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Chapter 2: Schema Theory and Previous Reseach on Student
Problem-Solving

I ntroduction

In this dissertation we use the cntext of physics problem-solving to evaluate
the mherence of physics knowledge. We can infer, from analyzing student responses,
that students adivate sets of coherent knowledge cdled schemas to solve physics
problems. We therefore discuss shema theory and some of the previous research
done on student problem-solving in this chapter. Schemas and schema theory will
serve & the theoreticd framework for our analysis. Schemas allow usto go beyond
the basic dements of knowledge and understand the connedions between the basic
elements. After describing the theoreticd framework we discuss ®me of the previous
work into how experts and novices lve problems.

Beyond the Basic Elements

We begin our discusson of schemas by describing a different type of
knowledge dement, cdled a phenomendogical primitive, and showing how it fitsinto
the schema theory framework.

diSessa states that intuitive physics “consists of arather large number of
fragments rather than one or even any small number of integrated structures one might
cal theories.”* diSessa refers to many of these basic dements of reasoning as
phenomenadlogical primitives (p-prims), becaise they are based on experience and
because “they smply happen.”? These phenomenologicd primitives (p-prims) are
basic reasoning elements that cut acosstopics.® diSessa therefore believes that in
order to cause conceptua change we cannot simply address edfic misconceptions,
we must addressmore global attributes.

Examples of p-prims include Ohm' s P-prim, Force as Mover, Continuous
Force (or maintaining agent), Dying Away, Dynamic Balance, and Overcoming.*
Because p-prims cut acosscontexts, developing expert understanding involves
modifying their adtivation conditions.® Particular p-prims may be gpropriate or
inappropriate, depending on when and where they are gplied. Unlike misconceptions
p-prims are not “corred” or “incorred”, acarding to Hammer.®

Two p-prims that will come up in this dissertation are the maintaining agent p-
prim and the Ohm' s law p-prim. Maintaining agent is a term used by Hammer to
describe the mntinuous push (force) p-prim.”  The maintaining agent p-prim is used
to explain why students often (incorredly) believe that aforceis needed to maintain
motion. Like other p-prims the maintaining agent p-prim can be gplied aaoss
contexts. Another example of this p-prim isthat a supgdy of energy is needed to kegp
abulb lit.® In this case the p-prim is appropriate. diSessa describes the Ohm's law p-
prim as “one of the most fundamental and pervasive p-prims.”® It is related to the
interpretation of the voltage, resistance, and current in Ohm'’s law but, like the other p-
prims, it can be gplied in many contexts. The Ohm’s p-prim is increased effort (V)
leads to increased result (1) and increased resistance (R) leads to deaeased result (1).
For example if | increase the force (effort) | exert on ablock, | increase the



acceeration (result). Also, if | increase the friction between the block and the surface
and apply the same push | deaease the accéeration.

In some of the examplesincluded in this dissertation, we observe that students
use these p-prims in their problem solutions. Therefore the schema astudent usesto
solve aparticular problem may consist of p-prims. A schema may also be composed
of elements of knowledge that get applied in spedfic situations. Minstrell refersto
these dements as facets.'® Minstrell states that faceis may relate to content, they may
be strategic, or they may represent a generic pieceof reasoning.

While the work of diSessa and Minstrell focus more on these basic dements,
in this dissertation we look at the structure of connedions between knowledge
elements. We have observed that students use strongly associated knowledge sets
(schemas) to solve physics problems. We have dso observed that although many
students posses locdly coherent knowledge (or schemas), they only sometimes
possesscoherence between these sets of knowledge (charaderizing a global
coherence). The ontext of physics problem-solving allows usto infer the
charaderistics of the schemas our students employ in different situations.

Definition of a Problem

“Problem-solving” has many different meanings, o it isimportant to spedfy
the particular definition used in this dissertation. To define problem-solving it isfirst
necessary to define the dharaderistics of a problem. Newell and Simon defined a
problem as a situation in which an individual “wants smething and does not know
immediately what series of adions he can performto get it.”** For many physics
instructors, physics problems are the kind of task that are usually found at the end of
the chaptersin introductory college physics textbooks.*? These problems present a
situation where information is given and some or all of the information is required to
obtain a numeric or symbolic answer. We use this description of a physics problem
for this dissertation. Problem-solving is the processone goes through to construct the
answer to a problem.

