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These investigations were conducted to examine the relationship between problem-solving ability
and the criteria used to decide that two classical mechanics problems would be solved similarly.
We began by comparing experts and novices on a similarity judgment task and found that the
experts predominantly relied on the problems' deep structures in deciding on similarity of solu
tion, although the presence of surface-feature similarity had a clear adverse effect on performance.
The novices relied predominantly on surface features, but were capable of using the problems'
deep structures under certain conditions. In a second experiment, we compared groups of novices,
at the same level of experience, who tended to employ different types of reasoning in making
similarity judgments. Compared to novices who relied predominantly on surface features, novices
who made greater use of principles tended to categorize problems similarly to how experts catego
rized them, as well as score higher in problem solving. These results suggest that principles play
a fundamental role in the organization of conceptual and procedural knowledge for good problem
solvers at all levels.

What is the relationship between problem-solving ability
and the criteria one uses to decide whether or not two
problems would be solved similarly? To date, attempts
to answer this question have focused on investigating
problem solvers at the end points of the spectrum of
problem-solving skills-namely, experts and novices. For
experts, the categorization of a problem as a type sug
gests possible solution strategies and can directly influence
ability to generate a successful solution (Hayes & H. A.
Simon, 1976; Hinsley, Hayes, & H. A. Simon, 1977;
Newell & H. A. Simon, 1972; D. P. Simon & H. A.
Simon, 1978). Research in domains such as mathe
matics (Schoenfeld & Herrmann, 1982) and physics (Chi,
Feltovich, & Glaser, 1981) indicates that experts focus
on the deep structures of problems (e.g., principles and
concepts that could be used to solve the problems) to de
cide whether or not two problems would be solved simi
larly. These findings suggest that when attempting to solve
a problem, experts begin by considering what principle
or principles apply most appropriately to the situation,
and then decide on a strategy or procedure that will be
used to instantiate that principle, or those principles (Larkin,
1981, 1983; Larkin, McDermott, D. P. Simon, & H. A.
Simon, 1980; D. P. Simon & H. A. Simon, 1978).

The picture is quite different for novices. When asked
to categorize problems into types according to similarity
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of solution, novices tend to cue on surface features (e.g.,
problem jargon and descriptor terms) as the primary cri
terion of similarity (Chi et al., 1981; Schoenfeld &
Herrmann, 1982). When asked to state the general ap
proach they would take to solve a problem, novices
usually relate detailed information (e.g., equations and
specific facts), rather than more general principles and
concepts (Chi et al., 1981). However, as problem-solving
skills develop, the reliance on deep structure to catego
rize problems increases (Niegemann & Paar, 1986).

Although we can conclude that both surface features
and deep structures are important, and perhaps compet
ing, attributes of word problems that are used in judging
problem similarity, it may be inappropriate to construe
the use of features as being dichotomous-that is, to as
sume that experts use deep structures exclusively and that
novices use surface features exclusively. What is clear
is that the extent to which problem solvers rely on each
type of information seems to be related to problem-solving
ability. However, little is known about how surface fea
tures and deep structure interact in generating a problem
categorization, or how problem categorization is related
to problem-solving ability among novices. The two ex
periments we report here were conducted to investigate
these issues. In Experiment 1, we designed a similarity
judgment task that allowed us to examine the relative con
tributions of surface features and deep structure in experts '
and novices' categorization decisions in the domain of
classical mechanics. The results of Experiment 1 sug
gested that there may be individual differences in the
categorization schemes used by novices. In Experiment 2,
the similarity judgment task was refined in order to in
vestigate these possible differences and to assess the rela
tionship between categorization schemes and problem
solving ability.
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EXPERIMENT 1
THE INTERACTION OF SURFACE FEATURES

AND DEEP STRUCTURE IN PROBLEM
CATEGORIZATION

In order to study the influence and interaction of sur
face features and deep structure in categorization, we
designed a similarity judgment task similar to those used
in studies of object categorization (Mervis, 1980; Rosch
& Mervis, 1975). In our task, a model problem and two
comparison problems are presented, and the subject must
decide which of the comparison problems would be solved
most similarly to the model problem. The comparison
problems differ in which of their attributes match those
of the model problem, making it possible to investigate
systematically the interaction between surface-feature and
deep-structure attributes in subjects' similarity judgments.
We think this type of task represents an advancement over
the card-sorting task commonly used in problem categori
zation experiments, in which a subject sorts word prob
lems written on index cards into several piles, which
are then labeled by the subject to indicate the relation
ship among all the cards in a particular pile. This task
requires that the subject develop a categorization scheme
for all problems simultaneously. In contrast, the similar
ity judgment task focuses the subject's attention on spe
cific problems, allowing problem attributes to be sys
tematically varied. This simplifies the prediction of out
comes based on models of expert and novice performance,
as well as the analysis of data and the interpretation of
results.

In our similarity judgment task, a given comparison
problem could match the model problem in surface fea
tures (S), deep structure (D), both surface features and
deep structure (SD), or neither surface features nor deep
structure (N). These comparison problems were paired,
such that one and only one problem in the pair matched
the model problem in deep structure. This led to four types
of pairings, which we will refer to as comparison types:
(1) S-D, (2) S-SD, (3) N-D, and (4) N-SD. If it is the
case that experts and novices rely primarily on different
kinds of problem attributes in making similarity judg
ments, then the patterns of performance expected for ex
perts and novices should differ. Ifone assumes that experts
base their categorization decisions solely on deep struc
tures, then they should choose the comparison problem
that matches the model in deep structure 100% of the time,
and select D, SD, D, and SD, respectively, for the four
comparison types. Novices who base their categorization
decisions solely on surface features should choose the
comparison problem that matches the model problem in
surface features whenever it is possible to do so. Thus,
they should choose S in the S- D pairing and SD in the
N-SD pairing. When surface features do not allow a dis
tinction to be made, as in S-SD and N-D, either alterna
tive should be equally likely. Hence, novices' choices
should match the model in deep structure 0%, 50%, 50%,
and 100% of the time for S-D, S-SD, N-D, and N-SD

comparison types, respectively, and 50% of the time
overall.

Method
Subjects. The novice subjects were 45 undergraduate students

at the University of Massachusetts, who had completed the first
semester physics course in classical mechanics and received a grade
of B or better. The expert subjects were 8 PhD physicists and two
advanced physics graduate students who were nearing completion
of the PhD requirements. The novice subjects performed both a
categorization task and a problem-solving task, and were paid for
their time. The expert subjects volunteered their time and only per
formed the categorization task.

