. Testing on smaller
samples shows that students who can pick the correct graph under these circumstances are almost
equally successful at drawing the graph correctly without being presented with choices. Although
a more complete understanding -'f student learning can be gained by an open-ended questioning
process, we decided to use short answer questions in order to gather sufficient data at many
different institutions to counter the common response that "my students do not have these
difficulties you describe." The difficulties in convincing physics professors to give up course time
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for testing, our desire to make evaluation less subjective, and the effort involved in analyzing large
samples moved us to use short answer questions for these studies.

Velocity-Time Graphs

An object can move in either direction along
the + distance axis. Choose the correct
velocity-time graph(s) for each of the
following questions. You may use a graph
more than once or not at all. If you think that
none is correct, answer J.

0 V
e
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0 V
C 1. Which velocity graph shows the i

e

object moving away from the
origin at a steady (constant)
velocity? (A)

G 2. Which velocity graph shows the
object standing still? (C)

3. Which velocity graph shows the
object moving toward the origin
at a steady (constant) velocity?()
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Figure 8 Some of the multiple choice velocity questions asked on the kinematics
pre and post-tests. Questions 1 through 5 are the velocity questions referred to in
the following figures. The order of the questions and the graphs were sometimes
changed. The most common wrong answer is shown in parenthesis

In fall, 1987, all of the students in the Introductory Physics Laboratory course (Ph 204) at the
University of Oregon were pre and post-tested on their knowledge of kinematics. This is a
standard, introductory laboratory which is offered as a separate course to accompany both the non-
calculus and calculus-based General Physics lecture courses. (About 64% of the students were in
the non-calculus lecture--Ph 201, while the other 36% were in the calculus-based lecture--Ph 211.)

ATP Motion Article -9- 12/4/89

F-51. 1 3



The pre-test was given in the weekly lecture which accompanies the laboratory sections. At the
time of the pre-test, the non-calculus lecture class had heard all of the lectures on one-dimensional
kinematics and dynamics, and had been assigned the corresponding text readings and problems.
The calculus lecture class also had completed one-dimensional kinematics and a preliminary
consideration of dynamics. The pre-test was given before the students did the two MBL
kinematics laboratories.

Figure 8 shows a few of the simple, multiple choice velocity questions given on the pre-
test, and Figure 9 shows the results. It was surprising to observe error rates as high as 40-60% on
these simple velocity questions after kinematics had been covered in lecture. Most physics
professors had predicted that fewer than 10% of their students would miss these questions and felt
that students who were unable to answer such simple questions understood very little kinematics.
The large error rates en questions 1 and 3 (43% and 62% respectively) are not simply the result of
the wrong choice of sign. The most common error is the choice of the "distance analogs," graphs
A and B. This is consistent with previous studies,12,14 in which students confused position and
velocity graphs. The different error rates on these two questions show that students have
significantly more difficulty interpreting negative velocities. (This conclusion is born out by the
results of additional testing.) Neither the results of this pre-test, nor the correct answers were
shared with the students. It should be noted that most students did not miss the questions because
they were simply unable to read graphs. More than 90% could answer questions involving
distance graphs correctly.

100

80

60

40

20

0

All Data Taken After Kinematics Lectures

11.17.71:'

N=172

111 Pre-MBL

0 Post MBL (Homework)

0 Post-MBL (Midterm)

1 2 3 4 5
Velocity Question

Figure 9 Comparison of the velocity question error rates before and after
MBL for introductory physics laboratory students (in non-calculus and
calculus-based lectures) at the University of Oregon, Fall, 1987. The pre-MBL
test was given after lecture instruction and problem assignments in kinematics.
The same questions were given as part of the homework for the two MBL
laboratories and then again three weeks later on a midterm examination.

Over the next two weeks, the students completed the two MBL kinematics laboratories
described above in place of standard experiments. As part of the homework turned in after
completion of the first laboratory, the students were asked the same velocity questions. The
tabulated error rates for this homework also are shown in Figure 9. The improvements are
dramatic. The homework was graded and returned, but the correct answers were not posted.
Three weeks after completing the MBL experiments, the students were given a laboratory midterm
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examination, administered in the laboratory lecture. The same velocity questions, rearranged,
appeared on the midterm. The results on the midterm are also shown in Figure 9.

