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I have explored the instructional value of using multiple-possibility problems
(MPPs) in introductory physics courses. MPPs are different from problems we most often
encounter in textbooks. They are different from regular problems since

1) they have missing information, vaguely defined goals or unstated constrains,

2) they possess multiple solutions with multiple criteria for evaluating the solu-
tions,

3) they present uncertainty about which concepts, rules, and principles are neces-
sary for the solution or how they are organized.

Real-life problems and professional problems are MPPs. Students rarely en-
counter such problems in introductory physics courses.

Kitchener (1983) proposed a three-level model of cognitive processing to catego-
rize the thinking steps one makes when faced with such problems (cognition, metacogni-
tion, epistemic cognition). The critical and distinctive component of MPP solving is epis-
temic cognition. At that level individuals reflect on the limits of knowing, the certainty of

knowing, the underlying assumptions made. It is an important part of thinking in real life.

il



Firstly, I developed and tested a coding scheme for measuring epistemic cogni-
tion. Using the coding scheme I compared the epistemic cognition level of experts and
novices by conducting think-aloud problem-solving interviews with them. Although ex-
perts had higher epistemic cognition level than novices, I documented some instances
where a novice showed an expert-like epistemic cognition. I found that prompting ques-
tion during interviews were 50% effective for students.

Secondly, I tested the following two hypotheses by conducting two experimental
design and one pre-post treatment design investigations in an algebra-based physics
course at Rutgers University:

Hypothesis 1: Solving MPPs enhances students' epistemic cognition;

Hypothesis 2: Solving MPPs engages students in more meaningful problem solv-

ing and thus helps them construct a better conceptual understanding of physics.

I found supporting evidence for both hypotheses. Although not all of my studies
produced the results that would unquestionably support the hypotheses strongly, I can say
that they show much promise for the use of MPPs in introductory physics courses. I have

also created a bank of MPPs freely available for use.
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Preface

The dissertation is organized in the following way:

In Chapter 1 I will introduce the motivation of conducting my research. I will
explain the importance of introducing non-traditional problems, namely, multiple-
possibility problems (also called ill-structured or ill-defined problems) in physics courses.

I will identify the range of disciplines in the field of physics education as well as
the educational discipline in general where the results of my findings have implications.
Then I will describe the structure of my thesis and what issues are touched upon in each
chapter.

In Chapter 2 I will present a broad survey of literature related to multiple-
possibility problem solving. By reviewing different definitions of multiple-possibility
problems I will single out the ones that I find relevant to physics problem solving. Then I
will present different approaches to solving such problems and discuss its components.
Then I will discuss the role of goal specificity on problem solving, since it is one of the
essential attributes of multiple-possibility problems. I will describe different types of
alternative physics problems that have been used so far in the physics education
community and emphasize their advantages and disadvantages.

The goal of Chapter 3 is to look closely at how experts and novices solve MPP
problems. I will present the results of think-aloud interviews with experts (physics
professors) and novices (undergraduate students). In the interviews they were asked to
solve undergraduate-level physics problems. All problems were multiple-possibility

problems. I will elaborate on the analysis of the interviews and what implication these
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results might have for the next steps of my thesis investigation and in general. My
analysis will be mostly based on Kitchener's model of multiple-possibility problem
solving [4] that identifies an additional cognitive activity, not present during single-
possibility problem solving called epistemic cognition. Firstly, I will give an overview of
literature on expert-novice difference in general problem solving. Secondly, I will present
a coding scheme I have designed for evaluating epistemic cognition and used it to
evaluate and compare experts' and novices' epistemic cognition levels.

In Chapter 4 I will present a way of introducing MPPs in introductory level
physics courses, namely, using MPPs in cooperative group solving activities in the
recitation sections of introductory level physics courses. I have implemented it in three
semesters of a reform-bases large-enrollment algebra-based physics course at Rutgers
University and then investigated its impact on the students. I tested whether as a result of
my intervention the following two hypothesis would hold:

Hypothesis 1: Solving MPPs enhances students' epistemic cognition.

Hypothesis 2: Solving MPPs engages students in more meaningful
problem solving and thus helps them construct a better conceptual understanding of
physics.

As testing experiments I have conducted two experimental design investigations.
The results of the testing experiments will be discussed.

In Chapter 5 I continue testing the hypothesis 1 and continue exploring epistemic
cognition. This time as a testing experiment [ have conducted a pre-post treatment design

experiment. This approach uses many ideas from the cognitive apprenticeship theory.



Chapter 6 summarizes the findings of my investigations and discusses its
implications.

Appendices contain the list of problems used in the expert-novice comparison
study (appendix A), important excerpts of the transcripts of the videos of problem-
solving interviews with experts and novices (appendix B), a list of multiple-possibility
problems I have designed along with hints about their solutions (appendix C), and the
Guidelines that contains frequently asked questions and answers about multiple-

possibility problems, that was handed out to students (appendix D).
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Chapter 1

Introduction

One important aspect of physics instruction is helping students develop better problem
solving expertise. Besides enhancing the content knowledge, solving problems help
students develop different cognitive abilities and skills (e. g., [1], [2], [3]). My
dissertation focuses on multiple-possibility problems (alternatively called ill-structured or
ill-defined problems). These problems are different from traditional “end-of-chapter”
single-possibility problems (alternatively called well-structured or well-defined
problems). They do not have one right answer and thus the student has to examine
different possibilities, assumptions, and evaluate the outcomes. To solve such problems
one has to engage in a cognitive monitoring called epistemic cognition [4]. It is an
important part of thinking in real life. Physicists routinely use epistemic cognition when
they solve problems. My goals are to devise such problems, to find ways of introducing
such problems in a classroom, and to investigate whether students who solve such
problems improve their epistemic cognition and their understanding of physics.

Although it is more customary to use the term “ill-structured problem” in the
education research field, I prefer to call those problems “multiple-possibility problems”
to avoid the negative psychological affect of the prefix “ill” (I made this decision based
on complains received from the ultimate users of such problems, the teachers). From now

on | will use the term “multiple-possibility problem” (abbreviation: MPP).



1.1 Motivation

1.1.1 Conceptual understanding

Kim and Pak [5] found that there is little correlation between the number of single-
possibility problems the students solved and their conceptual understanding. They
assessed students who solved large number of end-of-chapter physics problems (the
range was from 300 to 1500 problems; on average 1500 problems). The students did not
have much difficulty in using physics formulas or mathematics. However, they still
retained common difficulties in the understanding of basic concepts of mechanics. Hence,
the commonly suggested cure of “assigning more problems to help them learn physics”
did not work. Is it possible that solving MPPs would help students understand physics

better?

1.1.2 Epistemic cognition
Studies of workplace needs indicate that problem solving is one of the most important
abilities students should acquire ([6], [7], [8], [9]). Are the types of problems one
encounters in the workplace similar to the problems that students solve in a traditional
educational setting? Do they invoke the same cognitive abilities and problem solving
skills? Most of real-life and professional problems are MPPs. However, in educational
settings we polish problems and make them single-possibility problems [10].

Shin and her colleagues [11] compared the problem-solving skills required for
solving single-possibility and multiple-possibility problems in the context of open-ended,

multimedia environment in astronomy. They found that students’ MPP-solving scores



were significantly predicted by domain knowledge, justification skills, science attitudes,
and regulation of cognition, whereas only the first two categories were significant
predictors for students’ scores on single-possibility problems. Therefore, one needs a
wider range of skills and cognitive abilities to be a good MPP solver.

Kitchener [4] proposed a three-level model of cognitive processing to categorize
the thinking steps one makes when faced with a MPP (cognition, metacognition and
epistemic cognition). At the first, cognition level, individuals read, perceive the problem,
perform calculations, etc. At the second, metacognition level, individuals monitor their
progress and problem-solving steps performed in the first level. At the third, epistemic
cognition level, individuals reflect on the limits of knowing, the certainty of knowing,
and the underlying assumptions they make. Epistemic cognition influences how
individuals understand the nature of problems and decide what kinds of strategies are
appropriate for solving them.

What is the epistemic cognition level of students? There are very few studies
investigating this question. McMillan and Swadener [12] conducted individual interview
sessions with six students (five were majoring in physics, and one in engineering) to
examine students' problem-solving behavior as they were solving an electrostatic
problem (which happened to be a multiple-possibility problem). The students were
enrolled in a second-semester introductory calculus-based college physics course. The
projected grades of the students at the time were A-s or B-s for five of them and a D for
one student.

The problem given to each student was the following:



Two point charges A and B at rest are separated by a distance of seven (7)

meters. The electric field one (1) meter from charge A is zero (0). What is the

charge on B, if the charge on A is 1x10° coulombs?

The problem does not specify whether the sign of the charge B is positive or
negative. Depending on its sign the location of the point where the electric field (E-field)
is zero will be different. If the sign of the charge B is positive, then the zero E-field point
would be 6 m away from the charge B (possibility 1). If the sign of the charge B is
negative, then the zero E-field point would be 8 m away from the charge B (possibility
2). Thus, this is a multiple-possibility problem.

