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ABSTRACT

The problem distribution in the electricity and magnetism sections of seven major
introductory physics textbooks wastudied. The problems were classified into four
categories ranging from purely quantitative to purely qualitative. The variation of the
distribution of problems among these categories was studied. Using the classification, a
subset of the problems was mdiied as nomguantitative. Solutions to the non
guantitative problems were decomposed into tBasic Stepsthe fundamental pieces of
the solution. Basic steps were used to characterize the distribution of conceptual
complexity among the textbooks. Thariation between topics and between textbook

level (calculusbased, algebrbased, and conceptual) was also studied.
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CHAPTER 1

Introduction

For the past 20 years, physics education research has primarily focused on
studentsé understanding of conceptual phy:
learning process. Mi®nceptions arise at an early 4ged are the result of real world
observationé. For example, children put on heavy coats during winter to stay warm.

This leads to a common misconception that heavy coats are a source of heat.

Previous studies have @hin that students do not easily replace their old
misconceptions with correct knowledge. Instead, students retain the correct and incorrect
knowledge at the same timeand use the new terminology to describe the old
misconception$.In 1992 the Force Caept Inventory (FCI) was developed as a tool to
measure the conceptual understanding of physics stutlenfee FCI questioned
studentsdé6 wunderstanding of Newt oni an mech
creation of the FCI, studies have confime&ath st udentsd misconce
replaced, even after formal training in the subject mAtimis trend was replicated
among all aspects of physics. A 30 question conceptual survey covering electricity and
magnetism was given to 5000 students astggeand postest. The average scores on
the pretest ranged from 25 to 31% of questions answered correctly. For the posttest, the
scores increased only slightly, 44 to 47% of questions were answered cdrrectly.

As a response, physics educational regedegan to focus on methods to

increase conceptual retention. It was shown that assigning online homework in addition



to traditional penci | and paper horewor k
however, replacing traditional homework with onlihemework gave no change in
student s o6 °edbmasmalss showvn ¢hat.a laboratory component to a physics
course (as opposed to a course that contains only lecture) led to a better understanding of
physics concept® and an interactive classroom @wnment promoted conceptual
learning™* Quantitative instruction was proven insufficient for developing conceptual
understanding. It was found that qualitative instruction was needed to develop
guantitative skills, however quantitative instruction dat improve students conceptual
understanding® Kim and Pak showed that students still held conceptual misconceptions
after solving 1000 physics problefs. Qualitative instruction before quantitative
instruction led to an increase in both qualitativel guantitative understanding by the
students?

Understanding of introductory physics is also affected by the naive problem
classification used by novice problem solyv
ability to quickly break down a probite into its fundamental componerits.In 1989
Gilner found that students characterize problems based on their cdfitextsexample,
students recognize a problem as a certain type (force problem, kinematics problem,
rotational motion problem, etc.) amdmediately apply the equations they associate with
that context. In 1991 Gilner proposed tha
look past the context of a problem and focus on the fundamental mathematical and
physical components. In a studyby Chi, Feltovich, and Glaser, problem classification
was done by expert and novice problem solvers. Experts classified problems based on

their fundamental components while novices classified the problems by the overall



content of the problef.In astdy o f student sé understandir

found that students were able to apply mathematics correctly but could not apply
conceptual reasoning.The students could correctly solve an equation to determine the
direction a positive charge woutdavel in an electric field, but could not conceptually
determine the direction. In 1992 it was shown that students chose to approach circuit
problems mathematically rather than conceptually even though the mathematics involved
was very difficult and theconceptual approach very ed&8yThe intense study of
conceptual understanding in physics left open a few broad questions: How many different
conceptual questions exist and how does the complexity of these questions vary?

This study sought to analyze tliversity of the conceptual coverage in the

electricity and magnetism chapters of introductory textbooks. All conceptual problems

within these sections were identified. The

their fundamentasolution piecesie.t he fAbasic stepso nEeded
number of basic steps in a solution was
Using the number of basic steps, the distribution of-aquentitative problems was

examined in seven popular introdoiy physics textbooks.

This study investigated:
1. The distribution of conceptual electricity and magnetism problems within major
textbooks
2. The distribution of conceptual complexity amongst the texts
3. The topical variation of the conceptual content oftéhes

4. The variation between algebirdbased and calculusbased textbooks

t C

us



The problems collectedalong with the solutionswill become part of a national
conceptual problem database. This database will be used for future studies of conceptual

learning ad provide a resource to educators.



