Journal of Experimenial Psychology:
Learning. Memory, and Copnition
1994, Vol 20. No 2. 366-378

Copyright 1994 by the Americun Psychological Association, Inc.
i Y g 0278-7393/94/53 00

Effects of Solving Related Proofs
on Memory and Transfer in Geometry Problem Solving

Marsha C Lovett and John R. Anderson

Three experiments investigale the refationship between memory and problem solving in the
domain of geometry thearem proving. In Experiment 1, 3¢ memories for an original probiem-
sojving episode were interfered with retroactively by solving a 2nd problem that had the same
diagram, but no memory effects wese abserved 1hat depeaced on the second problem’s logical
similarity to the original Resulis suggest that the diagram is the basis for geometry problem-solving
memaories Experiments 2 and 3 investigated problem-salving memories in use by examining Ss
transfer to a 3rd (test) problem As with the memery results, teansfer was reduced when the 1st two
probilems had the same diagram relative to when they had 2 differany diagrams. Transfer was
reduced most in the condition with the greatest proportion of memoy-interfering steps. Results
suggest that the strueture and quality of problem-solving memeries affect problem-solving transfer.

As problem solvers gain experience in a particular éoma-én,
they not only develop their skills but also form problem-soiving
memories. These memories can play a role in subsequent
problem solving For example, while a person plays a game of
chess, he or she is creating a memory trace that might include
specific moves and board patterns from that game Research

suggests that the use of such memories can be helpful in

subsequent play (de-Groot, 1965; Holding, 1985) We argue
that the same is true of problem solving in geomelry: Problem-
solving memories can have a significant impact on transfer
First, we explore the structere and dynamics of geometry
problem-solving memories by demonstrating that they can be
retroactively affected by certain types of Enienfcning problem-
solving episodes (Experiment 1) Then, we investigate how
these changed problem-solving memories car, in turn, affect
subsequent probleen-solving performance (Experiments 2 and
3)“I”he term problem-solving memory refers to an episa_;dic
memory trace that includes various features of a previous
problem-solving experience (¢.§ , the problem statement, steps
taken in the solution, operators used, and mistakes made).
Several studies have examined subjects’ problem-solving memo-
ries. For example, Fgan and Greeno {1974) found that, after
solving the Towers of Haroi task in which a set of disks must be
moved from one peg to another, subjects remembered problem-
solving steps assaciated with top-level goals better than they
remembered steps associated with lower level goals. This effet
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was maintained when subjects were taught a goal-based
strategy but not when they were taught a perceptual strategy
(Ruiz, 1987). Furthermore, solving the same Towers of Hanoi
problem multiple times increased subjects’ overall recognition
memory for states and for state-operator pairs that occurred
during problem solving (Ruiz, 1987). In the domain of math-
ematical word probiems, Silver {1981) found that seventh-
grade students exhibited differences in certain aspects of their
memory for a given problem according to their performance
level: Good solvers recalled more of the structural aspects of
the problem they had solved than did poor solvers, but both
groups recalied the same number of details. These results show
that problem-solving memories can be influenced by the
precess of preblem solving, but they do not reveal much about
how or why such problem-solving memory differences occur.

In Experiment 1, we address these issues by examining a
case in which the problems are multiple and distinct. More
specifically, we focus on these questions: How are subjects’
memorics for 2n original geometry problem affected by solving
asecond, different geometry problem? What do these retroac-
tive effects tell us about the structure of problem-solving
memories?

Our theoretical framework for such retroactive influences
comes not from the problem-solving literature but rather from
research on memory for prose (Anderson & Bower, 1973
Bower, 1974; Bower, Black, & Turner, 1979; Crouse, 1971;
Thorndyke & Hayes-Roth, 1979; Watkins & Kerkar, 1985). In
general, this research has demonstrated that greater retroac-
tive facilitation and interference occur in situations where the
to-be-remembered structures are related: Facilitation is exhib-
ited for those features shared between the structures, and
interference is exhibited for those features not shared. For
example, subjects who studied three stories of the same type
(uli short biographies) exhibited better memory for facts from
the originaf biography that were shared by all three than did
control subjects who read the original biography followed by
two stories of different types. On the other hand, subjects who
studied all three biographies exhibited poorer memory than

did controd subjects on facts umique to the original biography
{Bower, 1974)
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Thorndyke and Hayes-Roth (1979) have proposed a memory
schemata modet that accounts for such facilitation and interfer-
ence results in memory for prose. The fundamental tenet of
this model is that memory traces for similar events {eg,
reading biographies of famous people) are grouped under a
single schema A schema consists of a set of interlinked
components {e.g., OCCUPATION and RESIDENCE for a biogra-
phy schema) that correspond to substructures common across
the events. One thinks of the details of a particular memory
trace (eg., Thomas Jefferson was president of the United
States; he lived in Monticello} as being attached to the
appropriate components of the schema. According to this
model, interference effects occur because different details
from distinct events are attached to the same component of the
same schema (e g, Monticello and Mount Vernon would both
be attached to RESIDENCE), complicating the retrieval of a
desired piece of information (e.g, Where did Jefferson re-
side?) For interference to occur, it is first necessary that the
schema itself be built up, a process that presumably takes place
during early exposure to the similar events Facilitation effects,
on the other hand, occur when the same detail is repeatedly
attached 10 a single component of the schema. These effects
are primarily driven by an increasing likelihood of remember-
ing the repeated detail during formation of the schema.

Thorndyke and Hayes-Roth (1979) sought empirical sup-
port for their model by asking subjects to study a variable
number of training texts of the same type (c.g, biographies)
and then to study and recall a new test passage, also of the
same type. The test passage included sentences that were
repeated identically throughout the training passages (shared
information), sentences that had their details changed across
the training passages (not-shared information), and sentences
that were unrelated to any sentences during training (unre-
fated). Predictions of the schema mode! matched the memory
results in several respects: {a) Recall of shared information
increased with the number of training passages, (b) recall of
not-shared information decreased with the number of training
passages (after an initial rise), and (c) recall of unrelated
information did not change with number of training passages.

These results and those by Bower (1974) are consistent with
schema theory because memory effects were elicited only when
subjects experienced multiple events of the same type (viz,
read stories of the same type) and because memory facilitation
and interference were specific to the shared and not-shared
information, respectively Nevertheless, the two studies mea-
sured these memory effects very differently: Bower measured
the retroactive effects of interpolated stories on subjects’ recall
of the original story, whereas Thorndyke and Hayes-Roth
(1979) measured the proactive effect of interpolated prose
passages on subscquent memory performance

In the three experiments reported here, we apply both
variations of this paradigm to geometry theorem proving to
investigate the structure and dynamics of geometry problem-
solving memories. In Experiment 1, we measure the retroac-
tive effects of solving a varying second geometry problem on an
original problem-solving memory and thereby attempt to
distinguish the structure of geometry problem-solving memo-
ries. In Experiments 2 and 3, we study problem-solving
memories in action by measuring the impact of solving these

same geometry problems on subsequent problem-solving per-
formance.