All Data Taken After Kinematics Lectures

1 2 3 4
Velocity Question

5

Pre-MBL (N=172)

Final--No MBL (N=53)

FinalMBL (N=37)

Figure 10 Comparison of the velocity question error rates on the final
examination for MBL laboratory and non-laboratory students (all in the non-
calculus-based lecture) at the University of Oregon, Fall, 1987.

Velocity questions 1-4 were included on the final examination for one of the non-calculus
lecture sections in order to test the retention of students who seemed to understand velocity
concepts and to compare their understanding to students who did not take the MBL laboratory.
The order of the questions was again rearranged to minimize any possible effects of memorization.
This examination was given 7 weeks after the completion of the motion experiments. Of the 90
students who took this examination, 37 were also enrolledin the laboratory (and were included in
the laboratory pre-test sample) while the other 53 were enrolled only in the lecture (and therefore
did not take the pre-test). Figure 10 compares the error rates on the laboratory pre-test with the
error rates for each of these two groups on the final exam. The MBL lab group retained the
significant improvement seen on the midterm, while the lecture only group showed mastery on
only one of the questions--question 2, identifying the velocity graph of an object standing still.

In the fall of 1988, students in the introductory physics classes at Tufts University were given
the same velocity questions as part of fifty-question pre and post-tests. (At Tufts, the laboratory
and lecture courses are tied together, but, as at Oregon, the students in both the non-calculus
lecture--Ph 1, and the calculus-based lecture--Ph 11, do the same experiments.) As at Oregon, the
pre-test was given after kinematics had been covered in lecture, but immediately before the first
MBL motion laboratory. The post-test was given a few weeks after the two motion laboratories
had been completed. Both the questions and the choiceswere shuffled on the post-test. The
students turned in homework assignments which did not contain these questions. The results for
students in the non-calculus lecture are shown in Figure 11, while those for the calculus students
are shown in Figure 12. The two sets of results are remarkably similar.

Also in the fall of 1988 three of the same velocity questions (the more difficult ones) were
included on tests given to students in the non-calculus lecture sections at the University of Oregon.
The post-test was given to all three sections, but it only was possible to give the pre-test to two of
the lecture sections. Since the populations of these lecture sections were random (the only
selection criterion was time of day) the pre-tests should have been similar for all three. The results
showed no significant differences between the two sections which were pre-tested. Of the total of
294 students in these lectures, 124 also were enrolled in the laboratory. Thus we were able to
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All Data Taken After Kinematics Lectures

1 2 3 4
Velocity Question

5

Non-Calculus N=72
Pre-MBL

0 Post-MBL

Figure 11 Results for non-calculus-based introductory physics students at
Tufts University, Fall, 1988--comparison of student error rates on a few velocity
questions given on the pre-test (Pre-MBL) and post-test (Post-MBL). The pre-
MBL test was given after all lecture instruction and problem assignments in
kinematics. The post-test was given a few weeks after two MBL laboratories.
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Calculus N=177
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Figure 12 Same as Figure 11 but for calculus-based introductory physics
students at Tufts University, Fall, 1988.

compare the learning of students who listened to lectures and did problems to the learning of those
who also participated in MBL laboratories. All of the lecturers were aware of the testing, and all
made a special effort to teach kinematics graphing and concepts in their lectures. For these
students the pre-test was given in lecture before any lectures on kinematics (unlike 1987) and
before the MBL laboratories. The post-test was given either as a quiz or as part of a midterm
examination in the week after the two motion laboratories had been completed. The homework did
not contain the questions used in the tests.

Figure 13 shows the results. Notice that the results of the pre-test in Figure 13 given before
lecture are similar to those in 1987 (Figure 9), when the pre-test was given after all lectures on
kinematics. Also, the post-test error rates for students who had only lectures are very similar to
their pre-test error rates. These results corroborate previous work involving different types of
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velocity questions and the conclusions of other studies that students gain little from their lecture
experience in their understanding of velocity concepts. 11,17 On the other hand, the lower post-
test error rates for students who completed the two MBL laboratories show significantly improved
kinematics understanding.