Categorization task. Each task item on the categorization task
comprised three elementary mechanics problems similar in style
and level of difficulty to problems in an introductory mechanics
text (i.e., Resnick & Halliday, 1977). Each word problem was three
to five lines long and contained neither pictures nor diagrams. For
each item, one problem was designated as the model problem, while
the other two were designated as comparison problems. The sub
jects were to indicate which of the two comparison problems "would
be solved most similarly" to the model problem. A response was
considered correct if a subject chose the comparison problem that
matched the model problem in deep structure (i.e., the physical prin
ciple that would be applied to solve both problems was the same).
The items were all constructed by the second author. The categori
zation of the comparison problems as S, D, SD, or N problems
was verified by the third author and an upper level physics gradu
ate student.

There were eight model problems, two dealing with energy prin
ciples, two dealing with momentum principles, two dealing with
angular momentum principles, and two dealing with Newton's Sec
ond Law of Kinematics. Each model problem appeared four times,
once with each of the four types of comparison problem pairings.
This yielded 32 items composed of one model problem and two
comparison problems (see Appendix 1 for a list of all the problems).

The experiment was run on ffiM-compatible PCs. The subject
was told to carefully read the model problem and the two compari
son problems that would appear below it, and to decide which com
parison problem would be solved most similarly to the model
problem. The items were presented in random order, with no limit
imposed on response time. Most subjects completed the task within
45 min.

Problem-solving task. In a separate hour-long session, the novice
subjects were given a problem-solving task that contained seven
classical mechanics problems. Four problems required the appli
cation of one principle for solution, whereas three problems required
the application of two principles. Henceforth we will only discuss
performance on the single-principle problems, since few subjects
were able to solve the two-principle problems. In style and level
of difficulty, the single-principle problems were all similar to the
problems appearing in the textbook and the problems used in the
categorization task. The principles involved in the four problems
were: Newton's Second Law, the conservation of energy, the con
servation of linear momentum, and the conservation of angular
momentum. Each problem was graded on a to-point scale by two
physicists; whenever the score on a problem differed by two or more
points, the solution was discussed, and a score was determined by
consensus. The total scores on the problem-solving task ranged from
1 to 40 points, with a mean of 21.2 points and a standard deviation
of 11.42 points.

Results
The performances of the 45 novices and 10 experts were

compared in a 2 (groups) x 4 (comparison types, or pair
ings) x 8 (model problems) analysis of variance. In
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Note-S = surface features, D = deep structure, SD = both surface
features and deep structure, N = neither surface features nor deep
structures.

Table 1
Predicted and Observed Percentage of Correct Responses

for Experts and Novices in Experiment 1

100 66 0 26
100 71 50 54
100 84 50 67
100 91 100 87
100 78 50 59

._----- ------------ --

Experts Novices

Comparison Type Predicted Observed Predicted Observed

S-D
S-SD
N-D
N-SD
Total

general, the experts were better able to determine whether
two problems would be solved through application of the
same principle, choosing the comparison problem that
matched the model problem in deep structure 78% of the
time. Novices chose the deep-structure alternative 59%
of the time, which was significantly less often than the
experts did [F(l,53) = 28.78, MS. = 9.83, p < .0001].
As predicted by our assumptions about expert and novice
performance, there was a difference in how the two groups
responded to the four comparison types, as indicated by
the group x comparison type interaction [F(3,159) =

10.00, MS. = 1.46, p < .0001; see Table I for the
means]. Therefore, we will discuss the influence of com
parison types for experts and novices separately.

Experts. Comparison type should have had no influence
on the experts' performances if the experts had based their
decisions about solution similarity strictly on deep struc
ture (i.e., on the principles involved). However, there was
a significant main effect of comparison type for experts
[F(3,27) = 10.56, MS. = 1.04, p = .0001], indicating
that the four comparison types were not equally difficult.
The mean performances for the comparison types (see
Table 1) suggest that surface features have an adverse in
fluence on experts' categorization decisions. Although the
differences among these means were not all significant,
they do follow the trend predicted for novices, suggest
ing that the experts were adversely affected by the same
kinds of conditions that negatively influenced the novices.
Performance on the N-SD items was significantly better
than that on each of the other three comparison types
(p < .005, Bonferroni familywise error rate: EF/k =

.05/6 = .(08). The mean performance of the experts was
significantly higher, at p < .01, than that of the novices
for each of the four comparison types except the N-SD
type, where performance was quite high for both groups
(see Table 1). Thus, although experts appear to focus on
deep structure to a greater degree than do novices, sur
face features do interfere with their performance.

Novices. Consistent with the assumption that novices
cue on surface features when making similarity judgments,
comparison type did influence the novices' performances
[F(3,132) = 150.04, MS. = 23.41, p < .0001; means
are in Table 1]. All pairwise comparisons differed sig
nificantly by p < .0002 (EF/k = .05/6 = .(08). These
results indicate that surface features playa major role in

novices' categorization schemes, and directly influence
the process by which novices decide whether or not two
problems would be solved similarly. For example, if one
comparison problem matched the model problem in both
surface features and deep structure, then the decision that
they would be solved similarly was facilitated (71% cor
rect for S-SD and N-SD pairings vs. 46% correct for S-D
and N-D pairings). However, if a comparison problem
matched the model problem only in surface features, then
the decision that they would be solved similarly was ad
versely affected (40% correct for the S-D and S-SD pair
ings vs. 77% correct for the N-D and N-SD pairings).

Despite their attraction to surface features as a means
of judging similarity of solution, novices as a group do
not seem to rely solely on surface features. For S-D items,
in which the novices should have been most prone to ig
noring deep structure, the 95% confidence interval (CI)
was 20% < M < 32%, well above the predicted 0% cor
rect had they used a strict surface-feature categorization
scheme. Furthermore, in the N-D items, where there was
no distraction due to surface features, the proportion of
deep-structure matches was significantly above the pre
dicted 50% performance (95% CI = 63% < M < 71%).

For both the experts and the novices, performance was
influenced by model problem [F(7,371) = 8.46, MS. =
1.58, P < .0001; see Table 2 for means]. The items in
volving angular momentum were the most difficult,
whereas those involving energy tended to be easier. In
all but one of the eight model problems, the experts made
more deep-structure judgments than did the novices,
producing an interaction between model problem and
group [F(7,371) = 3.05, MS. = .57, p = .0039; see
Table 2]. There was also a significant interaction of model
problem and comparison type [F(21,1,113) = 13.33,
MS. = 1.67, P < .0001; see Table 3], suggesting that
the difficulty of making a decision based on deep struc
ture in the various conditions is related to the context of
the problem.