The D student was not able solve the problem. The remaining five students solved
the problem only for the possibility 1 without ever questioning the underlying assumption
they were implicitly making (assuming that the charge on B is positive or that the zero E-
field point is located 6 m away from the charge B). This was explicitly revealed by the
interviewer questions to students after the problem-solving sessions. So, even the best
physics students do not spontaneously engage in epistemic cognition. The implication of

these results is rather troubling.

1.1.3  Scarcity of research on Physics Multiple-Possibility problem solving
Dancy and Henderson [13] recently developed a framework for categorizing instructional
practices and related conceptions in the context of introductory physics instruction. They

identified multiple-possibility problem solving as one of the few non-traditional problem



solving instructional practices. Surprisingly very little research has been done in that
direction [14].

Few types of MPPs have been used in some instructional settings in physics
education research (context-rich problems [15], experimental problems [16], jeopardy
problems [17], ranking tasks [18], and problem posing tasks [19]). Students can be
engaged in multiple-possibility problem solving through science research projects ([11],
[20]), as well as through non-traditional laboratory sessions in physics courses [21].

However none of the studies mentioned above examine the underlying cognitive
processes behind the MPP solving. I hope to fill this gap by my research.

In addition to that the limited attention given to MPP problems in traditional
physics courses, the foci of most of the problems mentioned above are not on identifying
alternative assumptions and pursuing corresponding alternative solutions (in fact, most of
these problems either become unsolvable under alternative assumptions, or do not
possess a reasonable alternative assumption and outcome). On the contrary, the problems
I have developed during my investigation possess more than one realistic assumption and
thus, more than one possibility that can be solved for.

Harper and her colleagues [22] in an effort of developing a General Problem
Categorization Matrix, reviewed few STEM discipline textbook problems and
categorized them based on the amount of information given in the problem (insufficient,
exact, excess) and the number of answers each problem had (none, one, more than one).
To have examples of problems from a traditional textbook they reviewed parts end-of-
chapter problems of Halliday, Resnick & Walker's “Physics”, 6™ edition (HRW) and to

have examples of reformed-based textbook problems they reviewed parts of end-of-



chapter problems of Knight's “Physics”, 1* edition (K). A piece of their matrix relevant to
MPPs is reproduced in Table 1.1. The highest degree MPPs would be the problems with
more than one answer with insufficient information. There were no problems like that in

HRW. Less than 1% of problems in K were such.

Answers
One More than one
Insufficient HRW < 1.5%, K< 1% HRW = 0%, K <1%
Information " (qualifies as a MPP) (qualifies as a MPP)
Exact HRW =97%, K =89% HRW < 1%, K=9%
(Qualifies as a SPP) (qualifies as a MPP)

Table 1.1: Problem distributions in traditional and reformed based textbooks [22]

Table 1.1 shows that very few MPP problems have been developed and
incorporated in physics textbooks so far. I believe my thesis will encourage more
instructors to use MPPs as my research provides more evidence of the advantages of
using MPPs, suggests an effective way of using such problems in physics courses, as well

as provides a number of MPP problems for them to use.

1.2 Interdisciplinary implications
The topic of my thesis falls under the subfield of Physics Education Research (PER)
called Research on Problem Solving [23]. However the results of my research have
implications for other fields of education as well.

Modeling is at the core of science. Scientists use models or simplifications to
describe and explain observed physical phenomena and to make predictions [24].
Mastering modeling ideas is difficult. One has to think at the epistemic cognition level to

make these types of decisions. One of modern directions in science education is the



Modeling Theory [25]. Research on MPP solving could be of great benefit to the
Modeling Theory.

The topic of reflection is one the current topics of interest in the field of
educational psychology. According to an accepted definition proposed by Dewey [26],
reflection is an active, persistent and careful consideration of any belief or supposed form
of knowledge in light of the grounds that support it and the further conclusion to which it
tends. Therefore, epistemic cognition is a subcategory of reflection. How much of what
is known from research on reflection transfers to epistemic cognition in physics problem-
solving context remains an open question. How reflection leads to learning is not clear in
educational psychology itself [27]. The research in both directions will be mutually

beneficial.

1.3 Overview of Dissertation
Chapter 2 offers a review of previous research on MPP solving . In Chapter 3 I examine
closely how physics experts and novices solve MPP problems by analyzing the tran-
scripts of think-aloud problem-solving interviews with experts and novices. I present a
method of identifying instances of epistemic cognition (epistemic questioning coding
scheme). In Chapters 4 and 5 I present the results of intervention studies I have designed
to test the following two hypotheses:
Hypothesis 1: Solving MPPs enhances students' epistemic cognition.
Hypothesis 2: Solving MPPs engages students in more meaningful prob-
lem solving and thus helps them construct a better conceptual understanding of

physics.



They also present an exploration of epistemic cognition and its components.
Lastly, in Chapter 6 I summarize the findings of my investigations and discuss
their instructional implications. Appendix C contains a library of the MPP problems that I

designed and used in the study.



Chapter 2

Literature Review

2.1 Introduction

In my dissertation research I have explored benefits of assigning multiple-possibility (ill-
structured) physics problems to students in introductory physics courses. My goals were
developing such problems, finding ways of introducing such problems in classrooms, and
finding what are the benefits of doing so. In other terms my objective was finding the
instructional value of such problems.

In this chapter I present an overview of research in the area of multiple-possibility
problem solving. Firstly, I present definitions and different attributes of multiple-
possibility problems. That includes perspectives from various disciplines such as artificial
intelligence and operations research, cognitive science, behavioral psychology and
education research. Secondly, I present two models of multiple-possibility problem
solving and in doing so embark on reviewing what is known about multiple-possibility
problem-solving steps. Then I discuss the role of goal specificity in problem solving. The
reduction of goal specificity is one of the attributes of MPPs. Thirdly, I present what
types of non-traditional problems have been suggested in Physics Education literature
that qualify as MPPs. I leave more thorough overview of the expert-novice difference

literature to Chapter 3.

2.2 Problem categorization: SPPs and MPPs
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I gave a brief definition of SPPs and MPPs in Chapter 1. In this section I give more
complete definitions and characterizations of such problems.

Problems in any domain can be distinguished along several dimensions. In order
to investigate different aspects of problem solving, it can be helpful to break problems
into groups or categories. Since problems have many variations, they can be classified
into groups based on numerous criteria. For example, they can be classified into different
groups based on problem's domains, problem type, problem solving process and a
solution [28], or they can be classified based on the different cognitive steps the solver
has to make in order to solve the problem. However we need to keep in mind that
problems have a great variability, therefore definitions and boundaries between different
categories are fluid.

It is common to divide problems into two general categories: single-possibility
problems (SPPs) and multiple-possibility problems (MPPs). Other names used in
literature are: a) well-structured and ill-structured problems (more frequently used than
the others), b) well-defined and ill-defined problems, and c) convergent and divergent
problems. In short, SPP is the kind of problem that clearly presents all the information
needed at hand and there is an appropriate algorithm available that guarantees a correct
answer, such as applying Kirchoff's laws for a given electrical circuit. MPP is the kind of
problem that is not clearly stated, the needed information is not readily available, there is
no algorithm available at hand to follow and there is more than one answer to the
problem. Depending on the assumptions the problem solver makes, the answer to the
problem can be completely different. For example, if a piece of ice of known mass is put

on an oscillating box attached to a spring, then finding the new amplitude and frequency
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of the box oscillation is an MPP, since the answer would depend on such things as the
friction coefficients between box and ice, box and surface, the room temperature, etc.
Most of the problems we face in real life are such problems. All the important social,
political, economic, and scientific problems are MPPs [29]. Schools seldom require
students to solve such fuzzy problems.

Different authors define SPPs and MPPs in somewhat different ways. However
they all share a belief that definitions of SPPs and MPPs cannot be given in a rigorous
manner. Steinberg [30] states that in the real world of problems these two categories may
represent a continuum of clarity in problem solving rather than two discrete classes with a
clear boundary between the two. Problems have too much variation to have a
theoretically meaningful typology. MPPs and SPPs do not constitute a dichotomy but
instead represent points on a continuum [31]. A problem may have single-possibility
constraints at some points in the solution and open constraints at other points, and
whether a problem is an SPP or MPP is a function of where the solver is in the solution
process [31].

According to Simon [29] the boundary between SPPs and MPPs is vague, fluid,
and not susceptible to formalization. Any problem solving process would appear ill-
structured, if you can access a very large long-term memory or external information
source that provides information about the actual real-world consequences of problem-

solving actions.

2.3 Defining SPPs and MPPs
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In this subsection I describe different approaches of defining and characterizing MPPs
and MPPs. I believe comparing different views on MPPs will elucidate more thoroughly

the domain of MPP solving.