Schema Theory

In this dion we present the badkground on schema theory and argue that
schematheory iswell suited for the theoreticd framework for our data. A schemaisa
set of coherent knowledge that gets brought up in a set of similar contexts or
stuations. Schemas contain fads, rules, p-prims, and other spontaneous responses
that are used to acawmplish a cetain goal. In this chapter we build from chains of
responses and items cdled patterns of association to schemas and dscuss shema
theory in some detail. Throughout the discusson we make comparisons between
expert problem-solving schemas and novice problem-solving schemas. After
discussing the theoreticd asped of schemas we explain how we use the term schema
in this dissertation. An example of the schema(s) a student might develop after going
through the introductory physics courseis presented. Those readers lessinterested in
the detail s of the theoreticd framework may choose to skip these sedions and go
straight to the summary for the dnapter.



From Patterns of Association to Schemas

The important concept in understanding cognitive responses are patterns of
asgciation. This phrase summarizes the observation that an individual’s response to a
particular context or situation is a dain of related responses or items. These items are
not rigidly controlled or predictable, but depend on both the external context and the
individual’ s internal mental state. Sincethe latter is not diredly observable we trea
the associations as probabili stic. A pattern of asociation may be strong if alink is
adivated in alarge variety of situations or we& if alink israrely adivated. Patterns
of association may contain any type of knowledge (i.e. fads, formulas, concepts, rules,
etc.)

Michad Wittmann describes patterns of association for mechanica wavesin
his doctoral dissertation.*® His data show that students often possessweek patterns of
asociation, which they apply to physicstasks. These weak associations often imply
fragmented sets of knowledge containing pieces of information that are inconsistent
with one another. A strong pattern of association is charaderized by pieces of
knowledge that are frequently elicited together in awide variety of situations. We
refer to robust patterns of association as schemas. Although schemas are not
necessrily “corred” (as evaluated by an expert) and may contain inconsistencies, the
relations among the pieces of knowledge ae important for usto identify if we aeto
understand how students reason. Note that a schema s constructed by the interadion
of anindividual’s cognitive structure with a aueing context. It isnot simply a
structure in an individual. Thisis of considerable importance and will be discussed in
more detail below.

Successin understanding physics requires the development of expert-like
schemas as well as the building of connedions between different schemas. We will
show that it is not enough to get our students to the stage where they are employing
coherent schemas to solve problems; they also need to build connedions between
different schemas.

Introduction to Schemas and Schema Theory

The following sedions will provide the reader with a detailed description of
schemas and dscuss ®me extensions we make to the existing models. The two main
sources for this badground on schema theory come from the work of Rumelhart'* and
Marshall.*> As described by Rumelhart, schemas are

the fundamental elements upon which all information processng depends.
Schema[s] are anployed in the processof interpreting sensory data, . . .in
retrieving information from memory, in organizing adions, in determining
godls, . . .inallocaing resources, and generally in guiding the flow of
processng in the system. .. .A schema. . .isadata structure for representing
the generic concepts gored in memory. . . .[Schemas represent knowledge]
about . . .objeds, situations, events, sequences of events, adions, and
sequences of adions.*®



According to Marshall a particular schemawill have the dharaderistics $own
inTable2- 1.
There ae threetypes of knowledge that govern how an individua will perform
on a problem-solving task:
» Dedarative— knowledge that is composed of concepts and fads, and is
static,
* Procedural — knowledge that is composed of rules, that consists of skill s
and techniques, and
» Schematic — knowledge that combines procedural and dedarative
knowledge.*’

* A schemais a basic storage device

* A schema has a network structure.

» The degreeof conrectivity among the
schema's components determines its
strength and accesgbility.

» A schemaisaflexible sructure,
accessble through many channels.

» Schemas have no fixed size; they may be
large or small.

+ Schemas may embed and overlap.

Table2-1
The dharacteristics of a schema.

Important characteristics of schemasfor problem-solving

One of the main adivities asociated with a schema is determining whether it
provides the gopropriate knowledge for deding with a presented context.'® Once a
schemais adivated an individual must deade whether the dedarative fadsin the
adivated schema correspond to the problem. Then the problem solver must dedde
whether he or she can use the procedural rulesin the schemato obtain the goal of the
task.

The particular schemathat is adivated depends on the aues that are presented
to the individual. Inthis gudy, these aes come from the problem-solving task and are
based on some ideaor concept in the given situation. A desirable trait for a problem
solver isto be ale to use the relevant charaderistics of a problemto link to a schema
that will help solve the problem. Depending on how information is encoded by the
individual, cueing an appropriate schema may be eay or difficult. There ae anumber
of studies which provide evidencethat experts and novices encode information
differently.’® This may cause the expert and noviceto use different schemas even
though they may be given identicd cues.
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In order for schemasto be useful to a problem solver he or she must be aleto
map from a new situation or problem to an existing schema. This flexibility allows
schemas to adjust to the problem-solving task. When instructors lve problems for
students at the board, they want their students to develop schemas for solving arange
of similar problems. It is often the case that when our students e aproblem solved at
the board they develop a very narrow and spedfic schema that can only be gplied to a
particular problem and not a dassof problems. We refer to this as pattern matching.