The extent to which novices appear to rely on deep
structure when making categorization decisions is related
to their problem-solving ability as measured by the
problem-solving task. The correlation between total
categorization score and the score on the problem-solving
skills test was .30 [F(l,43) = 4.376, p = .0424]. Fur
thermore, performance on the problem-solving task sup-

Table 2
Percentage Correct on tbe Eight Model Problems

for the Expert and Novice Groups in Experiment 1

Group

Model Problem Expert Novice Overall

I 1.00 .78 .82
2 .80 .43 .50
3 .92 .60 .66
4 .75 .59 .62
5 .70 .56 .58
6 .65 .52 .54
7 .55 .61 .60
8 .88 .64 .68
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Note-S == surface features, 0 == deep structure, SO == both surface
features and deep structure, N == neither surface features nor deep
structures.

Table 3
Percentage of Correct Responses on the Eight Model Problems

for Each of the Four Comparison Types in Experiment 1

ports the notion that the novices were better able to select
deep-structure matches on the similarity judgment task in
problem contexts that they understood better. More spe
cifically, subjects displayed a poor performance in both
the problem-solving task and the similarity judgment task
on problems involving angular momentum, whereas they
displayed a relatively good performance on problems in
volving energy.

Discussion
The findings of Experiment 1 are consistent with the

existing literature in indicating that the ways in which sub
jects categorize problems in classical mechanics are
related to problem-solving expertise in physics. This is
most obviously reflected by the greater reliance of the ex
perts on deep-structure similarity, and of the novices on
surface-feature similarity. The experts were much more
likely to judge that two problems would be solved simi
larly if they were similar in deep structure. In contrast,
the novices often indicated that problems with similar sur
face features would be solved similarly. However, the
likelihood that both the expert and novice subjects would
select the deep-structure alternative was influenced by
what other problem attributes were present in the com
parison problems. Among the novices, and to some ex
tent among the experts, this performance pattern could
be interpreted in terms of a threshold-type model (Smith,
Shoben, & Rips, 1974).

If the initial perception of similarity of one of the com
parison problems to the model problem was high, a
threshold model would predict that the subject would be
inclined to make a response on the basis of this overall
impression of similarity, without conducting any further
analysis. Hence, we note the relatively high rate of choos
ing the surface-feature alternative in the S-D and N-SD
comparison types where surface features were pitted
against alternatives that had no obvious superficial similar
ity to the model problem. If neither comparison problem
succeeded in crossing the threshold of similarity (as in
the N-D items), the subjects were forced to consider more
carefully what would constitute similarity, and hence, they
might be more likely to consider principles.

EXPERIMENT 2
CATEGORIZATION CRITERIA AND

PROBLEM-SOLVING ABILITY OF NOVICES

Study of the ends of the spectrum of problem-solving
skill, namely experts and novices, indicates there is a rela
tionship between categorization criteria and problem
solving ability. The relevance of this finding for under
standing the development of expertise would increase if
this relationship could also be demonstrated among
novices at the same level of experience. Such a demon
stration would indicate that skill acquisition is influenced
from the beginning by the types of cues to which novices
try to pay attention, and that the foundations for the ac
quisition of expertise are laid early in the learning process.
Instruction that attempts to facilitate the use of general
principles may be more effective than instruction that ig
nores it.

In fact, the correlation between frequencies of deep
structure decisions and problem-solving scores in Experi
ment 1, as well as related research (such as Silver, 1979),
suggests that a more conclusive demonstration is possi
ble. In order to demonstrate that categorization criteria
and problem-solving ability were related for novices with
the same level of experience, we needed a task that al
lowed us to examine more directly subjects' reasons for
making categorization decisions. Simply inferring sub
jects' reasons for responses, as in Experiment 1, might

Is it clearly beneficial for novices to consider princi
ples in categorizing problems merely because experts ap
pear to do so? Experiment 1 suggests the answer to this
question may be yes, since there was a correlation be
tween novices' problem-solvingand categorization scores.
The novices as a group varied considerably in the degree
to which they judged problems as similar that were
matched in deep structure. The better novice problem
solvers made more similarity judgments on the basis of
deep structures than did the poorer novice problem
solvers. Thus, in the domain of physics, the ability to
categorize problems as similar that are matched in deep
structure seems to be beneficial to problem solving.

In Experiment 2, we will consider the issue of in
dividual differences among novices more carefully. In do
ing so, we will need to clarify what types of reasoning
lead to particular categorization responses, since the bi
nary nature of the responses required in Experiment 1 did
not make the subjects' reasoning explicit. For example,
the assumption that novices who chose the deep-structure
alternative did so as a result of actually considering the
problems' deep structure may not be valid. On the other
hand, novices may have attempted to use deep structure
more often than their actual performance indicates, but
may not have been able to do so correctly. Therefore,
in Experiment 2, we modified the similarity judgment task
in an effort to make the subjects' reasoning more explicit,
as well as further to explore the relationship between
problem solving and problem categorization.

.98

.84

.93

.96

.91

.56

.93

.93

N-SO

.71 .96

.60 .33

.71 .74

.29 .89

.25 .93

.89 .18

.31 .87

.82 .71

Comparison Type

S-SO N-O

.62

.22

.25

.33

.25

.45

.29

.27

S-O

I
2
3
4
5
6
7
8

Model Problem
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be misleading-for example, a misidentified principle
might have led to an incorrect response, even though the
novice was cueing on deep structure.

Therefore, we simplified the similarity judgment task
used in Experiment I, such that there was only one com
parison problem presented with the model problem in each
set. This led to four comparison types: (I) S, (2) D,
(3) SD, and (4) N. The comparison type nomenclature
now denotes the problem attributes shared by the two
problems in each item; for example, in the SD items, both
problems shared surface features and deep structure. The
subjects were asked to decide whether or not the two
problems would be solved similarly, and to give a reason
for each response. Subjects reasoning appropriately ac
cording to deep structure should have responded "no"
to the Sand N items, since these problems could not be
solved using the same principle as the model problem,
and "yes" to the D and SD items, which could be solved
using the same principle as the model problem. In con
trast, subjects categorizing by means of surface features
should have responded "yes" to the S as well as the SD
items, since the surface features matched those of the
model problem, and "no" to the D and N items, which
did not match the model in surface features. Hence, the
responses of surface-feature users should have been cor
rect only 50% of the time.

The reasons subjects gave for each decision provided
the basis for separating the subjects into groups of differ
ent types of reasoners. This allowed us to determine
whether different patterns of responses were associated
with different types of reasoning.

Method
Subjects. Forty-four undergraduate students at the University of

Massachusetts who had completed a first semester classical
mechanics course participated in this study. They performed the
categorization task and a problem-solving task, which included a
mathematics component, and were paid. They granted us permis
sion to obtain their SAT verbal and mathematics scores. To have
baseline data against which to compare the novice data, 7 expert
PhD physicists also performed the categorization task and were paid
for their participation.