2.3.1 Reitman's and Simon's approach
Reitman gave the first extensive discussion of MPPs (which he called ill-defined
problems) ([31], [32]). Reitman attempted to characterize problems by setting out the
possible forms of uncertainty in the specification of a problem: the ways in which the
givens, the sought-out transformations, or the goal could be defined. So MPPs' either
initial states or goal states or both can be loosely defined in the problem statement. Even
if only one of them is loosely defined, that is a sufficient condition for a problem to be
considered as an MPP. Reitman characterized MPPs in relation to the number of
constrains of the problem that required resolution. He used the expression “open”
constraint to refer to “one or more parameters the values of which are left unspecified as
the problem is given to the problem-solving system from outside or transmitted within
the system over time” ([31], p. 144). As an example Reitman considers the task of
composing a fugue. The only constraint implied by the problem statement was that the
composition was to have the musical structure of a fugue. Implicit of course were the
constraints of the rules of tonal structure.

As the problem solver is constructing a problem representation or making other
problem solving steps, she or he becomes aware of open constraints that must be closed.
This has two implications. One is that not all the constraints can be identified at the

beginning of the problem solving. The other is that earlier parts of the solution to some
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extent constrain what will be the next possible steps in the problem solution. So in the
case of the fugue composition task the composer faces a number of choice points, and
arriving at a solution requires selection of a particular alternative at each point. So,
according to Reitman the solving of MPPs includes a resolution of a large number of
open constraints.

Continuing Reitman's ideas, Simon pointed out that many of the problems of the
world are MPPs, but they become SPPs in the hands of the problem solver ([29]). He
emphasized the role of the solver as a provider of organization. According to Simon,
most of the problem solving effort is directed at structuring problems, and only a fraction
is directed at solving the problems once they are structured. He believed that:

“In general, the problems presented to problem solvers by the world are best
regarded as MPPs. They become SPPs only in the process of being prepared for the
problem solver. It is not exaggerating much to say that there are no SPPs (among the
problems presented to solvers by the world), only MPPs that have been formalized for
problem solvers.”([29], p. 186)"

As an example of MPP transformation to SPP, Simon described the task of
designing a house. The construction of a house is initially an MPP, however once the
architect specifies particular goals of the construction by taking into account the
constraints on number of rooms, type of heating, and other factors, the MPP reduces to a
bunch of SPPs which are then solved. So, the problem turns out to be MPP in the large,

but SPP in the small.

' Simon is actually using the terms “well-structured problems” and “ill-structured
problems” instead of the terms “SPPs” and “MPPs” in his article.
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Another important point emphasized by Reitman was about the satisfaction of
community of problem solvers over the closing of constraints. Whatever assumptions the
problem solver makes or parameter values he or she chooses to close a constraint must
rely on an agreed upon knowledge in a community of problem solvers in that particular
domain. In most of the situations the community includes the opinion of experts in the
domain of problem content. Only when there is an agreement in the community, the
solution to the problem can be considered as universal. If there is no agreement over a
closing of a constraint in the community, then there cannot be a universal solution to
MPP.

Voss, Greene, Post, and Penner [33] studied the difference of the extent of
community agreement upon closing open constraints of an MPP within different
domains. The domains they compared were Political Science and Physics. They have
found that “the differences were attributable not to fundamental differences in the nature
of the solving process itself in the respective domains, but instead (a) to the extent to
which the phenomena in the two domains were understood; and (b) to the problems that
are studied”[34]. Problems used in most of the physics problem solving literature (e. g.,
[35], [36]) have been problems with known solutions and with full physics community
agreement regarding the solutions, whereas the problems in political science domain for
most of the problems the solvers of the community are not in agreement with respect to
the appropriate solutions. I believe this has to do with the fundamental differences
between the domains of exact and social sciences.

However this does not mean that there are no MPPs. Physics problems in new

areas of research are MPPS [37], because there are questions over which there are
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opposing arguments and beliefs between experts (e. g., is there a dark energy in the
universe?). In addition to that, whether a problem is an MPP or SPP in large extent

depends on the domain knowledge of the problem solver [28].

2.3.2 Newell's approach
Newell's perspective on categorizing SPPs and MMPs is to differentiate problems based
on the methods the problem solver chooses to solve the problem [38].

Newell looks at SPPs and MPPs from the artificial intelligence and operations
researcher point of view. He believed that SPPs are such problems that can be formalized
and therefore one can write a general algorithm that will enable the computer to solve it.
MPPs by definition cannot be formalized; these are problems that “although definite in
some respects seem incurably fuzzy in others” ([38], p 363). Since MPPs can never be
formalized, there can never be a theory (in a strict sense) about them. However, there is
only one system that can deal with MPPs, namely, a human being. In other words, only
human problem solvers can transform MPPs into SPPs. However Newell mentions that
some MPPs can be solved by the method of heuristics programming. Heuristics are
informal, intuitive strategies that sometimes lead to an effective solution and sometimes
do not.

After a problem-solver is introduced to a problem, he or she translates the external
problem representation into some internal representation. Problem solvers have a
collection of methods in their memory. Once they construct the internal representation of
the problem, the problem solver searches his or her memory for an appropriate method to
be applied to the problem. A method is some organized program or plan for behavior that

manipulates the internal representation in an attempt to solve the problem.
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Newell characterized problem-solving methods based on their generality and
power. The generality of a method is determined by how large the set of problems in a
domain is where the method is applicable. For example, a method of finding the distance
between the Earth and the Sun is less general than a method of finding a distance between
any planet and a star. If the ability of a method to deliver solutions within the claimed
domain of the method is higher, the more powerful the method is. According to Newell,
there is an inverse relationship between the generality of the method and its power.
Typically the higher is the generality of a method is, the lower is its power and vice
versa. Also, the higher is the generality of a method, the less domain specific knowledge
it requires [39].

In [38] Newell formulated the following hypothesis and made logical arguments

(formally) to support it:

A problem solver finds a problem multiple-possibility type if the power of

her/his methods that are applicable to the problem lies below a certain threshold.

A way of finding a uniform measure for the threshold remains vague, but so is the
notion of MPPs. The hypothesis brings up two important points. One is that whether the
problem is an MPP or SPP would depend on the available methods the solver has. The
second is that if the problem solver finds the problem to be MPP, the available methods
he or she can use will be less powerful and thus, the available methods have to be more
general. Since general methods require less domain specific knowledge, the solver would

have to use less domain specific knowledge while attempting to solve an MPP.
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2.3.3 Jonassen's approach
As opposed to the above authors, Jonassen differentiates puzzles from SPPs. He breaks

problems into three groups: puzzle problems, SPPs and MPPs ([28]).

a) Puzzle problems

Puzzle problems are well-structured with a single correct final answer where all elements
required for the solution are known and solutions require using logical, algorithmic
processes ([4]).

The most important feature of puzzle problems that distinguishes them from SPPs
and MPPs is that they are decontextualized problems. These problems ‘“are domain-
independent and not tied either to school practice or to real-world practice” ([28], p. 67).
Examples of widely used puzzle problems in the problem solving literature are the Tower
of Hanoi problem ([40]), the Nine-Dot problem ([41]) and the Missionaries and
Cannibals problem ([42]). Here is an example of one version of the Tower of Hanoi

problem:

You are given three pegs (1, 2, and 3) and three disks of different sizes (A,
B, and C). The initial state is that the disks are set on Peg 1, with the smallest disk
(Disk A) on the top and the largest disk (Disk C) on the bottom. Your goal is to
move the disks from Peg 1 to Peg 3, but the rules state that only one disk can be
moved at a time, that only the top disk can be moved, and that a disk can never be

placed on a smaller disk.
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Figure 2.1: The tower of Hanoi puzzle problem

It is a puzzle problem since the solver does not need any specific domain
knowledge to solve it. These types of puzzle problems have been widely used by
cognitive scientists for investigating thinking and general problem solving processes.

Although the results of this research are valuable, we should be cautious not to
automatically transfer the conclusions of those research results into the domain of SPP

and MPP problem solving, since SPPs and MPPs are context dependent ([43] and [44]).

b) Single-Possibility Problems
Most commonly encountered problems in schools and universities are SPPs. SPPs:

1) Present all elements of the problem.
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2) Are presented to learners as well-defined problems with a probable solution
(the parameters of the problem specified in the problem statement).

3) Engage the application of limited number of rules and principles that are
organized in a predictive and prescriptive arrangement with well-defined, constrained
parameters.

4) Involve concepts and rules that appear regular and well-structured in a domain
of knowledge that also appears well-structured and predictable.

5) Possess correct, convergent answers.

6) Posses knowable solutions where the relationship between decision choices and
all problem states is known or probabilistic ([45]).

7) Have a preferred, prescribed solution process.