The results for one of the three lecture sectionsa special, small sectio where all the stud-
ents were also enrolled in the laboratory--are shown separately and labeled as "special." The pre,
post and final examination results for the special section also are shown in Figure 13. As noted
above, the students were not specially selected for this section. The students have error rates on
the pre-test that are very similar to those of the combined lecture sections. However, the special
section performed much better on the post-test. We attribute this result to the efforts of the special
section instructor who consciously connected his lectures to the knowledge students discovered
using the MBL curriculum. (High school students show even lower post-MBL error rates under
conditions where they are able to discuss their MBL laboratory results and resolve disagreements
and difficulties under teacher guidance.) As was done the previous year, the velocity questions
with higher initial error rates (1, 3 and 4) were included on the final examination to check retention.
The final was given about 8 weeks after the two IvIBL kinematics laboratories were completed.
The error rates show that most of the students retained their knowledge through the end of the
term.
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C4CI -
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L., 40 -
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4 20
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1 3

Velocity Question
4

Pre-Test (N=117)
Pre-Test Special (N=40) -

Post - Test (No MBL) (N=170)
Post-Test (MBL) (N=124)
Post-Test Special (MBL) (N=39
Final Special (MBL) (14=34)

Figure 13 Results for introductory physics lecture students (non-calculus) at the
University of Oregon, Fall, 1988--comparison of student error rates on a few
velocity questions given on the pre-test, post-test and final examination for those
who took the MBL laboratory (MBL) and those who did not (No MBL). The
"Special" group is a small lecture section where all students took the MBL
laboratory (described further in the text).

The results for one of the three lecture sections- -a special, small section, where all the
students were also enrolled in the laboratory--are shown separately and labeled as "special." The
pre, post and final examination results for the special section also are shown in Figure 13. As
noted above, the students were not specially selected for this section. The students have error rates
on the pre-test that are very similar to those of the combined lecture sections. However, the special
section performed much better on the post-test. We attribute this result to the efforts of the special
section instructor who consciously connected his lectures to the knowledge students discovered
using the MBL curriculum. (High school students show even lower post-MBL error rates under
conditions where they are able to discuss their MBL laboratory results and resolve disagreements
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and difficulties under teacher guidance.) As was done the previous year, the velocity questions
with higher initial error rates (1, 3 and 4) were included on the final examination to check retention.
The final was given about 8 weeks after the two MBL kinematics laboratories were completed.
The error rates show that most of the students retained their knowledge through the end of the
term.

Acceleration questions were also included on the tests given to the same Tufts and Oregon
students in 1988. Figure 14 shows some of the acceleration questions. Figure 15 shows the
percentage of Tufts students in calculus and non-calculus based physics courses who missed these
questions. The pre-test (given after lectures but before MBL) shows much higher error rates on
the acceleration questions than on the velocity questions. The highest error rate is 93% on the
question about speeding up toward the origin. These results are consistent with other studies
13,18 that show acceleration is considerably more difficult for students. Tufts students do not

A toy car can move in either diretion along
the + distance axis. Choose the dtter of the
acceleration-time graph which couli
correspond to the motion of the ca described
in each of the following.

You may use a graph more than one= not
at all. If you think that none ixorrect,
answer J.

_27. The car moves away from the origin
at a constant velocity.

_28. The car moves away from the origin
speeding up at a steady rate.

_29. The car moves away from the origin
slowing down at a steady rate.

_30. The car moves toward the origin at
a constant velocity.

_31. The car moves toward the origin,
speeding up at a steady rate.

_32. A constant force pushes the car awy
from the origin. (Assume that
friction is negligible.)

_33. The car was given a push, released
and now moves away from the origin
Which graph corresponds to the
car's acceleration after it was
released? (Assume that friction
is negligible.)
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Figure 14 Some of the multiple choice acceleration questions asked on the
kinematics pre and post-tests. The question numbers correspond to those used
in the following figures.

understand acceleration as well as they understand velocity after the MBL laboratories, but the
improvement is still substantial. The Oregon results are shown in Figure 16. The different student
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groups are the same as those in Figure 13. Again the results show that the students who only
listened to lectures and did problems show no improvement on these concepts, while the students
who worked with the MBL curriculum showed considerable improvement. Again this learning
was retained by most students to the end of the semester. (Much better understandings of
acceleration have been achieved by high school students using a very similar curriculum when the
work done by the students was also discussed in the classroom.)
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Figure 15 Results for introductory physics students in calculus (Caic.) and non-
calculus-based lectures (Non-Cale.) at Tufts University, Fall, 1988--comparison of
student error rates on a few acceleration questions before MBL but after kinematics
lectures (Pre-MBL) and after MBL (Post-MBL).
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Figure 16 Results for introductory physics lecture students (non-calculus) at the
University of Oregon, Fall, 1988--comparison of student error rates on a few
acceleration questions given on the pre-test, post-test and final examination for those
who took the MBL laboratory (MBL) and those who did not (No MEL). The
"Special" group is a small lecture section where all students took the MBL laboratory
(described further in the text).
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V. Conclusions
The MBL tools give students the opportunity to do real science in the introductory physics