Categorization task. The word problems used in the categori
zation task were similar in type and difficulty to those used in Ex
periment I (they are listed in Appendix 2). They were also written
by the second author and verfied by the other two authors. Two
word problems were paired for each of the 32 items, one model
problem andone comparison problem of type S, D, SD, or N. There
were eight model problems, each of which appeared four times,
once with each of the four comparison problems. A response was
considered "correct" if it was the one expected (as defined earlier)
when appropriate deep-structure reasoning was used.

The task was presented in a booklet, with two problems per page.
The subjects were instructed to decide whether or not the two
problems would be solved similarly and to respond by stating "yes"
or "no." They were then to provide a reason for their response.
One hour was allowed for the task, and all subjects finished within
this time limit.

Each of the reasons that the SUbjects gave was classified blindly
by the first author, P.T.H., according to the following (non-mutually
exclusive) characteristics: whether it involved surface features,
whether it was equation-based, whether it was physics terminology-

based, and whether it involved principles. The subjects were clas
sified into three groups on the basis of the type of reasoning most
frequently employed: (I) surface-feature. (2) principle, or (3) mixed.
Classification in either the surface-feature group or the principle
group meant that the subject had considered either surface features
or principles on 17 or more of the 32 items. The members of the
mixed group employed a variety of reasoning strategies, none of
which was used a majority of the time; they commonly employed
equation-based or physics terminology-based reasoning on a large
proportion of the items. There were 17subjects in the surface-feature
group. II subjects in the principle group, and 16 subjects in the
mixed group.

Problem-solving task. The problem-solving task contained four
problems, which were the same as the single-principle problems
given in Experiment I. This task, which was a portion of a larger
task assessing physics knowledge, also included a mathematics profi
ciency task. One hour was allotted for completion of the whole task.

Each of the four problem-solving questions was graded on a
IO-point scale. Scores ranged from 0 points to 34 points, with a
mean of 12.4 points and a standard deviation of 10.28 points. The
math proficiency scores ranged from 14 to 40 of a possible 40 points,
with a mean of 29.5 points and a standard deviation of 6.4 points.

Results
The performances of the 44 novice and 7 expert physi

cists on the categorization task were compared in a 2
(groups) x 4 (comparison types) x 8 (model problems)
ANOVA. As in Experiment I, the experts made more
correct decisions on the basis of matching deep structure
(95%) than did the novices as a group [62%; [F(l,48) =
70.27, MSe = 21.34, P < .00(1), or any of the three
novice subgroups [surface features, 56%, mixed, 63%,
principles, 69%; F(1,22) = 113.35, MSe = 24.39,p <
.0001, F(l,2!) = 131.26, MSe = 15.76, p < .0001,
andF(l,16) = 73.63,MSe = 9.29,p < .0001,respec
tively]. However, on the average, the novices made many
more decisions that were correct on the basis of deep
structure than one might expect; the performance of the
novice subjects, at 62% correct, was significantly higher
than the 50% correct predicted for novices if we assume
that they employ only surface features in categorization
(95% CI = 59% < M < 63%).

Comparison type. For the novices, but not the experts,
categorization performance was influenced by comparison
type, as indicated by a 3 (novice groups) X 4 (compari
son types) x 8 (model problems) ANOVA [F(3,129) =
132.71, MSe = 26.79, p < .0001], and a 4 (compari
son types) X 8 (model problems) ANOVA for experts
[F(3,18) = 1.30, MSe = .0899, p = .3061]. Novice
performance on each type differed from that of every other
type at a level of p < .001 (EF/k = .05/6 = .008). As
can be seen in Table 4, subjects experienced the most
difficulty in correctly rejecting S comparison problems
as being appropriate matches to the model problem. This
result, in combination with the high rate of correct ac
ceptance of the SD comparison problem, supports our
findings from Experiment I by indicating the relevance
that novices attach to surface features in making decisions
about solution similarity. In both experiments, the pres
ence of surface-feature similarity depressed the rate of
deep-structure decisions when it was uncorrelated with



632 HARDIMAN, DUFRESNE, AND MESTRE

Table 4
Percentage of Correct Responses for the Three Novice Groups

on the Four Comparison Types in Experiment 2

Note-S = surface features, 0 = deep structure, SO = both surface
features and deep structure. N = neither surface features nor deep
structures.

deep-structure similarity (as in S-D and S-SD items in
Experiment 1 and S items in this experiment) and in
creased the rate when it was correlated (as in N-SD items
in Experiment 1 and SD items in this experiment).

The importance of surface-feature similarity to novices
does not mean that deep structure is not considered, as
we suggested in Experiment 1. In Experiment 2, the
novices were much better at correctly accepting D com
parisons than expected (50% actual vs. 0% expected).
When there was no competition from surface features,
the subjects were much more capable of making correct
decisions involving deep structures. In cases where there
was neither surface-feature nor deep-structure similarity
(i.e., N comparisons), the subjects were reasonably good
at assessing the lack of similarity and making a correct
rejection (90% correct).

Reasoning employed. As expected, the experts nearly
universally (93% of the time) provided reasons for their
judgments of similarity that were based on physics prin
ciples. The principles involved were identified correctly
98% of the time. Clearly, experts reason primarily on the
basis of deep structure, as their responses in both Experi
ments 1 and 2 indicate, and do so appropriately.

Novices differ from experts and from each other in the
degree to which they utilize principles in their reasoning.
On the average, members of the principle group men
tioned principles 70% of the time, members of the mixed
group did so 23% of the time, and members of the surface
feature group did so 6% of the time, so there were major
differences among the groups in propensity to employ
principles in reasoning. These principles were identified
correctly 60%,61%, and 62% of the time, respectively.
Thus, when the novices chose to utilize principles in an
explanation, there was no difference among the three
groups in the rates of correct identification, although there
were marked differences in the frequencies of using prin
ciples among the three groups.

Comparison type also influenced the frequency of prin
ciple use [F(3,123) = 3.09, MSe = .327, p = .0296],
although the effect was considerably more minor than the
group effect. The frequencies of principle-based expla
nations ranged from 30% for S items to 37% for N items
(the frequencies for D and SD items were 35% and 31%,
respectively). These data indicate that subjects were
slightly less likely to use principles in their reasoning if
the model and comparison problems shared the same set

Novice Group

of surface features. Comparison type had a much greater
influence on the likelihood that correct principle-based
reasoning would be used [F(3,123) = 13.92, MSe =
1.711 ,p < .0001]. Principles were used correctly least
often for S items (12%of all answers used correct princi
ple reasoning) and most often for N items (29%; frequen
cies for D and SD items were 19% and 24%, respectively).
Note that correct responses for both the hardest and the
easiest items (S and N) required that the subjects identify
two different principles to draw the correct conclusion
concerning the relationship between the model and com
parison problems. Since essentially the same amount of
work is required for these two item types, this finding sug
gests that surface-feature similarity obviates the compari
son process, as we suggestedearlier with the threshold idea.