Experiment 1

To determine the basis for geometry problem-solving memo-
ries, we created a problem-solving situation in which retroac-
tive memory effects could occur. Subjects solved an original
geometry prool problem followed by a second problem and
then were asked to recall the original According to the
theoretical framework described earlier, retroactive effects
should only occur when the two problems use the same
memory structure—when their memories are associated with
the same schema. Recall that, in the case of memory for prose,
story type {e.g., biographies) provided the structure by which
subjects’ memories were facilitated and impaired (Bower,
1974; Thorndyke & Hayes-Roth, 1979). Geometry problem
solving, in contrast, has two factors that could potentiaily
provide the framework on which problem-solving memories
are based: the diagram and the logic of the problem’s solution.
Although it is possible that both factors could be represented
in problem-solving memories, we were interested in distinguish-
ing which one might have the greater influence. Therefore, we
formulated two competing hypotheses for the structure of
geometry problem-solving memories. The diagram hypothesis
states that the problem diagram forms the basis of geometry
problem-solving memories and, hence, predicts that memory
facilitation (for shared features) and interference (for not-
shared features) should occur when the diagrams of the two
geometry problems are similar. The logic hypothesis, on the
other hand, states that the problem’s logic is the structure of
these memories and thus predicts that memory facilitation {for
shared features) and interference (for not-shared features)
will occur when the logical structures of the two proofs are
similar.

Although it may seem counterintuitive to consider the
diagram as structurally important to geometry problem-solving
memories, there are several arguments that support this idea
For instance, in many geometry textbooks, the diagram is used
to record the steps in a proof, inking important features of the
problem’s solution to the diagram. (All of our subjects made
such marks on their diagrams to represent proof steps.) There
is also considerable information contained in a geometry
diagram that may help direct the course of problem solving,
Geometry experts, for example, use a variety of proof sche-
mata that rely heavily on certain perceptual configurations in
the diagram (Koedinger & Anderson, 1990). Similarly, diagram-
matic representations that ease subjects’ memory and atten-
tion load and that place related pieces of information close
together facilitate problem solving in physics (Larkin & Simon,
1987). By establishing diagram and logic as two reasonable
candidates for the structure of geometry problem-solving
memories, we created a situation in which retroactive memory
effects could be a powerful discriminator.

Method

Subjects  Subjects wese 48 Carnegie Mellon University undergradu-
ates, participating either for credit or for payment. Two additional
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Same Diagram Different Diagram
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Logic
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Given: PA LYG, £PLYz ZPLG| Given: £YAL = ZGAL,
Prove; A YPG is isosceles LPLY = £PLG
Prove: YP = PG
P p L
Unrelated
Logic
¥ A c | Y A G
Given: LY=LG. ZPYL = £PGL{Given: A midpointof YG,
Prove; A YPG is isoseeles PYa LG, ZLPA S ZPLA
Prove: APYA=ALGA

Control

H M B
Given: #HKM = ZBKM.
ZHSM = ZBSM
Prove: AIB L KM

Figure 1 Geometry problems solved by subjects in cach condition.
The control problem was the only problem solved by subjects in the
control condition and the originai probiem solved by al] other subjects
Each problem in the 2 X 2 matrix corresponds to the second problem
solved by subjects in that condition.

subjects were removed from the study because they were unable to
solve the problems.

Design. We used a 2 x 2 design of Diagrammatic Similarity (same
or different} x Logicai Similarity {analogous or unrelated), with each
factor representing the second problem’s relationship to the original.
A secend problem’s proof was considered analopgous to the original
problem’s as long as it used the same logical structure {e.g, the givens
lead to proving one pair of triangles congruent, that congruence leads
to proving another pair of triangles congruent, and that congruence
proves the goal). Sample solutions for the original problem and for the
same diagram, analogous logic problem are presented in Appendix A
to demonstrate this correspondence A second problem was consid-
ered to have unrelated logic when it shared none of these structural
components with the original problem

Sixteen subjects were randomly assigned to each level of the logic
factor and participated in two sessions, one for cach level of the
diagram factor Thus, the logic factor was between subjects, and the
diagram factor was within subjects, with ordering of the two diagram
levels counterbalanced. (In Experiments 2 and 3, the design was
changed slightly, making diagram and logic both between-subjects
factors ) An additional 16 subjects participated in a control condition
that provided a baseline measure of memory for the original problem
when no second problem was solved.

Materials  Figure 1 shows the original problem (labeled control}
and a 2 % 2 matrix of second problems (according to their relationship
10 the originai) A second set of problems with the same relationships
{see Appendix B) was required by the inclusion of the second session
Matching of problem set and session number was counterbalanced.

Procedurs  The experiment was conducted in two sessions Each
session began with a geometry review in which subjects read a
summary of the theorems and definitions 10 be used in the experiment
This page was in subjects’ view during all problem solving Next,
subjects solved the geometry probiem or problems corresponding to
their condition and taken from one of the twe availabie problem sets
Finally, subjects were given a series of memory tests regardiag the
original problem. In the second session, subjects followed the same
procedure except that the problems were taken from the other set and
at the opposite diagrammatic fevel Time between the two sessions
averaged 2 days.

For each probiem, subjects were instructed to write a lwo-column
proof. The left column was for statements, and the right column was
for justifications of each statement. After the original problem’s proof
was successfully completed and the solution sheet removed, subjects
{in the experimental conditions) solved a second problem The
experimenter was present during all problem solving to answer
guestions and to provide hints and corrections. Such information was
given in the most uniform manner possible: Only the next correct step
in the optimal solution path was given. Hints were given when subjects
did not write down a step or make any marks on the diagram for more
than 30 5. On average, subjects received less than one hint per session

To equate the time between beginning the original problem and
beginning the memory tests, subjects worked on an unrelated puzzie
after finishing the geometry problems and uatil a total of 35 min had
elapsed since beginning their first proof (Pilot testing revealed that 35
rain was the maximum time necessary to complete the two proofs.)

The memory test given 1o all subjects inciuded the recall of four
types of information about the originu problem; its thcorems, diagram
with labels, piven statements, and steps First, subjects were asked 1o
write down the theorems and definitions they remembered using in
their original proof. Second, on a separite sheet, subjects were asked
to draw the original problem’s diagram (incloding the letters [abeling
it} Subjects were asked to add letters next to the points on the diagram
for labels they could not remember Next, subjects were asked to write
down the original problem’s “givens” {the statements given 1o be true)
and the problem’s goal. Those who misremembered these statements
were corrected so that, ai this point, all subjects had their own copy of
the original probiem before them. Finally, subjects were asked to say
out loud all the steps they could remember from their solution of the
original problem Two points were emphasized te the subjects: (a) to
avoid re-solving the problem by saying only what they remembered and
(b) to state their steps according to the particular solution they had
used when working on the original problem. These protocols were
recorded on audiotape

Al the end of each session, we asked subjects to rate the problems
similarity on a scale from very dissimifar (1) 10 very similar (7} to vesify
that subjects were sensitive to both the diagrammatic and logicat
similarity refationships. Subjects rated their problems as more similar
in the same diagram than in the different diagram conditions,
F(1, 30y = 2506, 5. = 118, p < 01 Similarly, subjects in the
analogous logic conditions rated their problems as more simitar than
did subjects in the unrelated fogic conditions, F(1, 30) = 250, MS, =
1.08, p < 01 The lack of a Diagram x Logic interaction suggested
that these factors contributed to subjects’ similarity ratings is an
additive fashion, F(1, 30) = 120, MS, = 118, p > 10 Therefore,
subjects seemed lo be highly sensitive to both similarity manipulations.
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Results and Discussion Table 2