course. Thus students can experience the excitement of the process of science--the creative
building and testing of models to explain the world around them. These tools give the science
learner unprecedented power to explore, measure and learn from the physical world. Because of
their ease of use and pedagogical effectiveness, they make an understanding of physical
phenomena more accessible to the naive science learner19 and expand the investigations that more
advanced students can undertake.

The tools, however, are not enough. Preliminary evidence shows that while the use of the
MBL tools to do traditional physics experiments may increase the students' interest, such activites
do not necessarily improve student understanding of fundamental physics concepts of the type
discussed in this paper. These gains in learning.physics concepts appear to be produced by the
combination of the tools and the appropriate curricular materials. In general students improve their
understanding of the physical concepts when they are guided by a curriculum to examine
appropriate phenomena.

This paper has presented evidence for substantial, persistent learning of very basic physical
concepts by students using MBL tools and curriculum. We believe that the following five
characteristics of the MBL learning environment--made possible by the tools, the curriculum, and
the social and physical setting--are primarily responsible for the learning gains. Note that most of
the characteristics of this learning environment bear more resemblance to the scientific workplace
than to the usual educational environment.

1) Students focus on the physical world. Students learn concepts by investigating the
physical world rather than only manipulating symbols or discussing abstractions as is common
in traditional courses. However, in this learning environment, actions in the physical world are
directly linked to useful abstractions. For example, students who see the motion of their own
bodies and of other objects displayed graphically in real time learn kinematics effectively.

2) Immediate feedback is available. The immediate feedback helps to make the abstract
more concrete. The immediate coupling of the graphs to the physical phenomena seems to lead
the students not only to understand graphing as a useful scientific symbol system, but also aids
understanding of physical concepts when students are guided to examine appropriate
phenomena. These observations are consistent with previous studies on a small number of
students which suzgested that even a short delay in the display of data in graphical form can
reduce learning.20

3) Collaboration is encouraged. Immediate feedback supports collaborative learning and
collaborative work provides immediate feedback. Because data are presented in an
understandable way, students can discuss the validity, the meaning and the implications of the
data with their peers. Learning is also enhanced by encouraging students to express their
predictions and to discuss unexpected results with their peers. This process appears to be a
powerful one in learning about the students' alternative representations, and in making them
aware of them. The process of working collaboratively is closer to the way scientists actually
work.

4) Powerful tools reduce unnecessary drudgery. Instead of the time-consuming
drudgery usually associated with data collection and display in the physics laboratory, student
time is spent observing physical phenomena and analyzing and interpreting abstract
representations of these phenomena (graphs). Students are able to concentrate more on
discovering and understanding scientific concepts, and critical thinking skills are more easily
developed. Hypothesis development and verification is encouraged by the ease and rapidity of
repeating observations with changed experimental conditions. Powerful tools allow students to
focus on authentic tasks in ways characteristic of scientists in the workplace. This is not
commonly the case in school environments.

AJP Motion Article -16-
120

12/4/89



5) Students understand the specific and familiar before moving to the more
general and abstract. The environment guides students to understand a specific, familiar
(but often more complex) phenomenon before moving to the consideration of more general and
abstract examples. Most students seem better able to understand motion when first
considering, for example, their own motion (as complex as it is) as a reference point and then
moving on to more idealized, less familar (and less complex) motions with more general
applicability such as frictionless motion or simple harmonic oscillation. Although it is difficult
to abstract simple laws of physics from a complex, real process, grounding student
understanding in the specific and familar seems to make the abstract concepts more learnable.
Moving from the specific to the general when investigating new concepts may also be more
characteristic of the scientific workplace than the usual teaching and learning environment.