CHAPTER 2

The Textbooks

To study the conceptual coverage of electricity and magnetism in introductory
physics, seven introductory physics textbooks were chosen. Four of the textereks
calculusbased, twowere algebrdased, and one wa®nceptual, containing only high
school level mathematics. Though there are numerous introductory physics textbooks, the
ones chosen for this study should be recognizable by most physics educators. The
textbooks ikluded in this study are shown in Table 1.

Two of the textbooks, YFU and YGC, are derived from the original Sears and
Zemansky textbook published in 1949 and share a common author, Dr. Hugh Young.
YFU is calculusbased, while YGC is algebtsased. HRW habeen @At he st and
physics textbooks si #l.cGUPiwass writtem in 2004 asla p u b |
revision to HRW & edition to improve on the readability of the text and to focus on
further enriching the conceptual content. THee@ition of HRW used in this study, was

rewritten by Walker to address the same issues.



Title Author Level Te>.<t_boo.k
Identification
Sears and Z Yound and
College Physic$ Eighth ﬁ’ Algebra YGC
Editior?* Geller
Sears and Z
University Physics with Young and
Modern Physics Eleventh Freedman Calculus YFU
Edition”
Halliday,
Fun%aen\:srr:ttﬁléﬂisgysms Resnick, and Calculus HRW
Walker
Conceptuséilggryl/zs‘llosE|ghth Hewitt Conceptual HCP
Physics for Scientist and
Engineers wih Modern :
Physics: A Strategic Knight Calculus KP
Approach®
Physics: Principles with . .
Applicationi Sixth Editiorf® | 'ancol Algebra GP
Cummings,
Understanding Physits Laws, Redish, | Calculus CLUP
and Cooney

Table 1i The Textbooks

This study examirg the electricity and magnetism content of the texts. The
chapters and pages studied are detailed in Table 2. Topics covered include electric
charge, electric field, electric potential, circuits, magnetic fields, magnetic induction,

displacement currentand electromagnetic waves.



Idlr?t)i(;it():(z)a(t:’il:)n Chapters Covered Pages Covered
YGC 17-22 545760
YFU 21-31 792-1213
HRW 21-30 561-825
HCP 21-24 372:450

KP 25-33 781-1083
GP 1621 439614
CLUP 22-33 633984

Table 2i Textbook Chapters arfélages




CHAPTER 3

Problem Classification

1. What is a Conceptual Problem?

In order to study the conceptual coverage of textbooks, one must first develop a
reliable method of identifying conceptual
word conceptasfia broad abstract idea or a guiding general principle, how nature, reality,
or events are perceive®. The term conceptual problem is used in physics education to
mean a nofguantitative problem that requires the application of some phymicaiple.
Although identifying a conceptual problem seems like a simple task, reproducible
classification was quite difficult. Consider the following problems.

1. (D) Two containers of charged particles are mixed, the first container has a
net charge ofz2Q and the second has a charget+@f. Will the
magnitude of theesultingnet charge be greater than teem of the
magnitude of théendividual charges?

2. (C) Two containers of charged particles are mixed, the first container has a
net charge of 2Q ard the second has a charge+@l. What is the
magnitude of the resulting charge?

3. (B) Two containers of charged particles are mixed, the first container has a

net charge ot%Q and the second has a chargel—c%fQ. What is the

magnitude of the salting net charge after mixing?



4. (A) Two containers of charged particles are mixed, the first container has a

net charge of 1.5 x 10712 ¢ and the second has a charge-af3 x

10713C. What is the magnitude of the resultimgt charge after

mixing?

To determine if a problem is conceptual, the solutions must also be considered.
The solution to the first problem requires
created from the combination of opposite charges is less than the total maghito€ee
charges before mixingo, which is derived
problem uses the same physical system and is solved using additivity of charge; the net
charge of an object is the sum of all charge on the object-#@us- Q = —Q. The
solution to the third and fourth problem is derived from the same additivity principle; the
solutions, however, involve more involved mathematics. The third requires the addition
of simple fractions, while the fourth solution requires #wdition of numbers in
scientific notation.
These problems demonstrate the difficulty of conceptual problem classification.

