AD-A100 301

UNCLASSIFIED

PITTSBURGH UNIV PA LEARNING RESEARCH AND DEVELOPMEN==ETC F/6 3/10
CATEGORIZATION AND REPRESENTATION OF PHYSICS PROBLEMS BY EXPERT==ETC(U)
MAY 81 M T CHIs P J FELTOVICHr R GLASER N00014~78-C-0375
TR=4 NL




! a E!
124

e B o

[
/

University of Pittsburgh

LEARNING RESEARCH AND DEVELOPMENT CENTER

CATEGORIZATION AND REPRESENTATION OF PHYSICS
PROBLEMS BY EXPERTS AND NOVICES

P TR Y
} L e

Michelene T.H. Chi, Paul J. Feltovich, and Robert Glaser E [
Learning Research and Development Center
University of Pittsburgh

18 May 1981
Technical Report No. 4

This research was sponsored by the Personnel and Training Research Programs, Psys:yblogioal
Sciences Division, Office of Naval Research, under Contract No. N0O0014-78.C-0375, Contract
Authority ldentification Number, NR 157-421.

This report is issued by the Learning Research and Development Center, supported in part
by funds from the National Institute of Education (NIE)}, United States Department of
Education.

Reproduction in whole or part is permitted for any purpose of the United States gﬁ‘unmmt.

Approved for public release; distribution unlimited.

1 6 15 113

. JUN 161981




 sr—— - i
oo ) /
5 { .. " ‘I -
&UR!TY CLASSIPICATION CF ThiS PAGE (Whan Daca Entered)
= -
REPORT DOCUMENTATION PAGE I o L
T REPGRT NUMBER 7. GOVT ACCESSION NG| 3. RECIPIENT S CATALOG NUMBER
Technical Report No, 4 AD ‘A_j_DOj 0
4. TITLE (end Subtitie) 5. TYPE OF REFOAT & PEAIOD COVERED
~h - | o
P / Q}TEGORIZATION AND BFPRESENTATION OF gHYSICS / Technical Report.
e - RROBLEMS BY EXPERTS AND NOVICES. e e R 1L RTTT I
o a0
. LA A'u'fu"omm‘n . 0. SONTRACT OR ORANT NUMBER7S;

'Miégéiene T. H./Chi/ Paul J }Felcovich,,rr' { .rﬁabﬂilllo;?8-c-6375 )

!

" | {-amd Robert/Glaser ] - 21/
[ »ERFORMING ORGANIZAT| NAME AND ADDNESS . AlOQ AM lLlI:NT ’RDJICT TASK

[

Learning Research and Development Center RER & NORKUNIT NumBER
University of Pittsburgh NR 157-421/3-3-78 (458)
Pittsburgh, PA 15260
11, CONTROLLING OFFICE NAME AND AODRESS 13 R .-
Personnel and Training Research Programs ! [ ]18 May #98) |
Office of Naval Research (Code 458) N oF PAGES
Arlington, VA 22217 4 1L
[TE MONITORING AGENCY NAME & AOUORESS(I! differant fram Controliing ou\L Jivh 1TY CLASS. faf thle report)
Unclassified :
TSa. OECLASSIFICATION, DOWNGRADING |
SCHEDULE

et e ——————
16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENT (of the shetract entered in Block 20, If different from Report}

18. SUPPLEMENTARY NOTES
This research was also supported by the Learning Research and Development

Center, supported in part by funds from the National Institute of Education
(NIE), United States Department of Education. To be published in Cognitive|
Science, 1981.

R
15. KEY WORDS (Continue on reverse side ([ necessary and identily by block number)

: Problem solving Protocol analysis
! ! Physics Knowledge representation
Categorization Schemata

\ Expert-novice

20. FIITIACT (Continue on reverse side I necessary and identify dy block number)
A S

The representation of physics problems in relation to the organization of
physics knowledge is investigated in experts and novices. Four experi-
ments examine (1) the existence of problem categories as a basis for repre-
sentation, (2) differences in the categories used by experts and novices,
(3) differences in the knowledge associated with the categories and (4)
features in the problems that contribute to problem categorization and
representation. Results from sorting tasks and protocols reveal that \\Njﬁk

0D ,"ST™, 1473 woimion oF 1 OV 8813 oBsOLETR
1AM T
SN 0102-L P-01 4-660) — . Unclassified
SECURITY CLASSIFICATION OF ThiS SAGE 'When Dare Entorea)




T2 AggYe. T

20. experts and novices begin their problem representations with
specifiably different problem categories, and completion of
the representation depends on the knowledge associated with
the categories. For the experts, problem representation and
subsequent approach to solution is guided by the physics prin-
ciples initially abstracted from a problem, while novices
base their representation and approaches on the problem's
literal featuresk\“
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Abstract

The representation of physics problems in relation to the organization

of physics knowledge is investigated in experts and novices. Four experi-
ments examine (1) the existence of problem categories as a basis for repre-
sentation, (2) differences in the categories used by experts and novices,
(3) differences in the knowledge associated with the categories and (4)
features in the problems that contribute to problem categorization and
representation. Results from sorting tasks and protocols reveal that ex-
perts and novices begin their problem representations with specifiably
different problem categories, and completion of the representation depends
on the knowledge associated with the categories. For the experts, problem
representation and subsequent approach to solution is guided by the physics
principles initially abstracted from a problem, while novices base their

representation and approaches on the problem's literal features.
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Categorization and Representation of Physics

Problems by Experts and Novices

This paper presents studies designed to examine differences in the ways
expert and novice problem solvers represent physics problems, and to investi-
gate implications of these differences for problem solution. A problem repre-
sentation is a cognitive structure corresponding to a problem, which is con-
structed by a solver on the basis of his domain-related knowledge and its
organization. A representation can take a variety of forms. Greeno (1977)
for example, has proposed the representation of a problem to be a constructed
semantic network containing various components. Some of these are in close
correspondence with the problem as stated, including the initial state (i.e.,
the "givens"), the desired goal, and the legal problem solving operators
(Newell & Simon, 1972). In addition, a representation can contain embellishments,
inferences, and abstractions (Heller & Greeno, 1979). Since such embellishment
is one way of judging a solver's "understanding" of a problem (Greeno, 1977),
it is possible that with increasing experience in a domain, the representation
becomes more enriched. The research described here explores the changes in
problem representation that emerge as a result of developing subject-matter
expertise.

It is well-known by now that the quality of a problem representation in-
fluences the ease with which a problem can be solved (Hayes & Simon, 1976;
Newell & Simon, 1972). In physics, Simon and Simon (1978) have attributed
the expert's "physical intuition" to the quality of the problem representation.

The current consensus is that the expert's representation is superior because




it contains a great deal of "qualitative" knowledge. De Kleer (1977), for
example, has introduced both "quantitative" and "qualitative" components in
the expart's representation of a physics problem where the qualitative com-
ponent inciudes nonmathematical semantic descriptions of physical objects and
their interactions. Novak's (1977) program ISSAC also suggested some charac-
teristics of qualitative representation. In this program, physical objects
from a problem statement are represented not literally, but rather, as abstract
object categories--'canonical object frames"--each of which serves an equiva-
lent physics role (e.g., pivot, lever or point mass). The canonical object
frame is a knowledge structure that augments the information about an object
stated in a problem with associated information from the knowiedge base. In
later work, Novak has proposed that categorization by object types in represen-
tation be extended to include categorization by problem types (Novak & Araya,
1980). Categorization of a problem as a type would cue associated informafion
in the knowledge base. Similarly, Reif (1979), has proposed a problem solving
model in which an initial step is a representation or "redescription of any
problem in terms of concepts provided by the knowledge base" (p. 1). The
knowledge base he proposes is arranged around "problem schemata," each of
which contains information necessary to solve a specific category of problems.
The hypothesis guiding the present research is that the representation
is constructed in the context of the knowledge available for a particular type
of problem. The knowledge useful for a particular problem is indexed when a
given physics problem is categorized as a specific type. Thus, expert-novice
differences may be related to poorly formed, qualitatively different, or non-
existent categories in the novice representation. In general, this hypothesis

is consistent with the "perceptual chunking" hypothesis for experts (e.g.,




Chase & Simon, 1973) and its more general cognitive ramifications (e.g., Chase
& Chi, in press), which suggest that much of expert power lies in the ability
to quickly establish correspondence between externally presented events and
internal models for these events.