So, SPPs are more content-dependent than puzzles. Typically the content base of
a SPP is the material of the textbook chapter preceding the problem. Therefore most of

the textbook problems are SPPs.

c) Multiple-Possibility Problems
In contrast to SPPs, MPPs:
1) Appear ill-defined because one or more of the problem elements are unknown
or not known with any degree of confidence ([45]),
2) Have vaguely defined or unclear goals and unstated constraints ([32], [46]).
3) Posses multiple solutions, solution paths, or no solutions at all ([4], [32]), that
is, no consensual agreement on the appropriate solution.

4) Possess multiple criteria for evaluating solutions.
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5) Posses less manipulable parameters.

6) Have no prototypic cases because case elements are differently important in
different contexts and because they interact ([47], [48]).

7) Present uncertainty about which concepts, rules, and principles are necessary
for the solution or how they are organized.

8) Possess relationships between concepts, rules, and principles that are
inconsistent between cases.

9) Offer no general rules or principles for describing or predicting most of the
cases.

10) Have no explicit means of determining appropriate action.

11) Require learners to express personal opinions or beliefs about the problem,
and are therefore uniquely human interpersonal activities ([49]).

12) Require learners to make judgments about the problem and defend them.

2.3.4 Discussion and Summary

As emphasized by Simon [29], MPPs are often solved by being simplified into a
series of small SPPs (or single-possibility sub-problems). Greeno stated that sometimes
SPPs have aspects of MPPs ([50], [51]). As an example, Greeno described geometry
problems where construction lines have to be added in order to prove a statement or a
theorem. Such problems require that intermediate indefinite goals be set up which are
solved by a pattern-recognition system [52].

So should the problems described by Greeno be considered as MPPs or SPPs?

This brings up another set of questions as well. Which points of Jonassen's definition of
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MPP are necessary conditions? Which points are just sufficient conditions or just
descriptions of some properties that MPPs might have?

Answering these questions deserves a separate full investigation where one can
possibly break MPPs into its own subcategories. I have not investigated this aspect of
MPP characterization. However, keeping in mind that there cannot be a rigorous
definition of MPPs ([31], [28], [29], [34]) and that the division line between SPPs and
MPPs is fluid [29], I would like to separate out few lines from Jonassen's definition that I
have encountered most frequently during composing and using MPP physics problems in
the instructional settings. These points are:

1) MPPs have missing information, vaguely defined goals or unstated constrains,

2) MPPs possess multiple solutions with multiple criteria for evaluating the
solutions,

3) MPPs present uncertainty about which concepts, rules, and principles are
necessary for the solution or how they are organized.

If a problem satisfies one of the above-mentioned points, I will consider it as a
sufficient condition for the problem to be considered as an MPP. Examples of MPPs that
follow the above mentioned “definition” are the problems of Appendix A.

One has to keep in mind also that the above conditions should be applied only to
problem solvers who have not encountered similar problems so that they can not rely on a
previous experience and simply follow an algorithm that he or she have remembered
from previous experience (or in more technical words, haven't acquired a problem

solving schema for such problems [53]).
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In this section I present known models of MPP solving. They reveal important general

aspects of MPP solving.

2.4.1 Cognition — Metacognition - Epistemic Cognition

Kitchener [4] proposed a three-level model of cognitive processing to categorize the
thinking steps one makes when faced with a MPP (cognition, metacognition and
epistemic cognition). Metacognition and epistemic cognition are also considered as
cognitive monitoring steps that control and guide cognition.

At the first cognition level, individuals read, perceive the problem, perform
calculations, etc. At the second metacognitive level, individuals monitor their progress
and problem-solving steps performed in the first level. At the third epistemic cognition
level, individuals reflect on the limits of knowing, the certainty of knowing, and the
underlying assumptions they make. The solver should constantly ask herself or himself:
“How do I know this?” Epistemic cognition influences how individuals understand the
nature of problems and decide what kinds of strategies are appropriate for solving them.

An example of first-level cognitive activity in solving a simple mechanics
problem can be reading the problem, writing down Newton’s equations, and solving for
an unknown. An example of metacognitive level activity is monitoring first-level
cognitive tasks, such as checking the math, making appropriate notations, choosing
productive representations (e. g., drawing a free-body diagram), making time

management decisions, etc. An example of epistemic cognitive activity is reflecting on

22
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the limits of knowing, the criteria of knowing, the assumptions, the types of strategies
that should be chosen, limiting cases, reasonableness of the answer, etc.

Kitchener also emphasized that the boundaries between these three cognitive
processing levels are not clear cut. Also the second and third levels of cognition
(metacognition and epistemic cognition) do not have to be accessed by the solver in the

order given in the model. Here is how she formulates it ([4], p 225):

“Each level (of cognitive processing) provides a foundation for the next
one but is not subsumed by it. In other words, while the first tier may operate
independently of the other two, the reverse is not the case. The second tier
operates in conjunction with the first tier and the third tier acts in conjunction with
the first two.”

Any problem solving act engages the solver in cognition. In addition to that,
Kitchener emphasized that both metacognition and epistemic cognition have to invoked
by the solver in successful MPP solving. However when solving an SPP or a puzzle
problem, engaging in cognition and metacognition is enough to successfully solve the
problem; it is not necessary to be engaged in epistemic cognitive monitoring.

Kitchener's model has been partially tested by Gregory Schraw and his colleagues
[54]. They looked at only one component affecting epistemic cognition, namely, the set
of Epistemic Beliefs (i. e., assumptions about the nature and acquisition of knowledge)
such as “What is true today will be true tomorrow”, “People who question authority are
trouble makers”, “Working on a problem with no quick solution is a waste of time”, etc.
They used the Epistemic Belief Inventory test [54] to identify epistemic beliefs of
students and then assigned the same students SPP and MPP tasks. As a MPP task they

asked students to write an essay answering the question: “Is truth unchanging?”
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The results showed that 1) performance on the SPP task was independent of
performance on the MPP task; 2) epistemic beliefs explained a theoretically significant
proportion of variation in MPP solving; and 3) epistemic beliefs failed to explain
meaningful proportion of variation in SPP solving. Research in physics education also
points to the importance of the role of epistemic beliefs of students on their learning (see
[55], [56] and references therein). In particular, “students with high conceptual gain tend
to show reflection on learning that is more articulate and epistemologically sophisticated,
than students with lower conceptual gains”.[55]

Although epistemic beliefs are important and can have influence on problem
solvers' performance (e. g., through affecting motivation [57]) , epistemic cognition has
other important components as well such as strategic planning (not to confuse with
metacognitive planning, such as time management, etc), identifying constraints and
underlying assumptions in solutions [28] and regulation of cognition [11]. I come back to
this part in section 5.

In another more recent study, Shin and his colleagues [11] compared the problem
skills required for solving SPPs and MPPs in the context of open-ended, multimedia
environment in astronomy. They found that multiple-possibility problem-solving scores
were significantly predicted by domain knowledge, justification skills, science attitudes,
and regulation of cognition, whereas only the first two categories were significant
predictors for single-possibility problem-solving scores. So, a wider range of skills and
cognitive abilities are required for being a good problem solver. Although the authors
note that they didn't include epistemic cognition in their search of predictors due to lack

of available instruments of measuring it, some components of regulation of cognition
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overlap with components of our definition of epistemic cognition. Therefore, Shin's

results do partially support Kitchener's model.

2.4.2 MPP problem solving steps

Sinnot [S89], used a think-aloud protocols of adults attempting to solve real-life
problems, to create a model of MPP solving. Jonassen [28] used the results of Sinnot's
study to develop a model for an MPP solving processes. Here I describe the essential

steps of MPP solving according to his analysis.

Step 1: Learners articulate problem space and contextual constraints.

An important step of problem solving is constructing the problem space of the
task. The problem space consists of all possible actions the problem solver can take [10].
Experts not only construct richer problem spaces, but also more productive and
meaningful ones. Novices are not able to recognize problem spaces as well as experts, as
they pay more attention to surface characteristics of problems.

Rather than just recognizing and classifying the problem types (as one does in
SPP solving), MPPs require learners to recall a large amount of relevant, problem related
information from memory [34]. In most of the classroom settings it means more than just
the content of the chapter preceding the problem. MPPs require that learners construct a
problem space that contains all of the possible states of the problem, the problem
operators, and the problem constrains [46].

Learners should also try to identify the problem constraints. Thus, learners have to

be engaging in epistemic cognition and reflect on what they know about a problem
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domain. Learners must ask themselves epistemic cognitive questions such as: How much
do I know about this problem and its domain? What do I believe to be true about it? What

are my assumptions (or, biases)?

Step 2: Learners identify and clarify alternative opinions, positions, and
perspectives of stakeholders.

Solutions and answers to MPP problems are different depending on the
assumptions the learner would make while solving a MPP. Therefore she or he would
need to construct multiple spaces [10] by identifying various perspectives, views, and
opinions. It is likely that the learner has to reconcile conflicting conceptualizations of the

problem [58].

Step 3: Learners generate possible problem solutions.
Once the multiple representations, alternatives and assumptions have been

identified, the learner needs to generate different solutions.