All four problems rely on the same physical principle, but require different levels of
mathematics. How difficult must the mathematin a problem be before the problem is
no longer considered conceptual? At this point, the additional requirement of the
application of a physical law for a problem to be considered conceptual will be
abandoned. Problem 1 could be solved by recalliagtiditivity of charge and reasoning
or it could be solved by recalling that mixed opposite charge always have smaller net
charge. Since most problems have multiple solutions paths mixing varying degrees of

reasoning and recall, our identification of coottal problems will examine only the



mathematical sophistication of the solution; thus for the remainder of this study, we will
work with norquantitative problems and the term rgumntitative and conceptual will
be used interchangeably.

To further illugrate the difficulty, consider problem 5, which is found in
electricity and magnetism conceptual inventofi@e solution of the problem requires
exponentiation and division.

5. (A) The force on dest charges located a distarcEom a fixed charges

F. What is the force on the test charge when the distance is increased
to 2ad?

Solution:

The electric force is inversely proportional to the square of the
distance between charges. Doubling the distance will decrease the

force by a factor of 4. Thus theré will beiF.

If problems such as (5) appear in conceptual inventories, what is & non

guantitative problem?

2. Problem Classification Scheme

Instead of classifying problems into the hazy categories of conceptual or non
conceptual, a classificatoe c heme was devised based on
complexity. The classification scheme distinguishes between problems with more
advanced mathematics, minimal mathematics, and those with no mathematics. Four

categories of problems were used: quantiéga(A), partially quantitative (B), partially

10



qualitative (C), and qualitative (D). The upper case letter will be used to identify the
categories.

Problem type A, quantitative, contains problems whos&itisns involve
substantial algebraic or numeric @alation. Most students wouldave to work the
problem on scrap papeProblems whose solution has any of the following features
belong to category A:

1. Performing calculusperatiors such astegration or differentiation
2. Performing vector operationsuchas the dot or cross product, numeric
addition or subtraction
3. Algebraic manipulationfodecimal numbers or scientific notation
4. Solving an equ#on algebraically to isolate an unknown
5. Transforming an equation algebraicakbyich as isolating a variable
6. Trigonametric functions thaare not equal to 0, +1, el
7. Manipulation ofroots excepty2, and the evaluation of a root that results
in a decimal number
8. Series or summation
Problem type B, partially quantitative, contains problems wisodgation involvesonly
simple algebraic or numeric calculation. Most students could easily do the calculation in
their head Problems in type B can have none of the type A features. Problems whose
solution requires any of the following features belong to category B:
1. Addition or subtraction of smatir simple integers or symbols. A simple

integer would be a number such as 200 or 1000.

11



2. Multiplication, division, or exponentiationof integers or symbols that
results in wiole numbers or simple factions

3. Addition of simple fracbns Problems requiring the finding of a common
denominator are excluded. this and the previousondition apply the

test, "Would a normal student need to work this out on paper?" For
example,l + 2 =2is ok, but + = = 3 is not.
4 4 2 4 2 4

4. Manipulation ofv2 or square roatthat result in whole numbers

5. Trigonometricfunctons that equal zero, +1 et

6. Calculus or vedr expressionsay be used in the problem statement, but
the solution should not require their usgyond the understanding ohat
the calculus or vector expressions represents. An example would be a
problem statement that contains a de
but the solution does not require evaluation of the derivate, but only
recognition that presenteddaydés Law is be

Problem type C contains problems whose solutionare almost entirelgualitative, but
some numbers or symbols appdnoblems in type C can have none of the type A or B
features. Problems whose solution requires any of the following feateteagbto
category C:

1. The problem statement may involve numbers or symbols, but the solution
performs no algebraic manipulations with the numbers, except addition or
subtraction of integers.

2. Calculus, vectors, or other mathematical functions may appedénein

problem statemd, but they do not need to be understood to solve the

12



3.

4.

problem. For example, a problem statement contains unit vectors but the
solution does not require understanding of their meaning. For example, an
electron is traveling in the ¥ direction; will a magnetic field be created?
Addition and subtraction of symbols wittteger multipliers is allowed.
Multiplication, and division of symbols may be represented, but no
simplification may take place.

