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Abstract

This Investligatlion examined the relatlonship between problem solving
ablllty and the criterla used to declde that two classlcal mechanlcs problems
would be solved simllarly. We began by comparing experts and novices on a
simllarlty Judgment task and found that experts predomlnantly rely on
problems’ deep structure In declding simllarlty of solutlon, although the
Jresence of surface feature simllarlty has a clear adverse effect .n
performance. Novlices relled predominantly on surfacs features, but were
capable of using problems’ deep structure under certaln condltlons. In a
second experliment, we compared groups of novices at the same level bf
experlence who tended to employ different types of reasoning In makling
simllarlty Judgments. Compared to novices whe relled predominantly on surface
features, novlices who made greater use of princlples tended to categorlze
problems simiiarty to experts, as well as score higher In problem solving.
These results suggsst that princlples nlay a fundamental role In the
organizatien of conceptual and procedural knowledge for good problem solvers

at all levels.




What |Is the relatlonship betwesn problem solving ablllty and the
criterla one uses to doclde whether or not two problems would be solved
simllarly? To date, attempls to answer thls questlion have focused on
Investigating the end polnts of the spectrum of problem solving sklll, namely
experts and novices. For experts categorlzation of a problem as a type
suggests possible solutlon strategles and can dlrectly Influence abllity to
generate a successful solutlon (Hayes & S!mon, 1976; HInsley, Hayes & Simon,
1978; Newell & Slmon, 1972; SIimon & Simon, 1978). Research In domalns such as
mathematlics (Schoenfeld & Herrmann, 1982) and physlcs (Chl, Feltovich &
Glaser, 1981) Indlcates that experts tend to focus on the deep structure of a
problem (e.g., principles and concepts that could be used to solve the
problems) to declde whether or not two problems would be solved simllarly.
These flndings suggest that when attempting to solve a problem, exparts flrst
conslder what princlple(s) apnlles most approprlately to the sltuatlon, and
then declde on a strategy or procedure that wlll be used to Instantlate the
princlple (Larkln, 1983, 1981, Larkln, McDermott, Simon & Simon, 1980; Simon &
Simon, 1978).

The plcture Is dlfferent for novicas. When asked to categorlze problems
Into types according to simllarlty of solutlon, novices tend to cue on surface
features (e.g., problem jargon and descriptor terms) as the primary criterlion
of simllarity (Chl, et al., 1981; Schoenfeld & Herrmann, 1981). When asked to
state the general approach they would take to solve a prorlem, novices usually
relate detalled Information (e.g., equatlons and facts), rather than more
general princlples and concepts (Chl, et al., 1987). However, as problem

solving skll!s develop, rellance on deep structure to categorlze problems

Increases (Nlegemann & Paar; 1986).




Although we can conclude that both surface features and deep stru ¢ =
are Important, and perhaps competing, attrlbutes used In Judglng word probiem
simllarity, It may be Inapproprlate to construe the dlchotomous use of
features, l.e., that experts use deep structure excluslvely and that novlices
use surface features excluslvely. What Is clear Is that the extent to whlch
problem solvers rely on each type of attrlbute seems to be related to problem
solving ablllty. However, llttle Is known about elther how surface features
and deep structure Interact In generating a problem categorlizatlon, or how
problem categorlization Is related to proklem soiving abillty among novices.
The two experIments we report here Investigate these Issues. In Experiment 1,
we desligned a simllarlty Judgment task that allowed us to examlne the relatlve
contributions of surface features and deep structure In experts’ and novlices’
categorlzation declslons In the domaln of classical mechanlcs. The results of
Exper lment 1 suggested there may be Indlvidual differences In the
categorlzatlon schemes used by novizes. In Experliment 2, the simllarity
Judgment task was reflned In order to Investigate these posslible dlfferences

and to assess the relatlonshlp between categorlzatlion schemes and problem

solving ablllty.