More particularly, some evidence already exists in the literature to
suggest that solvers represent problems by category and that these categories
might direct problem solving. First, Hinsley, Hayes, and Simon (1978) found
that college students can categorize algebra word problems into types and that
this categorization can occur very quickly, sometimes even after reading just
the first phrase of the problem statement. FfFor example, if subjects were to
hear the words "“a river steamer," then they might surmise that the probiem was
one about current, perhaps comparing the rates of going upstream and downstream.
The ability to quickly categorize problems suggested to Hinsley et al. (1978)
that "problem schemata" exist and can be viewed as interrelated sets of knowl-
edge that unify superficially disparate problems by some underiying features.
Secondly, in the chess research, it appears that experts' superiority in memori-
zing chess board positions arises from the existence of a large store of intact
and well-organized chess configurations or patterns in memory (Chase & Simon,
1973). It is plausible that a choice among chess moves (analogous to physics
solution methods) results from a direct association between move sequences and
a configural (chunked) representation of the surface features of the board.
Finally, from research in medical diagnosis, there is evidence to suggest that
expert diagnosticians represent particular cases by general categories, and
that these categories facilitate the formation of hypotheses during diagnosis
(Pople, 1977; Wortman, 1972).

The accumulation of evidence for the importance of categorization in

expert problem solving leads us to examine the role of categorization in expert
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physics problem solving: in particular, to investigate the relationships
between such categorization and subsequent attempts at solution. The follow-
ing series of studies attempts to determine the categories that experts and
novices impose on physics problems (Studies One and Two), the knowledge which
these categorical representations activate in the problem solver (Study Three),
and the cues or features of problems which subjects use to choose among alterna-

tive categories (Study Four).

Study One: Problem Sorting

The objective of the first study was to determine the kinds of categories
subjects (of different experience) impose on problems. Using a sorting pro-
cedure, we asked eight advanced Ph.D. students from the physics department
(experts) and eight undergraduates (novices) who had just completed a semester
of mechanics, to categorize 24 problems selected from Halliday and Resnick's

(1974) Fundamentals of Physics text, beginning with Chapter 5 on Particle

Dynamics and ending with Chapter 12 on Equilibrium of Bodies. Three problems
were selected from each chapter, and these were individually typed on 3 x 5
cards. Instructions were to sort the 24 problems into groups based on simi-
larities in how they would be soived. The subjects were not allowed to use
pencil and paper and, thus, were not able to actually solve the problems in
order to sort them. As a test of consistency, subjects were asked to re-sort
the problems after the first trial. Following this, they were asked to explain
the reasons for their groupings. The time taken to sort an each trial was also
measured.

Analysis of Gross Quantitative Results

No gross quantitative differences between the sorts produced by the two

skill groups were observed. There were no differences in the number of




categories produced by each group (8.4 for the experts Md 8.6 for the novices),

and the four largest categories produced by each subject captured the majority
of the problems (80% for the experts and 74% for the novices). Likewise, ex-
perts and novices were equally able to achieve a stable sort within the two
trials. That is, their second sort matched their first sort very closely. i
This suggests that their sorting pattern was not ad hoc, but rather, was based
on some meaningful representation.

There were, however, some differences in the amount of time it took ex-
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perts and novices to sort the problems. It actually took experts longer (18

minutes or 45 seconds per problem, on the average) to sort the problems in the

o

first trial than the novices (12 minutes or 30 seconds). Both groups were

relatively fast at sorting the second trial (4.6 minutes for the experts and
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5.5 minutes for the novices). The speed with which the problems were sorted
on the second trial (about 12 seconds per problem) suggests that subjects
probably did not have to go through the entire process of “understanding” each

problem again. Since the problems were all categorized after the first trial,

the subjects probably needed only to identify the cues that elicited category
membership.

In general, these quantitative data suggest that both experts and novices

were able to categorize problems into groups in a meaningful way. Other than
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the difference in the time taken to sort on the first trial, there was little
difference between skill groups. The critical question then becomes, what
are the bases on which experts and novices categorize these problems.

Qualitative Analyses of the Categories

Analyses of four pairs of problems. A cluster analvsis (Diameter method)

was performed on the problems grouped together by the experts and those arouped




by the novices. Such an analysis shows the degree to which subjects of each lj
skill group agree that certain problems belong in the same group. One way to
interpret the cluster analysis is to examine only those problems that were
grouped together with the highest degree of agreement among subjects.

Our initial analysis centered on four pairs of probiems. Figures 1 and 2
contain the diagrams of pairs of problems that were grouped together by the !
novices and the experts, respectively. These diagrams can be d'awn to depict {
the physical situations described in the problem statements, and are sometimes {
given along with a problem statement (although no diagrams were given to the
subjects in our studies). All eight novices grouped the top pair (of Figure 1)
together, and seven of the eight novices grouped the bottom pair. Both pairs

of problems in Figure 2 were grouped together by six of the eight experts.

Insert Figures 1 and 2 about here

Examination of the novice pairs (Figure 1) reveals certain similarities

in the surface structures of the problems. By “surface structures,”" we mean

either (a) the objects referred to in the problem (e.g., a spring, an inclined
plane), (b) the literal physics terms mentioned in the problem (e.g., friction,
center of mass), or (c) the physical configuration described in the problem
(i.e., relations among physical objects such as a block on an inclined plane).
Each pair of problems in Figure 1 contains the same object components and
configurations: circular disks in the upper pair and blocks on an inclined
plane for the lower pair.

The suggestion that novices categorize by surface structure can be con-

firmed by examining subjects' verbal descriptions of their categories. (Samples




are given in the figures.) According to their explanations, basically the top
pair of problems involve "rotational things" and the bottom two problems in-
volve "blocks on inclined planes."

To reiterate, the surface features used by the novices may involve either
the keywords given in the problem statement, or the abstracted visual config-
urations. That is, the presence of identical keywords (such as friction) is
one criterion by which novices group the problems as similar. Yet, they were
also capable of going beyond the word level to classify by types of physical
objects. For example, "merry-go-round” and "rotating disk” are classified as
the same object, as is the case for the top pair of problems in Figure 1.

For experts, surface features do not seem to be the bases for categori-
zation. There is no great similarity in the keywords used in the problem
statements. Nor is visual similarity apparent in the diagrams depictable from
each pair of problems shown in Figure 2. Nor is the superficial appearance
of the equations that can be used on these problems the same. Oniy a physicist
can detect the similarity underlying the expert's categorization. [t appears
that the experts classify according to the major physics principle governing
the solution of each problem. The top pair of problems in Figure 2 can be
solved by the application of the Conservation of Energy Law while the bottom
pair is better solved by the application of Newton's Second Law (F=MA). The
verbal justification of the expert subjects confirms this analysis. If "deep
structure" is defined as the underlying physics law applicable to a problem,
then it seems clear that this deep structure is the basis by which experts
group the problems.

Analysis of categories. Further insight into the ways subjects cate-

gorize problems is given by the descriptions subjects gave for the categories




they created. Tables 1 and 2 show the category descriptions (column 1) used

by more than one expert or novice. These category labels apply to all prob-
lems within each of their sorted pﬂes.l Column 2 shows the number of sub-
jects who used the category label. Column 3 shows the average size of the
category among subjects who used it. And column 4 gives the total number of
problems {(out of 192, 24 problems for each of 8 subjects) accounted for by

the category.

Insert Tables 1 and 2 about here

There are several things to note about these data which confirm our
initial analyses of the four pairs of problems. First, there is little
overlap between expert and novice categories. Only five of 20 distinct
categories (marked with asterisks) are shared by the two groups. Second,
if one considers the four predominant categories (the upper four in the
tables in each subject group, ranked by total number of problems in each),
the only overlap is in the category "angular motion." In particular, for
these predominant classifications, the novices' descriptions are mostly
objects and other surface characteristics of problems, whereas descriptions
given by experts all involve laws of physics.

Third, although both experts and novices classify a large number of
probiems {61% for the experts, 43% for the novices)2 into four categories,
there is a slight difference in the distribution of the problems across
categories, which may suggest greater variability in novices' classifica-
tion. That is, three major categories aczounted for a sizable number (33
on the average) of experts' problems, whereas only one major category

accounted for a large number (39) of novices' problems. This again suggests
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that experts are able to "see" the underlying similarities in a great number
of problems, whereas the novices "see" a variety of problems that they con-

sider to be dissimilar because the surface features are different.

Study Two: Sorting Problems with Surface Similarity

The objective of this study was to test our interpretations of Study
One, that experts categorize problems by laws of physics, and novices cate-
gorize them by the surface features. A new set of 20 problems was con-
structed in which surface features were roughly crossed with applicable
physics laws. Table 3 shows the problem numbers and the dimensions on which
these problems were vam‘ed.3 The left column indicates the major objects
that were described in a problem. The three right headings are basic laws
that can be used to solve problems. Figure 3 shows an example of a pair
of problems that contain the same surface structure but different deep
structure. In fact, they are identical except for the question asked.
Our prediction was that novices would group together problems that have
the same surface structure, regardless of the deep structure, and experts
would group together those problems with similar deep structures, regard-
less of the surface structure. Individuals of intermediate competence

should exhibit some characteristics of each,

Insert Table 3 and Figure 3 about here

The results confirm our previous interpretation. Table 4 shows the
groupings and explanations of a novice who had completed one course in
mechanics. This novice classification is based entirely on the surface

structures of the problems. He collapsed problems across the physics laws,
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as was predicted. For example, of the four problems in Group 2, 11 and 12

are Force problems and 16 and 19 are Energy problems. The two problems in
Group 4, classified by the novice as "Conservation of Energy," were problems
purposely constructed as additional tests of "surface dependence" in novices.
That is, the novice identified them as Energy problems only because they
both have Energy "cover stories," (i.e., they are stated in terms of Energy),

even though the major principle in each is Conservation of Momentum.