Comparison of vectors to determine pagalantiparallel or perpendicular

is allowed.

Problem type D contains problems whose solutions arelrmost completely devoid of

numbers or symboldroblems in type D can have none of the type A, B, or C features

and therefore contains all problems not cotained in the other types. Problems in

category D may contain the following features:

1.

No numbers (except zero, +1, -d) or symbols of ankind are involved

in thesolution.

. The terms positive and negative are allowed as well as comparisons (less

than, geater than, equal).

Finding the direction of the resultant of a crpseduct by the righhand

rule is allowed.

The problem statement may contain numbers or symbols, but the solution

performsno algebraic manipulations ofthe numbers.

Examples of thiglassification scheme are presented next to the previously numbered

problems (1) through (5), for example 1 (D) is a type D problem.

13



CHAPTER 4

Classifying the Problems

The problem classification scheme of the previous chapter was used by three
researchrs to classify problems within the selected texts. One researcher was this author.
The second researcher was a graduate student proficient in graduate level electricity and
magnetism and the third researcher was a senior physics undergraduate. All three
researchers received a printed copy of the problem classification scheme and a
spreadsheet containing a list of all problems in the selected chapters of the textbooks. All
three researchers were allowed to discuss the protocol before problem identification
began. After the initial discussion, the researchers worked independently.

Problems examined for this study were distributed throughout the chapters of the
textbooks. Any problem occurring in an example, atgsf, or the opening question of a
chapter vas analyzed. All problems or exercises at the end of the chapter were
considered. A problem had to be set off in some manner from the text to be included, so
problems within the flow of the text were not considered. All numbered problems and
examples werexamined. To ensure no researcher missed a problem and to provide
consistent identification, a spreadsheet containing all problem numbers was used for the
classification into problem types.

When classifying a problem, both the problem statement and theprodsble
solution were considered. If the author provided a solution, as in an example, this was

taken as the solution; otherwise, a solution was constructed consistent with the chapter in

14



which the problem was found. Problems with multiple parts wesengihe classification
of their most quantitative part. For example, consider a problem containing three parts.
Suppose the first two parts, considered individually, would be classified as type D and the
last part as type A. The entire problem would begagsl the most quantitative problem
type of its parts, and classified as type A.
The problem classification scheme is quite specific, but each researcher also had
an intuitive opinion about what it meant to be quantitative oraquantitative. Some
problens wer e forced into classes that did n

These problems were tagged as fAquestionabl

15



CHAPTER 5

Problem ClassificatioAnalysis

1. Problem Distribution

The seven textbooks contath a total of 6,734 problems of all types. Figure 1
displays the distribution of the problems throughout the seven textbooks. The number of
problems varies widely with text. HRW and YFU together contain almost half of the
problems. CLUP was written as a racconceptual version of HRW, and contains 438
fewer problems than its more quantitative counterpart. YFU and YGC share a common
author, Young, are both related to the classic Sears and Zemansky text, but the algebra

based edition YGC contains about hak number of problems as calcuhessed YFU.

1600

1420 1304

1400 -
1200 -
995
1000 - 956
834
600 -
386
400 -
0 n T T T T T T
YFU YGC GP HCP

HRW  CLUP KP

Number of Problem

Figure 1i Total Number of Problems per Textbook
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The distribution of problems among the various levels of textbooks is shown in
Figure 2. The average number of problems per text in the calcates boks, 1191,
exceeds the average for the algetaged texts, 791. Calcutbased books tend to cover
topics more in depth than algedrased texts, thus the increase in problems per book is
somewhat expected. Calculbased texts also can provide probleniha greater range

of mathematics than algebbased texts.

1400

1191

1200

1000

792

800 -

600 -

386

400 -

Avg. Number of Problems

200 +

Algebrabased Calculushbased Conceptuabased

Figure 2i Average Problem Distribution by Textbook Level

2. Consistency of Classification

The classification choices of the three researchers were combined into a single

composite. If he type choice of all three researchers agreed then the problem was

17



classified as that type. If two of the three researchers agreed, the problem was given the
problem type of the majority decision. If all three researchers disagreed the final problem
type was assigned by this author after further examination of the problem. Total
di sagreement was rare. Problems classified
there was total agreement on the problem type for a questionable problem, then the
problemtype was not changed. If there was less than total agreement, the problem type
was assigned by this author after further examination.