The tendency to employ principles in reasoning is
related to overall success in categorization. The surface
feature group, with 56% correct, performed significantly
lower than both the mixed group, with 63% correct
[t(31) = 2.59, p = .0143], and the principle group, with
69% correct [t (26) = 3.95, P = .0005]. The three groups
also tended to have difficulty with different types of
problems, as was indicated by an interaction of group
and comparison type [F(6,123) = 3.08, MSe = .6301,
P = .0077]. (See means in Table 4.)

As can be seen in Table 4, the relative difficulty of the
four comparison types was the same for all three groups.
The performances on the SD and N items did not differ
significantly among the groups, which is consistent with
the 100% correct predicted performance for all subjects.
As expected, it was on the Sand D items that the differ
ences among the groups appeared. The surface-feature
group performed lower than the principle group on both
Sand D items [t(26) = 3.10, p = .0046, and t(26) =
3.23, P = .0033, respectively]. We had predicted that
surface-feature users would make correct responses 0%
of the time on these two comparison types but that prin
ciple users would be correct 100% of the time. Thus,
the performances of these groups were in the predicted
directions.

Clearly, although the performance of the principle
group was much better than that of the average novice,
their performance was far from that predicted for one who
relies on principles alone. Two factors contribute to this
outcome: (1) Principles were not used in every problem
analysis, and (2) the principles identified were often in
appropriate. Of the 70% of the time that members of the
principle group used principles, 38% of the time they iden
tified principles incorrectly. Hence, what may be more
important than the appropriateness of a principle in the
development of expertise is the frequency with which one
attempts to apply principles to a problem analysis.

The data argue that attempted principle use is related
to problem-solving ability. Mean performances on the
problem-solving task were 14%, 32%, and 57% correct
for the surface-feature, mixed, and principle groups,
respectively. The three groups were significantly differ
ent on this measure [F(2,41) = 16.19, MSe = 1002,
P < .0001], and each group differed from the other

43
64
78
91
69

Principle

23
53
87
90
63

18
39
76
90
56

Surface Feature Mixed

S
n
SO
N
All

Comparison Type
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at a level of p < .008. The correlation between the
frequency of attempts of an individual to reason by
principle and the problem-solving test score was .63
[F(I,42) = 27.657, p < .0001]. One might argue that
a third factor, such as intelligence, is responsible for this
relationship. However, even when level of mathematics
proficiency (which we take as an index of quantitative abil
ity) was partialed out, the correlation was still significant
(r = .505, Z = 3.516, P < .(004). The correlation also
holds when SAT mathematics scores are used as the index
of quantitative ability (r = .613, Z = 4.503, p < .0001).
Novices who attempt to categorize problems using prin
ciples tend to be better problem solvers.

Discussion
Experiment 2 demonstrates that the relationship be

tween use of principles in categorization and problem
solving skills is not only an appropriate characteristic for
making distinctions between experts and novices, but is
appropriate for distinguishing among "good" and "poor"
novice physics students with similar educational ex
periences. Novices who attempt to analyze mechanics
problems using principles make more correct judgments
concerning solution similarity and are better problem
solvers. Note that these novices were often incorrect in
identifying the principle needed to solve a problem, but
that the principle-based approach to problem categoriza
tion generally appears to have had a value beyond the suc
cessfulness of the attempt to classify a problem.

Why is principle use so highly correlated with problem
solving ability? We believe that storing information about
types of physics problems in terms of general principles,
as opposed to the equations and surface features that
novices generally employ (Chi et aI., 1981; Mestre,
Dufresne, Gerace, Hardiman, & Touger, in press), is a
much more efficient form of representing physics knowl
edge. The effort required to organize physics knowledge
in terms of broad categories is probably initially much
greater than that required to organize knowledge in terms
of equations. However, the effort involved in maintain
ing categorical information is much less than that needed
to maintain and search through a large equation database.
Therefore, our findings indicate that 3 months after finish
ing their mechanics course, principle users could solve
problems more effectively than surface-feature users
could. Although this study cannot address the causal re
lation between principle use and problem-solving skill,
it suggests that pedagogy in physics might be more ef
fective if attempts were made to convey information in
a manner conducive to organization by principles, a view
supported by other research as well (Eylon & Reif, 1984;
Heller & Reif, 1984).

GENERAL DISCUSSION

In these two studies, we attempted to characterize how
and when novice physics students and expert physicists
use surface features and deep structure to determine that
two problems would be solved similarly, and how cate-

gorization and problem-solving skills are related. In agree
ment with other studies (Chi et al., 1981; Schoenfeld &
Herrmann, 1982), we found the presence of surface fea
tures to adversely influence the categorization decisions
of novices and of experts to some extent as well. Despite
the apparent difficulty in ignoring the semblance of
similarity conveyed by surface features, the conclusion
that novices focus almost exclusively on surface-feature
similarity is unwarranted.

Two pieces of information argue against such a con
clusion. First, in conditions in which surface-feature
similarity was not available to "assist" in a decision, the
performance of novices was much better than what would
have been expected if they had been relying solely on
surface-feature similarity. Second, when the novices were
asked to state why they believed two problems would be
solved similarly, many of them responded with arguments
based on principles, although equation-based reasoning
was also fairly common.

Novices are not a uniform crowd. Some do rely primar
ily on surface-feature similarity to categorize problems,
while others attempt to reason fairly consistently by prin
ciples. It is not at all clear that a picture of the novice
as progressing from reliance on surface features to reli
ance on deep structure is accurate. Novices who are bet
ter problem solvers, and presumably the ones more likely
to continue in the field, tend to apply principles more often
when deciding whether or not two problems would be
solved similarly. Surface features may interfere with the
decision, but they are not the primary focus of attention
for good problem solvers. The conclusion that surface
feature similarity is of minimal importance to good
novices is supported by the recent work of Chi, Bassok,
Lewis, Reimann, and Glaser (987) on the initial encod
ing of worked out examples of physics problems. Their
work indicates that good physics students make greater
numbers of explanatory statements when attempting to
understand examples and that they attempt to justify their
conclusions through use of the principles, concepts, and
definitions introduced in the text. Poor students do not
develop adequate explanations of the steps taken to solve
an example problem and, hence, must make decisions
more on the basis of similarities with specific problems.