The effectiveness of the MBL tools and curriculum in teaching kinematics has encouraged the
developmtnt of tools and curriculum to teach dynamics. A force probe which makes use of a Hall
effect transducer has been developed at Tufts.9 We have developed new software for Apple U and
Macintosh computers which uses the force and motion probes to measure simultaneously force and
position, velocity, and acceleration. Figure 17 shows graphs of the motion of a weight oscillating
on a spring. Preliminar. sults show that these tools, when used with a guided, discovery-based
curriculum produce substantial gains in student understanding of concepts associated with
Newton's laws of motion.

Microcomputer-based laboratory tools and curriculum have the potential to help students
develop a solid conceptual basis for understanding the world around them. Through the use of
these materials, students' interactions with the physical world can be connected to the underlying
principles which constitute scientific knowledge, thereby helping them to develop a conceptual,
qualitative understanding which can be applied both inside and outside of the classroom.
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APPENDIX G:
Dissemination of Workshop Physics and
Tools for Scientific Thinking Concepts

KEY TO DEGREE OF IMPLEMENTATION

Requested Information R I

Purchased Materials / Partial
Classroom Implementation

Full Implementation

Visited Dickinson College to
Observe Workshop Physics V

School or Individual
AAPT Executive Office
Afdeling Didaktische Fysika

American Institute of Physics
Arizona State University
Austin College

Barnard College

Boise State University
Bronx

California State University
Carmel High School
Carnegie Mellon University

College of Misericordia
Community Education Center
Crescent Valley High School
Denison University
Department of National Defense
Drake University

Drew University
Eastern Illinois University
Eastern Michigan University

Elmhurst College

Fordham University
Framingham School District

Freedom High School

Furman University

George Gittins

Gettysburg High School

Goddard Space Flight Center
Guilford College

Sri113L2111111111:11Z--- Ch91Wee, of
College Park, MD 20740
B-3000 Leuven (Belgium) RI

New York, NY 10017
Tempe, AZ 85287 RI

Sherman, TX 75090 RI

New York, NY 10027
Boise, ID 83725 RI, V

RI

Hayward, CA 94542-9988 RI

Carmel, IN 46032 RI

Pittsburgh, PA 15213 RI

Dallas, PA 18612 RI

Portage, MI 49002 RI

Corvallis, OR 97330-9735 RI

Granville, OH 43023 RI

Ottawa, Canada RI

Des Moines, IA 50311 RI

Madison, NJ 07940 RI

Charleston, IL 61920 Ri

Ypsilanti, MI 48197 RI

Elmhurst, IL 60126 RI

Bronx, NY 10458 RI

Framingham, MA RI

Bethlehem, PA 18017 RI

Greenville, SC 29613 RI

Eugene, OR 97401 RI

Gettysburg, PA F, V

Greenbelt, MD 20771 RI

Greensbcro, NC 27410 RI

G-1 124

Implementation



School or Individual

Harrisburg Area Community College
Harry Burridge

Harvey Mudd College

Hastings College

Horton Watkins High School

Imperial College of Science & Technology
Jo Anne Hogfoss
John Rogers

Johnson C. Smith University
Jonathan Keohane

King's College, University of Loudon
Lawrence University
Lowell Herr

Lynchburg College
Madison Central High School

. Marietta College
Massachusetts Institute of Technology

. Memorial University of Newfoundland
Mento College

Mercer University
Michael Hodson
Mississippi State University
Montclair State College

Mount Vernon College

National Science Foundation

New Mexico State University
Norman Chonacky

North Carolina State University
Ohio State University
Paul Haley

Pierce College
Pioneer High School

Pomona College

Porteivil le College

Regional College of Education
Rider College

Roanoke Valley Governors' School
Robert Tinnell

Rose-Hulman Institute of Technology
Rutgers State University
Rutgers University

San Diego State University
San Francisco State University
Sienna College

Southern Utah State College

Sportvagen 33

St. Joseph's University
Stanley Hughes

Stevens Institute of Technology

City State Zip Degree of Implementation

Harrisburg, PA 17110
Corvallis, OR 97330
Claremont, CA 91711
Hastings, NB 68901
Ladue, MO 63124
London SW7 2BP