We sometimes gein the dassoom that the schemas gudents possessare often
not flexible enough to adapt to different problem-solving situations. They attempt to
solve anew problem based on how a sample problem has been solved, even though it
may be inappropriate. Although pattern matching is atype of schema, sinceit consists
of knowledge and procedures for applying the knowledge, it is not charaderized by
the dynamic nature of an effedive schema. The pattern-matching schemais gatic and
can only be gplied to very spedfic situations. In order to succeel in the murse many
students attempt to memorize alarge set of pattern-matching schemathat they can
apply to many different problems.

For a schemato be useful in problem-solving its components must be linked
together and not just exist asisolated fads and pieces of knowledge. Marshall
represents sshemas with nodes and links from node to node.® The nodes represent
dedarative fads and procedural rules. Lines conneding nodes represent links or
asociations among fads and rules. Marshall refersto these representations as schema
graphs. Implicit in the representation is a particular triggering context and probabili ty
weightings on ead of thelinks. Figure 2 - 1 shows two sample schemas, where the
first is completely linked and the second is only partially linked.

Some links are stronger than othersin an individual's s£hema. Marshall
describes this extension to schema theory when she talks about the relation of neural
networks to schema theory.?* With weights placed on the links, when one node is
adivated, that node will li nk to nodes with stronger connedions more often. Ina
particular schema the internal links would be stronger than the links to other schemas,

Completely linked schema graph Partially linked schema graph

& <

Figure2-1

Representations of schemas. The nodes represent dedarative knomedge and
procedural rules. The lines represent relations between dfferent nodes.
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although there may be exceptions. Thiswill make it possble for the individual to
seled appropriate asociations from a particular node, and not smply adivate every
thing associated with it. The weightings are important for organization. One ideathat
comes from Polyaisthat in some caes the expert may not have more knowledge than
the novice but will smply use it better.?? The organizational asped of schema theory
comes from the network of connected knowledge.?®

It isimportant to note that schemas are a tassfication that we gply to
describe an individual’ s thought processes, not arigid structure in the brain.
Individuals make many asociations; when we have aset that have areasonably high
probability of triggering to ead other (i.e. are wherent with ead other) we identify it
as a schema

The final charaderistic for individual's £hemato be useful for problem-
solving isthat it must be reasonably complete and acarate. Besides experts and
novices having knowledge encoded dfferently, experts also have more wrred
knowledge.** Expert schemas are therefore more often composed of bundles of
knowledge &out the physica world that are both internally consistent and also
externally consistent. We refer to such schemas as physical models. Internal
consistency requires that the nodes of knowledge in the model be mnsistent with eadh
other while external consistency requires that different models be consistent with eah
other. In contrast, the novice may have his or her schema, composed of pieces of
inconsistent knowledge.

Schema usein thisdissertation

In this dissertation we use ageneral definition of schemas that charaderizes
them as a set of knowledge that gets brought up in a problem-solving situation. The
definition we use @mes from the ideas from Marshall and Rumelhart, presented
ealier in the chapter.?® Our analysis of student understanding focuses on their
responses to different physics problems. By examining these responses we can infer
certain charaderistics about the types of schemas our students use.

Let us now turn to an example of schemas in the mntext of dynamics and
work-energy. Introductory physics texts often trea dynamics and work-energy as
separate and wedkly conneded topics. Bagno and Eylon state that “athough some of
the textbooks attempt to locdly organize the information (e. g. within asingle dapter)
by giving a summary or table, there ae no comprehensive dtemptsto organizethe
information at a global level.”*® Most textbooks placedynamics and work-energy in
different chapters and, although some make aformal connedion between the two,
most rarely build substantial links between the topics.

Experts and novices differ in the way they integrate knowledge from different
topics. One example, presented in this dissertation, isin the mntext of dynamics and
work-energy. We show that for the expert, the topics of dynamics and work-energy
are strongly related. If the task requires them to do so, the expert can go from
dynamics knowledge to work-energy knowledge eaily. The novicefindsit very
difficult to go from the knowledge in one topic to the knowledge in another topic. We
show that even when presented with a amplex problem requiring multiple topics (for
example: dynamics and work-energy) novices tend to adivate schemas containing
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knowledge on asingle topic. Figure 2 - 2 shows a schematic of an expert’sand a
novice' s posshle schema structures for dynamics and work-energy knowledge.?’