Recall that the diagram hypothesis predicted that memory FPercentage Recall on Various Memory Tests in Experiment 1
interference and facilitation would occur when subjects solved Diagram
problems with the same diagram. In contrast, the logic hypoth- Test Same Different
esis predicted these effects would occur when subjects solved Steps
problems with analogous logic. By using our memory data, we Analogous logic 67 78
were able to distinguish between the two hypotheses according Unrelated logic 65 80
to this difference. Across many of the memory tests, we found Lontrol 80 ~
significant differences in subjects’ memories for the original Gi:lf[?;m ous logic 91 a4
problem based on the diagrammatic similarity of their second Unreif{ed goggic 47 94
problem. No main effects of logical similarity were revealed, Cantrol 91 .
however These findings, summarized in Table 1, are consis- Diagram labels
tent with the diagram hypothesis but not the logic hypothesis ﬁ"amg“”s fogic 34 b
The following sections provide details o ific results. nrelated logic 32 i

g sections p nspeci § Control 71 —

Memory for steps Subjects recalled a smaller percentage of Theorems
steps from the original proof when their two problems had the Analogous logic 66 63
same diagram as opposed to different diagrams (see Table 2). gg:t’:g:w logic % 7

In contrast, there was no effect of the logical similarity between
subjects’ two problems. Furthermore, subjects’ memories were
worse in the same diagram conditions than in the control
conditions, #(40) = 206, p < 05. These results support the
diagram hypothesis and suggest that retroactive interference
may be the mechanism at work.

The hypotheses under consideration also made specific
predictions with respect (o interference versus facilitation;
both predicted that interference would apply to memory for
itemns that were not shared between the two problems and that
facilitation would apply to memory for items that were shared.

Table 1
Swmmary of Analyses on Memory Data in Experiment |

Memory test Diagram Logic Interaction
Steps
F(3,30) 5.84* <1 <1
MS, 348 567 348
Not-shared
F{1,30) 8.79** 120 111
MS, 559 569 359
Shared
1(15) <1e — —_
Given stalements
F(1,30) 766 3.50 131
MS, 862 1350 862
Not-shared
t{15)} 4 3gh=» — s
Shared
{15} <i® _ e
Diagram labels
F(1,30 395~ <1 <1
MS, 1060 1530 1060
Theorems
F(1,30) 131 <1 203
MS, 284 396 284
Not-shared
1{15) 1 640 — —
Shared
{15} <1 o —

Note.  Each row displays the results of either a 2 % 2 apalysis of
variance (Diagram % Logic) or a paired ¢ test on subjects’ percentage
recall data. Dashes indicate data insufficient for analysis

*Analogous logic cells only  ®Unrelated logic cells only

< i *p <l

Nete Dashes indicate that disgrammatic and logical similarity do not
apply to the control condition.

Therefore, we categorized each step from each subject’s
original proof as shared if it had an isomorphic step correspond-
ing to it in the subject’s second proof, and not-shared if it had
no such corresponding step in the second proof. (Isomorphic
steps arc defined as those with the same statement and
justification, but they are not required to occur in the same
position in their respective proofs.) Table 3 presents the mean
percentages of not-shared steps and shared steps recalled by
subjects in each condition. Subjects exhibited greater interfer-
ence in their memory of not-shared steps when their two
problems had the same diagram compared with different
diagrams, exactly as the diagram hypothesis predicted

It Is important to note that subjects in the same diagram,
unrelated logic condition were at a greater disadvantage than
subjects in the same diagram, analogous logic condition. Not
only were they subject to the same interference effects on
not-shared steps {e.g., both conditions exhibited similariy low
recall percentages), but subjects in the same diagram, unre-
lated logic condition had an absolute number of not-shared
steps that was twice as large as that of subjects in the same
diagram, analogous logic condition. Specifically, out of the
grand mean of 112 total steps taken to solve the original
problem, subjects in the same diagram, unrelated iogic condi-
tion had on average 10.4 not-shared steps, whereas subjects in
the same diagram, analogous logic condition had only 4.7
not-shared steps. According to the diagram hypothesis, this
greater number of not-shared steps should entail a greater
absolute quantity of memory interference (¢ g , more interfered-
with steps) even though the percentage measures of interfer-
ence were approximately the same across the two same-
diagram conditions.

Analyses of memory for shared steps were not as meaningful
because of the small numbers of shared steps in the unrefated
logic cells. A ¢ test comparing the two analogous logic cells did
not show facilitation according to diagrammatic similarity.

Memory for givens.  As shown in Table 2, percentage recall
for givens was quite good for all subjects except those in the
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Table 3
Percentage Recall for Not-Shared and Shared Steps and
Theorems in Experiment 1

Diagram
Test Same Different

Not-shared steps

Analogous logic 56 80

Unrelated logic 63 80
Shared steps

Analogous logic 78 77

Unrelated fogic — -
Not-shared theorems

Analogous fogic — —

Unrelated fogic 60 72
Shared theorems

Analogous logic 70 75

Unrelated logic o -

Note. Dashes indicate that small absolute numbers made percent-
ages upinterpretable

same diagram, unrelated logic condition. (Note that the
original, to-be-remembered problem always had two given
statements, making an individual subject’s recall for givens
necessarily 0%, 50%, or 1009%.) Here, overall recall measures
are not very meaningfui because of the nature of the givens in
the analogous versus unrelated logic problems—shared givens
only occurred in the analogous logic conditions, and not-
shared givens only occurred in the unrelated logic conditions.
(This situation was unavoidable because making a second
problem’s logical structure analogous to the original problem's
required that the two problems’ givens be shared.) Because
both hypotheses under consideration make predictions on the
basis of whether items are shared, separate analyses for shared
and not-shared givens were appropriate. The particular break-
down of shared and not-shared givens permitted one compari-
son only within each level of the logic factor. In the case of
shared givens, there was no facilitation in subjects’ memories
according to diagrammatic similarity, #(15) < 1. In the case of
not-shared givens, however, subjects did exhibit interference in
the same diagram cel, as predicted by the diagram hypothesis,
{15y = 4.39,p < 0L

Memory for the diagram  The diagram itself was remem-
bered perfectly by all but 2 of the 48 subjects. One subject
missed drawing one line segment from the original diagram,
and another drew the diagram from the second problem
instead of the original. Such striking memory for the diagram
indirectly supports the diagram hypothesis because it indicates
that subjects could easily store and retrieve diagrammatic
configurations.

Subjects’ memory specific to the diagram'’s labels, however,
exhibited severe diagram-based interference effects as is shown
in Table 2. Subjects solving a second problem, which always
had different labels from the original, recalled a much lower
percentage of the original problem’s labels than did the control
subjects, F(1, 78) = 8.56, p < .01, Within the four experimen-
tal conditions, subjects’ memory for labels exhibited greater
interference in the same diagram conditions, again providing
support for the diagram hypothesis. No such difference was
demonstrated with respect to logical similarity. These results

are quite intuitive because it seems natural that subjects’
memory for the labels would be tied to the diagram.