EXPERIMENT 1: THE INTERACTION OF SURFACE FEATURES AND
DEEP STRUCTURE IN PROBLEM CATEGORIZATION
In order to study the Influence and Interactlon of surface features and
deep structure In categorlzatlon, we deslgned a simllarity Judgment task
simllar to those used In studles of obJect categorlizatlon (Roséh and Mervls,
1975; Mervis, 1980). In our task, a model problem and two comparlson problems

are presented, and the subjJect must declde which of the comparlson problems

would be solved most llke the modsel problem. The comparlison problems dlffer




In which attributes match the model problem, making It possible to Investligate
systematically the Interactlon between surface feature, and deep structure
attr Ibutes In subjects’ simllarlty Judgments. We think thls type of task
represents an advancement over the card sorting task commonly used In problem
categorlzation experimerts, In which a subject sorts word problems wrltten on
Index cards Into several plles which are then labeled by the subject to
Indlcate the relatlonshlp among all the cards In a particular plle. Thls task
requires that the subject develop a categorlzation scheme deallng wilth all
problems simultaneously. In contrast, the simllarity Judgment task focusas
the subjects’ attentlon on speclfiq problems, allowlng problem attrlbutes to
be systematlcally varled. Thls simplltles the predictlion of outcomes based on
models of expert and novice performance, a; well as the data analysls and
Interpretatlion of results.

In our simllarlity Judgment task, a glven comparlison problem could match
the model problem in surface features (S), deep structure (D), both surface
features and deep structure (SD), or nelther surface features nor deep
structure (N). These comparlson problems were palred In a way such that ono
and only one problem In the palr matched the model probiem In deep structure.
This led to four types of palrings, which we wlll refer to as "comparlson
types": 1) u-D, 2) S-SD, 3) N-D, and 4) N-SD. |If It Is the case that experts
and novices rely primarlly on different kinds of problem attrlbutes In makling
simllarlty Jjudgments, then the patterns of performancd expected for experts
and novlices should differ. Assuming that experts base thelr categorlzatlon
declslons solely on deep structure, then they should choose thé compar I son
problem that matches the model problem In deep structure 100X of the tlime, and
select D, SD, D, and SD respectlively In the four comparlson types. Novlices

who base thelr categorlzatlon declslons solely on surface features should




~hoose the comparlson 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 compar Ison type and SD In the N-SD comparlson type. When surface features
do not allow a distinctlon to be made, as In the S-SD and the N-D Items,
elther alternatlve should be equally Ilkely. Hence, novices’ cholces should
match the model problem In deep structure 0%, 50%, 50%, and 100X of the time
for S-D, S-SD, N-D, and N-SD comparlson types respectlively, and §0% of the

time overall.

Method

Subjects

The novice subjects were 45 undergraduate students at the Unlverslty of
Massachusetts who had completed the first semester physlcs course In classlcal
mechanles and recelved a grade of B or better. The expert subjects were 8
Ph.D. physlclsts and 2 advanced physlcs graduate students who were nearlIng
completion of *he Ph.D. requlrements. The novice subjects performed both a
categorlzatlon task and a problem solving task, and were pald for thelr time.
The expert subjects volunteered thelr time and only performed the
catagorlzatlon task.

categorlzatlon Task

Each Item on the categorlzatlon task was composed of three elementary
mechanlcs problems simllar In style and levei of difflcuity to problems In an
Introductory mechanlcs tex: (l.e., Resnlck and Halllday, 1977). Each word
problem was three to flve Ilnes long and contalned nelther plcéures nor
dlagrams. For each Item, one problen was deslgnated as the model problem,
whlle the other two were deslgnated as comparlson problems. Subjects were to

Iindlcate which of the two comparlson problems "would be solved most simllarly”
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to the mode| problem. A response was consldered correct |f the sub Ject chose
the comparison problem that matched the mode| problem In deep structure (l.e.,
the physlical principle that would be applled to solve both problems was the
same).

There were elght model| problems, two deallng wlth energy principles, two
deal Ing wlith momentum principles, two deallng wlth angular momentum principles
and two deallng wlth Newton’s Second Law or Klnematlcs. Each model problem
appeared four tlmes, once wlth each of the four comparlson types. Thls
ylelded 32 Items composed of one mode| problem and two comparlson problems.
The following Is a sample model problem and the four compar lson problems that
were constructed to accompany |t:

Mode |l Problem

A 2.5 kg ball of radlus 4 cm Is traveling at 7 m/s on a rough horlzontal
surface, but not splnning. Some dlstance latsr, the ball Is rolllng

without slipplng at 5 m/s. How much work was done by frictlon?

S Compar lson Problem

A 3 kg soccer ball of radius 15 cm Is Inltlally sllding at 10 m/s
without spinning. The ball travels on a rough horlzontal surface

and eventually rolls without sllpplng. FlInd the ball’'s veloclty.