To determine the reproducibility of the
problem type choice was compared to fimal problem type for each problem. The
percentage of the problem type identification that agreed with the final problem type is

summarized in Table 3. The average reproducibility of the classification scheme was 96

percent.

Book Researcher #1 Researcher #2 Researcher #3

YFU 96% 97% 95%

HRW 95% 95% 94%

CLUP 97% 97% 93%

KP 97% 97% 96%

YGC 95% 97% 95%

GP 97% 96% 95%

HCP 95% 949% 97%

Table 3i Consistency in Problem ClassificatioRercentage of problems classified by
researchers that match the qmmsite classification

18



3. Problem Type Distribution

The distribution of problem types among the different books is shown in Figure 3.
Problemtype A, purely quantitative, wahe most common among most of the textbooks
with the exception of HCP, whilproblem type D waghe second most common. These
two types represeatithe vast mprity of the problems. There wasrong variationn the
number of problems of each type between the texts. The distribution of problem types

within the individual textbookis shown in Figure 4.

1600

1400 -
1200 |
1000 -

800 - -

600 -

[]
400 -
200 -
0 -

YFU HRW | CLUP KP YGC GP
mD| 263 109 142 87 191 176 334
=C|l 20 41 11 14 6 8 3

mB 8 40 18 15 29 11 20
EA| 1129 1204 785 879 523 639 29

Problem Count

Figure 3i Problem Count Distribution by Problem Type
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=

YFU CLUP KP YGC GP EP:
mD| 185% | 7.8% | 14.9% | 87% | 25.5% | 21.1% | 86.5%
Cl 14% | 2.9% 1.2% 1.4% | 0.8% 1.0% | 0.8%
EB| 0.6% | 2.9% 1.9% 15% | 3.9% 13% | 52%
BA| 79.5% | 86.4% | 82.1% | 88.3% | 69.8% | 76.6% | 7.5%

Figure 4i Percentage of Problems by Problem Type

Figures5 and 6 display the distribution of problem types by level: calebdsed,
algebrabased, and conceptual. Thegjority of problems in both calculdsased and
algebrabased texts wergype A, quantitative. Algebrbased textbooks, on average,
presened 33 more type D problems than calcuhesed textbooks. While calcutbased
texts contaied a lower percentage ofype D problems than their algedvased
counterparts, the calculmased texts actually contaith a higher number of these
problems. Careful choices by the instructors of a caledis®ed course could yield a rich
conceptual experience, even though a logrcpntage of the problems are purely
qualitative. The conceptual textbook, HCP contained a higher count and higher
percentage of type D problems. The problem type distribution for each textbook, by

chapter, is displayed in Appendix A.

20



Problem Count

Algebra Basec Calculus Basetc Conceptual Basec
mD 184 150 334
mC 7 22 3
mB 20 20 20
EA 581 999 29
Figure 5i Average Problem per Type by Textbook Level
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90% -
s 80% -
L 70% -
5 60% -
2  50% -
g 40% -
o 30% -
© 20% -
10% -

0%

Algebra Basec

Calculus Base

Conceptual Basec

mD 23.2% 12.6% 86.5%
muC 0.9% 1.8% 0.8%
mB 2.5% 1.7% 5.2%
EA 73.4% 83.9% 7.5%

Figure 6i Problem Distribution by Textbook Level

21




4. Parts of Problem

When a problem contained multiple parts, the entire problem was given the
problem classification of the most quantitative part. Thereftrete may be more
gualitative content in the textbooks than is represented by the previous tables. To gauge
the amount of qualitative content embedded in quantitative problems, thirty type A
problems from each text were chosen at random. The number wflurali parts in each
problem and the number of parts that would be classified paftjaditative (C) and

gualitative (D) wa counted, as shown in Table 4.

Book Total g;rtrr;ber of Number of Type C or D Percercl:ti%eDoﬂ'ype
CLUP 59 8 13.6%
HRW 61 6 9.8%

KP 54 7 13.0%
YFU 86 4 4.7%

GP 46 4 8.7%
YGC 71 5 7.0%

HCP 43 2 4.7%

Table 4i Parts of Problem AnalysisThe number of problem parts found in 30 type A
problems and the number of those parts that would have been classified typef@her D
parts had been a separate problem.