Memary for theorems.  There were no significant differences
among the four experimental conditions with respect to
subjects’ percentages of theorems recalied. Separate analyses
of memory for not-shared and shared theorems tested the
specific interference and facilitation predictions of the dia-
gram and Jogic hypotheses. Because of smalj absolute numbers
of shared and not-shared theorems in ceriain conditions, these
percentage data were interpretable in only half of the cells.
Subjects’ recall of not-shared theorems (measured in the
unrelated logic conditions only) revealed greater interference
when the original and second problems had the same diagram
{see Table 3}, but this effect did not reach statistical signifi-
cance, t(15) = 164; p < .12. Subjects’ recall of shared
theorems {measured in the analogous logic conditions) re-
vealed no reliable effect of diagrammatic simifarity, #(15) < L.

Summary of results.  In general, the results of Experiment 1
supported the hypothesis that a geometry problem’s diagram is
the underlying structure for problem-solving memories. After
solving two proofs with the same diagram, subjects exhibited
significant interference in their memory for the original
problem’s steps, given statements, and diagram labels. Indeed,
in the case of memory for steps, interference was specific to the
not-shared steps, exactly as predicted by the diagram hypoth-
esis. In contrast, none of the memory measures indicated a
logic-based effect

By applying the memory schemata model proposed by
Thorndyke and Hayes-Roth (1979) to the domain of geometry
problem solving, we can better understand these resulis. In
the case of peometry, a memory schema corresponds to a
preblem diagram (see Figure 2). Its components are specific
relations between pairs of objects in the diagram (eg,
£ HEM = £ BKM)} The details of a particular geometry
problem-solving memory that are attached to the appropriate
components are indications of whether that relation was
established in the course of the proof {e g, Yes or No). The
key implication of this madel is that geometry problem-solving
memories that rely on the same diagram will be associated with
the same memory scheraa. Furthermore, in such a schema,
shared and not-shared aspects of those memories will be
represented differently: A shared step, for example, is repre-
sented by a component with Yes attached twice and a
not-shared step by a component with a Yes and a No. It is

oot LwYes
. 2\ Yes
e oD Yes

- BSM D=

<= <KSB supp < 2 Yos

bl ey
“COHSM =ABSM DBy
B Yes

Figure 2 Diagram-based memaory schema for geometry problem
solving. Components of the schema are possible relations in the
diagram, and details of the problem-solvirg memory are Yes or No,
indicating whether that reiation was established in the proof

H M
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possible to consider more informative details (e g, each Yes
connected to a node indicating the justification used, etc.) that
could account for memory for givens and theorems as well. For
the purposes of this example, however, we will record only Yes
and No detail information and show how even this simple
notation car account for subjects’ memory for steps

In the study by Thorndyke and Hayes-Roth {1979), interfer-
ence is explained by the fact that different details from distinct
events are attached to the same component of the schema,
making it hard to retrieve one such detail for a particular
event. In the geometry schema of Figure 2, the attached details
arc simply Yes or No instead of specific facts. Hence, a
not-shared step (e g, £ HKM = » BKM) is represented in
such a way that the No attached because of Problem 2
interferes with the Yes attached because of Problem 1, making
more difficult the recall of whether that step was specifically
used in Problem 1. If the two problems had different diagrams,
however, this difficully would not arise because the two
memories would be associated with two different schemata.

For shared steps, the situation is similar except that Yes
would be twice attached to a single component of the same
schema when the two problems had the same diagram (e,
£ KSB is supplementary to £ BSM), and Yes would be
attached to two completely separate schemata when the two
probicms had different diagrams Facilitation is expected in
the former case, relative to the latter. Thorndyke and Hayes-
Roth (1979) suggested that this facilitation mainly occurs
during the process of building the schema This is because, as
the schema is established, the accessibility of its components
increases, directly affecting the probability of recalling a
shared detail In the current experiment, facilitation from
establishing a new schema is unlikely because these subjects
had substantial previous geometry expericnce (e g, they were
all able to solve the problems after merely reading a page-long
review sheet). Thus, the lack of observed facilitation in
memory for shared steps might be a result of the subjects’
ability to draw on an already established scherna in which
facilitation effects no longer play a large role

Experiment 2

What might these memory results entail for problem-solving
transfer? Qur preliminary answer is that subjects should show
more problem-solving transfer in those conditions that re-
sulted in better memory for problem-solving episodes and less
transfer in the conditions with worse memory. This is by no
means a logical necessity; in the literature on problem-solving
transfer and analogical problem solving, quality of memeory is
rarely considered {e g, Faries & Reiser, 1988; Gentner, 1989;
Gick & Holyoak, 1983; Singley & Anderson, 1989). One
exception is the finding that subjects’ remindings during
problem solving are sensitive to many of the same interfering
and facilitating eflects found in the memory literature (Ross,
1982). Another i5 the set of results from Thorndyke and
Hayes-Roth (1979), mentioned above, that the memory struc-
tures subjects develop during training have an impact on their
subsequent memory performance. If subjects make use of their
original problem-solving memory when they solve a subse-

quent problem (eg, by analogical problem solving), the
quality of that memory should have an effect on transfer

In Experiment 2, we tested the hypothesis that probiem-
solving transfer depends on the quality of problem-salving
memories by substituting a test problem for the memory tests
of Experiment 1. The test problem was designed to be identical
to the original {except for labels on its diagram) to create a
situation most conducive to use of the original problem’s
memory We predicted that subjects’ performance on the test
problem would reflect our memory results from the previous
experiment: Subjects solving two problems with the same
diagram, a situation that caused memory interference for
changed aspects of the original proof, should take longer to
solve the test problem than subjects solving two problems with
different diagrams. In particular, we predicted that the same-
diagram, unrelated logic condition, which was most disadvan-
taged by this memory interference, would have the longest
solution times. In contrast, we predicted that control subjects,
who solved only the second problem followed by the test
probiem, would not exhibit these effects because their problem
memories would not have been differentially affected by the
diagrammatic and logical similarity of an interpolated prob-
lem. Instead, each of these subjects would have only a single
problem-solving memory to transfer to the test problem, equal
in its quality but different in its conlent across conditions.
Thus, we predicted that the relevance of this problem-solving
memory would account for control subjects’ transfer: Subjects
whose second problem was logically analogous to the test
should solve the test problem faster than subjects whose
second problem was logically unrelated to the test.