D Comparlson Problem

A small rock of mass 10 g falllng vertlcally hits a very thick
layer of snow and penetrates 2 meters before coming to rest. |If
the rock's speed was 25 m/s Just prlor to hitting the snow, find

the average force exerted on the rock by the show.

SD Compar lson Problem

A 0.5 kg bllllard ball of radlus 2 cm rolls wilthout sllpplng down

an Incllned plane. |If the blllla‘d ball Is Inltlally at rest,

3




what Is Its speed after It has moved through a vertlcal dlstance
Af .5 m?

N Comparlson Problem

A 2 kg projectlile Is flred with an Inltlal veloclty of 1500 m/sec
at an angle of 30 degrees above the hor lzontal and helght 100 m
above the ground. FiInd the tlime needed for the projectlle to

reach the ground.

The experIment was run on IBM compatlible PC’'s. The subject was toid to
read the model problem carefully and the two compar |son problems that would
appear below It, and declde whilch comparlson problem would be solved most Ilke
the model problem. The I|tems were presented In random order, wlith no 1Imlt
Imposed on response time. Most subjects compieted the task wWithin 45 minutes.

Problem Solving Task

In a separate hour-long sesslon, the novice subjects were glven a
problem solving task contalning seven classlcal mechanlcs problem. Four
problems requlred the appllcatlion of one principle for solutlon, whereas three
problems required the appllcatlon of two princlples. Henceforth we wlll only
dlscuss performance onh the single-principle problems, since few subjects were
able to solve the two-princlple problems. The slingle-princlple problems were
all simllar In style and level of difflculty to both the problems appearing In
the textbook and the problems used In the categorlzatlion task. The princlples
involved In the four problems were: Newton's Second Law, Conservatlon of
Energy, Conservatlon of Linear Momentum, and Conservatlon of Angular Momentum,
Each problem was graded on a ten polnt scale by two physlclsts; whenever the
score on a problem dlffered by two or moreé polnts, the solutlon was dlscussed

and a score was determlned by consensus. The total scores on the problem




solving task ranged from 1 polnt to 40 polnts, with a mean of 21.2 polints ad

standard deviatlion 11.42 polnts.

Results

The performances of the 45 novices and the 10 experts were compared In a
2 (Groups) by 4 (Comparlison Types) by 8 (Model Problems) analysls of varlance.
In genoral, the experts were better able to determine whether two problems
would be solved through appllcation of the same princlple, choosing the
compar Ison problem that matched the model problem In deep structure 78% of the
time. Novlces chose the deep structure alternatlive 59% of the time, which was
signiflicantly less often than experts, F(1,53) = 28.78, p<.0001. As predicted
by our assumptlons about expert and novlcs parformance, there was a difference
In how the two groups responded to the four compar lson types, as Indlcated by
the Group x Comparlson Type Interactlon, F(3,159) = 10.00, p<.0001.
Therefore, we WlIl discuss the Influence of Comparlson Type for experts and
novlces separately.
Experts

Compar | son Typs should have had no Influence on experts’ performance had
they based thelr declslons about solutlon simllarlty strictly on deep
structure (l.e., the principle Involved). However, there was a signlflcant
maln effect of Comparlson Type for experts, F(3,27) = 10.56, p=~.0001,
Indlcating that the four Comparlson Types were not of equal difflculty. The
mean performances for the Comparison Types (see Table 1) suggest that surface
features have an adverse Influence on experts’ catsgorlzation éeclslons.
Although the differences among these means were not all slgniflicant, they do
follow the trend predicted for novlices, suggesting that experts were adversely

affected by the same klinds of condltlons that negatlvely Influenced novlices.
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Performance on the N-SD ltems was significantly better than that on each of
the other three compar ison Types (p<.005, Bonfoerron!l famllywlse error rate:
EF/K =~ .05/6 = .008). The mean performance of the experts was signlficantly
higher, at p<.01, than that of the novices for each of the four Comparison
Types, except for the N-SD type, where performance vas qulte high for toth
groups (see Table 1). Thus, although experts appear to focus on deep
structure to a greater degree than novlces, surface features do Interfers wlth
thelr performance.