Expert problem solvers Novice problem solvers
schema graph schema graph

Separate dynamics
Integrated andwork-energy
schema schemas

Figure2- 2

Grapls representing two schema. The graph onthe | eft represents an expert’ s well -
linked structure andthe graph onthe right represents a novices partially linked
structure. The pattern of conredions are the largest difference between the two

schema graphs.

Existing Resear ch in Problem-solving

Introduction

Previous research on student problem-solving has looked at threemajor aress.
David Maloney describes these different areas in his extensive review published in the
Handbod of Research on Sience Teaching andLearning?® The first area examines
how individuals lve problems. The seaond examines how pedagogicd methods can
be employed to improve student problem-solving. The third consists of research into
isaues of transfer, what students lean from solving problems, and other topics.?

In this dissertation | use the context of problem-solving to look at coherencein
student knowledge of physics. When our physics gudents are presented with
problems they bring a set of knowledge that they use to acamplish the goal of the
problem. By inferring the schemas they bring to atask we ae @le to make daims
about the aherence of their knowledge. Sincethis reseach focuses on how students
solve problems | concentrate on the particular asped of the problem-solving literature
describing how students slve problems. The most relevant topics from the existing
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literature ae: the difference between expert and novice problem-solvers and the
hierarchicd organizaion of knowledge.

In order to understand why novices have so much difficulty solving complex
problemsit is necessary to elicit and describe the diff erences between expert problem-
solvers and novice problem-solvers. Charaderizing these differencesisa common
thread through ead paper we discussin this dion. Of particular importanceto this
work isthe research on knowledge organization since these topics play alargerolein
understanding why and how certain sets of knowledge ae brought to a problem-
solving situation.

Differences between expert and novice problem-solvers

In this dion we discussfive dassc papers that describe the differences
between novice problem solvers and expert problem solvers. The studies focus on the
strategies and representations experts and novices use when solving problems. The
papers by Larkin and Chi et al. describe the types of schemas experts and novices have
and are particularly important to this dissertation. The five papers are summarized in
the following list.
* Bashkar and Simon compared the strategies experts and novices used to
solve problems (1977).

» Larkin and Reif compared the use of quaitative and quantitative
knowledge in expert’s and novice s lutions to problems (1979.

» Larkin focuses on the representational processesthat differentiate experts
and novices (1983.

* Anza and Y okoyama investigated the way experts and novices use models
to solve problems and how cues presented in problems affed student
solutions (1984).

o Chiet al. looked at the way experts and novices caegorize problems and

the types of schemas novices and experts possess(198J).

In ealy reseach on problem-solving, experts and novices were charaderized
by the different types of strategies they used to solve problems. Bhaskar and Simon
looked at how ateading assstant in a chemicd engineering thermodynamics course
solved six problems. To analyzethe think-aloud protocols they used a cmmputer
program cdled SAPA (Semi-Automatic Protocol Analysis) along with a human coder.
SAPA encoded the basic processs. “producing arelevant equation, evaluating a
variable, solving an equation, and so on” while the human coder transcribed the
semantic information.*® SAPA provided the reseachers with a framework that they
could use to identify whether the participant followed the scheme and where he
deviated from the scheme. The participant was observed to follow a method where he
identifies the goal and identifies the aurrent state and then performs operationsto try
to get from the aurrent state to the goal of the problem. Bhaskar and Simon refer to
this grategy as means-ends andysis.**

Larkin and Reif examined how an expert (a physics professor) and a novice (a
student who just completed hisfirst course in mechanics) solved five medanics
problemsin a think-aloud setting.®? They found that after an initial description of the
problem the novice began to construct a mathematica description of the problem. The
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novicethen proceeaded to combine equations to eliminate the undesirable quantities.
After the expert’sinitial description of the problem, he mnstructed a qualitative
description of the problem and then a mathematicd description.