Method

Subjects  Subjects were 48 Carnegie Melion University undergradu-
ates, participating either for credit or for payment Complete data
from three other subjects were not available due to a technical error,
50 these subjects were not included in our analyses

Design. The design resembled that of Experiment 1 in that the
second proof varied in its relationship to the original according to
diagrammatic similarity (same or different) and logical similarity
(analogous or unrelated) In Experiment 2, however, both types of
similarity were between-subjects factors. Subjects were randomly
assigned to one of the four conditions {with the censtraint that there
were 12 subjects per cell), ard this assignment was maintained across
each of two experimental sessions. Subjects solved a three-problem
sequence (original problem, second problem, test problem) in one
session and a two-problem sequenee (second problem, test problem)
in another session. The two-problem sequence served as a control to
compare subjects’ performance on the test problem when they had not
solved the original problem Again, two problem sets were required for
the two-session design. Assignment of sequence type (three-problem
or two-prablem sequence) to the Brst and second sessions was
counterbalanced, as was the maiching of problem set to session
number

Note that several aspects of the two-problem sequences are derived
from the corresponding three-problem sequences For example, we
use the label second problem to denote what is actually the first
problem in the two-probiem sequesnce Also, we use the diagrammatic
and logical similarity factors 1o describe the four possible two-problem
sequerces, even though these labels were defined in terms of similarity
to the original problem, which is absent in the two-problem sequences.
Because the test probiem is identical to the original in its diagram and
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Table 4
Test Problem Solution Times (in Minutes) for Three-Problent

and Two-Problem Sequences in Experiment 2

Diagram
Sequence Same Different

Three-problem

Analogous fogic 5.8 57

Unrelated logic 74 51
Two-problem

Analogous fogic 835 82

Unrelated fogic 116 143

logic, these similarity relationships still apply in the two-problem
Sequences

Marerials  The original and second problems used during the two
sessions came from the two problem sets used in Experiment 1. For
each problem set, the test problem was identical to the original except
for a change of labels

Procedure  Subjects studied a geometry review sheet (as in Experi-
ment 1) and were asked to solve a sequence of geometry problems
during each of two sessions. Only three changes were made to the
procedure First, problems were presented at 20-min intervals to
equalize any effects caused by the different amounts of time needed
for the various problems. Subjects who finished the current probiem in
less than the time allotted were asked to hand in their solution and
work om an unrelated puzzle for the time remaining. Second, to
provide subjects with enough help to solve the problems correctly but
not to introduce unnecessary bias through experimenter involverent,
subjects were asked whether they had any questions at approximately
5-min intervals As in Experiment 1, only the next step in the optimal
solition path was given. The total number of hints was less than one
per subject per problem. Third, 2 subjects in cach of the four
conditions provided talk-aloud protocols throughout all problem
solving to allow for a more detailed investigation of how and when
subjects made use of their problem-solving memories. Their solution
times on the first geometry problem averaged 92 min, S0 = 2.9,
compared with the rest of the subjects, who averaged 13.2 min, $D =
50. On the test problem in the three-problem sequence, however,
these differences seemed to disappear: There was no reliable differ-
ence between the protacol subjects and the others, nor was the pattern
of performance across conditions different between the protocol
subjects and the others, allps > 10

As in Experiment 1, we tested subjects’ sensitivity to the various
problem refationships by asking for similarity ratings after subjects had
solved two problems (in the two- ard three-problem sequences) and
after they had solved ali three problems (in the three-problem
sequence only). Subjects rated their first two problems as more similar
in the same diagram conditions than in the different diagram condi-
tions, F(1, 44) = 581, M5, = 110, p < 05. Similarly, subjects in the
analogous logic conditions rated their first two problems as more
similar than did subjects in the unrelated logic conditions, F{1, 44) =
9461, M5, = 1.10,p < 01 Furthermore, the lack of a Diagram x Logic
interaction replicated our previcus finding that these factors cortrib-
uted to subjects’ ratings in an additive fashion, F(1, 44) < 1 In
addition, subjects rated the similarity of all three problems in the
three-problem sequence significantly higher than they had rated their
first two problems, suggesting that subjects were also sensitive (o the
similarity added by the test problem’s isomorphic relationship to the
original, {47) = 6 82, p < 00I.

Finally, at the end of the three-problem sequence, we asked
subjects, “IDid you notice amy particular relationships among the
problems you solved?” and “Did you ever think back to a previous

problem solution?”" to probe their awareness of the identity refation-
ship between the original and test proofs Their responses were used to
explore how subjects made use of their memories

Data analysis  Except where noted, we used first-problem solution
times as the covariate in analyses of test-problem solution times to
account for individuat differences in geometry problem solving In all
analyses of covariance, the covariate was significant, p < 01.

Results and Discussion

In light of the first experiment’s results, we expected that
subjects’ performance on the test problem from the three-
problem sequence would reflect less transfer in the same
diagram conditions than in the different diagram conditions. In
particular, we expected the least transfer in the same diagram,
unrelated logic condition because in the previous experiment,
a greater absolute number of not-shared steps failed to be
recalled in this condition compared with the same diagram,
analogous logic condition, making it the most memory-
disadvantaged. For the two-problem sequence, we predicted
greater transfer in the analogous logic conditions than in the
unrelated logic conditions, but we predicted no differences
according to diagrammatic similarity. Therefore, our predic-
tions for performance on a particular test problem were based
not only on the preceding second problem but also on the
sequence type in which the test problem occurred. In this way,
our predictions were sensitive to subjects’ complete solution
histories.

Selution times. As shown in Table 4, solution times for the
test problem in the three-problem sequence were fonger in the
same diagram conditions than in the different diagram condi-
tions, F(1, 43} = 4.26, M5, = 4.26, p < .05. Test solution times
did not differ with respect 1o the logical simitarity between the
original and sccond problems, F(1, 43) < 1. The finding that
diagramimatic similarity but not logical similarity led to longer
test problem solution times matched our prediction that the
memory-impaired conditions from Experiment 1 would exhibit
less transfer. There was also a marginally significant interac-
tion of Diagram x Logic, F(I, 43) = 3585, p < 07 This
finding is consistent with our prediction that the same diagram,
unrelated logic condition, which was the most disadvantaged
according to our memory measures, would have the longest
solution times F(1, 43) = 7.62, MS, = 4.26, p < .01. The other
three conditions did not differ significantly from each other,
F2,3y < 1.

These results are reminiscent of the transfer results com-
piled and modeled by Osgood (1949). In these experiments,
Osgood measured transfer in the context of a three-problem
sequence similar to the one above and found that performance
on the third (lest) problem, identical to the original, varied
with the similarily relationships between the original and
second problems. For Osgood, each of these problems con-
sisted of learning a stimulus-response pair, and the relation-
ship between the original and second pairs was manipulated by
independently varying the similarity of the two stimuli and the
similarity of the two responses. Subjects exhibited substantial
transfer when the original and second pairs had similar stimuli
and similar responses, and they exhibited extreme interference
when the two pairs had similar stimuli but opposite responses.
These results correspond to some of our findings above, with
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diagrams viewed as the stimuli and proofs viewed as the
responses: The first situation (similar stimuli and similar
responses) is like the same diagram, analogous logic condition
above in which we also found substantial transfer, and the
second situation (similar stimuli and opposite responses)
corresponds to our same diagram, unrelated logic condition
where subjects demonstrated the least transfer. An interesting
difference between our experiment and the experiments stud-
jed by Osgood is the greater complexity of geometry problem-
solving memories compared with stimulus-response pair memo-
ries. Also, our performance measures always indicated positive
transfer; the degree of positive transfer varied similarly with
Osgood's positive and negative transfer effects. Osgood’s
model of these transfer effects is purely descriptive, making
only general predictions and lacking an underlying explana-
tion. In contrast, our predictions rely on specific aspects of
geometry problem-solving memories (e.g., shared and not-
shared steps) and on memory models, like that of Thorndyke
and Hayes-Roth (1979), to explain how problem-solving memo-
ries can account for transfer.