Eugene, OR 97401
Omaha, NE 68134
Charlotte, NC 28216
Eugene, OR 97401

Loudon SW10 OUA United Kingdom
Appleton, WI 54911
Portland, OR 97219

Old Bridge, NJ 08857
Marietta, OH 45750
Cambridge, MA 02139
St. Johns, NF, Canada AIB 3X7
Atherton, CA 94025
Macon, GA 31207
Eugene, OR 97404
Mississippi State, MS 39762
Upper Montclair, NJ 07043
Washington, DC 20007
Washington, DC 20550
Las Cruces, NM 88003
Clinton, NY 13323
Raleigh, NC 27695-8202
Columbus, OH 43210
Eugene, OR 97405
Tacoma, WA 98498
San Jose, CA 95118
Claremont, CA 91711-6348
Porterville, CA 93257
AJMER-305004, India
Lawrenceville, NJ 08648
Roanoke, VA 24018
Salem, OR 97302
Terre Haute, IN 47803
Newark, NJ 07102
Newark, NJ 07102
San Diego, Ca 92182-0315
San Francisco, CA 94132
Loudonville, NY 12211

Cedar City, UT 84720
Sweden

Philadelphia, PA 19131
Yakima, WA 98901
Hoboken, NJ 07030 1 25

RI, V

RI

RI

P

P

RI

RI

RI

F, V
RI

RI

RI

RI

RI, V
RI

RI

RI, V, P

P

RI

Ri

RI

RI

RI

RI

RI

P
RI

RI

F

RI

RI

RI

RI

RI

RI

RI

RI

RI

RI

P

F

RI

RI

RI

P, V

RI

RI

RI

RI



I

school or Individual

SUNY Buffalo

SUNY College at Cortland
Technical Education Research Centers
Telluride High School

Temple University
Temple University

Texas A&M

Itte Cooper Union
The School of the Ozarks
The University of North Carolina
The University of West Florida
Tom Cochran

Towson State University

Troy State. University

Tufts University
U.S. Coast Guard Academy

U.S. Military Academy

UCLA

Univeisitai di Napoli
University City High School

University of Akron
University of Arizona

University of California
University of California
University of California, Berkeley
University of Chicago

University of Chicago

University of Chicago

University of Hartford

University of Hawaii at Manoa
University of Kentucky

University of Leicester

University of Louisville
University of Maryland

University of Maryland
University of Maryland Eastern Shore
University of Melbourne

University of Michigan

University of New England

University of Oregon

University of Prince Edward Island
University of South Carolina

University of Toronto
University of Washington
University of West Florida
Vassar College

Vernier Software

West Virginia University

Western Maryland College

Whitman College

Wilmington College

Youngstown State University

City State Zip

Buffalo, NY 14260
Cortland, NY 13045
Cambridge, MA 02138
Telluride, CO 81435
Philadelphia, PA 19122
Philadelphia, PA 19122
College Station, TX 77843

New York, NY 10003
Pt. Lookout, MO 65726
Greensboro, NC 27412-5001
Pensacola, FL 32514-5751
Albany, OR 97321
Baltimore, MD 21204
Dothan, AL 36302
Medford, MA 02155
New London, CT 06320
West Point, NY 10996
Los Angeles, CA 90024
80125 Napoli, Italy
St. Louis, MO 63104
Akron, OH 44325
Tucson, AZ 85721
Berkeley, CA 94720
Berkeley, CA 94720
Berkeley, CA 94720
Chicago, IL 60637
Chicago, IL 60637
Chicago, IL 60637
West Hartford, CT 06117
Honolulu, HI 96822
Lexington, KY 40506-0027
Leicester LE1 7RF England

Louisville, KY 40292
College Park, MD 20742
College Park, MD 20742
Princess Anne, MD 21853
Australia 3052
Pontiac, MI 48053
Biddleford, ME 04005
Eugene, OR 97403-1274
Canada CJA-4P3
Columbia, SC 29208
Scarborough, ONT MIC 1A4
Seattle, WA 98195
Pensacola, FL 32514
Poughkeepsie, NY 12601

Portland, OR 97225
Morgantown, WV 26506
Westminster, MD 21157
Walla Walla, WA 99362
Wilmington, OH 45177

Youngstown, OH 44555
G-3

Degree of Implementation

RI

RI

RI, P
P

RI

RI

RI

RI

RI

RI

RI

RI

RI

F, V
RI, V
P

RI

RI

RI

RI

P

RI

RI

P

F

P

P

P

RI

RI

RI

RI

RI, V
P

P

RI

RI

RI

RI

P

P

RI

RI

RI

RI

RI

RI

RI

RI

RI

RI V..6
P, V