These sets of results suggest that our goal as educators
should be to structure the information presented in the
classroom in a way that assists the learner in organizing
knowledge by principles. There is evidence that the stan
dard pedagogical practices do not incorporate this strategy
(Collins, Brown, & Newman, in press). We may not be
able to ensure that every student views principles as fun
damental, but the centrality of principles to both experts
and the better novices suggests this is the path that is more
likely to lead to eventual understanding.
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APPENDIX 1
Model and Comparison Problems Used for Experiment 1

(Each item is composed of the model problem, with two com
parison problems in one of the following combinations: 8-D,
S-SD, N-D, N-SD.)

Model Problem 1

A 90 kg mass is connectedto a light horizontalspring of force
constant60 N/m and placedon a surfacewithcoefficient of static
friction 0.4. If the free end of the spring is slowly moved away
from the mass, what distance may the free end be pulled before
the mass begins to move?

S Comparison Problem
A 50 kg mass with an initial horizontal velocity of 5 m/sec

passes over a rough surface of length 0.5 m and coefficient of
kinetic friction 0.2. After leaving the rough surface, it collides
with a light horizontal spring of force constant 120 N/m. Find
the maximum compression of the spring.

D Comparison Problem
A 60 kg block is placedon a frictionless inclinedplaneof angle

25 degrees. The block is attached to a hanging mass by a light
string over a frictionless pulley. Find the minimum value of the
hanging mass so that the system remains in equilibrium.

SD Comparison Problem
A mass of 30 kg is hung from a light vertical spring of un

stretched length 1 m and force constant50 N/m. When the mass
is in equilibrium, find the length of the spring.

N Comparison Problem
A 4 kg shell is fired with an initial velocity of 1,000 m/sec

from a cliff 120 m above level ground. What is its velocity when
it hits the ground?

Model Problem 2

A 15 kg blockand a IO kg blockare connectedby a lightcom
pressed spring of force constant 200 N/m and held at rest. The
blocks are released and observed to move at 2 m/sec and
3 m/sec, respectively, in opposite directions. Find the distance
the spring was compressed from its equilibrium length.

S Comparison Problem
Two blocks of mass IO kg and 8 kg are connected by a light

compressed spring of force constant 80 N/m and held at rest.
The blocksare releasedand the IO kg block is observed to move
at 2 m/sec. Find the velocity of the 8 kg block.

D Comparison Problem
A 0.5 kg billiard ball of radius 2 ern rolls without slipping

down an inclined plane. If the billiard ball is initially at rest,
what is its speed after it has moved through a vertical distance
of 0.5 m?

SD Comparison Problem
A 50 kg mass with an initial horizontal velocity of 5 m/sec

passes over a rough surface of length 0.5 m and coefficient of
kinetic friction 0.2. After leaving the rough surface, it collides
with a light horizontal spring of force constant 120 N/m. Find
the maximum compression of the spring.

N Comparison Problem
A bullet of mass IO g is fired at 800 m/sec into a block of

mass 10 kg. If the bullet and block need 1 msec to reach a com
mon velocity, what is the average force exerted by the block
on the bullet?

Model Problem 3

Two blocks of mass IO kg and 8 kg are connected by a light
compressed spring of force constant 80 N/m and held at rest.
The blocksare releasedand the 10 kg block is observed to move
at 2 m/sec. Find the velocity of the 8 kg block.

S Comparison Problem
A IS kg blockand a IO kg blockare connected by a lightcom

pressed spring of force constant 200 N/m and held at rest. The



PROBLEM CATEGORIZAnON AND PROBLEM SOLVING 635

blocks are released and observed to move at 2 m/sec and
3 m/sec, respectively, in opposite directions. Find the distance
the spring was compressed from its equilibrium length.

D Comparison Problem
A bullet of mass 10 g is fired at 800 m/sec into a block of

mass 10 kg. If the bullet and block need I msec to reach a com
mon velocity, what is the average force exerted by the block
on the bullet?

SD Comparison Problem
Two blocks each of mass 20 kg are connected by a light com

pressed spring of force constant 70 N/m. After the blocks are
released, it is observed that one of the blocks has received an
impulse of magnitude 150 N/sec. Find the speed of the other
block.

N Comparison Problem
A 10 kg mass with initial velocity 2 rn/sec passes over a rough

horizontal surface with a coefficient of kinetic friction 0.1. Find
the acceleration of the mass when it is on the rough surface.

Model Problem 4

A 2.5 kg ball of radius 4 cm is traveling at 7 m/sec on a rough
horizontal surface but not spinning. Some distance later, the ball
is rolling without slipping at 5 rn/sec. How much work was done
by friction?

S Comparison Problem
A 3 kg soccer ball of radius 15 ern is initially sliding at

10 rn/sec without spinning. The ball travels on a rough horizontal
surface and eventually rolls without slipping. Find the ball's fi
nal velocity.

D Comparison Problem
A small rock of mass 10 g falling vertically hits a very thick

layer of snow and penetrates 2 m before coming to rest. If the
rock's speed was 25 m/sec just prior to hitting the snow, find
the average force exerted on the rock by the snow.

SD Comparison Problem
A 0.5 kg billiard ball of radius 2 cm rolls without slipping

down an inclined plane. If the billiard ball is initially at rest,
what is its speed after it has moved throught a vertical distance
of 0.5 m?

N Comparison Problem
A 2 kg projectile is fired with an initial velocity of 1,500 rn/sec

at an angle of 30 degrees above the horizontal and height 100m
above level ground. Find the time needed for the projectile to
reach the ground.

Model Problem 5

A 3 kg soccer ball of radius IS ern is initially sliding at
10 rn/sec without spinning. The ball travels on a rough horizontal
surface and eventually rolls without slipping. Find the ball's fi
nal velocity.

S Comparison Problem
A 0.5 kg billiard ball of radius 2 cm is initially sliding at

7 rn/sec on a rough horizontal surface without spinning. Some
distance later, the ball is rolling without slipping at 5 m/sec.
How much energy was lost due to friction?

D Comparison Problem
A 20 kg stick of length 2 m is free to rotate about a vertical

axle through one end on a frictionless horizontal surface. A 5 g
bullet traveling perpendicular to the stick hits and embeds itself
into the stick 50 cm from the pivot. If the initial speed of the
bullet is 66 m/sec, what is the angular speed of the stick after
the collision?

SD Comparison Problem
A billiard ball of radius 3 cm and mass .2 kg is given a

horizontal impulse of magnitude .4 N/m at a vertical distance
of 1 ern from the top of the ball. If the ball rolls without slip
ping, find the final angular velocity of the billiard ball.

N Comparison Problem
A mass of 30 kg is hung from a light vertical spring of un

stretched length I m and force constant 50 N/m. When the mass
is in equilibrium, find the length of the spring.