The average number of frlem type C and D parts that wesentained within

type A problems was 8.6 percent. CLUP and KP veerlestantially abos this average

22



and therefore hadnore embedded qualitative coveradéiis embedded contentas

insufficient to account for the wide variation among the texts.

5. Collecting Non-Quantitative Problems

The classifications A to D span the range from fully quantitative to fully non
quantitative. Published conceptual invaies "***°contain problems belonging to types
B i D. For this study, a nequantitative question was any problem of typ& B with
one additional resttion. Some of the problems wesemple numeric calculations and
somewerecomplex qualitative qigtions. The following question falls in type C:

6 (C) What is the equivalent resistance dfaand2( resistor in series?
While involving the same reasoning as many-gaanitative questions, the purpose sva
to calculate a number. If the purpose of the problem was producing a number, it was not
classified as noquantitative. For the analysis th@llows, a norquantitative problem
wasa problem of type B D, where the goal of the problem is not the calculation of a

numeric result.

6. Non-Quantitative Problem Distribution

The distribution of nomuantitative problems is displayed in FigureArtotal of
1546 nomquantitative problems were identified in the seven textbooks. HCP contained
the greatest number of conceptual problems, YFU contributed the greatest number of
conceptual problems for a calculbased book, and YGC for an algetwasedbook.

Figure 8 displays the distribution of conceptual problems by textbook level.
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A majority of the problems came from the eofdchapter question sections. This
was somewhat problematic, since problems that lie within the chapter text should be read
by most studentbut problems at the end of the chapter are likely only read if assigned by
an instructor.

Some interesting features arise from this analysis. CLUP, a revision of HRW,
adced a substantial number of additional nquantitative problems to thehapters.
However, HRW, a very quantitative text, already had the second higheguantitative
problem count of the seven texts. The large number of problems in HCP demonstrates
that far more nomuantitative coverage is possible. Even though the adedsed texts

contain fewer total problems, they on average contain morguantitative problems.

400
350 —
300
250 +—
200 -
150 -
100 -
50 - l

0 [l

yfu hrw clup kp ygc ap hcp

Within Chapter 62 77 107 69 31 31 33
m End of Chapter 229 113 64 a7 195 164 324

Non-Quantiative Problem Count

Figure 7i Non-Quantitative Problem Location
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CHAPTER 6

Basic Steps

To ddermine the conceptual complexity of a textbook, one could simply count
the number of nowguantitative problems. This raises a very important question: are all
conceptual problems equally compleég@me conceptual problems require long chains of
reasoningwhile others require the simple recall of a fact. Should a problem that contains
more parts be counted differently than a problem that contains fewer? To account for the
complexity of conceptual problems, the solutions were examined. Solutions were
deconposed into the individual fundamental steps that were required to solve the
problem. These fidamental steps of the solutievere called Basic StepsA problem
whose solution containethore basic stepsvas considered tde more conceptually
challenging tha a solution with fewer steps.

Basic stepsveredefined to be the smallest parts of a solution that in themselves
could be the solution to a-morded simpler question. For example, consider the problem
and its solution in Figure 9. In Figure 10 the ol is separated into its basic steps,

separated by bold faced titles.
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Example:Picking Up Paper with a Balloon

Problem: After rubbing a balloon in your hair, you can use it to lift small pieces

of paper off a table. Explain.

When | rub a balloon in my hair, charge is trans-
ferred to /from the balloon from /to my hair and
it acquires a net charge. The net charge on
the balloon causes the charges in the atoms of
the insulating paper pieces to polarize slightly
leaving (assuming a negatively charged balloon)
some excess negative charge farther from the
balloon and some excess positive charge nearer
to—as shown to the right. The electric force falls
off with distance so that the positive charges
nearer the balloon feel a larger attractive force
than the repulsive force felt by the negative
charges on the paper farther from the balloon,
giving a net attractive force between the bal-
loon and the pieces of paper.

Balloon

Figure 91 Sample Problem from the Conceptual Database
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Example:Picking Up Paper with a Balloon
Problem: After rubbing a balloon in your hair, you can use it to lift small pieces
of paper off a table. Explain.