Step 4: Learners asses the viability of alternative solutions by constructing
arguments and articulating personal beliefs.

Learners would have to select solutions that are reachable. Thus they need to
engage in epistemic cognition to be able to assess the viability of alternative solutions [4].
Then learners would need to gather evidence to support or reject various perspectives and
different solutions based on the validity of the assumptions made or the likelihood of

different perspectives.
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“By arguing and counter arguing (with themselves or in a group), learners are

refining their problem representations and agreeing on the best course of action” [28].

Step 5: Learners monitor the problem space and solution options.

This step engages learners in the two cognitive monitoring levels defined in
Kitchener's model: metacognition and epistemic cognition.

Learners plan in advance and then carry out solutions to the problems. This calls
for metacognitive thinking. They also need to be aware of alternative assumptions and
solutions in order to make a proper solution strategy. Epistemic cognition “leads one to
interpret the nature of the problem and to define the limits of any strategy to solving it”

[K83].

Step 6: Learners implement and monitor the solution.

The next step is actually implementing alternative solutions, and then see how do
they answer the problem questions and how do they fit into the identified contextual
constraints and assumptions made. Both metacognition and epistemic cognition are

important for this step as well.

Step 7: Learners adopt the solution.

As stated by Jonassen, “if it is possible to try out the solution, then the problem-
solving process would become an iterative process of monitoring and adapting the chosen
solution based on feedback. Few problems are solved in one single attempt. Problem

solvers recommend a solution and then adjust it based on feedback” [28, p. 83].
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It is important to note that metacognitive and epistemic cognitive monitoring

occurs throughout the steps 1-7, and not as a separate reflective process at steps 5-6.

2.5 The role of goal specificity on problem-solving

MPPs may have vaguely defined goals and often represent uncertainty about which
principles are needed to solve them. So the solver has to look into different possibilities,
extend the problem space search and perhaps redefine the goals of the problem. So, out of
different ways MPPs are different from SPPs one is that MPPs have a reduced goal
specificity.

In this section I elaborate on what is known about the role of goal-specificity on
development of problem solving abilities. I present Sweller's and his colleagues' [59, 60,
53] results. For problems with reduced goal specificity they used standard kinematics,
geometry and algebra SPPs with modified tasks. Instead of asking students to calculate a
numerical value of a specific variable in a problem they asked students “to calculate the
value of as many variables as they can.” Such modifications are possible only for a
special types of problems that are classified by Greeno [51] as transformation problems.
Transformation problems consist of an initial state, a goal state and legal problem-solving
operators. For example, a problem that asks to find the acceleration of an object with a
given mass and known interaction forces is a transformation problem where the initial
state is given by the known variables of the problem (e. g., mass, magnitudes of
interacting forces, initial positions of the objects), the goal state is the value of

acceleration and the problem-solving operators are Newton's Second Law equations. The



29

majority of SPPs assigned to students in traditional introductory physics courses are
transformation problems [53, 14].

In order to discuss the role of reduced goal-specificity on problem-solving one
needs to know what students learn when solving traditional goal-specific problems, and
what problems-solving methods (or general methods)they use and how it affects their

performance.

2.5.1 Problem-solving methods

Research shows that experts tend to use strong, domain specific methods or strategies
while solving problems in their domains of expertise, such as working-forward analysis.
Novices tend to use weaker methods, such as working-backward analysis (e. g., means-
ends analysis) [39, 61, 62, 36]. Working-forward analysis and working-backward
analysis methods are often called forward-chaining and backward-chaining strategies or
methods as well.

In a working-forward method the problem solver starts at the beginning (from the
givens) and tries to solve the problem from the start to the finish. In a working backward
method the problem solver starts at the end (from the goal) and tries to work backward
from there. In particular, in a means-ends analysis method the problem solver analyzes
the problem by the viewing the end (the goal being sought) and then tries to decrease the
distance between the current position in the problem space and the end goal (or goal
position) in that space. The fundamental axiom of means-ends analysis is the following:

At each problem state the solver selects operators that will reduce the

differences between the problem state and the goal state (see [39]).
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In a Tower of Hanoi puzzle (see Figure 2.1), a working forward method would be
evaluating the situation carefully with the three disks on the peg 1 (the initial state) and
then trying to move them step by step to the other pegs. A working-backward method for
the problem would be evaluating the situation with the three disks on the peg 3 (the goal
state) and then trying to move them step-by-step to go back to the initial state of all the
disks on the peg 1.2

Since weaker methods are less domain-specific, or in other terms, they are more
general, they are less powerful (as I will show in section 2.3.3; Newell's conjecture). The
solver would have to use much less domain specific knowledge while attempting to solve
a problem. This casts a doubt on a general conviction (such as expressed in [63]) that
assigning end-of-chapter standard transformation problems to students strongly reinforces
their mastery of the domain knowledge. It is also surprising that students use backward
analysis method, since generally it is thought of as a sophisticated problem solving

method.

2.5.2 Problem solving schemata

Expert-novice studies have shown that the primary factor distinguishing experts from
novices in problem solving abilities is the domain specific knowledge in the form of
schema (e. g., [64], [36] and [61]). Schema (plural form: schemata) is “a cognitive

structure which allows problem solvers to recognize a problem state as belonging to a

?You are given three pegs (1, 2, and 3) and three disks of different sizes (A, B,
and C). The initial state is that the disks are set on Peg 1, with the smallest disk
(Disk A) on the top and the largest disk (Disk C) on the bottom. Your goal is to
move the disks from Peg 1 to Peg 3, but the rules state that only one disk can be
moved at a time, that only the top disk can be moved, and that a disk can never be
placed on a smaller disk.
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particular category of problem states that normally require particular moves. This means,
in effect, that the problem solver knows that certain problem states can be grouped, at
least in part, by their similarity and the similarity of the moves that can be made from
those states”. Novices who lack experience in problem solving in the domain do not
posses appropriate schemata, so they are left with the option of using more general
problem-solving methods such as means-ends analysis.

Some of the key observations leading to this conclusion are based on the work of
Larkin and colleagues ([64] and [36]). It is also relevant to our topic since the study was
conducted using physics problems. Larkin contrasted the way in which students and
professional physicists tackled non-trivial problems in mechanics. The students' solving
steps were close to means-ends analysis; they contrasted what they know with what they
needed to know to solve the problem, and then asked what operations could develop the
necessary knowledge. They searched for an equation that contains the goal variable as an
unknown and tried to solve it. If the equation contains another variable with an unknown
value, they tried to find another equation to solve for that unknown, and proceed in this
manner until the answer is found.

Experts behaved in a quite different way. They classified the problem as being a
specific example of a particular class of physics problems (e. g., balance-of-force
problems). Then they used these classifications to retrieve from memory an appropriate
schema for solving the general class of problems. Once the schema is retrieved, they
solved the problem in a forward-working manner, by writing the general equations and

then solving for the appropriate unknowns until the goal variable is calculated.
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2.5.3 The role of selective attention, cognitive processing load and reduction of
goal-specificity on schema acquisition
Since experts use schemata to solve problems in their domain of expertise, one of the
desirable learning outcomes of student problem solving would be schema acquisition.
What factors should one expect to hinder schema acquisition when the solver is using
means-ends analysis to solve a problem? There are two important related factors one
have to consider: selective attention and limited cognitive processing capacity [53].

When students are solving a problem by means-ends analysis method, they must
pay attention to differences between a current problem state and the goal state. Previously
used problem-solving operators and the relations between problem states and operators
can be ignored by problem solvers using this method under most conditions. Previous
steps and operators may be noted only to prevent retracing steps during solution.

However, for acquiring a schema, a problem solver must learn to recognize a
problem state as belonging to a particular category of problem states that require
particular moves. So, paying close attention to the problem states previously used and the
moves (operators) associated with those states should be an important component of
schema acquisition. Because schema does not depend on the problem goal, it would lead
to the usage of forward-working methods.

The cognitive load imposed on a problem solver using means-ends analysis is the
other factor. According to Sweller [53], in order to use a means-ends analysis method, a
problem solver must simultaneously consider the current problem state, the goal state, the
relation between the current problem state and the goal state, the relations between

problem-solving operators, and the order of subgoals used (if any were used). The



33

amount of cognitive-processing needed to handle this much information may be a cause
of cognitive overload, and even if the problems is solved, it would leave little for schema
acquisition. After all, one need to keep mind that our working memory is limited, and
typically one cannot hold seven (plus-minus two) chunks of information at a time [65].

To summarize, according to Sweller [53], the major reason for the ineffectiveness
of conventional problem solving as a learning device, is that the cognitive processes
required by the means-ends analysis and schema acquisition activities overlap
insufficiently, and that conventional problem solving in the form of means-ends analysis
requires a relatively large amount of cognitive processing capacity which overloads
working memory. The hypothesis of human problem solvers' cognitive overload of
working memory during means-ends analysis is the backbone of his widely-known
Cognitive Load Theory [66].