Novlces

Conslstent with the assumptlon that novlices cue on surface features when

makIng simllarlty Judgments, Compar Ison Type dld Influence novlices’

performance, F£(3,132) = 150.54, p<.0001 (means are In Table 1). All palrwise
compar lsons differed signlficantly by p<.0002 (EF/k = .05/6 = .008). These
results Indlcate that surface features play a major role In novices’
categor lzatlon schemes, and dlrectly Inf luence the process by which they
declde whether or not two problems would be solved simllarty. For example, If
one comparlson p}oblem matched the model problem In both surface features and
deep structure, then the daclslon that they would be solved simllarly was
facllltated (71% correct for S-SD and N-SD compar lson types, versus 46%
correct for s-p and N-D compar lson types). However, 1f a compar Ison preblem
matched the mode! problem only In surface features, then the declsion that
they would be solved simllarly was adversely affected (40% correct for the S-D
and S-SD palrings, versus 77% correct for the N-D and N-SD palrings).

Desplte thelr attractlon to surface features as a means of Judging
stmllarity of solutlon, novices as a group do not seem to rely solely on
surface features. For S-D Items, INn whizh novices should have been most prone

to lgnoring deep scructure, the g5% confldenceé Interval (Cl) was 20%<M<32%,
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vweill above the predicted 0¥ correct had they used a strict surface feature
categorlzatlon scheme. Further, In the N-D ltems where there was no
distractlon due to surface featurss the proportlon of deep structure matchrg
was slgniflcantly above the predicted 50% performance (93X Cl = 63%<M<71X).

For both novlces and experts, performance was Inf luenced by Modal
Problem, F(7,371)=8.46, p<.0001. Items Involving angular momentum were the
most dlfflcult, while those Involving energy tended to be easler. In all but
one of the 8 Model Problems, experts made more deep structure Jjudgments than
dld nocvlices, produclng an Interactlon betwaen Mode! Problem and Group,
F(7,371)=3.05, p=-.0038. Thers was also a slgnlflcant Interactlon of Mod= |
Problem and Comparlson Type, F(21,1113)~13.33, p<.0001, suggesting that the
difflculty of maklng a ceclsion based on deep structure In the varlous
conditlons Is related to the context of the problem.

The extent to whlch novlces appear to rely on deep structure when maklng
categorlzatlon declslons Is related to thelr problem solving ablllty as
measured by the protlem solving task. The correlatlon between total
categorlzatlon score and the score on the probiem solving skllls test was .30,
F(1,43)=4.376, p=-.0424. Furiher, performance on the problem solving task
supports the notion that novices were better able to select deep structure
matches on the simllarlity Judgment task 1n problem contaxts thoy understood
better. More speclflcally, subjects dlsplayed a poor performance In both the
problem solving task and the simllarlty Judgment task on problens Involving
angular momentum, whereas they dlsplayed a relatlvely good performance on

problems Involving energy.
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DIscisslon

The findings of Experiment 1 are conslstent with the exlsting llterature

In Indlcatling that the schemes used by subjects to categorlze classlcal

mechanlcs problems are related to problem so'ving expertise In physlcs. Thls

|s most obvlously reflected by the greater rellance of experts on deep
structure simltarlity In making categorlzatlion declslons, and of novices on

surface feature simllarity. Experts were much more Ilkely to Judge that two

problsms would be solved simllarly If they werc simllar In desp structure. In

contrast, novices of‘en Indlcated that problems wlth simllar surface featu.es

would be solved simllarly. However, the |1kellhood that both expert and

novice subjects wlll select the deep structure alternative Is Influenced by

what other problem attrlbutes were present In the comparlson problems. Among

novices, and to some extent among experts, thls performance pattern could be

Interpreted In terms of a threshold-type model (Smlth, Shoben and Rlps, 1974).

If the Inltlal perception of simllarity of one of the compar lson
problems to the model problem was hligh, a threshold model would predict that
the subject would be Incllned to make a response based on thls overall
Impresslon of simllarlty, wlthout conductling any further analysls. Hence, we
In

note the relatlvely high rate of choosing the surface feature alternatlve

the S-D and N-SD compar Ison types where surface features were pltted agalnst

alternatlves that had no obvlous superflclal simllarlity to ths mode| problem.

