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Chapter 3: Badkground, Methods, and Context

Physics Education Resear ch Background

This chapter will provide the reader with a summary of some of the general
methods used by physics educaion researchersto evaluate student understanding. In
this dissertation we goply these methods in spedfic ways to develop a better
understanding of the aherence of student content knowledge. This chapter also
describes the antext of the reseach.

M ethods of Physics Education Resear ch

Physics educaion researchers use anumber of different methods to probe
student understanding. These methods include interviews, multiple-choice questions,
and open-ended exam problems. This dissertation uses all of these methods, but most
of our data comes from written responses on open-ended exam problems. In this
sedion we provide abrief summary of these general methods followed by a more
detailed description of the spedfic ways the methods were employed in this
dissertation.

Interviews

Interviews provide the most in-depth probe into student understanding. In an
interview one or more students will be present with aresearcher. The reseacher will
often have aprotocol that may include aspedfic physics problem, or may include a
series of questions concerning a demonstration. The type of interview will depend on
the type of study being conducted. During the interview the reseacher will try to ask
guestions that probe eisting student understanding, rather than questions that guide
students to an improved understanding.

The interview method gves the researcher the aility to probe deeply into
student understanding. The reseacher can follow up student responses that are unclea
with questions designed to elicit clearer explanations. In addition, questions can be
constructed on the spot based on interadions with the students. Statements and
guestions made by the interviewer are dso alimitation of the interview method becaise
the question (or measurement) affeds the student answer (or observation). Even
carefully constructed questions, which try not to guide the students, will affed the
student response.

The interviews that were aonducted for this work involved students from both
the introductory engineaing physics course (6 students) as well as advanced students
(6 students) studying physics at the University of Maryland. All interviews discussed in
this work were done on a one-on-one basis with volunteas and involved students
solving problems. Much of the previous work done in understanding student problem
solving involves this type of interview. The students were first given a brief
introduction to the interview method where they were informed about the anonymous
nature of the interview and were told that they should state ererything they were
thinking out loud. The situation is a bit unnatural for the students. Other reseachers
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have done interviews with two or more students, creaing a more natural setting.* In
the one-on-one interview it was occasionaly necessary to remind the students to state
what they were thinking and writing out loud. The interviews| conducted typicdly
lasted forty minutesto one hour. After the interview, students were given the
opportunity to discussany asped of the physics course they wanted. Except for the
interviews conducted with the advanced students, al interview questions were based on
the material students were aurrently leaning in the wurse. Because of this, the post-
interview discusson often focused on understanding the @rred solution to the
problem given in the interview. Asking guestions that were relevant to the amurse
material also provided motivation for studentsto participate in the interviews. After
the interviews were conducted, most were transcribed and analyzed. Complete
transcripts are provided in Appendix C and D for the interviewsthat are used in this
dissertation.

Interviews are usually conducted with a small sample of students becaiuse of the
amount of time involved in conducting and transcribing interviews. The sample of
students that were interviewed was obtained by asking for volunteas in the physics
course. A list of the students who were willi ng to participate in the research was
creaed. A number of students were mntaded, at random, from the list, and atime for
ead interview was arranged. Because participation in this type of study is voluntary,
the students who voluntee are not a random sample. Most of the students whose
interviews are presented in thiswork had grades ranging from C'sto A's.

M ultiple-Choice Questions and Diagnostics

Multiple-choice diagnostics have become an increasingly popular tool to
evaluate student performance They are the eaiest type of measurement deviceto
implement. Because of this, reseachers are ale to obtain large sample sizes and are
also able to conduct statisticad analyses on the results. Despite their ease in
implementation, data from multiple choice questions are difficult to interpret. Thereis
still debate aout what these tests adually measure and a danger that instructors will
view the results from these questions in a caual and smplistic manrer. 2