(Composite) Attraction of Charged Object to Uncharged
Object

¢ Charging By Rubbing or Friction:
When | rub a balloon in my hair, charge
is transferred to,from the balloon from /to

my hair and it acquires a net charge. Balloon

e Charged Object Causes Charge Sepa-
ration or Polarization in An Uncharged
Object: The net charge on the balloon
causes the charges in the atoms of the in- 2 e 2% i
sulating paper pieces to polarize slightly |:| [:] |:| D
leaving (assuming a negatively charged bal- == S e
loon) some excess negative charge farther -
from the balloon and some excess positive

charge nearer to—as shown to the right.

¢ Electric Force Falls Off with Increas-
ing Distance: The electric force falls off
with distance so that the positive charges
nearer the balloon feel a larger attractive
force than the repulsive force felt by the
negative charges on the paper farther from
the balloon,

¢ Net Force of Uncharged Object on
Charged Object is Attractive: giving
a net attractive force between the balloon
and the pieces of paper.

Figure 10i Example of Basic Step Decomposition

The solutions of all noguantitative problems were written and decosgd into

their basic steps. To consistently reproduce the decomposition into basic steps, a protocol

developed by Clanton was used. Clanton tested the protocol using 30 examples drawn
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from introductory textbooks not used in this study. Three researchéepandently
identified the basic steps within the soluwu
step decomposition protocol was less than 6 peréent.

To perform the basic step analysis, the solution to eaclgunantitative problem
was requiredtherefore every neguantitative problem and its associated solution were
electronically typeset. Electronic forms of the solution were required to manage the data
processing required by the decomposition into basic steps.-pduttproblems were kept
asmulti-part problems. The physical system presented in the problem was changed to an
abstract system when possible. There is strong evidence that students answer questions
with different physical contexts differentf>*In this study, the least contestépendant
form of the problem was used. For example, a problem that referred to a positively
charged pith ball would be changed to a positively chargedcanducting spherical
object. Problems that contained figures were modified accordingly.

Once the poblem with generic context was written, the most probable solution
was constructed. There are many ways to solve a physics problem. Often multiple
methods from different topics can be used. For example, problems that can be solved
using Gauss Law canalédoe sol ved using Coul ombdés Law.
was constructed using methods from the section of the book in which the problem was
found, thus insuring that thaiginal intent of the author veamaintained. Most of the
problems and solutions whén this study were written by Jessica Clafton a mast er 6
student in physics with a strong background in teaching introductory physics. After the
implementation of the problem classification scheme, additional problems were identified

and the problemand solutbns were written by this authddgrnadette Stewart, a physics
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B.S. graduate (2006qnd Dr. John Stewart. All problems and solutions used in this study
were edited by Dr. John Stewart for quality and appropriateness as introductory physics
problems, thus ensuring a consistent presentation style.

Similar sections of different textbooks may contain identical problems. There are
some commonly used questions in introduct@hysics and some repetition sva
expected. Some of the text®reclosely rehted as discussed in Chapter 2, and thexefor
some duplication of problems waot surprising. A problem was considered identical to
another problem if both the problem statement and solution were identical. When a
problem was identified as identical topsevious problem, a new problem was not
written. The identical problem was associated with the existing problem, but was treated

as a separate problem for the analysis.
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CHAPTER 7

Basic Steps Analysis

The solutions to the 1534 nauantitativeproblems were decomposed into basic
steps. The distribution of basic steps by text is shown in Figure 11. As expected, more
basic steps are located in the @iehapter problems than within the chapter. As before,

basic steps at the end of the chapteraanly optionally covered by the student.

1200

1000

800

600 - —

400 -

Number of Basic Steps

200 -

o N

yfu hrw clup kp ygc ap hcp
Within Chapter 152 381 423 227 111 140 57

m End of Chapter 639 682 351 171 708 516 562

Figure 11 Basic Step Distribution by Textbook

The complexity of a problem should be related to the number of basic steps, the
number of logical steps required in the solution, therefore the ratio of totaldteps to
total problems is a measure of the complexity of the problems within a text. Figure 12
displays the average basic steps per problem by text. CLUP and HRW have problems that

are substantially more complex than the other textbooks. This comphestyhoted by
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the writers of the problems, giving anecdotal support for the ratio of basic steps to
problems as a measure of complexity. HCP had the lowest average complexity as would
be expected for a conceptual text. All the textbooks, with the excepti@P, hada