Insert Table 4 about here

Table 5 shows the groupings of a physics graduate student. He classi-
fied the problems according to the three underlying physics laws specified
a priori in Table 3. However, four of his classifications are discrepant
with our analysis of the underlying principles. These discrepancies probably
reflect deficiencies in his knowledge organization. That is, the features

in the problem statement cued the "wrong" category.

Insert Table § about here

That the graduate student's categorization was deficient is supported

by Table 6 which shows the ;ategories of a physics professor who sorted the

problems after having spent considerable time thinking about how he would
solve each problem in conjunction with a different task (reported in Study
Four). Hence, this subject's categorization can serve as a validation for
our prior analysis of problem types (Table 3). Only one problem, (9), is

sorted according to a principle different from our choice.

B
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Insert Table 6 about here

What would an individual of intermediate competence do? Table 7 shows
the groupings of an advanced novice (a fourth year undergraduate physics
major). His representations of the problems are characterized by the under-
lying principles in an interesting way. These principles are qualified and
constrained by the surface components included in the problems. For example,
instead of classifying all the Force problems together (Groups 4, 6, and 7),
as did the expert, he explicitly separated them according to surface entities
of the problems. However, although he did not strictly group problems by
physics laws, neither did he uniformly group them according to surface
features. For instance, Groups 3 and 6 were separated even though they
both involved springs. In addition, his principle-groupings were substan-
tially discrepant with our prior analysis and that of the physics professor

(Expert V.V. Table 6).

Insert Table 7 about here

To summarize the second study, we were able to replicate the initial
finding that experts categorize physics problems by the underlying physics
principles, a kind of "deep structure," whereas novices categorize problems
by the surface structure of the problem. Furthermore, with learning, ad-
vanced novices begin to categorize problems by the principles with gradual

release from dependence on the physical characteristics of the problems,

although their groupings are still constrained by surface features.
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Discussion of the Nature of the Representation

The results of the first two studies clearly indicate that the cate-
gories into which experts and novices sort problems are qualitatively dif-
ferent. However, neither group is classifying solely on the basis of the
literal description of the problem statement. Both are able to read and
gain some understanding of the problem: that is, to construct a somewhat
enriched internal representation of it.

What is the relation between categorization and a subject's representa-
tion of problems? There are at least two plausible interpretations. One
is that after the reading of a problem statement, a representation is formed
and, based on that representation, the problem is categorized. The taxonomy
of representations proposed by McDermott and Larkin (1978) offers a plausi-
ble interpretation for the present results. These authors have proposed
that the problem solver progresses through four stages of representations

as s/he solves a problem. The first stage is a literal representation of

the problem statement (containing relevant keywords) and the fourth stage
is the algebraic representation that results once equations are produced.
The middle two are the most important. The second stage ("naive") repre~
sentation contains the literal objects and their spatial relationships as
stated in the problem and is often accompanied by a sketch of the situation
(Larkin, 1980).4 Such a representation and the accompanying sketch is
"naive" because it can be formed by a person who is relatively ignorant of
the domain of physics. The third stage ("scientific") representation con-
tains the idealized objects and physical concepts, such as forces, momenta,

and energies, which are necessary to generate the equations of the algebraic

representation. This stage is related to the solution method. A plausible
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interpretation based on this framework is to postulate that novice's cate-
gorization is based on the construction of "naive" representations, with

some limited elements of a "scientific" representation. Experts, on the
other hand, may have constructed a more "scientific" representation, and
based their categorizations on the similarities at this third level of repre-
sentation. Such an interpretation would be consistent with the timing data
of Study One: that is, it could explain why experts actually took longer
initially to classify the problems. They had to process the problems more
"deeply" to a scientific representation in order to determine the principle
underlying a problem.

An alternative interpretation for the nature of problem representation
and its relation to categorization, is to postulate more interaction among
“stages” of representation than is propased by McDermott and Larkin. Under
this interpretation, a problem can be at least tentatively categorized after
some gross preliminary analyses of the problem features. After a potential
category is activated, then the remainder of the representation is constructed
for solution with the aid of available knowledge associated with the category.
This interpretation is supported by the evidence that a problem can be cate-
gorized quickly (within 45 seconds, including reading time) and that it can
often be tentatively categorized after reading just the first phrase of the
prob]eml(Hinsley et al., 1978; and our own results from Study Four). Accord-
ing to this interpretation, a problem representation is not fully constructed
until after the initial categorization has occurred. The categorization
processes can be accomplished by a set of rules that specify problem features
and the corresponding categories that they should cue.

The second interpretation is our initial preferred hypothesis for the

process of representing a problem for solution. It suggests that a problem
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representation is constructed in the context of the knowledge available for
a problem type which constrains and guides the final form which the repre-
sentation will take. A category and its associated knowledge within the
knowledge base constitute a "schema," in Rumelhart's sense (in press), for

a particular problem type. It is the content of these problem schemata
(plural for schema) that ultimately determines the quality of the problem
representation. Because the character of problem categories is dif-

ferent between experts and novices, we postulate that their problem schemata
contain “"different" knowledge. The next study presents a somewhat more
direct look af the knowledge accessed by the category labels used by experts

and novices.

Study Three: Contents of Schemata

We presume that the category descriptions provided by experts and
novices (Tables 1 and 2) represent labels they use to access a related unit of
knowledge, i.e., a schema. To assess the kind of knowledge that might be
associated with these schemata, a selected set of 20 category labels, ranging
from those generated predominantly by experts (e.g., Newton's Second Law,
see Table 1) to those provided by novices (e.g., block on incline, see
Table 2), were presented to two experts (M.G., M.S.) and two novices (H.P.,
P.D.). Subjects were given three minutes to tell everything they could
about problems involving each category label and how these might be solved.

Analysis of Protocols as Node-link Structures

The protocols of one expert's (M.G.) and one novice's (H.P.) elabora-
tion of the category label "inclined plane," can be grossiy diagramed in
the form of a node-link structure (see Figures 4 and 5). The network

depiction shown in Figure 4 indicates that the novice's representation for
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“inclined plane" is very well developed. His representation contains numer-
ous variables that can be instantiated, including the angle at which the
plane is inclined with respect to the horizontal, whether there is a block

resting on a plane, and the mass and height of the block. Other variables

mentioned by the novice include the surface property of the plane, whether

or not it has friction, and if it does, what the coefficients of static and

kinetic friction are. The novice also discussed possible forces that may

act on the block, such as possibly having a pulley attached to it. The
novice did not discuss any physics principles until the very end, where he

mentioned the pertinance of Conservation of Energy. However, his mentioning

of the Conservation of Energy principle was not elicited as an explicit
solution procedure that is applicable to a configuration involving an in-
clined plane, as is the case with the expert, as will be seen in a later

analysis.

Insert Figure 4 about here

The casual reference to the underlying physics principle given by the
novice in the previous example is in marked contrast to the expert's protocol
in which she immediately mentioned general alternative basic physics prin-
ciples, Newton's Force Laws and Conservation of.Energy, that may come into
play for problems containing an inclined plane (see Figure 5). The expert
not only mentioned the alternative methods, but also the conditions under
which they can be applied (see the dotted enclosures in Figure 5). There-
fore, the expert appears to have, associated with her principles, procedural

knowledge about the applicability of the principles.




Insert Figure 5 about here

After her elaboration of the principles and the conditions of their
applicability to inclined plane problems (depicted in the top half of

Figure 5), Expert M.G. continued her protocol with descriptions of the

structural or surface features of inclined plane probiems (see lower half

of Figure 5), much like the description provided by Novice H.P. in Figure 4.
Hence, it appears that this knowledge is common to subjects of both

skill groups, but the expert has additional knowledge pertaining to solution

procedures based on major physics laws.

Analysis of Protocols in the Form of Production Rules

An alternative way to analyze the same set of protocols is to convert
them directly into "production rules" (Newell, 1973). This can be done
simply by converting all statements that can be interpreted as reflecting
IF-THEN or IF-WHEN structures in the protocols. This transformation is
quite simple and straightforward, and covers a majority of the protocol
data. Tables 8 and 9 depict the same set of protocols as do Figures 4 and
5, except these include also the data of the other two subjects. Such an
analysis captures differences between the expert and novice protocols in

a more pronounced way, and other differences also become more apparent.