If nelther comparlson problem succeeded In crossing the threshold of
simllarity (as In the N-D Items), subJects were forced to conslder more

carefully what would constltute simllarity, and hence, might be more llkely to

conslder principles.
Is It clearly beneflclal for novices to conslder principles In

categorlzing problems merely because experts appear to do so? Experliment 1



L1

suggests the answer to thls questlon may be yes, slnce there was a correlatlon
of novices' problem solving and categorlzatlon scores. Novlces as a group

var led conslderably In the degree to whlch they Judged problems as simllar
that were matched In deep structure. Better novice problem solvers made more
simllar Ity Judgments based on deep structure than dld poorer novice problem
solvers. Thus, In the domaln of phvslcs,_the abllIty to categorlze problems
according to deep structure seems to be beneflclal to problem solving.

In ExperIment 2, we Wil conslder the Issue of Indlvidual dlfferences
among novlces more carefully., In dolng so, w6 wlll need to clarify what types
of reasonling lead to partilcular categor lzatlon responses, slnce the blnary
nature of the responses required In ExperIment 1 dld not make the subjects’
reasoning expllclt. For example, the assumptlon that novicas who chose the
deep structure alternative dld so as a result of actually consldering the
problems’ deep structuro may not be valld. On the other hand, novlces may
have attempted to use deep structure more often than thelr actual performance
Indlcates, but may not have been able to do so correctly. Therefore, In
Experiment 2, we modl fled the simllarlty Judgment task In an effort to make
subjects’ reasonlng more expllclt, as well as fur ther explore the relatlonshlip

between problem solving and problem categorlzatlon.

EXPERIMENT 2: CATEGORIZATION CRITERIA AND PROBLEM SOLVING ABILITY OF NOVICES
Study of the ends of the spectrum of problem solving sklll, namely
experts and novlces, Indlcate there Is a relatlonship between categorizatlion
criterla and problem solving ablllty. The relevance of thls finding for
understanding the development of expertlse would Increase !f this relatlionshlp
could also be demonstrated among novlces at the same level of experlence.

Such a demonstratlion wouid Indlcate that sklll acqulsitlon ls Inf luenced from
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the beglinning by the types of cues to whlch novices try to pay attentlion, and
that the foundatlons for the acqulslitlion of expertlise are lald early In the
learning process. Instruct lon which attempts to facliltate use of general
princlples may be more effectlive than instructlon which Ignores It.

In fact, the correlatlon between frequency of deep structure declslons
and problam solving score In “xperiment 1, as well as related research (such
as Sllver, 1979), suggests a more concluslve demonstratlon Is posslible. In
order to demonstrate that categorlzatlion criterla and problem solving ablllty
are related for novlices at the same level of experlence, We need a task which
allows us to examlne more dlirectly the reasons subjects have for makIng
categorlzation declslons. Slimply inferring subjects’ reasons for responses,
as In Experlment 1, may be mlsleadling -— for example, a misldent!fled
princlple may have led to an Incorrect response, evan though the novice was
culng on deep structure.

Therefore, weé simplIfled the categorlzatlon task ysed In Experlment 1,
such that there was only one comparlson problem presented wlth the mode |
problem In each Item. Thls led to four comparlson types: 1)y s, 2) b, 3) SD,
and 4) N. The compar Ison type nomenclature now denotes the problem attributes
shared by the two problems In each Item; for example, In the SD Items both
probiems shared the same siurface features and deep structure. Subjects were
asked to declde whether or not the two problems would be solved simllarly.
They were also asked to glve a reason for each response. The reasons glven

would provide the basls for separating subjJects Into groups according to the

criterla they used to categorlze problems. Thls would allow ué to determine

whether dlfferent patterns of responses are assoclated wlth different types of
reasoning. Subjects using the approprlate deep structure reasoning should

respond according to the followlng pattern on the four comparlson types: S-No,
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D-Yes, SD-Yes, and N-llo. Subjects uslng surface feature reasoning shouid
respond simllarly on the SD and N ltems, but In the opposlte manner on the S

and D Items, resulting In 50% correct overall.

Method

Subjects

Forty—four undergraduate students at the Unlverslty of Massachusetts who
had completed a flrst semester physlcs course particlpated In this study.
They performed the categorlzatlcen task and a problem solving task, which
Included a mathematlics proflclency component, and were pald. To have basellne
data agalnst which to compare the novice data, 7 expert Ph.D. physlclsts also
performed the categor lzatlon task and were also pald for thelr particlpatlion.

Categorlzation Task

The word problems used In the categorlzatlon task were simllar In type
and difflculty to those used In ExperIment 1. Two word problems were palred
for each of the 32 Items, one model problem and one comparlson problem of type
s, D, SD or N. There were elght mode| problems, each of whlch appeared four
times, once wlth each of the four comparlson problems. A response was
consldered “correct” If It was that expected (as deflned earller) when
appropr late deep structure reasonlng was used.