Solution times for the test problem of the two-problem
sequence (see Table d4) revealed a main effect of logic,
F(1,43) =1243,MS,. = 1696, p < .001, but no diagram effect
and no Diagram x Logic interaction, Fs < 1 These results
confirm our prediction with respect to solution times on the
test problem in the two-problem sequence: Subjects benefited
from their problem-solving memory to the degree that the
previous problem was logically relevant, but memory interfer-
ence did not come into play

Another important aspect of these solution time data was
that subjects were faster at solving the test problem in the
three-problem sequence than they were at solving the same
test problem in the two-problem scquence regardiess of their
condition, 1(47) = 6421, p < 001 Furthermore, the latency
pattern for the three-problem sequence, but not the two-
problem sequence, matched our memory results. Therefore,
these results strongly suggest that the effects we found for test
problem solution times in the three-problem sequence were
due to transfer from the original problem.

Hint requests.  The number of subjects (out of 12 per cell)
who received at least one hint on the test problem in the
three-problem sequence was quite small, as is shown in Table
5. In fact, these numbers were too small to be reasonably
compared with each other. Nevertheless, according to
McNemar's test for dependent proportions (Agresti, 1990), a
comparison between the hint data in the two- and three-
problem sequences (in Table 5) revealed that fewer subjects
received hints on the test problem in the three-problem
sequence (ie, when they had previously solved an identical
problem} than in the two-problem sequence, x*(1, N = 48} =
54, p < 05. This difference confirms the idea that subjects
were transferring from the original problem.

Hint requests for the tes! problem in the two-problem
sequence suggested that subjects’ need for hints decreased as
the logical similarity of the previous prablem increased, x3(1,
N =48) = 706, p < .01. This result was consistent with our
prediction that subjects’ test performance in the two-problem
sequence would depend on the relevance of the previous
problem’s solution and, hence, show a logic-based effect.

Table 5

Number of Subjects {out of 12 per Cell) Needing Fints on the
Test Problem in Three-Problem and Two-Problem Seguences
in Experiment 2

Diagram

Sequence Same Different

Three-problem

Analogous logic 2 3

Unrelated logic 2 0
Two-problem

Analogous logic 2 0

Unrelated logic 5 g

Protocols.  The talk-aloud protocols, taken from two sub-
jects in each condition, provided more than an hour and a half
of subjects’ verbalizations, but only on four occasions did
subjects make reference to a previously solved problem. All
four of these occasions occurred during solution of the test
problem in the three-problem sequence. Two were specific
references in that subjects verbatized explicit analogical prob-
tem solving and took a correct step as a result. One subject
each in the same diagram, analogous logic condition and the
different diagram, analogous logic condition made these refer-
ences. The other two excerpts involved a general reference to a
previous problem, but subjects failed to make use of the
previous solution. These references came from one subject
each in the same diagram, analopous logic condition and the
different diagram, unrelated logic condition.

It is interesting to note that subjects exhibited explicit
analogical problem solving in only two out of the four remind-
ings and that reference 1o a previous solution was rare. Why
were subjects not making more references to their previous
proofs? It certainly was not because they failed to verbalize
what they were thinking. In general, the protocol subjects
verbalized many elements in the current problem that must
have been passing through short-term memory (Ericsson &
Simon, 1984). External memory for the current problem may
have facilitated these verbalizations, whereas referring to a
problem no longer in view may have been considerably more
difficult. This difference may have made explicit analogical
problem solving unlikely in this experiment, and it suggests
that subjects might have been using their previous problem-
solving memories in a more implicit way.

Lack of awareness and implicit memory.  Awareness data
also support the possibility of some form of implicit transfer of
problem-solving memories. Recall that at the end of the
three-problem session, we asked subjects about their aware-
ness of the identity relationship between the original and test
problems. Subjects were categorized as “totally aware” if they
spontancously verbalized awareness of the identity or if they
responded to the probes in a way that demonstrated explicit
awareness, 1 = 23. Subjects were categorized as “not totally
unaware’ if they did not fulfili either of the above criteria, n =
25. We divided subjects into these two groups to distinguish
between subjects who would definitely have been able to
consider explicit use of their original problem-solving memory
and subjects who would not necessarily have been considering
doing so. These two categories of awareness were then used as
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the two levels of an addidional factor in t!]c analysis of subjects’
solution times for the test problem in the th'rec—}?mblem
sequence. In this analysis, we used subjects’ solution t:mes'fer
the test problem in the two-probiem sequence as the covariate
in order to focus on the effect of having solved‘ the (_mg:nal
problem and to factor out the effects of sctlv:{xg d:iferer.tt
second problems. This analysis revealed no sng.nlﬁcz}nt main
effect of awareness, nor any significant interactions involving
awareness, all ps > .10 This sugges£§ that, al'though we fc?und
alarge effect of the original problem. in reducing solution times
for the test problem, this benefit did not cie;?cnd on whether
subjects were aware of the identity relatl.onshlp petwe.en thel:se
problems Moreover, the lack of any interactions involving
awareness indicates that the pattern of sului:xo_n times across
conditions was not affected by awareness, This issue is further
ed in Experiment 3.
exgi?r::::c:nf of ri.sulas In Exper'imept 2,we .found that SL'ab;'.ects'
test problem performance was consistent with our predlcuon.s‘
Subjects took significantly longer to solyc ti}le‘test problem in
the three-problem sequence when their orxg:nal and second
problems had the same diagram, parali;lmg the_ memory
results of Experiment 1 Furthermor.e, subjects exhibited th.e
worst performance in the same dgagram, unrelatgd logic
condition—just as our memory interference explanation pre-
dicted. On the test problem in the two—pm.blem SEqUEncE,
solution times and hint requests were reduced.m_the analogous
logic conditions. This result confirms the prediction thz_n., given
equal quality of problem-solving MEMOTY ACross c':ondatmns in
the two-problem sequence, transfer w;ll_be famhtated. to thﬁ
degree that the particular problem-solving memory in eacl
condition is logically refevant. Because 'the d;agrzzmmatxc
similarity manipulation, which inter{ered w1£.h subjects mEmo-
ries in Experiment 1, reduced problem-solving transfer in the
three-problem sequence bul rot in %hcvtwo—pmblcm S?C{L}Ci](;c,
it appears that subjects’ prot?lt:m-soivmg performapc,e in the
three-problem sequence was mﬁucncer:{ by th}e quality of their
memories for the original problem-solving episode.