Insert Tables 8 and 9 about here

As suggested earlier, the experts' production rules (Table 8) contain

explicit solution methods, such as "use F=MA," "sum all the forces to 0."

$#
i
These procedures may be considered as calls to action schemata (Greeno, 1980). 1
5
%




None of the novices' rules depicted in Table 9 contain any actions that

are explicit solution procedures. Their actions can be characterized more
as attempts to find specific unknowns, such as "find mass" (see rules with
asterisks in Table 9). In addition, one novice (H.P.), exhibited a number
of production rules that have no explicit actions. This suggests that he
knew what problem cues are relevant, but did not know what to do with them.
That is, if we think of the protocols as reflecting contents of an inclined
plane schema, the novice's schema may contain fewer explicit procedures.
Finally, our network analyses (Figures 4 and 5) suggested that the
mentioning of Conservation of Energy by Novice H.P. was somehow different
from the mentioning of Conservation of Energy by the Expert M.G. This dif-
ference can now be further captured by this second mode of analysis. In
Table 9, it can be seen that the novice H.P.'s statement of Conservation of
Energy (Rule 8) was part of a description of the condition side of a produc-
tion rule, whereas the statement of this principle by both experts (Table 8,
see asterisks) is described on the action side of the production rules--
supporting our previous interpretation of a difference in the way "Conserva-
tion of Energy" was meant when mentioned in the protocols of Novice H.P.

(Figure 4) and expert M.G. (Figure 5).

Study Four: Feature Identification

We have now claimed: (a) that experts and novices categorize problems
differently, (b) that these categories elicit a knowledge structure (a
schema) that functions in the representation of a problem, and (c) that at
least for experts this schema includes potential solution methods. In this
study, we attempt to determine problem features that subjects use in elicit-

ing their category schemata and, hence, their solution methods.
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Subjects in this study were asked to read problem statements and to
think out loud about the "basic approach" that they would take towards solv-
ing the problem. Subjects were encouraged to report all thoughts and
hunches they had while deciding upon a "basic approach," even if these ideas
occurred during the reading of the problem. Following this unconstrained
thinking period for each problem, subjects were asked to state their "basic
approach" explicitly and to state the problem features tha' led them to
their choice.

The subjects were two physicists who had frequently taught introductory
mechanics and two novices who had completed a basic college course in me-
chanics with an A grade. The problems used in this task were the same 20
(described in Table 3) used for the sorting replication (Study Two). That

is, they have surface configurations crossed with principles.

Analyses of "Basic Approaches"

Table 10 gives the final "basic approaches" for all 20 problems, as stated
by the two experts. Two aspects of these results are noteworthy. First,
"basic approaches" are interpreted by the experts as the major principles
they would apply to solve the problems. In particular, these experts used
the same terms for describing the basic solution method they would use as
other experts have given in the sorting tasks. This task elicited responses
consisting of the three major principles even more consistently than did the
sorting task (compare Tables 10 and 1). For only one problem (Problem =1),
did each expert use another term (center of mass). Second, intersubject
agreement is nearly perfect. Only three problems (3, 5, 7) seemed like dis-
agreements between the subjects. These arise from Expert J.L.'s use of

"work" and Expert V.V.'s use of "Conservation of Energy." Postexperimental
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discussion revealed that Expert J.L. made a distinction between "energy"

problems in which a dissipative force must be accounted for in the energy
equation (work) and problems involving no dissipative force (strict Con-
sarvation of Mechanical Energy). Expert V.V. made no overt distinction
between these types, treating the "work" problems as a special case of

Energy Conservation.

Insert Table 10 about here

Results from the two novices were impossible to analyze in the same
way because these subjects were unable to produce any kind of abstracted

solution methods except the most general kind. In particular, when asked

to develop and state "a basic approach," they did one of two things. They

either made very global statements about how to precede, "First, I figured

out what was happening...then I, I started seeing how these different

things were related to each other....I think of formulas that give their

relationships and then...I keep on relating things through this chain....,"

or they would attempt to solve the problem, giving the detailed equation

sets they would use.

Features Cuing the Principles

We examined the second portion of the protocols where subjects ex-
plicitly stated the features of the problems that led to their "basic
approach.” This analysis reveals several interesting aspects that are
consistent with our interpretations from earlier experiments. Table 11
shows the frequency with which problem features were cited by the two

experts and two novices as salient for leading to their "basic approach.”

-
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A feature was included if it was mentioned at least twice (across 20 problems)

by either of the two subjects, or once by both. The numbers given represent

the number of problems for which each subject listed each feature as influ-

ential in his or her "basic approach" decision.

Insert Table 11 about here

First of all, as can be seen in the table, the kinds of features men-
tioned as relevant by the novices are different from those identified as
relevant by the experts. There is essentially no overiap in the features
mentioned by novices and experts except for the object "spring." Relevant
features selected by the novices are again literal objects and terms that
can be identified in the problem statement, such as “friction," “"gravity,"
etc. Features identified by the experts can be characterized as descrip-
tions of the states and conditions of the physical situation described by
the problem. In some instances, these are transformed or derived features,
such as a "before and after situation” or "no external forces." Because

these features are not explicitly stated in the problem, we refer to these

features as second-order features. Second-order features are almost never
mentioned by the novices.

Since second-order features must necessarily be derived from more
literal surface features that are in the problem statements, it is of
interest to see if the surface features in the problem statement that elicit
these second-order features can be identified. In order to do this, we can
examine the initial part of the protocols (deciding the "basic approach")

where second-order features were mentioned, and infer the literal surface
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features from which these were elicited. Such inferences can be made more
easily from protocols in which subjects gave responses after reading seg-
ments of the problem statement. In such cases, we can make mappings between
what was read and what was said. In any case, such inferences are difficult
and must be speculative.

Table 12 categorizes the "basic approaches” given by Expert V.V. into
three main principles shown in column 1. Column 2 1ists second-order
features he often identified as helpful in deciding on a "basic approach."
Column 3 gives examples of "surface" information from problem statements
that we infer contributed to Expert V.V.'s second-order features. For ex-

. ample, it appears that Expert V.V. judges a problem to be a Conservation of
Momentum problem when it involves a "before and after" situation with "no
external forces or torques." "Before and after” situations, in turn, are

identified in a problem when it has either a physical process with end

points (e.g., something starts and eventually stops) or a physical state F
that changes abruptly (e.g., there is a point where the girl has the rock '
and a point after which she does not). "No external forces" can sometimes
be directly derived from the problem given, such as "neglecting friction" H
or may involve complex inference on the subject's part. It is clear that

for the expert, even "first-order" features that feed second-order features

can themselves be complex interactive information.

g Insert Table 12 about here

Even though the experts cite the abstracted features as the relevant

cues (Table 11), the basic keywords utilized from the problem by the two

|
|
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groups may still be the same, as was suggested from the results of Study
Three. A direct way to ascertain whether subjects of different skills con-
sider the same set of words as important, is to ask them to circle those
words in the problem statements. In a separate study, eight novices and
eight experts (graduate students) were asked to circle those words in the
(previously used) 20 problems that they thought were relevant in helping
them decide how difficult a problem is to solve. Although the task--request-
ing sources of difficulty--is slightly different from those used in Study
Four, the results show a large overlap in the keywords selected by both
groups. The only difference is that experts tended to identify fewer sets
of words as relevant to their judgments as compared to the novices. How-
ever, almost always, the keywords chosen by the experts are subsets of

those chosen by the novices.

Analysis of the Process of Problem Representation

Throughout the present paper, our working definition of a problem
representation has been that it is an internal cognitive structure that
is constructed by a problem solver to "stand for" or model a problem. In
our discussion at the end of Study Two, we speculated that for both ex-
perts and novices, a probliem representation is constructed within the
constraints of the category knowledge (schema) that the problem activates.
Hence, the resulting problem representation is an outcome of both the
initial categorization processes (resulting from analyses of cues in a
bottom-up manner) and the completion of a representation based on the
knowledge available (top-down processing). We are now able to investigate
this interactive process of categorizing and representing a problem more
directly, by examining the subjects' protocols as they decide on a "basic

approach."




In general, early in the reading of a problem, the expert usually

entertains a hypothesis, a potential physics principle, or a set of plau-
sible competing hypotheses. (Expert J.L., for example, generated her
first principle(s) after reading 20% of each problem on the average.)
This is followed by the extraction from the problem of additional features,
which are used to confirm, reject, or choose among hypothesized principles.
A process of this kind is shown in Figure 6, which gives a schematic
analysis of Expert J.L.'s development of a "basic approach" for Problem 16.
Problem segments (column 1) and protocol segments (column 4) represent
actual subject break points in the reading of the prublem; that is, after

having read the phrase A block of mass M is dropped from a height X,

Expert J.L. paused and gave the protocol indicated in column 4. Columns 2
and 3 represent our analysis of the possible second-order features and i
principles that the subject is deriving from that particular segment of
the problem. OQur interpretation is based on both the contents of her

protocol at that point in time, as well as her comments during the later

probing section of the inverview when she explicitly mentioned the features

(see Table 11) that lead her to a final "basic approach."