Larkin and Reif stated that experts tend to think more &out the underlying
principles and concepts when answering physics problems. They describe how using
concepts allows gudents to go from the more global aspeds of a problem to the more
spedfic aspeds of aproblem.®® But even when underlying concepts are understood,
students may have difficulty solving problems. In order to use conceptual
understanding in problem-solving it is not enough for students to just have adee
conceptual understanding about a topic; they must also organize their knowledge so
that the knowledge can be accesed reaily.®*

In the 1980 s there were an increasing number of studies focusing on the
representational processes that novices and experts use to solve problems.*> One such
study done by Larkin identified two types of representations used in solving problems,
the naiive representation and the physica representation.®® The naive representations
involve red world objeds and evolve in red time.®” The term naive has negative
connotations asociated with it so we believe that a better word to describe these
representations are concrete representations. In contrast, what Larkin refersto as
physical representations, or what we prefer to cdl abstract representations contain
conceptual entities, such asforces. (We will continue to use Larkin’s nomenclature for
this ®dion.) Novices were seen to limit themselves to naive representations, while
the expert problem solvers had accessto both the naive and the physicd models.
Larkin also states that there is a dose relationship between the physica
representations and the goplication of quantitative physics principles. The
construction of the physicd representation is the step before an equation or formula
can be goplied. Therefore the mwnnedion between the mnceptua physica
representation is linked by experts to the quantitative methods. If students possess
only a naive representation, the quantitative formulation will be harder to construct. In
addition, the formulation may not be related to a physicd representation, although it
may be related to a naive representation.

Larkin states that certain schemas are used for producing physicd
representations. Two examples used by Larkin are aforce schema and awork-energy
schema. The force schema would be used to construct a physicd representation for
the principle that the total force on a system is equal to the massof the system times
itsaccéderation. The work-energy schema would be used to construct a physicd
representation for the ideathat the total energy of a system depends on the amount of
work doneto it.® She refersto placeholders for information needed to solve
problems as dots. A particular dlot gets filled when a particular pieceof information
is brought up by the problem-solver.

In one study Larkin gave deven experts and eleven novices an inclined plane
problem that could be solved using the ideas of force or the ideas of work and energy.
A table was constructed by Larkin that contains the necessary slots that would have to
be fill ed to solve the problem. For instance, if one deddes to employ a force schema
he or she might state that the cmponent of the gravitational force dong the inclineis
mg sinB. Oncethe individual uses this information its dot isfilled. Larkin analyzed
the order in which experts and novices fill ed the sots. She found that experts begin
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filli ng slots corresponding to known quantities, while novices did not show an order
for filli ng the dots. The result that “experts tend to work forward, to ‘develop
knowledge' isreinterpreted here by saying that expertsfill dotsin aschemato make a
physica representation, starting with slots related to known quantities.”

The study by Anza and Y okoyama investigated the way experts and novices
use internal models to solve problems. They also examined the “ ability of a problem-
solver to generate, or make ashift to, a new internal model that would lead to the
corred answer by attending to [a] set of clues.”3° They refer to this as semartic
sengitivity. Intheir paper they describe threetypes of internal models. An
experiential model isa set of knowledge generated from experience a corred
scientific model is a set of scientific concepts and relations that are corred, and afalse
scientific model is a set of scientific knowledge that isincorred.

To give an ideaof the reseach Anza and Y okoyama mnducted we present
two of their studiesin some detail. Both the studies we discussinvolve the yoyo
problem shown in Figure 2 - 3. In the problem ayoyo sitting on a surfaceis pulled by
astring to the left and the students are asked which diredion the yoyo rolls. The
corred answer to the yoyo question is that it will move to the left sincethe string
produces atorque &out the point of contad out of the page. If a student uses an
experiential model, where the yoyo rotates about its axle (i.e. when it is dropped) to
answer this question, the student will most likely state that the yoyo movesto the
right. Students might also use afalse momentum model where they tred the center of
the yoyo's axle asthe ceanter of rotation.

The centers of two circular frames are interconreded by an axle,
and astring iswoundroundit asill ustrated in the figure below.
What will happen if you pdl the string as siown in the figure?
The discs may role, but never dlide.

(1) Theyoyo rollsto the left (courterclockwise).

(2) Theyoyo rollsto the right (clockwise).

(3) Theyoyo does nat move.

(4) Others. (Write down you answer.)

Figure2-3
Yoyo problem asked by Anzai and Yokoyama.
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Anza and Y okoyama looked at the think-aloud protocols of two experts and
one novice on the yoyo problem.*® The two experts (E1, E2) were physics professors
and the novice (N1) was afreshman in science and engineeing. The first participant,
E1, generated a single model that was then used to solve the problem. E2 first
generated a false scientific model, but his model was changed to the corred scientific
model as he solved the problem. The novice student, N1, first used an experiential
model and then made the shift to a false scientific model. When presented with cues
N1 was able to generate the mrred scientific model but also brought up the
experiential model. This $howsthat N1 was able to have multiple cmpeting models
for asingle problem.** The results on the yoyo problem and the other two problems
asked by Anza and Y okoyama showed that the two experts ifted toward scientific
models while the novice seamed to go badk and forth between the corred scientific
model and the other models.