We also found that many subjects lgckcd awareness of the
identity relationship between the original and test prot{i{:ms'
and that, regardless of such awareness, the quality of subjects
original problem-solving memory had an eﬂfecF on transfer.
Qur protocol subjects rarely cfemqnstratcd eprczt fma[ogsca%
problem solving, further suggesting that subjects’ memory
transfer may be somehow implicit

Experiment 3

One of the main goals of Experiment 3 was to rgpﬁcatc our
previous results, using a different test prob]e.m. First, lhle Fest
problem was changed from being isomorp']nc to the ong{nal
problem to being only analogous. This prOV{dcd & more typical
testing situation and reduced the‘: strong bias o ma‘kc use qf
previous problem-solving memories as was the case in I:«Txpen-
ment 2. The test problem was also changed so that its diagram
was different from the original problem’s diagrmp and from all
of the possible second problems’ diagrams. T.}us change was
made 50 that subjects could not choose a parﬂcuiar} problem-
solving memory to help solve the test .;:arobiam by cuing off the
test problem’s diagram. Such a cuing strategy could have

explained the results of Experiment 2 in that (a')-it would have
allowed subjects in both different diagram conditions to choose
the correct analogue (viz, the original pmi).iem) merely by
selecting the unique previous problem whose dlagxalm ma'tcheci
the test problem’s and (b) it would have led subjects in t.he
same diagram conditions to choose an incorrect analogue (v:z'.,
the second problem) haif of the time because both o’f thel'r
previous problems’ diagrams matched the test pro'biem s. This
choice would have been especially detrimental in the same
diagram, unrelated logic condition be.cause, hcr_c, the second
problem’s unrelated logic made it an mapproprfate ana!pguc.

With a different diagram for the test problem in Expf:ru:nf:nt
3, diagram cuing could no longer account for Ehc predicted
pattern of results. Reduced transfer effec@ in the same
diagram conditions caused by differea}ual interference in
problem-solving memories, however, sP:tl could accoun't for
such a pattern. Therefore, as in Experiment 2, we predicted
that subjects’ performance on the test problem in the three-
problem sequence would exhibit less trar?sfer in the's‘ame
diagram conditions than in the different diagram conditions.
Also, as in Experiment 2, we predicted that tmnsff:r per?or-
mance in the two-problem sequences would vary with logical
similarity .

The other main goal of this experiment was to discern the
explicit-implicit nature of subjects’ memory usage. A? attempt
was made to experimentally manipulate subjects cxplfczt
awareness of the relevance of the original prob{cné's sofution
to solving the test problem. Half of the subjec.ts soivm'g the t}ast
problem in the three-problem sequence received a hint telling
them to “think back™ to the original problem to solv:a the
current problem; the other half did not receive suc-h‘a hint. If
subjects were at least attempting to makg exphicit use of
previous problem-solving memories, then an 1'rar‘:rcascd awart:-‘
ness of Lhe potential usefulness of the original problem’s
solution should increase transfer

Methad

Subjects  Subjects were 100 undergraduates :n .the lUniversi!y of
California at Berkeley who were paid for their participation )

Design.  This experiment included 10 conditions—8 experimental
and 2 control The 8 experimental conditions used shc.: thrcc-_problem
sequence and followed a 2 % 2 x 2 design, with logical ‘mg
disgrammatic similarity (from Experiment 2) as two factors an
presence of the hint described above as the' t?urc_i factor. As in
Experiment 2, the diagrammatic and logical stmxlant.y fac_wrs we}:e
manipulations of 2 variable second problem’s rcia.uonshlp to the
original problem. {Again, the test problem had a d;ﬂ’e-rent diagram
from both preceding problems, no matter what t.hf: d:agram.facto;
implied sbout the refationship between the original and beco?
problems' diagrams } The control conditions were two-probiem s¢-
quences, created by deleting the original pmbiiem from the lhre}::—
problem sequences. The hint-no-hint factor did not fipply to t'z
two-problem sequence, so only the second prf)blt:m (e, th‘c s{?th
problem preceding the test) needed to be va‘ned‘ In contrast wi 0
Experiment 2, we did not maintain the distinction between S:tmt:,aﬁ
different dingram conditions in the two-problem sequence bf:cdusc
such iabels would be misleading (ie., the second problem’s diagram
was always different from that of the test proin!em) Instead, _W(i
distinguished the two.problem sequences according to the logica
similarity between their two proofs—analogous and unrelated
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Materials. The original and second geometry problems for this
experiment were only slightly changed from the previous experiments
The test probiem (see Appendix B) was specially designed for this
experiment, with its dingraem different from any of the other problems’
diagrams and its logical structure aralogous (but not isomorphic) to
the original problem’s lopic. Therefore, the test problem had the same

fogical structure as the original, but its steps were not isomorphic to
the original problem’s

Procedure. The procedure for this experiment did not deviate
significantly from that of Experiment 2. The differences were that
subjects participated in one session only, subjects were not asked for
similarity ratings or asked about the relationship between the original
and third probiems (because the hint~no-hint factor manipulated this
awareness), and no protocel subjects were included

Data analysis. As in Experiment 2, analyses of test-problem solu-
tion times used frst-problem solution times as the covariate In all
cases, the cavariate was significeat, p < 01,

Results and Discussion

Solution times Subjects’ solution times for the test prob-
lem in the three-problem sequence were used as the main
dependent variable These data revealed a significant main
effect of logical similarity and a main effect of diagrammatic
similarity, F(1,71) = 4.89, MS, = 9.51,p < .03, and F(1,71)y =
3.59, M5, = 9.51, p < .06, respectively. Subjects took longer to
solve the test problem when their two previous problems had
unrelated logic. Subjects also took longer to solve the test
problem when their two previous problems had the same
diagram, yeplicating Experiment 2 and matching the memory
data. The hint-no-hint factor, however, did not reach statisti-
cal significance nor did any interactions involving it. Accord-
ingly, we collapsed over this factor in our presentation of the
data and in all subsequent analyses Table 6 contains these
solution time data for the three-problem sequence conditions
and for the two control condilions.

As in Experiment 2, the planaed comparison between the
same diagram, unrelfated logic condition and the other three
conditions revealed that subjects in the same diagram, unre-
lated logic condition had longer solution times than the others,
F{1,77) = B.06, MS, = 9.5,p < .01. The other three conditions
were not significantly different from one another, F(2,56) < 1.
This replicated the result of Experiment 2 and confirmed the
prediction that problem-solving transfer was most impaired in
the same diagram, unrelated logic condition, the most disadvan-
taged condition with respect to memory interference.

Subjects’ test-problem solution times in the control condi-
tions (two-problem sequences) also confirmed our predictions.
Here, subjects in the analogous logic condition had shorter
test-problem solution times than did subjects in the unrelated
logic condition, F(1, 17) = 1519, MS, = 14 54, p < Q01. This
result replicated the Experiment 2 finding that, without the
possibility for retroactive interference effects on the original
problem memory, subjects exhibited transfer on the basis of
the logical similarity of their single previous problem-solving
memory.