Insert Figure 6 about here

In following the trace of Expert J.L.'s protocol given in Figure 6,
we hypothesize that literal elements ("dropped" and "height X") directly
trigger, for the expert, the possibility that the problem is one involving

Conservation of Energy. Activating the Conservation of Energy schema,

in turn, generates "slots" that guide the further interrogation of the
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problem. We interpret these slots to include, for example, the specifica-
tion of "well-defined final conditions" and hence, a "before and after
situation." In contrast to the slots of the novice (to be discussed below),
the slots generated by this expert are at a high level. That is, filling
these slots requires transformation of the literal features in the problem
statement.

In particular, in the protocol, as slots are filled with first- and
second-order problem features, the hypothesized Conservation of Energy
representation is maintained. Final consideration of "maximum spring
compression" completes the requirement for a "before and after" second-
order feature, which, in turn, along with "no dissipative forces," con-
firms the validity of the Conservation of Energy schema as a representa-
tion for the problem.

It is also quite clear from Expert J.L.'s final comments in Figure 6
that the process of "instantiating” the Conservation of Energy schema
for the problem has yielded a general, abstract form for the equation
that will be used in solution, that is, equating the "potential at the
top" with the "potential energy of the spring” at the bottom. We presume
that in full solution of the problem, the subject would proceed to repre-
sent these terms symbolically and manipulate the resulting equation alge-
braically.

The protocol of a novice on the "basic approach" task for the same
problem is given in Figure 7. Because the subject gave no protocol be-
fore reading the entire problem, we created hypothetical problem segments

(column 1) based upon our interpretation of his protocol. Column 2 is

comprised of equations that can be derived from his protocol in column 3.

o
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In this example, we presume that the idea of falling as indicated by A

block of mass M dropped from a height X elicits the idea of gravity which,

with the addition of a mass, generates the equation F=Mg. The "spring"

and the "spring constant" suggest the equation F=-kx. Following the genera-
tion of these two separate and parallel knowledge states, the novice sees a
common element between them which is "F," the forces. This enables him to

equate the two, thereby eliminating the unknown.

Insert Figure 7 about here

Our interpretation for the novice in this case is that his problem
representation is guided by two surface-oriented schemata, one associated
with "springs" and the other with "gravity." The "slots" for these schemata
would be related to the variables of a problem, comparable to those generated
for an "inclined plane" schema shown in Figure 4. The process of representation
is concerned mostly with finding the values of these variables, through equa-
tions that relate them.

Summary. Three kinds of analyses were carried out in Study Four:

(a) an analysis of the basic solution methods ("basic approach") that sub-
jects apply to problems, (b) the identification of features in the problem
statement leading to a “basic approach,” and (c) an analysis of the process
of constructing a problem representation.

The analyses of "basic approaches" provided results consistent with
those found in the first two studies. In partic "ar, experts gave "basic

approaches” defined by the major physics principle they would apply to the

problem and there was near total agreement between the experts regarding the
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principle they would apply. The results for experts further established the
relationship between problem categorization, as exhibited by expercs in
Studies One and Two, and methods of solution; that is, experts categorize
problems according to abstracted solution procedures. Novices were unable
to formulate solution methods at intermediate levels of abstraction between
"meta-level" prescriptions for how to proceed and highly specific equations.
This suggests that novices' surface-oriented categorizations yield equations
associated with these surface components.

The analysis of the features suggests that experts perceive more in a
problem statement than do novices. That is, they have a great deal of tacit
knowledge that can be used to make inferences and derivations from the situa-
tion described by the problem statement. Their selection of the "principie"
to apply to a problem seems to be guided by this second-order, derived knowl-
edge. Hence, even though the same set of keywords may be deemed important
by subjects of both skill groups, the actual cues used by the experts are
not the words themselves, but what they signify. Novice features eliciting
what they considered to be a "basic approach" were, again, literal problem
components leading to equations.

The final analysis in Study Four investigated the process of construct-
ing a problem representation. For experts,it was suggested that this
process occurs over a span of time and involves interplay between the prob-
lem statement and the knowledge base--even during the reading of the problem.
Literal cues from the problem statements are transformed into second-order
(derived) features which activate a category schema for a problem type.

This schema is organized by a physics law. It guides completion of the

problem representation and yields a general form for the equations to be

used in problem solution. For novices, problem representation is organized




by schemata for object categories, for example, "spring problems" or "falling

bodies." These yield equations specific to probliems at these levels, and much
of the process of problem representation involves instantiating the variables

in these equations.

General Discussion

Qur research goal has been to ultimately understand the difference
between experts and novices in solving physics problems. A general differ-
ence often found in the literature (Larkin, McDermott, Simon, & Simon, 1980;
Simon & Simon, 1978) and also in our own study (Study Four, examining the
processes of arriving at a "Basic Approach") is that experts engage in quali-
tative analysis of the problem prior to working with the appropriate equations.
We speculate that this method of solution for the experts occurs because the
early phase of problem solving (the qualitative analysis) involves the acti-
vation and confirmation of an appropriate principle-oriented knowledge struc-
ture, a schema. The initial activation of this schema can occur as a data-
driven response to some fragmentary cue in the problem. Once activated, the
schema itself specifies further (schema-driven) tests for its appropriatness
(Bobrow & Norman, 1975). When the schema is confirmed, that is, the expert
has decided that a particular principle is appropriate, the knowledge con-
tained in the schema provides the general form that specific equations to
be used for solution will take. For example, once the problem solver has
decided to use an Energy Conservation approach, the general form of the
solution equation involves energy terms equated at two points. The solver

then needs only to specify these terms for the problem at hand. Such initial

qualitative analysis would naturally lead to a more forward-working character

(PN - P s, A
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(Larkin et al., 1980) of problem solving for the expert, in that the equations
used depend more on the way the problem is represented than on the "unknown."
While the problem unknown obviously cannot be ignored by the experts, the
status of the unknown in the expert solution method appears secondary to that
of deciding which physics principles have their conditions of applicability
met in the problem. Hence, analogous to the way that a chess expert's
initial classification yields a small set of "good" alternative moves, which
must then be investigated analytically (Chase & Simon, 1973), the physics
expert's initial categorization restricts search for a particular solution

to a small range of possible operations.

Consistent with this point of view, the exploratory studies reported
here suggest that problem solving in a rich knowledge domain begins with a
brief analysis of the problem statement to categorize the problem. The first
two studies showed that experts tended to categorize problems into types that
are defined by the major physics principles that will be used in solution,
whereas novices tend to categorize them into types as defined by the entities
contained in the problem statement. We view the categories of problems as
representing internal schemata, with the category names as accessing labels
for the appropriate schemata. While it is conceivable that the categories
constructed by the novices do not correspond to existing internal schemata,
but rather, represent only probiem discriminations that are created on-the-
spot during the sorting tasks, the persistance of the appearance of similar
category labels across a variety of tasks gives some credibility to the
reality of the novice categories even if they are strictly entities-related.
Since our conception of problem solving is that it begins with the

typing of the problem (or activating the appropriate schema) in a bottom-up
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manner by analyzing the problem features, Study Four attempted to capture

these features. It appears that both skill groups use the same basic set

of features in the problem statement, but the cues themselves and their
interactions engage greater tacit knowledge for the experts than the novices.
Experts then base their selection of the appropriate principle on the result-
ing second-order, derived cues. Novices basically use the features explicitly
stated in the problem.

Furthermore, we presumed that once the correct schema is activated,
knowledge (both procedural and declarative) contained in the schema is used
to further process the problem in a more-or-less top-down manner. The
declarative knowledge contained in the schema generates potential problem
configurations and conditions of applicability for procedures, which are
then tested with what is presented in the problem statement. The procedural
knowledge in the schema generates potential solution methods that can be
used on the problem. This type of interactive processing {both top-down

and bottom-up) seems to be consistent with that captured in Study Four when

subjects were simply asked to generate a "basic approach” to the problem.

In order to ascertain whether our initial hypothesis about the contents
of the problem schemata is correct, Study Three attempted to assess their
contents by asking subjects to elaborate on them. Such initial analyses
have begun to show clear differences between the problem schemata of experts
and those of the novices: Experts' schemata contain a great deal! of pro-
cedural knowledge, with explicit conditions for applicability. Novices'
schemata may be characterized as containing sufficiently elaborate declara- 1
tive knowledge about the physical configurations of a potential problem, but

lacking abstracted solution methods. 5

4
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Footnotes

1For example, if a subject said of a problem group: "These all in~
volve inclined planes, some with a frictional surface, some frictionless,"
the label "inclined planes" was counted since it applied to all problems
in the set.