Sweller hypothesizes that reduction of goal specificity in problems not only
causes a decrease in the novice solvers' cognitive processing load, but also makes them to
rely more on expert-mode forward-chaining methods, and by doing that enhance schema
acquisition. In addition, he claims that it will cause enhancement of transfer as well,
which means that novices become more successful in solving similar problems in the

domain.

2.5.4 The empirical evidence
In this subsection I will briefly present the empirical bases to the claims in the above-

mentioned paragraph (keeping the main focus on the physics problems they used).
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The main testing experiment transformation problems used in Sweller's and
colleagues' papers were 1) Tower of Hanoi puzzle [67], 2) maze-tracing puzzles [59]
(complex tour-puzzles in the form of a complex branching passage through which the
solver must find a route), 3) few geometry [60, 53] and algebra problems [59], and 4) few
kinematics problems [60].

I will describe here only the kinematics problems. They used two categories of
constant-acceleration kinematics problems: in one, the final speed was the unknown; in
the other, the unknown was the distance traveled. In all these problems the objects start
moving from rest. So the initial speed is always zero. The participants were constrained
into using only three equations.

Here are examples of such problems from each category ([60], p. 643):

In 18 sec racing car can start moving from rest and travel 305.1 m. What

speed will it reach?

A pile driver takes 3.732 sec to fall onto a pile. It hits the pile at 30.46

m/sec. How high was the pile driver raised?

The specificity of the problem would be reduced if the solver is asked “to
calculate the value of as many variables, as she or he can”, instead of just calculating the
value of one specific variable, e. g, the final speed.

In order to detect a switch from a novice-like problem-solving method to an
expert-like method in any domain, a big number of problem-solving sessions might be

needed. This puts a limitation on the problem-solving experiments, since the experiments
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should be conducted over same participants over a long period of time. One way of
resolving the issue is to use a very small subset of problems from the problem domain.
This would require relatively little domain knowledge. So choosing kinematics problems
of the type described above is justified, since they are all soluble by the same two or three
equations. The geometry and algebra problems also use very limited knowledge form
their respective domains. Puzzles are decontextualized problems, so their usage is also
justified.

Sweller and colleagues [60] performed an experiment where they assigned
students (14 mathematics graduates taking teacher education courses) the two types of
goal-specific kinematics problems I have described above. The students were solving
those problems through a computer-controlled visual display screen (usage of pencil and
paper was not allowed.) Students were allowed to proceed to the next problem only after
they had solved the preceding problem correctly. After solving 77 problems (25 different
problems were used, but thirteen of them were used five times in different order) students
demonstrated the switch from a means-ends to a working-forward method. Also they
demonstrated a decrease in the number of moves required for solution of some problems.
So, only after getting an extensive experience (in this case, solving 77 problems) students
could switch to expert-mode problem solving. This means that in the context of such
kinematics problems students can develop problem-solving expertise by solving many
goal-specific problems. What would happen if we give students fewer problems but
instead make some problems reduced-specificity problems?

In another set of experiments (the computer-based setup used was identical to

previous experiment's setup), two different groups of students (20 high-school students)
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were used. One group worked a set of 20 goal specific kinematics problems. The other
group also worked on 20 problems, however 10 problems were reduced-specificity
problems. In these problems students were asked “to calculate the value of as many
variables as they can.” At the end of the session significantly more of the students in the
latter group developed forward-working strategies. Similar experiments were conducted
with geometry problems with similar results.

So, these results supported the hypothesis that the use of non-specific rather than
specific goals enhanced the use of forward-working strategies as well as the rate of
schema acquisition.

Additional evidence of impediment of conventional problem solving on schema
acquisition was obtained also by experiments using the puzzle problems [59], [68]. For
example, in the maze problems some participants were not told the position of the goal.
So they had to find both the goal position and the route to the goal. The participants who
were given the goal state failed to induce a rule based on the problem structure, as
opposed to the participants who were not given the goal state so that they couldn't rely on
backward-working methods and instead used more rule inducing methods such as
hypothesize-test method. For both maze and Tower of Hanoi puzzle problems goal-
directed problem solvers showed little transfer as well when assigned to modified
problems.

Additional evidence of positive impact of reduced goal-specificity on problem
solving and transfer was found by Vollmeyer and her colleagues ([69], [70]). They
performed experiments within a complex dynamical system (they used a complex

biology problems with specific and non-specific goals). Performance of those participants
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who were initially tackling the non-specific goal problem was significantly better on the
subsequent transfer problem than performance of those participants who instead were
tackling the goal-specific problem. The transfer problem was similar to the initial
problems but with a new goal.

The hypothesis that the main reason of the ineffectiveness of means-ends analysis
is cognitive overload was tested by Sweller in [53]. One way Sweller tested the
hypothesis was through developing a computational model of solving transformation
problems in kinematics via forward-working and means-ends analysis methods. The
model was constructed using PRISM, a productive system language designed to model
cognitive processes [71]. Cognitive load was measured by counting the number of
statements in the program's working memory, the number of productions, the number of
cycles to solution and the total of conditions met. The model showed that the cognitive
load was much bigger for means-ends analysis solution.

Another way Sweller tested the hypothesis was through assigning participants
geometry problems with and without specific goal and then measuring participants'
performance errors such as numerical errors or misuse of equations [53, 72]. Four to six
times as many mathematical errors were made by goal-specific groups compared to
nonspecific goal groups. This shows that by attempting to solve problems via means-ends
analysis the goal-specific groups suffered from cognitive overload that manifested itself
by the increase of mathematical errors made.

It has to be noted that research on more complex problems such as created by

Electric Field Hockey software provided evidence of the instances of heavier-cognitive
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load being on nonspecific goal groups [73]. However, nonspecific goal group still

developed more domain knowledge from the task than the goal-specific group.

2.6 Alternative Physics Problems

In this section I present alternative types of physics problems used in Physics education
research that I consider to be MPPs (or at least qualifying to be a MPP at some of the
cases). These problems are alternatives to traditional textbook problems (SPPs). An
excellent review of all types of alternative problems that have been proposed or used in

Physics education literature are given in [23, p. 1152] and [14, p. 343].

2.6.1 Context-rich problems
These problems are designed by Patricia Heller and her colleagues [HH92]. Context-rich
problems are formulated as “short stories that should include a reason (if sometimes far-
fetched or humorous) for calculating specific quantities about real objects or events”
([[74], p 639). Typically such problems start with statements like “You are a forensic
scientist hired to figure out...”, “You are on vacation and observe... and wonder...” etc. In
short, context-rich problems demand that students solve problems in a more real-world
context.

In addition to that,

1) Problem statement often does not specify the unknown variables. Students have

to identify the target variables themselves.
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2) More information may be available than is needed to solve the problem. Thus,
the solver has to be engaged in sorting out of information based on physics principles that
can be applied to the problem.

3) Some information that one needs for solving the problem is missing, so that the
solver has to use their common knowledge of the world or make reasonable estimates.

4) Reasonable assumptions may need to be made to simplify the problem to make
it solvable.

The components of context-rich problem solving such as sorting out useful
information, estimating missing information or making assumptions can lead to more
than one valid solution to the problem, thus making such problems MPPs.

Here is an example of a context-rich problem:

You read in the newspaper that rocks from Mars have been found on
Earth. Your friend says that the rocks were shot off Mars by the large volcanoes
there. You are skeptical so you decide to calculate the magnitude of the velocity
that volcanoes eject rocks from the geological evidence. You know the
gravitational acceleration of objects falling near the surface of Mars is only 40%
that on the Earth. You assume that you can look up the height of Martian
volcanoes and find some evidence of the distance rocks from the volcano hit the
ground from pictures of the Martian surface. If you assume the rocks farthest
from a volcano were ejected at an angle of 45 degrees, what is the magnitude of
the rock's velocity as a function of its distance from the volcano and the height of
the volcano for the rock furthest from the volcano?*

The authors saw such problems as best fit to make students break away from their
novice way of solving problems such as means-ends analysis, and stick to expert-like

strategies. Based on analysis of expert and novice problem-solving strategies at the time,

the authors constructed a problem-solving strategy that was later explicitly taught to

> Adopted from the free Context Rich Problems Online Archive:
http://groups.physics.umn.edu/physed/Research/CRP/on-lineArchive/ola.html
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students. The prescribed problem-solving strategy had five steps: 1) Visualize the
problem; e. g., sketching the problem situation; 2) physical description; e. g., drawing
free-body diagrams, energy bar-charts ([75], [75]); 3) plan a solution; 4) execute the plan
and 5) check and evaluate.

This strategy was presented to students early in the semester (in an introductory
algebra-based physics course at University of Minnesota) and modeled subsequently in
all lectures [15]. It was extensively practiced during discussion sessions.

The authors observed that when students were solving simple SPPs where plug-
and-chug approach might work, they don't bother using the prescribed strategy. If the
problems were too complex, then after unsuccessfully trying out the prescribed strategy,
students revert back to their novice strategies.