The task was presented In a booklet, wlth two problems per page.
sub Jects were Instructed to declde whether or not the two problems would be
solved simllarly, and to respond by stating yes or no. They were then to
provide a reason for thelr response. One hour was al lowed for. the task, and
all subjects fiInlshed within this time llmlt.

Each of the reasons subjects gave was classlfled according to the
following (non-mutually excluslve) characterlstics: surface features,

equat lon-based, physlcs term!nology-based, and princlples. Subjects were
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classifled Into three groups on the basls of the type of reasoning most

frequently employed: 1) Surface Feature, 2) Princlple, or 3) Mlxed.
Class!flcatlon Into elther the surface Feature group or the Princlple group
meant the subject had consldered the same type of Informatlon on 17 or more of
the 32 Items. The members of the Mixed group employed a varlety of reasoning
strategles, none of which was used a majorlty of the time; they commonty

emp loyed equat lon-based or physlcs termlnology-based reasoning on a large
proportion of the Items. In the novlice group, 17 subjJects were In the Surface
Feature Group, 11 subjects were in the Princlple Group, and 16 subJects were
in the Mixed Group. All 7 expert sub Jects were primarlly princlipls ussrs.

Problem Solving Task

The problem solving task contalned four problems, whilch were the same as
single-principle problems glven In Exper Iment 1. Thls task was a portlon of a
longer task whlch assessed both physlcs knowledge and mathematlcs proflclency.
One hour was allotted for completlon of the entlre problem solving task.

Each of the four physlcs problems was graded on a ten polnt scale.
Scores on these four prohblems ranged from O polnts to 34 points, wlth a mean
of 12.4 polnts and standard devliatlon of 10.28 polnts. The math proflclency
portion covered toplcs In algebra, graphlng, vectors, tr Igonometry and
geometry. Scores on the math portlon ranged from 14 to 40 out of 40 posslble

polnts, wlth a mean of 29.5 polnts and standard devliatlon of 6.4 polnts.

Results
The performances of the 44 novlice and 7 expert physlclsté on the
categorlzatlon task were compared In a 2 (Groups) x 4 (Comparlson Types) x 8
(Mode| Problems) ANOVA. As In Experlment 1, experts made more correct

declslons on the basls of matchling deep structure (95%) than dld the novlices
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as a group (62%), F(1,48)=70.27, p<.0001, or any of the three novice subgrouvos

(surface Feature Group - 56%, Mlxed Group - 63%, Prlnplple Group - 69%),

F(1,22)=113.35, p<.0001, F(1,21)=131.26, p<.0001), and F(1,16)=73.63, p<.0001.
However, on the average. novlces made many more declslons that were correct on
the basls of deep structure than one might expect; the per formance of the

novice subjects, at 62X correct, was signiflcantly higher than the 50% correct

predicted for novices If we assume they employ only surface features In

categorlzatlon declslons, 95% Cl= 59%<M<63%.

compar Ison Type. For novlices, but not experts, categorlzation

performance was Influenced by Compar Ison Type, as Indlcated by a 3 (Novlice

Groups) x 4 (Compar lson Types) x 8 (Model problems) ANOVA, F(3,129)=132.71,

p<.000t, and by a 4 (Compar Ison Types) x 8 (Model Problems) ANOVA for experts,

F(3,18)=1.30, p=.3061. Novlice performance on each Compar Ison Type dlffers

from that of every other type at a level of p<.001 (EF/k=.05/6=.008). As can

be seen In Table 2, subjects experlenced the most difflculty In correctly

rejecting S comparlson problems as belng approprlate matches to the mode |

problem. This result, In comblnation with the high rate of correct acceptance

of the SD comparlson problems, supports our flndings from Exper Iment 1 by

Indlcating the relevance that novices attach to surface features In making

declslons about solutlon simllarity. In both experIments, the presence of

surface feature similarlty depressed the rate of deep structure declslons when

It v 3 uncorrelated wlth deep structure simliarity (as In the S-D and S-SD

Items In Experiment 1, and the S Items In this experiment) and Increased the

rate when It was correlated (as In the N~SD Items In Experlmsnt 1, and SO

Items In thls experliment).