2The percentages here do not correspond to those mentioned on page 5.
Those were based on the largest sorting piles given by each subject,
regardless of their contents or what they were labeled. Percentages here
(in Tables 1 and 2) are based on the sizes of specifically labeled cate-
gories when they were used by subjects.

3The problems were chosen from texts or constructed (to satisfy the
a priori classification scheme) by Andrew Judkis, an assistant in the
project who was a senior electrical engineering major with substantial
experience in physics. It was clear that some problems could be solved
using approaches based on either of two principles, Force and Energy, and

in fact Judkis solved them both ways. In these cases, the problem is listed

under the principle he judged to yield the simplest or most elegant solu-
tion but is marked with a cross. Also, some problems were two-step
problems involving both momentum and energy. These are listed under the
principle tha; seemed most important (in this case, momentum conservation)
and are marked with a "+." These two-step problems are not designated
explicitly as involving two principles. Some problems involve more than

one potential physical configuration, e.g., "a pulley attached to an

incline." These are marked with a single asterisk and 1isted multiply

under alternative features.
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4In the McDermott and Larkin (1978) paper, they referred to the second
stage of representation as the accompanying or produced diagram, and the
third stage as the abstracted free body diagram. We took the liberty of
corresponding the "naive" representation as the second stage and the
“scientific" representation as the third stage, although Larkin (1980) has
developed the ideas of "naive” and "scientific" representations beyond

that of the diagram and the free body diagram.




Tabie 1 f ;
Expert Categories )
Number of Subjects Average Size Number of Probiems
Category Labeis Using Categorv Labeis of Category Accounted for
(N1=8) (Ngy=24) (N7 X N2)
Second law 8 6.0 36
Energy arincipies (Conservation
of Energy considerations,
Work-Energy Thegrem)+ 6 5.5 33 !
*Momentum principies (Canservation : ]
of Momentum, Conservation of # ',;
Linear Momentum, momentum 12
considerations)T 6 5.0 30 ;‘
“Anguiar motion {angular speed, ;
rotational motion, rotational
kinematics, rotational dynamics!t 6 3.0 18
Circular motion 5 1.6 8
f
*Center of mass (center of gravity)t ] 14 7
L
Statics 4 1.0 4 | ;
Conservation of Angular Momentum 2 1.5 3 tl
*Work (work and kingtic energy, 1
work and power) 2 1.5 3
Linear kinematics (kinematicsit 2 1.5 3
Vectors 2 1.0 2
*Sorings (spring and potential
energy, spring and forcelt 2 1.0 2

Nore. * incicates the categories used by both novices and experts.

+
when multiple descriptors across subjects were treated as equivalent
these are given in parentheses. ’




Taple 2
Novice Categories

Number of Subjects

Average Size

Number of Problems

Category Labeis Using Category Labeis of Category Accounted for
(N,=8) (N2-24) (N7 X N32)

* Angular motion {angular velocity.

angular momentum, angular

quantities. angular speed)+ 7 5.6 39

*Springs {spring equation, spring

constant, spring force)t ] 28 17

Inclined planes (biocks on incliner 4 38 15

Velocity and acceleration 2 5.5 1"

Friction 2 5.0 10

Kinetic energy 4 20 8

*Canter of mass (center of gravity}+ 5 1.4 7

Cannaot classify (do not know

equations, Jo NOT go with anything eise) + 4 1.8 7

Vertical motion 2 35 7

Puileys 3 2.0 6

*Mamentum principles (Conservation

of Momentum) + 2 3.0 6

“*Work (work, work plus second law,

work and power) 4 1.0 4

Free Fail 2 1.0 2

Note. ° ingicates the categories used by octh novices and experts.

+
when multiple descriptors across subjects were treated as equivalent,
these are given in parentheses.
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Tabie 3
Probiem Categories ‘
Principles
Momentum
Surface Structure Forces Energy (Linear or Anguiar}
Pulley with hanging biocks 20t
11 19t
14* 3°t
Soring 7
18 18 1
17+
9 6~
inciined Plane 14” 3.
s
Rotational 18 2
13
Single hanging biock 12
8lock on biock 8
Cotlisions {Bullet-"Sloek”
or Slack-Blocki 4
[ 3
10~

Note. * Propiems with more tan one salient surface feature. Listea muit:oly Yy feature.

1 Problems that couid oe sdlved using either of two arinciples, energy or fores.
+ Two-step problems, momentum pius energy.
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Table 4
Problem Categories and Exptanations for Novice H. P.

Group 1: 2,18 "Rotation”’

Group 2: 11,12,18°, 19 “Always a block of some mass hanging down'’
Group 3: 4,10 “Vetocity probiems’’ {cotlisions)

Group 4: 131,17 “Conservation of Energy "’

Group §: 6.7.9,18 “Sepring’’

Group 6: 3.5 14 “Inclined plane’’

Groups 7, 8, 9 were singietons

Nore. * Problem discrepant with our prior surface analysis as indicated in Table 3
t Probiems disrepant with our prior principies analysis as incicated in Table 3.

Table §
Probiem Categories and Expianations for Expert G. V.

Group 1: 3.9, 21,17, 20. 5.7, 19, 18 “Conservation of Energy "’
Group 2: 13, 4, 10, 8, 18t, 1, 18t "“Conservation of Linear and Anguiar Momentum "’
Group 3: 8, 12, 14, 11 ““Statics prcbiems or Haiance forces’”

Nore. t Probilems discrepant with our prior principies analysis.
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Table 6
Prcbiem Categorics and Exptanations for Expert V. V.

Group 1:
Group 2:
Group 3:
Group 4:
Group 5:

Group 6:

2. 13 “Conservation of Angular Momenzum™’

18 “Newton’s Third Law"”

1, 4 *Canservation of Linear Momentum*’

19, 5. 20, 16, 7 “Conservation of Energy”

12, 18, 9t, 11, 8, 3, 14 “Application of equations of motion'’ {F = MA)
6, 10, 17 ‘“Twe-step preblems: Censervaticn of Linesr

Mcmentum pius an energy calculation of
some sort’’

Vore. t Problemn discrepant with our prior grinciptas analysis.

Tabie 7

®roblem Categories and Explanations for Advanced Novice M. M.

Group 1:
Group 2:
Group 3:

Group 4:

Group 5:

Group 6:

Group 7:

14, 20 “Pulley”’

1. 4.6, 10. 12 “Conservation of Momentum™ {cailision)

9. 13t, I7, 18t “*Conservation of Energy’’ (springs)

19. 11 “Force probiems which invoive 3 massiess
puiley”’ (puliey}

2. 15t “Consarvation of Anguiar Momentum’’
{rotation)

T, 167 “Force probiems that involve springs”
(spring)

8, i, 3 “Force probiems”’ {inclined plane)

.Vore. Italic numbers mean that these problems share a simiiar surface feature, which is 'ngicatea
in the oarentheses, f the feature is not explicitly stated bv the subject.
t Probiemns discrepant with Qur prior principles anaiys:s.
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Table 8

Expert Productions Converted from Protocols

M.S.

|F problem involives an inclined plane

THEN a) expect something rolling or sliding up or down
b) use F=MA
c) use Newton's 3rd Law

*2. {F plane is smooth
THEN use Conservation of Mechanical Energy
3. If plane is not smooth
THEN use work done by friction
4. IF problem involves objects connected by string and one object being pulled by the other
THEN consider string tension
5. IF string is not taut
THEN consider objects as independent
M.G.
1. (IF pioblem involves inclined plane}*
THEN a) use Newton's Law
b} draw force diagram
*2. (IF problem involves inclined plane}”
THEN can use Energy Conservation
3. IF there is something on plane
THEN determine if there is friction
4. [|F there is friction
THEN put it in diagram
5. (IF drawing diagram)'
THEN put in all forces - gravity, force up plane, friction, reaction force
6. (IF all forces in diagram)?®
THEN write Newton's Law'’s
7. IF equilibrium problem
THEN a) ZIF=0
b) decide on coordinate axes
8. [F acceleration is involved
THEN use F = MA
9. IF “that’s done” {drawing diagram, putting in forces, choosing axes)

THEN sum Components of forces

* Statements in parentheses were not said explicitly by the subject but are indicated by the context.




Taple 9

Novice Productions Converted from Protocols

H.P.