In alarge-scde study with 216 students, Anza and Y okoyama gave five
variations of the yoyo question. The differences from one question to another were
modifications in the figure of the yoyo. Ead variation included a different physicd
cue. By doing this, Anza and Y okoyamawere ale to determine what types of
physicd cues were necessary for the students to apply the wrred scientific model.
They found that including the physicd cues of either the diredion of rotational
momentum, the location of the fulcrum, or the frictional force did not produce
significant improvement in the performance Because the false models were so robust
it was necessary to provide the students with both the position of the fulcrum and with
the diredion of the rotational motion to get them to perform better.*?

The @nclusion they drew from their set of studies is that "semantic sengitivity
to cues may depend on principlesthat the aues are related to and also the knowledge
the presently evoked model is based on.”** This gudy is smilar in some ways to the
type of studies we will be wnsidering. Instead of providing cuesthat are
modifications to the problem’s figure, we will examine how students respond to cues
in the form of qualitative questions. We demonstrate that cues that would tend to help
an expert solve aproblem can hurt the performance of students, due to the fad that a
novice s shemas are often isolated from one another.

Chi et al. performed a study where aght undergraduates who had just
completed a semester of medhanics (novices) and eight graduate students in physics
(experts) were asked to categorize aset of twenty-four physics problems.** Chi et al.
contrasted the gplicaion of surfacefeaures by novices to the goplicaion of
principles and concepts by expertsin grouping these problems. They conducted a
number of studies with these sixteen students.

We will discussone of their studiesin detail. Init, they seleded 24 poblems,
from chapters 5 through 12 (3 from ead chapter), from Halliday and Resnick’s
Fundamentals of Physics textbook.”> The participants were presented with the
problems on cue cads and were asked to group the problems based on the similarities
of their solutions. Participants were not given the opportunity to solve the problems.

Novices caegorized the problems in terms of the surfacefeaures (or surface
structure). Surfacefedures include the objeds referred to in the problem or the literal
physics terms in the problem. For example, novices might group problems together if
they involve springs, or inclined planes (i.e. by the objeds). They might also group a
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set of problems together if they involve friction or center of mass(i.e. by the physics
terms).*® Experts tended to categorize the problems in terms of the underlying
principles and concepts (deep structure). For example, experts might group a set of
problems together if they can be solved using energy conservation.

Chi et al. postulate that a“problem can be tentatively categorized” by the
problem solver after afirst look at the problem’s fedures. Therefore, a problem's
representation is not fully constructed until after the first categorization hes been
completed. Chi et a. also state that a cdegory, and the knowledge that comes with the
cdegory, constitute aschema. This caegorizaion adivates a set of knowledge
(schema) that the problem solver will use to acomplish agoal. Chi et a. state that the
content of the schema then determines the problem representation. By showing that
novices and experts will caegorize problems acarding to different feaures (surface
vs. deq), they were ale to conclude that experts and novices possess shemas that
contain different types of knowledge.

In one study, Chi et al. looked at the basic solution methods that the
participants applied to problems, the identificaion of feauresin the problem
statement that led them to the basic goproacd, and the processof constructing a
problem representation. The study was conducted with two physicists, who had
frequently taught the introductory physics course and two novices, who had just
receved A’sin the mllege level medhanics course. Participants were asked to outline
the basic gpproadhes they would take to solve spedfic problems. They were dso
asked to state which feaures of the problem helped them dedde on the basic
approadh. Think-aloud protocols were done with these four participants on twenty
problems.

In analyzing the protocols, Chi et a. found that both experts and novices
construct problem representations based on their category knowledge or schema. The
reseachers could identify triggers from the problem statement and examine how these
triggers adivated dfferent schemas. Experts used problem statementsto trigger
principles, while the novices used problem statements to trigger equations and isolated
fads. The problem representation is therefore based on the initial categorizaion
process which comes from the aesin the problem, and the completion of the solution
is based on the knowledge available in the schema. The initial processis a bottom up
process the individual will adivate schema based on the spedfics of the problem.
Oncethe schema is adtivated the processproceeds in atop down manner.*’ Principles
and concepts guide an expert's representation while surfacefeaures guide the novices
representation. They conclude their study by stating that

experts schema[s] contain agrea ded of procedural knowledge, with explicit
conditions for applicability. Novices schema[s| may be dharaderized as
containing sufficiently elaborate dedarative knowledge aout the physicd
configurations of a potential problem, but lading abstraded solution
methods.*®

This lac of procedural knowledge may be due to the novices schemas being

small and isolated from their other schemas. When presented with a problem a
schema may be adivated with a set of inappropriate procedura rules. If this £hemais
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isolated from another schema containing the gopropriate procedural rule the student
will not be ale to solve the problem.

