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Chapter 1: Introduction and Overview

What do we mean by coher ent physics knowledge?

Many physics educaion reseachers have stated that students possessa
fragmented knowledge of physics consisting of isolated fads and formulas.* In this
dissertation we use the antext of problem solving to show that cadculus-based physics
students as well as advanced physics mgjors exhibit alocd coherence but not a global
coherencein their physics knowledge. When a student is presented a problem-solving
task the student often adivates a wherent set of knowledge cdled a schema to solve
the problem. This £hema mnsists of strongly related knowledge and procedures that
are used to acaomplish the goal of the problem.

The schemas gudents develop in the physics course for solving problems are
usually sufficient for successin the dass Unfortunately these schemas are often
insufficient to solve ammplex problems. Complex problems require that students have
a deep conceptual understanding; deep conceptual understanding means that students
have integrated their qualitative knowledge with their quantitative knowledge and
have integrated related physicstopics. We will show that the knowledge our students
possessis often incorred and is often inconsistent with their other knowledge. In
addition, adivated schemas consist of a small amount of knowledge and these
schemas are often isolated from other schemas.

As an example, in this dissertation we analyze student responses to a problem
involving the topics of dynamics and work-energy. Many students employed a
schema @nsisting only of knowledge from dynamics, which was insufficient to solve
the problem. Because students schemas are isolated from one another it was difficult
for them to adivate the relevant schema. For these students, the concepts of dynamics
and work-energy were only wegkly linked.

This problem also ill ustrates that the responses sudents gave to the qualitative
guestions metimes contradicted their answersto the quantitative questions. This
suggests that students possess shemeas for qualitative knowledge and schemas for
quantitative knowledge. Again we seethat the task adivates a particular schema
(either qualitative or quantitative) which isisolated from the other. For expert
problem-solvers, a novel problem would tend to adivate both qualitative and
quantitative knowledge that they would use to solve the problem. Schema theory can
therefore be used to help us make sense of the following issues about physics problem
solving:

(1) Successon traditional quantitative problemstells us little &out qualitative

understanding and

(2) Successon qualitative questions tells us little @out quantitative problem

solving sKill s.

Physics Educaion Reseach (PER) has provided many useful results about
students understanding of physics. One particular reseach result is that students often
lack adeep understanding of the underlying principles and concepts even though they
can succeel in the murse.? PER has also shown that the problem solving skills many
of our students possessare very different than those of expert problem solvers.®



Evaluating students in the introductory physics course usualy involves
performance on traditional quantitative problems, like the ones found at the end of the
chapter in a physicstextbook. In the introductory physics course it is often the cae
that students are rewarded with good grades by applying formulas and fads without a
deep understanding. Acquiring afragmented knowledge @nsisting of unrelated fads
and formulas becomes an efficient way for students to succeel in the murse. But
when students are presented with novel problems we often seethem attempt to apply
formulas and petterns of solution that are inappropriate.

David Hammer examined the role mherence playsin student understanding.*
He interviewed two students who, at the beginning of an introductory physics course
for pre-medicd students, had very different ideas about how to approac the @murse.
Lizarelied heavily on memorization and pettern matching, while Ellen tried to build a
dee understanding of the material and reaoncile her in-classexperiencewith her
intuition. Despite having expert-like qualities, Ellen was forced to abandon these
qualitiesin favor of amore fragmented knowledge focusing on formulas and fadsin
order to succeea in the murse.”

Results fowing that students have apoor qualitative understanding of the
material has led many physics instructors and physics education reseachers to address
the quality of conceptual knowledge. Physics education reseachers have shown that
through research based curriculum, students can develop better qualitative
understanding.® Results from this disertation will show that improving quelitative
understanding does not always transfer to quantitative problem solving.

M otivation

If students are to solve novel problems sich as problems they may encounter in
reseach, or problems they may encounter later in their careas, in school or in work,
they will need to be ale to apply an integrated set of knowledge. Different principles
and concepts must be linked together and the qualitative aspeds of a problem must be
linked to the quantitative aspeds of aproblem. Thisintegration isan important
charaderistic of physics understanding. To acemplish this, the traditional
introductory course requires anew set of paradigms. We believe that expert-like
analytic reasoning requires that students integrate their qualitative knowledge and their
quantitative knowledge. Reif and Heller state that teading problem solving skill s and
concepts are not sufficient; the two must be integrated.’

We believe that students leaving our physics courses must possessan
integrated set of knowledge that can be used in solving research problems. Without
coherent knowledge students will be unable to adapt to new situations. Therefore,
integrating physics knowledge should be amajor goal of physicsinstruction. In
addition, the evaluation of coherenceis an important component in the assessnent of
student understanding. Traditional exams and homework assgnments give us avery
limited understanding of our students' knowledge and how our students are integrating
aspedsthe murse. For thisreason, the University of Maryland Physics Education
Reseach Group has begun to develop and implement measures that can evaluate
whether our students are developing coherent physics knowledge. The context of
physics problem-solving provides the physics community with effedive waysto



evaluate mherence This dissertation will provide the physics educaion reseacher, as
well as the physics instructor, with a number of tools that can be used to evaluate
coherence

Dissertation overview

Schema Theory and Previous Research in Student Problem-Solving

Ideas from education and cognitive science play an important role in our
discusson of the aherencein student knowledge and problem-solving ability. In
particular, schematheory will serve & the theoreticd framework for the results of this
study. We therefore provide the reader with a detailed badground on schema theory
and how it relates to problem solving.