{IF problem involves inclined plane)”
THEN find angle of incline with horizontal

*2. If block resting on plane
THEN a) find mass of block
b) determine if piane is frictionless or not
3. |IF plane has friction
THEN determine coefficients of static and kinetic friction
4. |F there are any forces on the block
THEN .....
5. IF the block is at rest
THEN .....
6. IF the block has an initial speed
THEN.....
7. (F the plane is frictioniess
THEN the problem is simplified
8. IF problem wouid involve Conservation of Energy and height of biock, length of plane, height of plane
are known
THEN could solve for potential and kinetic energies
P.D.
*1.  (IF problem involves an inclined plane)’
THEN a) figure out what type of device is used
b) find out what masses are given
c) find outside forces besides force coming from puliey
2. IF pulley invoived
THEN try to neglect it
3. IF trying to find coefficient of friction
THEN slowly increase angle until block on it starts moving
4. |F two frictionless inclined planes face each other and a ball is rolled from a heigh: on one side
THEN ball will roll to same height on other side
S. |F something goes down frictionless surface
THEN can find acceleration of gravity on the incline using trigonometry
6. IF want to have collision

THEN can use inctine to accelerate one object

? Statements in parentheses were not said explicitly by the subject but are indicated by the context.

PRt -acvs) 9 © S~ WO e gl




Table 10
Final Stated “"Basic Approaches” of Experts V. V. and J. L.

V. V.

J. L.

Problem 1

Problem 2

Problem 3

Problem 4

Problem 5

[+ 1]

Problem

Propiem 7
Probiem 8

Probtem 9
Problem 10

Probiem 11
Probiem 12

Problem 13

Probiem 14
Probiem 15
» Problem 16

Probiem 17

Probiem 18
Problem 19

Probiem 20

Center of mass

Conservation of anguiar momentum
F=MA

Conservation of momentum
Conservation of energy

Conservation of momentum and
conservation of snergy

Conssrvation of energy
F=aMA

Conservation of energy or
F = MA (favored) (not sure)

Conservation of momentum and
conservation of snergy

F = MA
F = MA

Conssrvation of rotational momentum

F = MA
F = MA
Canssrvation of energy

Conssrvation of momentum and
conservation of energy

Newton'’s Third
Canservation of energy

Conservation of energy

Center of mass

Conservation of angular momentum
Oynsmics: F = MA or work
Conservation of momentum
Dynamics: work

Conservation of energy

Work and energy

F =MA

Conservation of energy
Consarvation of momentum and
consarvation of enargy

F = MA

F = MA

Conservation of rotational momentum
{changed mind ‘rom conservation of energy)

F = MA
Pseudo F = MA
Conservation of energy

Conservation of momentum and
conservation of energy

Newton's Thirg
Canservation of energy

Conservation of energy

st B X

T A

TP (P Sl T A - A
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Table 11
Key Features Cited by Experts and Novices

Experts

<
<
[
-

Given initisl conditions

Before and after situations

Sering

No external force

Don’t need details of motion

Given final conditions

Asked something at an instant in time
Asked some characteristics of final condition
{nteracting objects

Soeed - distance refation

Inelastic collision

No initial conditions

No final conditions

Energy easy to caiculate at twa points

No friction or dissipation

Force too complicated

Momentum easy to caicuiate at twg points
Compare initial and final conditions

Can compute work done by externai farce
Given distance

Rotationsl component

Energy vields direct relation

No before and after

Asked about force

N NOO - NMNNOW-— & ANOO® & pOwWY
QO O MNN 200 “»W--NOON & O — 0 — - pw

Novices

O
(]
[
3

Friction

Gravity

Pulley

inclined plane

Sering

Given masses

Coin on turntable

Given forces

FPorcs ~ velocity relation

O = = LN WWwWwW
N - = NN W LW,
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Table 12
The First- and Second- Order Features that Elicited Expert V. V.’s Final “Basic Approach”
t
. Second-Order Features First-Orcer Festures
t Princinles {Derived Features) {Surface Features)
|
Conservation of Momentum Before ang after situation Girt on sail merry-go-round throws
{Probiems 2, 4, 13) arock. ... Two ininaily separated
wheels are suddenly coupled.
No externai forces Negiecting friction.

‘ No third entity mentioned except
) the interacting wheeis.

Conservation of energy Before and after situation Block dropped from a height X onro
{Prcblems 5, 7, 16, a spring. Block srares with initial
19, 20 velocity V. How far wili it slide?
Given or weil defined initial Initial height = X, initial vefocity
conditions = (. Initial velocity = V.,
Force Laws Determination of samething 8reak point of a rope. Coin observed
Probiems 3, 8, 9, 11, at an instant in time. 10 slide at distance R from center of
12, 14, 15) . turntable.

Raising point of a disk.




Diagrams Depicted from Problems Categorized
by Novices within the Same Groups

Problem 10 (11)

Probiem 11 {39)

Problem 7 {23) n

Problem 7 (35)

Novices' Explanarions for Their Similarity

Groupings

Novice 2:

Novice 3:

Novice 6:

Novice 1.
MNovice 5:

Novice 6.

“Angular velocity, momentum,
circular things”

“Rotational kinemavics, angular
speeds, anguiar velocities”
“Problems that have something
rotanng; angular speed’’

“These deal with blocks on an
incline plane”

“Inclined plane problems,
coetficient of fricrion”

“Blocks on inclined planes
with angles’’

Figure 1. Diagrams depicted from two pairs of problems categorized by
novices as similar and samples of three novices' explanations
for their similarity. Problem numbers given represent
chapter, followed by problem number from Halliday and

Resnick (1974).
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Diagrams Depicred from Problems Catergorized Experts’ Explanarions for Their Similarity

by Experts within the Same Groups Groupings

Problem 6 (21) Expert 2: “Conservarion of Energy ™
6m Expert 3: “Work-Energy Theorem.

K = 200 nt/m = They are all straight-forward

IW"‘ e m e e e problems."”’
Expert 4:

“These can be done from energy

X

I k'—- S ' considerations. Either you should

A5 m

equilibrium know the Principle of Conserarion
of Energy. or work is lost

somewhere.’
Problem 7 (35) where

Problem 5 (39) Expert 2: ‘‘These can be solved by Newron's
Second Law”

Expert 3: “F = ma; Newion's Second Law’

T Expert 4. “Largely use F = ma; Newron's
Second Law”

mg

Problem 12 (23)

mg

Figure 2. Diagrams depicted from pairs of problems categorized by
experts as similar and samples of three experts' explana-
tions for their similarity. Problem numbers given
represent chapter, followed by problem number from
Halliday and Resnick (1974).




Na. 11 {(Force Problem)

A man of mass M1 lowers himseif to the ground
from a height X by hoiding onto a rope passed
over a massless frictionless pulley and attached to
another block of mass M2. The mass of the man
is greater than the mass of the block. What is
the tension on the rope?

No. 18 {Energy Problem)

A man of mass M, lowers himself to the ground
from a height X by holding onto a rope passed
over a massless frictionless pulley and attached to
another block of mass M2. The mass of the man
is greater than the mass of the block. With what
speed does the man hit the ground?

M2
My
X
——
v,
My

Figure 3. Examples of problem types.




Incline Plane

Angle of
Incline

Plane

t

Surface
Property

Conservation
of Energy

Normai Coefficient Zoefficient
For Static Kinetic
c Friction Friction

Figure 4.

iy

Network representation of Novice H.P.'s schema of an
inclined plane.
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Principles
of
Mechanics

Newton's
Force Laws

Conservation
of Energy

Conditions

Alternative
Coordinating
Axes

Acceleration

b o o o e e s e e e -

Incline Plane

Surface

Block Property

Figure 5. Network representation of Expert M.G.'s schema of an
inclined plane.
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Navy

1 Dr. Ed Aiken
Navy Personnel R&D Center
San Diego, CA 92152

1 Meryl S. Baker
NPRDC
Code P309
San Diego, CA 92152

1 Dr. Robert Breaux
Code N-T11
NAVTRAEQUJPCEN
Orlando, FL 32813

1 Dr. Richard Elster
Department of Administrative Sciences
Naval Postgraduate School
Monterey, CA 93940

1 DR. PAT FEDERICO
NAVY PERSONNEL R&D CENTER
SAN DIEGO, CA 92152

1 Dr. John Ford
Navy Personnel R&D Center
San Diego, CA 92152

1 Dr. Henry M. Halff
Department of Psychology,C-009
University of California at San Diego
La Jolla, CA 92093 ’

1 LT Steven D. Harris, MSC, USN
Code 6021
Naval Air Development Center
Warminster, Pennsylvania 18974

1 Dr. Jim Hollan
Code 304 .
Navy Personnel R & D Center
San Diego, CA 92152

1 CDR Charles W. Hutchins
Naval Air Systems Command Hq
AIR-3U40F
Navy Department
Washington, DC 20361
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Navy