One of the most popular diagnostics used is the Force Concept Inventory (FCI),
which was designed by D. Hestenes, M. Wells, and G. Swadkhammer and was
published in the Physics Teacher in 1992° The successof the FCI in drawing out
student misconceptionsis due to its careful construction and validation. Before the
FCI was constructed, the authors performed in-depth studies on the nature of student
difficulties in mecdhanics and colleded the results of alarge body of published work.
The FCI is one of the products of thiswork. The preaursor to the FCI was the
Medhanics Diagnostic Test (1985, which was validated through the use of interviews
and statisticd methods. Because of the similarity between the two instruments,
Hestenes et a. did not follow the same procedures to evaluate the validity of the FCI,
although they did perform interviews with 20 high school students and 16 gaduate
students about their answers on the FCI.*

According to the Hestenes et al, the FCI “assesses a student’ s overall grasp of
the Newtonian concept of force... [and it] can be used for both instructional and
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reseach purposes.”® The questions on the FCI all ded with mechanics concepts and
they are phrased in terms of red world contexts. Because of its construction the FCI
can be used both before and after physicsinstruction. After administering the FCI to
their students, most instructors are surprised at their students’ poor performance
Because of this, the FCI provided a wake-up cdl for many instructors. Despite
satisfadory performance on exam problems and homework sets, the FCI showed that
many students exhibited basic conceptual difficulties in medhanics.

The successof the FCI has prompted the development of other diagnostic tools
to evaluate student understanding. Thornton and Sokoloff have developed another
medhanics diagnostic cdled the Force Motion Concept Evaluation (FMCE).® Becaise
most of the work conducted in PER is conducted in medhanics, The FCI and FMCE
are the most popular diagnostic tools used by instructors and researchers. But there
are anumber of newer tools being developed to evaluate student understanding of
other topicsin physics. Diagnostics now exist to evaluate student understanding of
waves’ and student understanding of concepts in eledricity and magnetism.®

Despite the growing popularity of these instruments there ae few studies
documenting how student performance on diagnostics correspond with other measures
of student understanding. We find that, becaise student knowledge is often only
locdly coherent, the mntext of a problem beammes an important fador in the way
students will respond to aquestion. In this dissertation we will use multiple-choice and
corresponding open-ended guestions to probe for coherencein student understanding
of physics.

Open Ended Questions and Problems

Questions that ask for detailed written responses are the primary reseach tool
used in this dissertation. These open-ended questions include quantitative questions,
qualitative questions, and questions that combine the two. The quartitative physics
problem is the type of problem at the end of the chapter in introductory physics texts.
These problems usually require that the students find the gopropriate formula or
formulas, manipulate the formulas to fit a given situation, identify the givens and
unknowns, and solve for one or more numerica values. Often, little conceptual
understanding is required for these problems. These traditional problems are often
included on homework assgnments and exams in the introductory physics course. A
seond type of open-ended question isthe qualitative question. The quditative
guestionis not as common in the cdculus-based course, although it has become a
major tool for physics educaion researchersto use in evaluating student understanding
and many texts now include them at the end of the chapters. Qualitative questions
usually involve little or no symbolic manipulation or formulas. They require the
studentsto draw upon their qualitative resources and reasoning ability. A third type of
guestionisahybrid or bridging problem. These questions require the students to draw
upon both their qualitative knowledge and their quantitative knowledge. This may be
done by explicitly bregking the problem into quaitative and quantitative parts. 1t may
also be done by designing questions for students to solve that require conceptual
understanding. These questions will often require the students to either show all their
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work or to explain their reasoning. By doing thiswe ae ale to get a degoer
understanding of what our students are doing. Each type of question serves different
purposes for the researcher and instructor.

In this dissertation, quantitative problems that require students to use their
conceptual understanding will be used. Sometimes the students are given a problem
and smply asked for a cetain unknown while other times they are asked a series of
qualitative questions before the final quantitative question. These types of questions
allow usto look explicitly at student qualitative knowledge, student quantitative
knowledge, and the links between them. Comparisons are sometimes made between
students who solved identicd quantitative questions with and without qualitative parts.
Students' solutions can then ke compared and the use of qualitative knowledge in
solving problems can be evaluated.

Summary of Research Methods

Eadh of these threemethods has advantages and dsadvantages. The main
limitation of the interview isthe small sample size To show the distribution of
responses, physics education reseachers can turn to multiple dhoice questions and
open-ended questions.

Multiple-choicetests are the eaest toal to implement but they are difficult to
interpret. This does not imply that multiple-choicetests are not worthy of attention.
They provide us with many interesting results about student understanding; but these
results may be very different than results on other measures.