There is currently a substantial body of work dedicaed to student problem
solving, covering many diverse topics. We will discussthe research done in how
students lve problemsin physics. Much of this reseach focuses on the differences
between expert and novice problem-solvers.

Physics Education Research: M ethods and Context

After providing a badkground on schematheory and the existing reseachin
student problem-solving we will discussthe badkground for the research presented in
this dissrtation. For the benefit of those unfamiliar with PER we provide a
description of some of the goals of PER and some of the methods reseachers useto
acomplish these goals.

The methods used in this dissertation to evaluate the wherence of student
knowledge in the context of problem-solving involves pedfic goplications of the
general methods of PER that include one-on-one interviews, open-ended exam
guestions, and multiple-choice questions. Most of the reseach in this dissertation
focuses on written responses to open-ended exam questions.

The reseach is conducted with two different populations of students. The first
population is the undergraduate engineaing majors, enrolled in the introductory
physics squence (Physics 161, 262, 263) at the University of Maryland. The second
population is advanced physics mgjors, all of whom are enrolled in graduate level
courses at the University of Maryland.

Results: Students use locally coherent knowledge in problem-solving contexts.

We first show that the schemas gudents adivate to answer questions and solve
problems grongly depends on the context of the problem. Exam problems and
multiple-choice questions that test the same physics concepts were given to
undergraduate engineaing majors. Even though the @rresponding exam questions
and multiple-choice questions would be mnsidered essentialy identicd by physicists,
students often answered inconsistently. Thisisa dea example of the context
triggering a particular way to respond to a question.

In the next sedion, we present results owing that spedfic principles and
conceptsthat are dosely integrated in an experts knowledge ae distinct in our
students' knowledge. In aproblem involving dynamics and work-energy we observed



that students had dfficulty applying both conceptsto the problem. Most students
focused on using ideas from dynamics to solve the problem. When they found that
their knowledge from dynamics was not enough many were unable to adivate the
relevant schemas for solving the problem. In another example, we show that many
students view the work done by a piston in a thermodynamic processas either the aea

under the PV curve or I Pdv. These two procedures for cdculating work are seen as

distinct methods.

We dso observe that students possess shemas for qualitative knowledge and
quantitative knowledge, which tend to be isolated from one another. We analyze
responses to different problem-solving tasks that were given by studentsin ead part
of the threesemester, cdculus-based, introductory physics course, at the University of
Maryland. We demonstrate that our students can have qualitative knowledge and
quantitative knowledge that sometimes contradict one another. Our results $ow that
students can solve traditional questions corredly without a basic conceptual
understanding of the material. In addition, we seethat students can solve qudlitative
guestions corredly, yet many are unable to apply this qualitative understanding to
quantitative problems.

Results; How doesthe Tutorial curriculum affect student coherence and
problem-solving ability?

Betwean 1993and 1999The University of Maryland used conceptual
worksheds cdled Tutorials® in the discusson sedions of some of its introductory
cdculus-based physics classes. Tutorials come from aresearch and curriculum
development program at the University of Washington led by Profes=or Lillian C.
McDermott. The tutorial sedion replaces the traditional one-hour problem-solving
redtation with worksheds the students go through in groups of threeor four. The
tutorials used at UMd include both tutorials that have been developed by the Physics
Educaion Group at the University of Washington (PEG) and tutorials that have been
developed by the Physics Educaion Reseach Group at the University of Maryland
(PERG). Reseach conducted with students at both institutions and a number of pil ot
sites has own that the tutorial curriculum can aid studentsin gaining a qualitative
understanding of the material in the course. But there has been little research on
whether student problem-solving skill s benefit from the tutorial curriculum.

Our results gow that in certain contexts a conceptual curriculum such as
Tutorials can improve problem-solving performancefor some students. In one study,
we examine how student coherence develops as they progressthrough the introductory
medanics course. Analyzing the dynamics of a dass $ows that, although some of
the students are making the mnnedion between qualitative and quantitative
knowledge, many are not. Thisillustrates some of the limitations of the Tutorial
curriculum. In another study we cmpare student performance on quantitative
problems in two instructional modes. One population went through the tutorial
curriculum and the other went through traditional problem-solving redtations. In this
study we observed that studentsin the tutorial sedion performed much better than
students in a problem-solving redtation.



Curriculum Designed to address Problem-Solving Ability

There ae anumber of innovative arricula designed to foster problem-solving
ability. These will be discussed in the final sedion of this dissertation. In addition we
will discuss ®me modest efforts conducted by the PERG at the University of
Maryland to help students make the mnnedion between qualitative knowledge and
quantitative problem solving. Curricula materials designed by the PERG are included
in the Appendix.

Summary and Speculationsfor the Future

In the conclusion we briefly present some of the major results from this work.
We dso summarize the methods we used in this dissertation to evaluate wherencein
the students understanding of physics. These methods can be used by instructors and
physics education reseachers to understand the type of connedions gudents are
making in the murse. The data we present is dependent on the context of the
problems we have studied. Future work might therefore focus on the general
charaderistics of different types of schemas; charaderistics that cut aacossmany
contexts.
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