larger average number of basic steps per problem at the end of the chapter than within the
chapter The conceptual complexity digdot seem to be related to the level of the text,

since YFU had lower conceptual complexity than either GP or.YGC
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YFU | HRW | CLUP| KP YGC | GP HCP
m END OF CHAPTE 2.8 6.0 55 3.6 3.6 3.1 1.7

mWITHIN CHAPTE 2.5 4.9 4.0 3.3 3.6 4.5 1.7
TOTAL 2.7 5.6 4.5 3.4 3.6 3.4 1.7

Figure 121 Basic Steps per Problem

The average basic steps per problem by textbook level is shown in FRure 1
Calculusbased textbooks haa slightly higher average than algelvased textbooks.
The conceptual textbook, HCP, was far less complan tany of the other texts.
Algebrabased texts are somewhat less complentcalculusdased texts. This ga
probably a result of the unusual complexity of HRW/CLUP rather than a feattine of
textbook level. There seemétle difference in concepti@omplexity in the other texts:

YGC, GP, KP, and YFU. While the average fogedirabased and calculdsased wa

32



similar, there wa strong variation among the individual texts. A distribution of the

average basic steps per problem in each textbook isgespin Appendix B.

Steps

800
g 700
n 600
§ 500
o0 400
°© 300
S 200
E 100
& 0
Algebra Calculus
based based Conceptual
= Average Number of Basic
Steps per Problem 35 3.9 L7
m Avg. Number of Basic 738 757 619

Figure 13/ Basic Steps per Problem by Textbook Level
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CHAPTER 8

Generalized Topic Analysis

Each textbook author chose a different division into chapters. To allow topical
comparison of different chapter sequenceseretnlized topic list was created. Every

problem was mapped into one of the generalized categories. The topics chosen were:

Ampereds Law, Capacitance, El ectric Char gt
Potential, Faradayos lneew LR/LCIRCIREG &scuitsL a w,
(AC Circuits), Magnetic Fields, Magnetic

Displacement Currents (Maxwell), and Resistive Circuits. The shortened name in
parentheses will be used to aid in graphical presentation

In Figure 14, the problem distribution over the generalized topic list is displayed.
Notice the uneven distribution of problems across this topic list. Tlwere twice as
many resistive i r cpuobléns as any otheesct i on and Ampeongyds Law
a few problems. Some textbooks contain topics withoutquantitative problems, as
represented by the blank blocks in Figure 14. This is sometimes the result of the coverage

mixing of one noruantitative topic into a later topic
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The number of basic stegper topic was also calculated and showRigure15.
Once again some topics hadu bst anti ally more coverage,;
Law, and Magnetic Forcevere particularly well represented, wn e A mper eds
Electric Chage, Inductance and Maxwell héelwer basic steps. The uneven distribution
of basic stepswvas evidence for the uneven conceptual coverage of electricity and
magnetism topics. To characterize the spread in topical coveragaatitard deviation
of the basic steps per topic was calculated arghdsvn in Table 5. The coverage sva
most uniform in KP and least uniform in GP. HCP has many topics with limited

coverage, so its large variation should be discounted.

CLUP GP HCP HRW KP YFU YGC

42.6 54.0 55.6 46.7 20.0 40.3 50.5

Table 5i Standard Deviation of the Basic Steps per Text

The average number of basic steps per problem is displayed in Figure 16. If the

basic steps per probl em i s t akigrFigueeslé a me a

shows that conceptual complexity varies greatly with topic. There is strong variation in

conceptual complexity among the topics and among the textbooks within a topic.
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The basic step distribution by textbook level is displayed in Figure 17, and Figure
18 shows the number of basic steps per problem distributed over the generalized topics.
The distributionwas again very nofruniform. Both algebrabased and calcultizased
texts contaiad a disproportionately large number of circuit problems. The problems by
textbook level dl not uniformly favor one type of text, as might be expected because of
the larger average number of problems in tHeutas-based texts.

The problem complexity seen in Figure 18 is quite similar for some topics and
very dissimilar for other topics. This difference is largely the result of HRW and CLUP
assigning very complex, but repetitive problems in the additionectret field and force

vectors and to a lesser extent magnetic field and force vectors.
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Figure 171 Problem Distribution per Topic by Textbook Level
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