Open-ended exam problems are amiddle ground between multiple-choice
guestions and interviews. They can provide the reseacher with fairly large sample
sizes, and provide the reseacher with more information about student reasoning than a
multiple-choice question. Due to the nature of this gudy, open-ended questions were
used as the basis of most of the work. Interviews were mnducted to probe more
deeply into student understanding after open-ended questions were administered.

Error Analysis

Estimates of the standard error are included in some of the studies in this
disertation. Occasionally we present analyses that compare two quantities. For
instancewe mmpare the performance of two different populations in chapter 5 and
chapter 8. In order to make daims about our results it is therefore necessary to
estimate the eror in our measurements.

Error is cdculated by making the aude asumption that student responses
approximate abinomial distribution. Using this smplified model gives arough
approximation of the uncertainty in our measurements. We use

0?2 = E(x2)- [E(x) and the fadt that the expedtation value for a binomial distribution is

N
E(X)= ZLpqu‘r where p is the probahility of the response we ae

S (-1 (N-r)

interested in, g (= 1 — p) is the probabili ty of a different response, and N is the total
number of studentsin the study. The standard deviation is therefore given by
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o =,/Npgand the deviation in the percentage of a particular responseis o, = p%\l .

Sincemost of the datain this dissertation is reported in terms of the percentages, e
will be used to cdculate most of the eror in our measurements.

Context of the Resear ch

Undergraduate engineering students

Most of the work presented in this dissertation was conducted in the
engineaing physics squence d the University of Maryland. The courseisathree
semester caculus-based course. The first semester of the sequence (Physics 161)
covers mechanics. The second semester (Physics 262) covers the topics of hea and
temperature, thermodynamics, medanicd waves, eledric fields and eledric drcuits.
The third semester (Physics 263) covers the topics of magnetism, eledromagnetic
waves, geometric and physica optics, and modern physics.  In the second and third
semesters gudents must also enroll in Physics 262A and Physics 263A, the respedive
laboratory courses. Students do not recave aseparate grade for the laboratory.
Instead the grade is incorporated into the overall grade for the murse. Approximately
200- 300students are erolled in eat part of the sequence and these students are
divided among two to threeledure dasss, eat taught by a different instructor.

Each part of the threepart sequence @nsists of threehours aweek of ledure
and fifty minutes of either atraditional TA-led problem solving redtation or atutorial
sedion. Inthe tutorial sedion the students participate in reseach-based curriculum
emphasizing qualitative understanding.

Students are usually not told whether the dasshas tutorial sedions or
traditional redtation seaions when they register for the course. Because of this, the
populations enrolled in the dasswith redtations and the population enrolled in a dass
using tutorials are nealy identicd. The PERG at the University of Maryland runs the
tutorial part of the dass Because of limited resources, only one or two coursesin the
sequencewill be engaged in tutorials ead semester. For instance, in one semester
there may be tutorialsin both the physics 161 course and the physics 263 course, but
the 262 course may have traditional redtations. During most semesters, all the day
sedions of a particular course will be engaged exclusively in atutoria curriculum or
exclusively atraditional redtation curriculum. Because of logistic reasons the night
classat UMd usually has redtations. Students who start in atutorial classin Physics
161 will usualy have tutorials in the physics 262 and 263courses as well (provided
they take them in sequencewith no brees.) Likewise, students who begin with the
redtation classwill usually have traditional redtations for the remainder of the
sequence

We will use the following terminology to differentiate between the different
components of the engineaing sequence onsisting of Physics 161, 262 and 263 A
particular part of the sequencewill be referred to as a course. Within the @urse,
different ledures are referred to as classes and within the dasses discusson (tutorial or
redtation) will be referred to as sedions. Therefore astudent may be in the
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engineaing sequence, in the Physics 161 course, in the dasstaught by Dr. X, inthe
discusson sedion that mees Wednesday morning.

In atraditional redtation sedion students typicaly watch a TA demonstrate
how to solve problems at the board. Students often do not adively participate in
redtation. Occasionally a TA will i ntroduce innovative instruction in the redtation
such as group work, but this not common.