The authors addressed this issue by 1) using context-rich problems, that are more
complex than traditional SPPs, and 2) forming mixed-ability cooperative groups of three
students in problem-solving sessions. Due to their complexity, solving context-rich
problems can be frustrating for individual students. However, in cooperative groups,
students share the thinking load and are able to solve such problems. Their observations
showed that majority of the groups (in the reported case about three-fourth of the groups)
were using the prescribed strategy when solving context-rich problems.

Overall, they found that better solutions were achieved by cooperative groups
than by individual students and that the problem-solving performance of students at all
ability levels improved. The authors also point out that the implementation of the

instructional method for the study reduced the number of topics covered in the course. In
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the 20-weeks course they covered only one-half of the chapters from an introductory
textbook, instead of traditional two-thirds of the chapters.

The authors also point out that they have only preliminary data that indicates the
positive effect of the problem-solving strategy on the development of conceptual

understanding.

2.6.2 Ranking tasks

A ranking task presents several variations of a situation and asks students to rank the
situations according to one or more parameters or criteria, explaining their reasoning
([18], [76] and [77]). For example, asking students to rank submerged blocks of different
masses and volumes by the magnitude of the buoyant force that the liquid exerted on
them, is a ranking task.

Revised versions of ranking tasks could also ask students to rank the situation
based on three or two variables [76]. An irrelevant variable can be chosen along with
relevant variables. Also, there can be situations where more than one criterion could
apply for the ranking task, and hence, have more than one solution.

The basic idea of introducing such problems is to assign alternative types of
problems where students cannot rely on algorithmic ways of solving them. Thus, they
break away from plug-and-chug or means-ends analysis approach for solving physics
problems. Another advantage is that ranking tasks are relatively easy to write. Also,
students’ solutions reveal more about their understanding of content than solutions to

traditional problems.
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Many ranking tasks can be classified as MPPs since 1) they might present
uncertainty to the solver about which concepts, rules, and principles are necessary for the
solution; and 2) more than one criterion could apply as ranking criteria and thus, permit

more than one valid answers.

2.6.3 Jeopardy problems

Alan Van Heuvelen and David Maloney suggested new type of physics problems called
jeopardy problems [17]. Such problems contain a mathematical equation, a diagram or a
graph of some physical process. The students are asked to write down a word or picture
description of a physical process that is consistent with the equation, diagram or graph.

Here is an example of an equation jeopardy problem [17]:

Construct an appropriate physical situation that is consistent with the equation:

1/2(6000 N /m|(2.00m)=(72kg(9.8m/s*|(17m|.

Jeopardy problems permit multiple solutions since there can be multiple situations
for where the equation, diagram or graph is applicable. Thus, jeopardy problems are a
special category of MPPs. For example, in the above problem, the equation may represent
a process of an injector seat with a compressed spring launching a 72-kg pilot upward a
maximum distance of 17 m. It can also represent a compressed spring launching an object
up a frictionless incline up to a 17 m elevation.

Such problems exclude plug-and-chug problem solving methods. They put more

meaning into the units of physical parameters since the units are the key to recognizing
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the terms of the equation. Another advantage of jeopardy problems is that they are easy to
write and easier to grade than other types of open-ended questions.

These problems also help to develop an important problem-solving ability of
translating different representations of problems (e. g., from equation into a sketch or
from a graph into a word description). Research shows that students performance on
isomorphic physics problems posed in different representations can vary significantly [e.
g., 78]. A recent overview of the role of multiple representations in physics problem-
solving is available in [79] and references wherein.

Jeopardy and context rich problems are implemented at Rutgers University
through Investigative Science Leaning (ISLE) reformed curriculum [1], and many such

problems are available in the Physics Active Learning Guide textbook [75].

2.6.4 Problem posing

In problem posing tasks [19] students are given a beginning of a problem. They are asked
to complete the problem so that they look like a “text-book™ problem that could be solved
by a given concept or principle. Such problems are MPPs since more than one solutions
are possible and the goal state of the problem is somewhat vague.

J. Mestre used such problems as a diagnostic tool to probe students' conceptual
understanding and transfer. He found that although high-performing university students
were successful in posing meaningful, solvable problems, they showed that they have
major flaws in understanding during the interviews after problem solving. The author

suggests that using such problems during instruction in a way that the instructor can keep
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track of students’ arguments can be useful, since that would help her or him to identify

weak parts in students’ knowledge.

2.6.5 Experiment problems and design labs

Experiment problems are presented in the form of experiments ([80], [16]). They can be
implemented either in laboratory sessions of the course or in interactive lectures if an
apparatus is available in the classroom. These problems are mostly context rich problems.
Students first need to plan their solution and then they actually try it out and modify their

solution if needed. Here is an example of such problem:

A commercial amusement park company asks you to design a bungee
jump system that provides the jumper the extra thrill of just missing the ground at
the end of the fall. To test the idea and your understanding of the theory, you
decide to build a miniature system consisting of a spring and a metal block (the
jumper) that is connected to the bottom of the spring. The other end of the spring
is attached to a horizontal post on a ring stand. You are to move the ring stand up
or down to the appropriate position so that when the block is released from the
relaxed (unstretched) spring, the block stops about 2 cm from the floor before
bouncing back up [80].

Often experiment problems do not ask for some unknown physical quantity.
Students have to decide what unknown physical quantity in the experiment will allow
them to complete the task. So, in a sense, initial conditions are ill-defined. Also, more one
than approach and thus, solutions might be available. This makes such problems MPPs.

Another type of multiple-possibility activities are design laboratories (e. g.,[21]).
In such labs students have to design their own experiments to accomplish an assigned

task by using the available equipment. No step-by-step instructions or lab forms with

tables to be filled-in are available to students.
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An example of a design lab would be assigning students to find out the
dependence of the period of simple pendulum oscillations on its mass, length and
amplitude using available equipment (string, meter stick, balance, stopwatch, objects with
different masses and protractor).

Research conducted by Eugenia Etkina and her colleagues [81] shows the
advantages of using design labs. They compared the performance of lab sections that
were taking design labs (experimental group) to other non-design lab sections (control
group) from the same algebra-based course at Rutgers. Close to the end of a course both
groups were assigned design labs in new areas of physics and biology. It showed a rather
higher transfer of scientific abilities in the experimental group. Strikingly, “on average
design students spend 37 min on sense making versus 14 of non-design students”([81], p.
95). This clearly shows that design students had higher epistemic cognition. Design
students outperformed non-design students also on such abilities as analyzing data,

recognizing and evaluating assumptions and planning.

2.6.6 Scientific inquiry
The process of scientific inquiry is the highest degree of MPP tasks, allowing more
possibilities in the process of solution than MPP problems.

Garrett and colleagues [82] argued that solving standard end-of-chapter problems
are not consistent with scientific inquiry and are source of many students' difficulties.
They suggested that we should all approach problems as investigation and modify all

standard problems into open-ended qualitative tasks.
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Can we actually engage students in authentic research activity? There have been
cases of not only involving students in solving multiple-possibility tasks (such as in
Astronomy simulation tasks in [11]), but students have been successfully engaged in
conducting authentic research using real-time data. In Eugenia Etkina's and her
colleagues' project [20] gifted high school students were recruited in the Rutgers
Astrophysics Institute summer program, where students were taught scientific methods of
investigation of x-ray astronomical data and were engaged in authentic research activities
in x-ray astronomy. The students served as cognitive apprentices to a Rutgers
Astrophysics professor Terry Matilsky. As a result, analysis of students' activities showed
that students mastered such important components of MPP solving as distinguishing
observational data and models, devising testing experiments to test their hypothesis,
reflecting on their analysis. Students' performance on AP problems improved

significantly as well.

2.7 Summary

In this chapter I have discussed literature related to MPPs. By reviewing different
definitions of MPPs I have singled out the ones that I find relevant to physics problem
solving. Then I presented different approaches to solving MPPs and discussed its
components. Then I discussed the role of goal specificity on problem solving, since it is
one of the essential attributes of MPPs. Then, I described different types of alternative
physics problems that have been used so far in the physics education community and
noted their advantages and disadvantages. The information I have included in this chapter

serves a backbone for subsequent chapters.
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Chapter 3

Expert and Novice MPP solving comparison

3.1 Introduction

In this chapter I look closely at how experts and novices solve MPP problems. My
analysis is mostly based on Kitchener's model of MPP solving [4] that identifies an
additional cognitive activity, not present during SPP solving called epistemic cognition.
Firstly, I give an overview of literature on expert-novice difference in general problem
solving. Secondly, I present a coding scheme I have designed for evaluating epistemic
cognition and used it to evaluate and compare experts' and novices' epistemic cognition
levels. Then I present the details of the investigation procedure and data analysis.