Hierarchical Organization

The threepapers discussed in this sdion compare the organization of the
knowledge structures of experts and novices. It is suggested that experts exhibit a
hierarchicd organization allowing them to retrieve information more eaily than
novices. The research shows that the development of hierarchicd structuresis
effedive in helping novices bemme better problem solvers. These papers discusshow
experts may have their knowledge linked and are therefore important to our discusson
of schemas and the types of knowledge structures individuals use to solve problems.
The following list summarizes the papers included in this dion.
* Raeif and Heller charaderize epert problem solvers as possessng
hierarchicdly organized knowledge while novices are cdegorized by
poorly organized knowledge (1982.

» Eylon and Reif followed upon the ideaof a hierarchy by proposing a
model for effedive problem-solving that in addition to being hierarchicd,
contained information about the implementation of the tasks (1984).

* Bagno and Eylon found that explicitly asking students to identify links
between different topics helped them obtain a hierarchicd structure that
could then be gpplied to problem-solving tasks (1997).

Intheir 1982 aper Reif and Heller presented a theoreticd perspedive on a
model of expert problem-solving.*® They suggest that expert problem-solvers possess
knowledge that is organized hierarchicaly.®® This gructure of knowledge dlowsthe
expert to retrieve relevant information much more eaily than the novice Reif and
Heller describe the novices knowledge & "fragmented, consisting of separate
knowledge dements that can often not be inferred from ead other or from other
knowledge.">*? Reif and Eylon provided experimental evidencethat teading a
hierarchicd structure can help students lve physics problems.

A hierarchical organzation schematicaly resembles afamily tree Eylon and
Reif describe the hierarchicd organization as a structure with general knowledge
elements at the top level and spedfic dements placed at lower levels. They state that
this type of structure dlows the individual to efficiently search for information and
that in an expert physics gudent, the top levels are composed of basic definitions and
principles, while the bottom levels are cmmposed of equations and formulas. Figure 2
- 4 shows a schematic of the hierarchicd knowledge organizaion from Eylon and
Reif's 1984 mper.>

Eylon and Reif proposed a model for effedive problem-solving which hes the
charaderistics of being hierarchicd aswell as containing information for the
implementation of tasks. They refer to this gructure as hierarchicd and task oriented.
(Thisis gmilar to our description of schemas, in that schemas contain dedarative
knowledge and procedural rules.) They state that an expert uses this knowledge
structure by making grossdedsions at an ealy stage and then making more spedfic
deasions. The hierarchicd structure is therefore enployed in atop down manner.
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Level 1
D
Level 2
Level 3
Level 4
Figure2-4
Schematic diagram of a hierarchical knoMedge organzation from Eylon
and Reif.

Although Reif and Eylon do not provide evidencethat experts adually possess
this dructure they do look at whether teading introductory students this gructure
helps them on different types of tasks.>* They used 36 @id voluntea's who were
enrolled in the introductory mechanics course. The participants were divided into
threegroups and eat group went through a different treament. Eacd treament group
was presented with written texts about a problem argument. The first group
(H-treatment) was presented a hierarchicd two-level organization of a particular
physics argument. The second group (S1) was presented with a single level
organization which consisted of the lower level in the hierarchicd organization, and
the third group (S2 was presented the single-level organization twice The only
differencein the H-version and the S-version was that the S-version omitted all the
titles conneding the agument to the overview.>® These groups were then evaluated
on their performance on different types of tasks.

Students were first given acquisition tasks that were designed to asaure that a
student has aaquired the given organization. They were then given four performance
tasks. Studentswere asked to:

» reproduce ar argument unaided in the freerecall tasks,

» givethe next step in an argument in the cued recll task,

» diagnose amistake in a similar argument to the onein the text in the

debuggngtask,

» and cary out smilar arguments with changed premises in the modification

tasks.