CDR Robert S. Kennedy

Head , Human Performance Sciences
Naval Aerospace Medical Research Lab
Box 29407

New Orleans, LA 70189

Dr. Norman J. Kerr

Chief of Naval Technical Training
Naval Air Station Memphis (75)
Millington, TN 38054

Dr. William L. Maloy

Principal Civilian Advisor for
Education and Training

Naval Training Command, Code 00A

Pensacola, FL 32508

CAPT Richard L. Martin, USN

Prospective Commanding Officer
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Newport News Shipbuilding and Drydock Co
Newport News, VA 23607

Dr, James McBride
Navy Personnel R&D Center
San Diego, CA 92152

Dr William Montague
Navy Personnel R&D Center
San Diego, CA 92152

Ted M. I. Yellen

Technical Information Office, Code 201
NAVY PERSONNEL R&D CENTER

SAN DIEGO, CA 92152

Library, Code P201L
Navy Personnel R&D Center
San Diego, CA 92152

Technical Director
Navy Personnel R&D Center
San Diego, CA 92152

Commanding Of ficer

Naval Research Laboratory
Code 2627

Washington, DC 20390
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1 Psychologist
ONR Branch Office
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Boston, MA 02210

1 Psychologist
ONR Branch Office
536 S. Clark Street
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1 Office of Naval Research.
Code 437
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Arlington, VA 22217

5 Personnel & Training Research Programs
(Code u458)
Of fice of Naval Research
Arlington, VA 22217

1 Psychologist
ONR Branch Office
1030 East Green Street
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1 Special Asst. for Education and
Training (OP-01E)
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1 Office of the Chief of Naval Operations
Research Development & Studies Branch
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University of Michigan
Ann Arbor, MI 48109

1 LT Frank C. Petho, MSC, USN (Ph.D)
Code LS1
Naval Aerospace Medical Research Laborat
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Naval Postgraduate School
Monterey, CA 93940

Roger W. Remington, Ph.D
Code L52

NAMRL
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Chief of Naval Education and Training
Code N-5

NAS, Pensacola, FL 32508
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Dr. Richard Sorensen
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Department of Administrative Sciences
Naval Postgraduate School
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Dr. Robert Wisher

Code 309

Navy Personnel R&D Center
San Diego, CA 92152
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Code P310 !
U. S. Navy Personnel Research and
Development Center
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U.S. Army Research Institute
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Dr. James R. Hoffman
Department of Psychology
University of Delaware
Newark, DE 19711

Glenda Greenwald, Ed.

"Human Intelligence Newsletter"
P. 0. Box 1163

Birmingham, MI 48012

Dr. Earl Hunt

Dept. of Psychology
University of Washington
Seattle, WA 98105

Dr. Steven W. Keele
Dept. of Psychology
University of Oregon
Eugene, OR 97403

Dr. Walter Kintsch
Department of Psychology
University of Colorado
Boulder, CO 80302

Dr. David Kieras
Department of Psychology
University of Arizona
Tuscon, AZ 85721

Dr. Kenneth A. Klivington
Program Officer

Alfred P. Sloan Foundation
630 Fifth Avenue

New York, NY 10111

Dr .~ Stephen Kosslyn
Harvard University
Department of Psychology
33 Kirkland Street
Cambridge, MA 02138




Pittsburgh/Chi May 7, 1981

Non Govt

Mr. Marlin Kroger
1117 Via Goleta
Palos Verdes Estates, CA 90274

Dr. Jill Larkin

Department of Psychology
Carnegie Mellon University
Pittsburgh, PA 15213

Dr. Alan Lesgold

Learning R&D Center
University of Pittsburgh
Pittsburgh, PA 15260 <

Dr .-Michael Levine

Department of Educational Psychology
210 Education Bldg.

University of Illinois

Champaign, IL 61801

Dr. Robert A, Levit

Director, Behavioral Sciences
The BDM Corporation

7915 Jones Branch Drive
McClean, VA 22101

Dr. Charles Lewis

Faculteit Sociale Wetenschappen
Rijksuniversiteit Groningen
Oude Boteringestraat

Groningen

NETHERLANDS

Dr, Erik McWilliams

Science Education Dev, and Research
National Science Foundation
Washington, DC 20550

Dr. Mark Miller

Computer Science Laboratory
Texas Instruments, Inc,

Mail Station 371, P.O. Box 225936
Dallas, TX 75265

Dr. Allen Munro

Behavioral Technology Laboratories
1845 Elena Ave., Fourth Floor
Redondo Beach, CA 90277

S AR RONRER A e = -

Page 8

Non Govt

Dr. Donald A Norman

Dept. of Psychology C~009
Univ. of California, San Diego
La Jolla, CA 92093

Dr. Jesse Orlansky
Institute for Defense Analyses
400 Army Navy Drive
Arlington, VA 22202

Dr. Seymour A. Papert

Massachusetts Institute of Technology
Artificial Intelligence Lab

Su45 Technology Square

Cambridge, MA. 02139

Dr. James A. Paulson
Portland State University
P.0. Box 751

Portland, OR 97207

MR. LUIGI PETRULLO
2431 N. EDGEWOOD STREET
ARLINGTON, VA 22207

Dr. Martha Polson
Department of Psychology
University of Colorado
Boulder, CO 80302

DR. PETER POLSON

DEPT. OF PSYCHOLOGY
UNIVERSITY OF COLORADO
BOULDER, CO 80309

Dr. Steven E. Poltrock
Department of Psychology
University of Denver
Denver ,CO 80208

MINRAT M. L. RAUCH

PII &

BUNDESMINISTERIUM DER VERTEIDIGUNG
POSTFACH 1328

D-53 BONN 1, GERMANY

e

E
|




Pittsburgh/Chi May 7, 1981

Non Govt

1 Dr. Fred Reif
SESAME
c/o Physics Department
University of California
Berkely, CA 94720

1 Dr. Andrew M. Rose
American Institutes for Research
1085 Thomas Jefferson St. NW
Washington, DC 20007

1 Dr. Ernst Z. Rothkopf
Bell Laboratories
600 Mountain Avenue
Murray Hill, NJ O79T4

1 DR. WALTER SCHNEIDER
DEPT. OF PSYCHOLOGY
UNIVERSITY OF ILLINOIS
CHAMPAIGN, IL 61820

1 Dr. Alan Schoenfeld
Department of Mathematics
Hamilton College
Clinton, NY 13323

1 Committee on Cognitive Research
% Dr. Lonnie R. Sherrod
Social Science Research Council
605 Third Avenue
New York, NY 10016

1 Robert S, Siegler
Associate Professor
Carnegie-Mellon University
Department of Psychology
Schenley Park
Pittsburgh, PA 15213

1 Dr. Edward E. Smith
Bolt Beranek & Newman, Inc,
50 Moulton Street
Cambridge, MA 02138

1 Dr. Robert Smith
Department of Computer Science
Rutgers University
New Brunswick, NJ 08903

Page 9

Non Govt

Dr. Richard Snow

School of Education
Stanford University
Stanford, CA 94305

Dr. Robert Sternberg
Dept. of Psychology
Yale University

Box 11A, Yale Station
New Haven, CT 06520

DR. ALBERT STEVENS

BOLT BERANEK & NEWMAN, INC.
50 MOULTON STREET
CAMBRIDGE, MA 02138

David E. Stone, Ph.D.
Hazeltine Corporation
7680 0ld Springhouse Road
McLean, VA 22102

DR. PATRICK SUPPES

INSTITUTE FOR MATHEMATICAL STUDIES IN
THE SOCIAL SCIENCES

STANFORD UNIVERSITY

STANFORD, CA 9U305

Dr. Kikumi Tatsuoka

Computer Based Education Research
Laboratory

252 Engineering Research Laboratory

University of Illinois

Urbana, IL 61801

Dr. John Thomas

IBM Thomas J. Watson Research Center
P.0O, Box 218

Yorktown Heights, NY 10598

br. Douglas Towne

Univ. of So. California
Behavioral Technology Labs
1845 S. Elena Ave.

Redondo Beach, CA 90277

Dr. J. Uhlaner
Perceptronics, Inc.
6271 Variel Avenue
Woodland Hills, CA 91364

. e




Pittsburgh/Chi May 7, 1981

Non Govt

Dr. Benton J. Underwood
Dept. of Psychology
Northwestern University
Evanston, IL 60201

Dr. Phyllis Weaver

Graduate School of Education

Harvard University

200 Larsen Hall, Appian Way

Cambridge, MA 02138

Dr. David J. Weiss
N660 Elliott Hall
University of Minnesota
75 E. River Road
Minneapolis, MN 55455

DR. GERSHON WELTMAN
PERCEPTRONICS INC.

6271 VARIEL AVE.
WOODLAND HILLS, CA 91367

Dr, Keith T. Wescourt
Information Sciences Dept.
The Rand Corporation

1700 Main St.

Page 10