I have conducted think-aloud interviews with five experts (four physics professors
and one physics postdoctoral fellow) and six novices (undergraduate students). In the
interviews I asked participants to solve undergraduate-level physics problems. All
problems were MPP problems. I did not tell the participants or even hinted that these
problems are MPP problems. I asked them to articulate their thoughts out loud. All
interviews were videotaped and analyzed based on the Epistemic Questioning coding

scheme.

3.2 Literature Review on Expert-Novice Differences
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As I have described in Chapter 2, one of the main differences between experts and
novices is that experts posses schema, whereas novices generally do not. Novices tend to
use backward-working strategies such as means-ends analysis, whereas experts use
forward-working strategies.

When expert chess players and novices were shown a number of realistic chess
board configurations for a short time and then tried to remember those configurations,
expert chess players outperformed novices by recalling more configurations with higher
precision. However, when they were shown unrealistic, meaningless chess
configurations, experts' and novices' ability to recall those configurations didn't differ
much, although experts slightly outperformed novices ([83], [84]). Simon and Chase [85]
even tracked down the order in which the experts and novices were trying to recreate the
order and the kinds of errors they make These studies have shown that experts see the
realistic chess board configurations as a big “chunks” consisting of arrangements of eight
pieces or so that were related in a strategically significant way. Any meaningful chess
arrangement was represented in the experts mind as a combination of about 7-8 chunks of
configurations. Studies like these have conducted in other areas of expertise as well ([86],
[87] and [88]). For example, in one study ([86]) experts and novices were shown different
electrical circuits. Experts outperformed novices in recalling sensible circuits, but
recalled unphysical, unrealistic circuits at the same rate as novices did.

An important expert-novice difference is the knowledge structure that experts and
novices possess. It shows how the domain knowledge of the solver is organized. It affects
the solver's ability to understand and represent problems. In the famous study of Chi and

her colleagues [35], they described how experts and novices categorized and represented
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physics problems. Experts categorized problems based on their deep structure (the
physics principles one needs to use to solve the problem; e. g., energy conservation
problems). Novices categorized the problems based on their surface features (for
example, based on the objects mentioned in the problem, such “inclined plane problems”,
“pulley problems”, etc.) However some researchers observed instances where novices
also categorized physics problems based on physics principles [89].

One of the limitations of many expert-novice studies is that the experts (Physics
professors) are given easy introductory level SPP problems that they already know how
to solve. Singh [90] studied how physics professors and undergraduate students would
solve a difficult non-intuitive problem. She found that “although professors behaved as
students in some aspects, the problem-solving strategies employed by them were
generally superior.” ([90], p. 1106) Professors were more likely to start with analyzing
the problem qualitatively, using analogies and examining limiting cases.

In 1994 Maloney conducted a comprehensive overview of research on physics
problem solving [14]. He emphasized the importance of MPP solving in his monograph
and mentioned that there have been little research on physics MPP solving. He only cited
Clement's work [91] on how expert scientists use analogies to solve unfamiliar scientific
problems. The situation hasn't changed much since. Investigation of epistemic cognition
in physics problem solving still remains an open issue. I am not aware of any study that

directly investigated and measured experts' and novices' epistemic cognition.

33 Epistemic Questioning
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As I have described in Section 2.4.1, problem solvers have to be engaged in epistemic
cognition to be successful in MPP solving. That is not the case for SPP problems;
generally engaging in cognition and metacognition suffice.

How do we know if the solver is engaged in epistemic cognition? What signs can
serve as criteria for detecting instances when one is engaged in epistemic cognition?
Since in this chapter I am measuring and then comparing experts' and novices' epistemic
cognition, [ have to address these questions first.

Based on the analysis of available literature on MPP solving presented in chapter
2, as well as my own experience in writing different types of physics MPPs, I can say that
a problem is a physics MPP if it has at least one of the following features (there cannot be

exact definition of MPPs; for example, see [29], [31]):

1) MPPs have missing information, vaguely defined goals or unstated constrains,
2) MPPs possess multiple solutions with multiple criteria for evaluating the
solutions,
3) MPPs present uncertainty about which concepts, rules, and principles are

necessary for the solution or how they are organized.

Satisfaction of any one of the above mentioned conditions would make a physics
problem an MPP. It also important to mention that the above conditions should be
applied only to problem solvers who have not encountered similar problems so that they
cannot rely on a previous experience and simply follow an algorithm that he or she have

remembered from that experience
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Based on the above characterization of MPPs, I have developed a set of questions
(I call them epistemic questions) that a problem solver should constantly ask herself or
himself during the solution process in order to successfully solve a MPP problem. These

are the epistemic questions:

1) How do I know this?

2) Am I making any assumptions?

3) Are the assumptions valid?

4) Are there alternative reasonable assumptions?

5) Are there other possible outcomes?

If a MPP solver is continuously asking herself/himself these epistemic questions,
then they should be able to identify different possibilities (different sequence of events
based on the given initial conditions) along with the assumptions that make each
possibility valid. Since a MPP problem might posses an uncertainty about what physics
concepts or laws are necessary for a solution, such questioning should make the solver
think about when each of the concepts or laws are applicable, when they are applicable
and what assumptions have to be made to make them applicable for the problem
situation. If I see that the solver was engaged in such activities during problem solving or
by examining their solutions, then I will assume that they were engaged in epistemic
questioning, and therefore, in epistemic cognition. So, the epistemic questioning serve as
identifiers of the problem solver's epistemic cognitive thinking level, or in short,

epistemic cognition.
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It is very important to note that these arguments are valid only when problem
solvers have not encountered similar problems so that they cannot rely on a previous
experience and simply follow an algorithm that he or she remember from previous
experience (or in other words, have not acquired a problem solving schema for such

problems [53]).

34 Description of the study

3.4.1 Participants

The participants of the study were four physics professors, one physics postdoctoral
fellow and six undergraduate students at Rutgers University. All undergraduate students
were taking a two-semester large-enrollment (225 students) algebra-based introductory
physics course for science majors. I conducted interviews with students close to the end
of the Spring 2007 semester of the course; some interviews were taken few days before
the final exam, and the rest few days after the exam (the decision was made based on
students' availability). The interviews with experts were taken during late Spring and
early Summer of 2007.

I recruited experts by sending invitation emails to physics professors of Physics &
Astronomy department at Rutgers University. In the email I was asking for participation
in an educational research study that was investigating different aspects of physics
problem solving. The email mentioned that the study entailed one or two individual
videotaped interview sessions where the participants would be asked to solve a few
physics problems and to answer questions about their solutions to the problems. Four of

the experts were male and one expert was a female.
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I selected novices by sending out similar invitation emails to a list of 30 students
(out of 155 students) whose overall performance on the written midterm exams were
higher than the others. I excluded from the invitation list the students from three
recitation sections (there were overall 9 sections), where I was the instructor (Teaching
Assistant). | have conducted interviews with all six students who agreed to participate.
There was equal number of women and men participants (three women and three men).

The reasoning behind choosing students with high scores was to make sure that
the students have enough background physics knowledge and mastery of the material
covered in the course so that if they ask themselves the epistemic questions while solving
MPP problems, the answers to those questions should be accessible to them. For example
to solve the problem where they had to find the time of hearing the sound of a rock
hitting the water from the dropping point, students needed to know what the sound waves
were. The results of the interviews showed that this assumption was valid since students
demonstrated that they had enough background knowledge needed to consider different

possibilities.

3.4.2 Interview procedure
I told participants that I am investigating different aspects of problem-solving. I informed

them that

1) the interviews would be video-taped and transcribed;
2) they would be asked to solve some introductory level physics problems while

thinking out loud;
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3) I might ask questions about their solutions, and they could choose not to
answer any questions with which they were not comfortable;
4) they should avoid asking me questions about problem details or whether what

they were doing was right or wrong (this was especially emphasized to students).

I provided the participants with an equation sheet similar to the one the students
were given by the instructor during mid-term exams. It contained most of the equations
that were relevant to the course and thus, for the problem solution. The equation sheet is
in Appendix A. I also brought with me a physics textbook and told student that that they
can use it anytime they want to during the interview (only one student used the textbook

to brush up on the Ohms law).

3.4.3 Coding scheme for measuring epistemic cognition

In this section I describe my coding procedure for measuring epistemic cognition.
As I mentioned in section 3.3, I assume that a problem solver has a high level

epistemic cognition, if she/he keeps asking herself/himself these epistemic questions

while solving a MPP problem:

1.How do I know this?

2.Am I making any assumptions?

3.Are the assumptions valid?

4.Are there alternative reasonable assumptions?

5.Are there other possible outcomes?
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Using the above questions I code the interviews for the instances where the
solvers make statements that can be interpreted as answers to these questions or ask such
or similar questions that indicate that they are engaged in epistemic questioning Then, |
evaluate the solvers' epistemic cognition level in the following way: the more epistemic
questions they ask or epistemic statements they make in a given problem situation, the
higher is their epistemic cognition level. In addition, the more possible relevant epistemic
questions they miss, the lower is their epistemic cognition level.

Each specific problem situation ha