In the tutorial sedion, students work through researched-based curriculum
materials designed by the University of Washington® and the University of Maryland
physics education groups. Their design is based on extensive reseach into the student
understanding of varioustopics. Tutorias use mnceptual workshees that promote
adive leaning. Studentswork in groups of threeor four and mostly interad with the
other members of their groups. Two fadlitators (TAS) go around and ask the students
guided guestions to help the students construct the understanding for themselves. A
schematic of the tutorial section and the redtation sedionis $xown in Figure 3 - 1.

There ae anumber of important implementation detail s associated with the
tutorial curriculum. These details will be discussed in chronologica order to give the
reader a dea picture of how the tutorials run in the introductory course. The major
components of the tutorial curriculum are pretests, TA training sessons, tutorial
sedions, tutorial homeworks, and tutorial exam questions. Pretests, TA training
sessons, tutorial sedions, and tutorial homework assgnments all occur once aweek.
Exam questions occur threeto four times during the semester. The following
paragraph will describe an ided implementation of the aurriculum. Because of different
circumstances, implementation of the tutorialsis not aways ided.

The first asped of the tutorial curriculum are pretests. These one to two page
adivities are given in the first 10 minutes of the ledure dter the material has been
lectured on, but before students have gone through tutoria instruction on the material.
Students receve aedit for participating in the pretests but do not get graded on their
responses or get them badk. No solutions are posted to the pretests, although the same
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Figure3-1
Schematic showing atraditiond redtation class(a) and atutorial class(b).
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isaues are dedt with in the tutorial sedion where the students are given feedbad.
Pretests srve two main purposes; they help the students determine what aspeds of the
material they are having dfficulty with after ledure on the material and gve them a
chanceto commit to an answer on their own before the tutorial; they also give the TAs
for the dassa thanceto beaome familiar with the student difficulties. In addition, the
pretests help students identify certain topics as important.

During the TA training sessons the TAs are put in the samerole athe
students. They first take the same pretest the studentstook ealier in the week and go
over their responses. They then look through and discusstheir students’ pretests. TAs
are therefore made avare of the difficulties sme of the students are having with the
material that isto be wvered in the upcoming tutorial sedion. By understanding the
student errors and dfficulties, the TAs are in a better position to addressdifficulties
and questionsthat will come up in the tutoria sedions.

After looking over the pretests and discussng the student responses with the
other TAs, the TAs gart the adual tutorial. Going through the tutorial servestwo
purposes. TAsmust become familiar with the material in the tutorial if they are to ask
the students guided questions on the material. The skill of asking questions that guide
the students and allow them to construct the knowledge for themselves is often very
difficult to aoquire since most of the TAs have leaned the materia by having
explanations given to them.® Many TAs therefore want to tead the studentsin the
same way they have been taught. Unfortunately this method is not effedive for the
vast majority of our introductory physics gudents.”* The second purpose of the
meding isto give the TA’s the opportunity to confront and resolve any difficulties
they, themselves, may have with the material.

Tutoria sedionslast fifty minutes and are given once aweek, just like the TA-
led problem solving redtations. Students enter the dassand begin working on the
conceptual worksheds oncetheir group is assembled. The tutorial worksheds either
come from the Tutorialsin Introductory Physics'? book or are given to the students as
handouts. Students mainly interad with their group members. Two TAsarein the
tutorial room at once, asking students guided questions about the tutorial material.
Students keep the tutorial worksheds to help them with the tutorial homework
assgnments and to help them study for the exams. Attendanceis not required in the
tutorial sedions, although attendanceis typicdly quite good. Attendancein the tutoria
sedion during the period of this gudy was approximately 80%. Besides getting a
better understanding of the material, incentive for coming to tutorial comes from the
graded tutorial homework assgnments and the graded exam question based on one of
the tutorials.

Tutoria homework is asggned ead week in addition to the textbook
homework assgnments given by the instructor for the dass Because of the alditional
tutorial homework, there ae fewer problems assgned from the textbook. Tutorial
homework is based on the tutorial the students have just completed and is due the
following week. The tutorial homework assgnments are graded and returned to the
students.