The Importance of surface feature simllarity for novlices does not mean

deep structure Is not conslderad, as we suggested In Experiment 1. IN
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Experiment 2, novices were much better at correctly accepting D comparlsons
than expected (50% actual versus 0% predicted). When thers was no competlition
from surface features, sub)ects were much more capable of making correct
declslons Involving deep structure. In cases where there was nelther surface
feature norldeep structurs simllarlty (1.e., N comparlsons), subjects were
reasonably good at assessing the lack of any simllarity and making a correct
reJectlon (90% correct).

Reasonlng Employed. As expected, experts near iy unlversally (93% of the

time) provided reasons for thelr Judgments of simllarlty that were based on
physlcs principles. The princlples Involved were Identifled correctly 98% of
the tilme. Clearly, expérts reason primarily on the basls of deep structure,
as thelr responses In both Experliments 1 and 2 Indlcate, and do so
appropriately.

Novices dlffer from experts and from each other In the degree to which
they utlllze princlples In thelr reasoning. On the average, members of the
Princliple Group mentloned principles 70% of the time, members of the MIxed
Group 23% of the tims, and members of the Surface Feature Group 6% of the
time, so there were major differences among the groups in procllvity to emp loy
principles In reasoning. These princlples were ldentlfled correctly by the
three groups 60%, 61%, and 62% of the tlme, respectively. Thus, when novlices
chose to utllize princlples In an explanatlon, there was no dlfference among
the three groups In ‘he rates of correct ldentlflcatlion, although there were
marked dl{ferences In the frequency of using principles among the thres
groups. '

The tendency to employ principles In reasonling Is related to overall

success In categorlzatlon. The Surface Feature Group, wlth 56% correct,

performed significantly lower than both the Mlxed Group, wlth 63% correct,
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F(1,31)=6.73, p=.0143, and the Princlple Group, with 69% correct,
F(1,26)=15.64, p=.0005. The three groups also tended to have difficulty wlith
different types of problems, as Indlcated by an Interaction of Group and
Compar Ison Type, F(6,123)=3.08, p=.0077.

As can be seen In Table 2, the relative difflculty of the four
Compar | son Types was the same for a!l three groups. The performances on the SD
and N Items did not dlffer signiflcantly among the groups, which Is sonslstent
with the 100% correct predlicted per formance for both surface feature and
princlple users. It was on the S and D Items that the dlfferences among the
groups appeared. The Surface Feature Group parformed lower than the Princlple
Group on both S and D Items, t(26)=3.10, p=-.0046 and t(26)=3.23, p=.0033. We
had predlcted surface fraturse users would make correct responses 0% of the
time on these two Comparlson Types, while principle users would be rorrect
100% of the time. Thus, the performances of these grouﬁs were In the

predicted dlrectlons.

Clearly, although the performance of the Princlple Group was much better
than that of the average novice, thelr performance was far from that predlcted
for one who relles on princlples alone. Tvio factors contribute to thls
outcome: 1) princlples were not used In every problem analysls, and 2) the
principles ldentlfled were often Inapproprlate. Of the 70% of the time that
members of the Princlple Group used princlples, 38% of the tIme they
Identifled princlples Incorrectly. Hence, what may be mcre Important than the
appropr lateness of a principle In the development of expertlise Is the
frequency wlth which one attempts to apply principles to a proélem analysls.

Ths data argue that attempted principle use Is related to problem
solving ablllty. Mean performances on the problem solving task were 14%, 32%,

and 57% correct for the Surface Feature, Mixed, and Principle Groups
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respectlively. The three groups were signiflicantly different on thl: measu s,
F(2,41)=16.19, p<.0001, and each group differed from the other at a lev- | of
p<.008. The correlation between the frequency of attempts of an indlvidual to
reason by principle and the problem solving test score was .63,
£(1,42)=27.657, p<.0001. One mlght argue that a thlrd factor, such as
Intelllgsnce, Is responsible for this reiatlonshlp. However, even when level
of mathematlcs proflclency (which we take as an Index of Intelllgence) was
held constant, the correlatlon was stlll signiflcant, r=,505, I=3.516,
p<.0004. Novlices who attempt to categorlze problems using princlples tend to

be better probiem solvers.