Hint requests  To capture individual subject’s transfer in
terms of hint requests, we tallied the subjects whose number of
hint requests increased, decreased, or stayed the same be-
tween the original problem and the test problem in the
three-problem sequence The number of subjects whose hint

Table 6

Test Froblem Solution Times (in Minutes} for Three-Problem
and Two-Problem Sequences in Experiment 3

Diagram

Sequence Same Different
Three-prablem

Analogous 8.5 77

Unrelated 106 87
Two-problem

Analogous _— 112

Unrelated e 163

Note  Dashes indicate certain conditions not present in the design.

requests increased was 2, decreased 10, and stayed the same 8
in the same diagram, analogous logic condition; increased 2,
decreased 4, and stayed the same 14 in the same diagram,
unrelated logic condition; increased 0, decreased 15, and
stayed the same 5 in the different diagram, analogous logic
condition; and increased 2, decreased 10, and stayed the same
8 in the different diagram, unrelated logic condition. These
three degrees of hint requests corresponded to situations of
negative transfer, positive transfer, and no transfer, respec-
tively. Subjects in the same diagram, unrelated logic condition
were distributed in these categories quite differently from
subjects in the other three conditions, ¥%(2, N = 80) = B.94,
p < 035 Specifically, fewer subjects in the same diagram,
unrelated logic condition exhibited positive transfer in terms of
hint requests, again demonstrating that this was the most
disadvantaged cell.

Swnmary of resuldts.  In this experiment, we replicated three
important results of Experiment 2. First, transfer {o the test
problem in the three-problem sequence was reduced when the
original and second problems had the same diagram. Second,
this reduction in transfer was most pronounced in the same
diagram, unrelated logic condition. These two findings, that
the conditions that caused greater memory interference also
led to reduced transfer, again strengthened the argument that
quality of problem-solving memories can impact problerm-
solving transfer. Third, in the two-problem sequence, transfer
varied with’the logical similarity of the problems, supporting
the notion that memory effects across the two sequence types
were qualitatively different, In addition, the tack of a hint
effect in this experiment provided converging evidence that the
memory effects we observed in problem-solving transfer were
not necessarily based on explicit memory use.

The above results generalized those of the previous experi-
ment because they were observed with a new test problem that
was analogous (not isomorphic) to the original and that had a
diagram different from all the previous problems. The fact that
these results were maintained when the test problem had a
different diagram from all previous problems weakened the
diagram cuing explanation described earlier and yet continued
to support our quality of problem-solving memories explana-
tion.

One new effect, however, was revealed in this experiment-—
solution times in the three-problem sequence were shorter in
the analogous logic conditions than in the unrelated logic
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conditions. This effect was not predicted, but it might be
explained by a combination of the diagram-based effect on
third problem solution: times and by the finding that subjects in
the same-diagram, unrelated logic condition took longer to
solve the third problem than did subjects in the other three

conditions.

General Discussion

This series of experiments has provided results that begin to
answer our preliminary questions about the relationship be-
tween problem-solving memories and transfer. The first is that
the diagram, not the logical structure of the proof, appears to
serve as the basis of memory for proof. We believe that this
result is not specific only to geometry. In other domains, the
diagram seems central to problem solving even when that
problem solving could also be done symbolically. Memory for
symbolic problem solving may be tied to semantic referents of
those symbols in many domains. This may reflect the frequent
finding of better memory for visual information than for
symbolic information.

The second result is that the quality of memory for a specific
problem-solving episode seemed to impact later success in
solving analogous problems. We believe that this result pro-
vides another picce of evidence for the point of view that
problem-solving transfer is strongly influenced by memory for
other specific problem-soiving episodes.

The third major result is somewhat peculiar in light of the
second. This is the lack of evidence that awareness of the past
problem’s relationship to the current problem facilitates prob-
lem-solving transfer. In all cases, the original problem’s solu-
tion was designed to be helpful in solving the test problem.
And yet our protocol data, subjects’ responses to the aware-
ness probes, and subjects’ assignment to a condition in which
they were told about the relationship all seemed to indicate
that the original problem memory influenced subjects’ test
solutions without their necessarily being aware of it.

With such striking performance effects and yet almost no
data supporting explictt memory use, it seems that any mecha-
nism to account for our observations must rely to some degree
on implicit memory. Brooks (1978} has argued that implicit
memory phenomena could be tied to unconscious use of past
instances in an artificial gramimar task (Reber, 1967, 1976).
Similarly, Marescauy, Dejean, and Karnas (1990) have argued
that the same is true for tasks in which subjects must manipu-
late a variety of input variables to maintain a target output
value (Berry & Broadbent, 1988). Perhaps in geometry, sub-
jects are also able to implicitly make use of previously solved
problems, through biases to use certain steps or through the
repetition of particular patierns of steps. Investigation of these
possibitities, currently under way, may reveal new characteris-
tics of problem-solving transfer and may eventually help us to
better understand the underlying processes therein.
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Originatl problem

9

10.

I

12.

13
14

I = O P

MEMORY AND TRANSFER IN GEOMETRY

LHKM = ZBKM
ZHSM = ZBSM
ZHSK + ZHSM = 180°
ZBSK + ZBSM = 180°

. £HSK = #BSK

K5 =XK3

. AHSK=ARBSK
. H3 =3B

SM=SM

A HSM =A BSM
ZHMS = ZBMS
ZHMS + ZBMS = 180°
ZHMS right angle

. HBE L KM

Same-analogous problem

OO 00~ Dy L g —

— e
Ll

PALTYD

- £PLY = ZPLG

ZPAY = £ZPAG
LPLY + £YLA = 180°
ZPLG + £GLA = 180°

LYLAS LGLA

LA=zLA
ALYA=ALGA
LY=LG
PL=PL

 APLY=APLG
PY=FG

A YPG is isosceles

Gliven:
Prove:

Appendix A

Sample Solutions

<HKM = ZBKM, ZHSM = ZBSM

B L KM

. Given

. Given

. Supplementary angles
Supplementary angles

- Supplement theorem

. Reflexive property

- Angle-Side-Angle postulate

- Corresponding parts of congruent
triangles are congruent (CPCTC)
5. Reflexive property

0. Side-Angle-Side postulate

1. CPCTC

12. Supplementary angles

13, Right angles theorem

14, Definition perpendicular lines

[ e R R T

Given: PA L VG, £PLY = ZPLG
Prove: A YPG is isosceles

Given
Given
Right angles theorem

- Supplementary angles
Supplementary angles

. Supplement theorem
Reflexive property
Angle-Side-Angle postulate
CPCTC
Reflexive property

- Side-Angle-Side postulate

. CPCTC

- Definition isosceles triangle

NI OO S h g b

— - —
Gd PO e

(“ppendix B follows on next page )
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Appendix B

Additional Problems From Experiments 1, 2, and 3

Same Diagram Different Diagram
H ol b 5 H
K
W
Analogous s
Logic
L E E K c

Given: SW=WK, £HSW = <EKW|Given: SWaWK, ZHSW = ZEKW

Prove: LH = EC Prove: LH=

&l
%]

Unrelated
Logic

W K

Given; WKWE, HI //TE  |Given: HC=HW, ¢HWCs 2CWK
Prove: HW =WS Prove: HC // WK

Secend problems according to condition (Experiments | and 2)

P M

Given: ZKLQ = 2MLQ,

i Given: P midpoint QM & AT £KOL = 2MOL
i Prove: RP = P} Prove: EF = MP
a Original problem Test problem
(Experiments 1 and 2) (Experiment 3}
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