Most of the incentive for attending the tutorial sesson probably comes from the
tutorial exam question. Students are told at the beginning of the semester that one
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guestion on ead exam is based on the tutorial. 1f students do not attend the tutorial
sedions the exam question will be very difficult for them; if they attend and work
dili gently through the tutorials they usualy perform well on the exam question.

In order to help students form coherencein their quaitative and quantitative
knowledge the UMd PERG has begun designing instructional material to help students
make connedions between the mncepts they develop in tutorial and quantitative
problem solving. Problem Sdving Tutorials and Bridging problems are implemented
on asmall scade to help the students make this bridge.

Problem-solving tutorials occur either once or twice asemester. They are
implemented in the same way other tutorials are implemented, but instead of having
students construct an understanding of a particular topic or topics, they include
applications of the mncepts developed in ealier tutorials in the mntext of threeto four
carefully constructed problems. These problems consist of both qualitative parts and
quantitative partsto help the students develop more mherence between the mncepts
and quantitative problem-solving.

Bridging problems are sometimes given as part of the tutorial homework
assgnments. They are suppements to the more conceptual part of the tutorial
homework assgnments and are based on the tutorials the students have just completed.
Like the problems given in the problem-solving tutorials, the bridging problems contain
both qualitative and guantitative questions designed to help the students make the link
between these two types of knowledge.

Advanced Students

In addition to the undergraduate engineeing majors a small number of studies
were aonducted with advanced physics gdudents. These students volunteeed for
interviews on topics in mechanics and physicd optics. Two students were seand-yea
graduate students, threewere first-yea graduate students, and one student was an
upper-level undergraduate student who was enrolled in a number of graduate urses.
All students were physics majors at the University of Maryland.

Summary of the Data

The data that is presented in this dissertation comes from the many diff erent
physics topics that span the threesemesters of the engineaing sequence d the
University of Maryland (UMd). One reason for the wide range of topicsisto show
that the difficulties gudents have in making the connedions between their qualitative
and quantitative knowledge and making connedions aaossphysics topics and concepts
is not topic dependant. It also shows the pervasivenessof this fragmentation in physics
knowledge.

Table 3 - 1 summarizesthe data that is presented in the dissertation. It contains
a brief description (name) of the question, the format of the dass the format of the
guestion, the date of the study, and the locaion in the dissertation where the data ae
first presented.
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Description of Format of Format of Date Location in
Problem (name) Class question Administered | dissertation
NI, NII, and Phys161, w/ | Open-ended | Spring 1996 Chapter 4
motion diag. tutorial exam prob.
NIll-carts Phys 161, w/ | Open-ended Fall 1995 Chapter 4
tutorial exam prob.
Force Concept Phys161, w/ | MC questions.| Fall 1995 Chapter 4
Inventory tutorial Spring 1996
Hand-block Graduate Prob. Solving Fall 98 Chapter 5
Students Interview
Hand-block Phys 161, w/ | Open-ended Fall 97 Chapter 5
redtation quiz prob.
Tension-block Phys 161, w/ | Open-ended Spring 97 Chapter 5
tutorial bridging prob.
Tension-block Phys 161, w/ | Prob. Solving Spring 97 Chapter 5
tutorial Interview
Thermo-piston Phys 262 w/ | Open-ended Fall 97 Chapter 5
tutorial pretest
Inductive Circuits| | Phys263 w/ | Open-ended Spring 99 Chapter 6
tutorial exam prob.
Momentum Phys 161, w/ | Open-ended Fall 97 Chapter 6
Question redtation exam prob.
Resistive Circuit Phys 262 Open-ended Fall 97 Chapter 6
exam prob.
Eledric Fieldsand| | Phys262 w/ | Open-ended Fall 97 Chapter 6
Potential tutorial bridging prob.
Physicd Optics| Phys 263 w/ | Open-ended Spring 96 Chapter 6
tutorial exam prob.
Tension-Two Phys 161, w/ | Open-ended Fall 98 Chapter 7
Blocks tutorial exam prob.
Heda Transfer Phys 262 Open-ended Spring 96 Chapter 8
exam prob.
Physicd Opticsl| Phys 262 Open-ended Spring 96 Chapter 8
exam prob.
Table3-1

Table showing asummary of each question(s) discussed in the dissertation.
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