DIscusslon

Exper Iment 2 demonstrates that the relatlonshlp between use of
principles In categorlzatlon and problem solving skllls Is not only an
approprlate characterlistlc for making distinctlions between exports and
novices, but Is also approprlate for distIngulshing among “good* and “poor*
novice physlcs students with simllar educatlonal experlences. Novices who
attempt to analyze mechanics problems using princliples make more correct
judgments concernling solutlon simllarity and are better problem solvers. Note
that these novlices were often incorrect In IdentIfylng the nrincliple needed to
solve a problem, but that the princlple-based approach to problem
categor lzatlon generally appears to have a value beyond the successfulness of

the attempt to classify a problem.

Why Is principle use so highly correlated wlth problem sélvlng abillty?
We belleve that storing Informatlon about types of physlics problems In terms
of general princlples, as opposed to equatlons and surface features which

novices generally employ (Chl, et al., 1981; Mestre & Gerace, 1986), Is a much
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more efflclent form of representing physics knowledge. The effort requirec¢ to
organize physlcs knowledge In terms of broad categorles Is probably Inltlally
much greater than that requlrcd to organlize the knowledge In terms of
equatlons. However, the effort Involved In malntalnlng categorlcal
Informatlon Is much less than that needed to malntaln and search through a
large equation data base. Thercefore, our findings Indlcate that three months
after finlshing thelr mechanlcs course, principle users could solve problems
more effectively than non-nrinclpie users. Although thls study cannot address
the causal relatlon between principle use and problem solving skill, It
suggests that pedagogy in physics mlight be more effactive If attempts were
made to convey Informatlon In a manner conduclve to organlzation by
princlples, a vlew supported by other research as woell (Eylon & Relf, 1984;

Heller & Relf, 1984).

General Dlscusslon

In these two studles, we attempted to characterlze how and when novlice
physlcs students and expert physiclsts use surface fsatures and deep structure
to determlne that two problems would be solved simllarly, and how
categorlzatlon and problem solving skllls are related. In agreemrent wlth
other studles (Chl, et al., 1981; Schoenfeld & Herrmann, 1982), ve found the
presence of surface features to adversely Influence the categorlzatlion
declslons of novices, and of experts to some extent as well. Desplte the
apparent diffliculty In ignoring the semblance of simllarlty conveyed by
surface features, the concluslon that novices focus almost exeiuslvely on
surface feature simllarlty Is unwarranted.

Two pleces of Informatlon argue agalnst such a concluslon. Flrst, In

condltlons where surface feature simllarity was not avallable to "asslst" In a
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declslon, the performance of novlces was much better than that expected |f
they had been relylng solely on surface feature simllarlty. Second, when
novlices were asked to state why they belleved two problems would be solved
simllarly, many of them responded wlth arguments based on princlples, although
equat lon-based reasoning was also falrly common.

Novices are not a unlform crowd. Some cdo rely primarlly on surface
feature simllarlty to categorlize problems, while others attempt to reason
falrly conslistently by principles. It Is not at all clear that a plcture of
the novice progressing from rellance on surface features to rellance on deep
structure Is accurate. Novlces who are better'problem solvers, and prosumably
the ones more llkely to contlinue In the fleld, tend to apply principles more
often when declding whether or not two problems would be solved simllarly.
surface features Interfere with the declslon, but are not the primary focus of
attentlon for the good problem solvers. As the nov!ce becomes more able to
distingulsh the critical attributes of problems, surface feature simllarlty
has less Influence on problem analysls.

These results suggest that our goal as educators should be to structure
the Informatlon presented In the classroom In a way that asslsts the learner
In organlzing knowledge by princlples. There Is evidence that standard
pedagoglcal practlces do not Incorporafe thls strategy (Collins, Brown &
Newman, In press). We may not be able to ensure that every student vlews
princlples as fundamental, but the centrallty of princlples to both experts

and the better novices suggests that thls path Is more Ilkely to lead to

eventual understanding.
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Table 1: Predlcted and Observed Performance of Experts and Novlces

Total 100% 78% 50% 59%

Experts Novlces
Compar lson Type Predlcted Observed Predlicted Observed
S-D 100% 66% 0% 26%
|
S-SD 100% 71% 50% 54%
N-D 100% 84% 50% 67%
N-SD 100% 91% 100% 87%

Table 2: Performance of 3 groups on 4 comparlson types

Surface Features Mlxed Princlple
S 18% 23% 43%
D 39% 53% 64%
SD 76% 87% 78% .
90% 91%
63% 69%
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