Model Problem 6

A 20 kg stick of length 2 m is free to rotate about a vertical
axle through one end on a frictionless horizontal surface. A 5 g
bullet traveling perpendicular to the stick hits and embeds itself
into the stick 50 cm from the pivot. If the initial speed of the
bullet is 66 miser. what is the angular speed of the stick after
the collision?

S Comparison Problem
A I kg stick of length I m is placed on a frictionless horizontal

surface and is free to rotate about a vertical axle through one
end. A 50 g lump of clay is attached 80 ern from the pivot. Find
the frictional force between the stick and the clay when the an
gular velocity of the system is 3 rad/sec.

D Comparison Problem
A 3 kg soccer ball of radius 15 em is initially sliding at

10 rn/sec without spinning. The ball travels on a rough horizontal
surface and eventually rolls without slipping. Find the ball's fi
nal velocity.

SD Comparison Problem
A stick of length 1.5 m and mass .2 kg is rotating about a

pivot at one end on a frictionless surface. A 35 g lump of clay
drops vertically onto the stick at its midpoint. If the clay re
mains attached to the stick, find the final angular velocity of
the stick-clay system.

N Comparison Problem
A 2 kg block is at rest on a frictionless surface. A 30 g lump

of putty sliding along the surface strikes and sticks to the 2 kg
block. If the final speed of the block-putty system is 1 m/sec,
what was the speed of the putty prior to the collision?

Model Problem 7

A bullet of mass 10 g is fired at 800 m/sec into a block of
mass 10 kg. If the bullet and block need I msec to reach a com
mon velocity, what is the average force exerted by the block
on the bullet?

S Comparison Problem
A puck of mass 150 g traveling with speed 10 rn/sec in the

positive x direction collides with a second stationary puck of
mass 200 g. After the collision, the 150 g puck is observed to



636 HARDIMAN, DUFRESNE, AND MESTRE

move in the negative x direction with speed 1 m/sec. Find the
velocity of the 200 g puck after the collision.

D Comparison Problem
A 5 g bullet traveling with speed 300 m/sec goes through a

stationary wooden block of thickness 4 ern, The bullet's speed
after passing through the block is 250 mlsec. What was the aver
age force exerted on the bullet by the block?

SD Comparison Problem
A 30 g lump of putty slides along a frictionless surface, strikes,

and sticks to a 2 kg block. If the final velocity of the block
putty system is I mlsec, what was the speed of the putty prior
to the collision?

N Comparison Problem
A 60 kg block is placed on a frictionless inclinedplane of angle

25 degrees. The block is attached to a hanging mass by a light
string over a frictionless pulley. Find the minimum value of the
hanging mass so that the 60 kg block does not accelerate down
the incline.

Model Problem 8

A 10 kg mass with initial velocity 2 mlsec passes over a rough
horizontal surface with a coefficient of kinetic friction 0.1. Find
the acceleration of the mass when it is on the rough surface.

S Comparison Problem
A 7 kg block is released from rest on an inclined plane with

coefficient of kinetic friction .15. What is the speed of the block
after it has moved through a vertical distance of 10 cm if the
work done by friction is .2 J?

D Comparison Problem
A I kg stick of length I m is placed on a frictionless horizontal

surface and is free to rotate about a vertical axle through one
end. A 50 g lump of clay is attached 80 cm from the pivot. Find
the frictional force between the stick and the clay when the an
gular velocity of the system is 3 rad/sec.

SD Comparison Problem
A 60 kg block is placed on an inclined plane of angle 30

degrees and coefficient of kinetic friction 0.1. What is its ac
celeration as it slides down?

N Comparison Problem
A 2 kg block is at rest on a frictionless surface. A 30 g lump

of putty sliding along the surface strikes and sticks to the 2 kg
block. If the final speed of the block-putty system is 1 mlsec,
what was the speed of the putty prior to the collision?

APPENDIX 2
Model and Comparison Problems used for Experiment 2

(Each item was composed of the model problem and one com
parison problem.)

Model Problem 1

A female orangutan (of weight W) sees that her infant (of
weight w) is in danger on a branch a few yards away, below
her. She grabs the nearest vine, swoops down and snatches the
infant up precisely at the lowest point in her swing. If the mother
orangutan had velocity v just before she grabbed the infant, what
was the velocity of the two orangutans just after they joined?

S Comparison Problem
A young boy, holding a ball of mass M, swings on a light

weight rope attached to a tree near his favorite swimming hole.
At the bottom of the rope's swing, the child has a velocity v.
If the boy drops the ball when he is 2 feet above the lowest point
in the swing, what is his velocity just after he drops the ball?
Take the boy's mass to be m and the length of the rope to be f.

D Comparison Problem
A rifle fires a bullet of mass m into a block of mass M, rest

ing on a frictionless surface. The bullet passes all the way through
the block, and continues out the other side. If the final speed
of the block is V, and that of the bullet is v, what was the speed
of the bullet just before it hit the block?

SD Comparison Problem
A pendulum with a bob of mass m is released from a height

such that its velocity at the bottom of its swing is v. Just when
the bob reaches this velocity, it collides and sticks to a station
ary mass, M. Find the velocity of the bob-mass system just after
the collision.

N Comparison Problem
Two blocks, of equal mass M, on a level frictionless surface,

are attached to each other by a string. Ifone block is pulled away
from the other (such that the string is taut) with a force F, what
is the tension in the string?

Model Problem 2

A block of mass m is at rest on the floor. The block is con
nected to a light vertical spring of force constant k. If the free
end of the spring is slowly pulled up, away from the block, what
distance may the free end be moved before the block begins
to move?

S Comparison Problem
A block of mass m is dropped from a height h. The block

lands on a light vertical spring of force constant k. If one end
of the spring is attached to the floor, what is the maximum com
pression of the spring?

D Comparison Problem
A 60 kg block is held in place on a frictionless inclined plane

of angle 25 degrees. The block is attached to a hanging mass
by a light string over a frictionless pulley. Find the minimum
value of the hanging mass so that the block does not move when
released.

SD Comparison Problem
A mass of 30 kg is hung from a light vertical spring of un

stretched length 1 m and force constant 50 N/m. When the mass
is in equilibrium, find the length of the spring.

N Comparison Problem
A 4 kg shell is fired with an initial velocity of 1,000 mlsec

from a cliff 120 m above level ground. What is its velocity when
it hits the ground?

Model Problem 3

The mass M of a pendulum of length t is released from rest
at a height (1/2)f from the bottom of the pendulum's swing. What
is the speed of the mass at its lowest point? Consider the rope
to be massless.
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S Comparison Problem
The mass M of a pendulum of length f has a speed v at the

bottom of the pendulum swing. Find the tension in the rope at
this point. Consider the rope to be massless.