They found that studentsin the H-treazment group performed better than the
studentsin S-treagment group. Tasks asking students to summarizethe agument in
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about five statements and tasks asking studentsto order a scrambled list of summary
statements were designed to probe the nature of students’ internal knowledge
organization. Performance on these tasks indicaed that studentsin the S-treatment
groups aqquired knowledge that was merely locdly conneded. Other studies
discussed in their paper provide alditional insight into knowledge organizaion and
task performance>°

In another study on the importance of knowledge organization, Bagno and
Eylon use two-dimensional structures that show particular concepts and how different
concepts are related to ead other to aid their students in obtaining a hierarchica
knowledge structure in the domain of eledromagnetism.>’ These two-dimensional
structures come from the work of Novak et a. and are referred to as concept maps.
Figure 2 - 5 shows a sample concept map from their paper. This map relates the
concepts of eledric charge (q), eledric aurrent (1), eledric field (E), magnetic field
(B), and force (F).

In their study concept maps were used as instructional tools in that students
would adively construct concepts maps using a problem-solving approach. The
learning sequence mnsists of the following.

* Sdve- The student solves a problem.

» Refled — The student identifies arelationship and comparesit to other
relationships.

» Conceptualize — The student develops and elaborates the concepts.

* Apply — The students apply the knowledge to novel problems and situations
and use the concept map to describe different processes.

* Link—The student links the new part of the concept map to the eisting
concept map.

In doing this they hoped their students would form an explicit relationship
between problem-solving and knowledge structure & well astrea conceptual
difficulties in relation to knowledge structure.®® They used threetreament groups.
Treatment E used the five-step approacd outlined above, treatment C; included
deding with conceptual difficulties but did not include the adive construction of the
concept map, and treatment C, recaved only regular instruction.

Bagno and Eylon compared performance amnong the different groupsusing a
total of 190students. They looked at four aspeds.

» Content andform of knowledge representations — Students were asked to
summarize the main ideas in eledromagnetism in the order of their
importance

* Conceptua understandng— Students were to comment on the @mrredness
of different statements about eledromagnetism and explain.

» Application— Students were asked to solve astandard problem and a more
complicated, unfamiliar problem.

* Transfer — Students were asked to real an unfamiliar passage and write
down the main concepts and relationsiin it.

Bagno and Eylon found that group E performed better on ead of these tasks
leading them to conclude that adively constructing the ancept maps creded a link
between the concepts and how to apply the conceptsin problem-solving.
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Figure2-5

Concept map for eledromagnetism from paper by Bagno andcEylon.

Summary

Schematheory is used to placeour datainto atheoretica framework. Simply
stated, schemas are robust patterns of asociation that get adivated when an individual
is presented with a set of similar problemsto solve. These bundles of knowledge
contain both dedarative knowledge and procedural rules. For instance when
presented with a problem involving a block on an inclined plane, an individual may
adivate aschema for dynamics, which would contain information about Newton's
Laws and how to apply them in a problem. Knowledge dements in a schema ae
linked, and therefore associated with other knowledge dements in the schema;
therefore they are locdly coherent. In addition, schemas may contain both corred as
well asincorred information.

In this dissertation we use this cognitive model in the @mntext of solving
physics problems. Individuals go through a number of steps when given a problem.
They first use their set of dedarative knowledge in order to determine which schema
to adivate in agiven situation. They must then go through the conditions necessary
for the particular schemato hold true. If the conditions are not met, they must find the
relevant schema. They should also ask themselves how a particular schemawill help
them obtain their goals for the problem. The next step is attempting to solve the
problem by implementing the set of procedural rules in the schema.

Much of the previous reseach in understanding problem-solving describes the
difference between expert and novice problem solvers. Experts are found to have
more @nceptual knowledge and are more inclined to use this conceptual knowledge in
answering quantitative problems. Expertsare dso found to work forward when
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solving problems, while novices tend to use formulas and equations in a caeless
manner. These differences are related to the differencesin the expert's and the
novices shemas. Besides having more knowledge in the expert's shemas, the
schemas that experts possessare mmposed of different types of knowledge, which are
organized dfferently than in the novices. An expert's shemas are organized in terms
of the underlying principles and concepts, while the noviceés shemas are organized
acording to more superficial fegures. Expert's shemas are dso dbserved to contain
more procedura rules than the novices <hema. These procedural rules determine
how the dedarative knowledge in the schemas are to be used in different situations.

In chapter 5 we show that an expert problem-solver adivates alarge well-
structured schema when presented with a physics problem-solving task. In addition,
the expert is able to adivate aset of integrated knowledge much more eaily than a
novice Novicéesindividua schemas tend to contain much lessinformation and the
individual schemas tend to exist asisolated sets. We provide evidencefor the
existence of topic based schemas and schemas that are qualitative and schemas that are
qualitative in the novice student.
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