D Comparison Problem
A block is held at the top of an inclined plane of length f and

angle 8. The block is then given an initial velocity v down the
plane. Assuming no friction between the block and the plane,
find the kinetic energy of the block when it reaches the bottom
of the plane.

SD Comparison Problem
If the bob of a pendulum of length f has a speed v at the bot

tom of its swing, how fast will it be going at the top of its swing,
i.e. at height 2f?

N Comparison Problem
A cart of mass M, is rolling along a level surface at a speed

v. A mass, Mz, is dropped from rest and lands on the cart. What
is the final speed of the cart and the mass?

Model Problem 4

A block of mass m on top of a vertical (massless) spring is
pushed down, compressing the spring from its equilibrium po
sition a distance d. The force constant of the spring is k. What
distance above the compressed position will the block reach if
the spring is released?

S Comparison Problem
A light spring with spring constant k sits vertically, its bot

tom end attached to the floor. What sized mass would you need
to put on the top end of the spring to compress to a fixed dis
tance d?

D Comparison Problem
The initial speed of a bullet fired horizontally at height h is

v. The bullet has mass m. Assuming there is no friction due to
the air, what is the bullet's speed when it reaches a height h/2?

SD Comparison Problem
A spring with spring constant k is placed at the bottom of a

frictionless inclined plane which makes an angle 8 with the
horizontal. A block is pressed against the spring downward along
the plane until the spring is compressed a distance x. The block
is then released. What is the velocityof the block when the spring
reaches its uncompressed length?

N Comparison Problem
A bar of mass M hangs from a ceiling via two light strings

of equal length attached to the two ends. What is the tension
in each string?

Model Problem 5

A 10 kg mass with initial velocity 2 rn/sec passes over a rough
horizontal surface with a coefficient of kinetic friction 0.1. Find
the acceleration of the mass when it is on the rough surface.

S Comparison Problem
A 7 kg block with an initial velocity of 3 m/sec passes over

a rough horizontal surface with a coefficient of kinetic friction

.1. Find the speed of the block after the work done by friction
is 201.

D Comparison Problem
A I kg stick of length I m is placed on a frictionless horizontal

surface and is free to rotate about a vertical axle through one
end. A 50 g lump of clay is attached 80 em from the pivot. Find
the force that the stick exerts on the clay when the angular ve
locity of the system is 3 rad/s.

SD Comparison Problem
A 60 kg block passes over a rough horizontal surface. The

acceleration of the block is 2 rn/sec' while on the rough sur
face. Find the coefficient of kinetic friction for the surface.

N Comparison Problem
A 2 kg block is at rest on a frictionless surface. A 30 g lump

of putty sliding along the surface strikes and sticks to the 2 kg
block. If the final speed of the block-putty system is 1m/sec,
what was the speed of the putty prior to the collision?

Model Problem 6

A 20 kg stick of length 2 m resting on a frictionless horizon
tal surface is free to rotate about a vertical axle through one end.
A 5 g bullet traveling perpendicular to the stick hits and embeds
itself into the stick 50 em from the pivot. If the initial speed
of the bullet is 66 m/sec, what is the angular speed of the stick
immediately after the collision?

S Comparison Problem
A I kg stick of length 1 m is placed on a frictionless horizontal

surface and is free to rotate about a vertical axle through one
end. A 50 g lump of clay is attached 80 cm from the pivot. Find
the force between the stick and the clay when the angular ve
locity of the system is 3 rad/s.

D Comparison Problem
An ice skater is rotating with an angular velocity w. By bring

ing in her arms, the skater is able to triple her rotation rate.
By what factor did the skater's moment of inertia change?

SD Comparison Problem
A stick of length 1.5 m and mass .2 kg on a frictionless

horizontal surface is rotating about a pivot at one end. A 35 g
lump of clay drops vertically onto the stick at its midpoint. If
the clay remains attached to the stick, find the final angular ve
locity of the stick-clay system.

N Comparison Problem
In a game of shuffleboard, a disk is given an initial speed of

v. It slides a distance d before coming to rest. What is the coeffi
cient of kinetic friction between the disk and the surface?

Model Problem 7

A 2.5 kg ball of radius 4 em is sliding at 7 m/sec on a rough
horizontal surface, but not spinning. Some distance later, the
ball is rolling without slipping at 5 mlsec. How much work was
done by friction?

S Comparison Problem
A 6 kg bowling ball of radius 15 cm is initially sliding at

10 mlsec without spinning. The ball travels on a rough horizontal
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surface and eventually rolls without slipping. Find the ball's fi
nal velocity.

D Comparison Problem
A small rock of mass 10 gm falling verticallyhits a very thick

layer of snow and penetrates 2 m before coming to rest. If the
rock's speed was 25 m1sec just prior to hitting the snow, find
the average force exerted on the rock by the snow.

SD Comparison Problem
A 0.5 kg billiard ball of radius 2 em rolls without slipping

down an inclined plane. If the billiard ball is initially at rest,
what is its speed after it has moved through a vertical distance
of 0.5 m?

N Comparison Problem
A 2 kg projectile is fired withan initial velocity of 1,500 m1sec

at an angle of 30 degrees above the horizontal and from height
100 m abovelevelground. Findthe timeneededfor the projectile
to reach the ground.

Model Problem 8

Two blocks of mass 10 kg and 8 kg are connected by a light
compressed spring of force constant 80 N/m and held at rest.
The blocksare releasedand the 10 kg block is observedto move
at 2 m1sec. Find the velocity of the 8 kg block.

S Comparison Problem
A 15 kg blockand a 10 kg blockare connected by a lightcom

pressed spring of force constant 200 N/m and held at rest. The
blocksare releasedand observedto moveat 2 m1sec and 3 m1sec
respectively in oppositedirections. Find the distance the spring
was compressed from its equilibrium length.

D Comparison Problem
A bullet of mass 10 g is fired into a target of mass 10 kg.

The bullet and target then have a common velocity of I m1sec.
How fast was the bullet movingjust before it entered the target?

SD Comparison Problem
Two blockseach of mass 20 kg are connectedby a light, com

pressed spring of force constant 70 N/m. After the blocks are
released, it is observed that one of the blocks has received an
impulse of magnitude 150 N/sec. Find the speed of the other
block.

N Comparison Problem
A 10 kg mass with initialvelocity2 m1sec passesover a rough

horizontal surface with a coefficientof kinetic friction0.1. Find
the acceleration of the mass when it is on the rough surface.

(Manuscript received August 10, 1987;
revision accepted for publication January 23, 1989.)




