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What is the Trouble with Transfer?
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Abstract

Spontaneous transfer of learning is widely reported to be
difficult to elicit. We hypothesized that one reason this finding
is so widespread is that pretests proactively interfere with
performance on transfer. To test this hypothesis, we examined
transfer of learning across two numerical tasks (number line
estimation and categorization) in which similar representational
changes have been observed. Children who were given
feedback on the number line estimation task learned to use a
linear representation of numerical quantity instead of a
logarithmic one, but simply providing children with practice on
the categorization pretest led them to continue using a
logarithmic representation on the same task, which they
otherwise abandoned with surprising frequency.

Keywords: transfer of learning, representational change,
proactive interference, numeric cognition, and pretests

The Trouble with Transfer

Despite the importance of transferring knowledge—whether
from domain to domain, from school to everyday life, or from
everyday life to school—spontaneous transfer is notoriously
difficult to elicit, with learners typically generalizing new
approaches to a much narrower set of problems than is
optimal (Barnett & Ceci, 1992; Gick & Holyoak, 1983;
Singley & Anderson, 1989; Thorndike, 1922). This difficulty
is not simply because initial learning is incomplete or
unstable; even in microgenetic studies of children’s learning,
which allow the stability of new knowledge to be established
by obtaining a dense sampling of children’s thinking over
time by means of trial-to-trial assessments, children very
often under-extend novel solutions (see Siegler, 2006, for a
review of 105 microgenetic studies examining the issue).

Numerous explanations have been proposed to identify
why transfer is so difficult for learners to achieve. These
explanations have included the degree of overlap in
production rules between the base and transfer domain
(Singley & Anderson, 1989), where attention is directed
during learning (Anderson, Reder, & Simon, 1996), lack of
structural similarity between the base domain and transfer
domain (Gick & Holyoak, 1983), the stability and encoding
of initial learning (Opfer & Siegler, 2004), and insufficient
prior knowledge in the base domain (Brown, Kane, & Echols,
1986). Indeed, the many possible impediments to transfer
have led some investigators to posit the somewhat pessimistic
conclusion that learning is universally narrow and “situation
specific” (Lave, 1988).
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To add to this already daunting list, we propose a novel (yet
somewhat more optimistic) explanation for why transfer is
difficult to elicit in microgenetic studies in particular and
possibly other studies more generally—proactive interference
from previous practice. The basic premise of our account is
that when children have practice on a task without any
feedback (e.g., when they complete a pretest for an
experimenter), children must use some representation to
complete that task, and the more they use that representation,
the greater the strength of the representation, and the more
likely children will continue using it (Siegler & Shipley,
1995). Under circumstances in which the representations used
on the task are already appropriate, pretests can facilitate
transfer (“practice makes perfect”) (Roediger & Karpicke,
2006; Gick & Holyoak, 1983). However, when
representations are inappropriate, practice on a pretest makes
imperfect because practice merely strengthens the
inappropriate representation and thereby blocks transfer of the
more optimal representations learned during training (Gick &
Holyoak, 1980). If true, this explanation is not a trivial one: it
suggests that the trouble with transfer is at least partly an
experimental artifact of studies that pretest the treatment and
control groups.

To test our practice interference hypothesis, we used
Solomon and Lessac’s (1968) four-group design to assess the
independent and interactive effects of treatment (feedback)
and pretesting on children’s judgments of numerical
magnitude. The tasks we chose were ones where previous
cross-sectional (Laski & Siegler, 2005; Siegler & Opfer,
2003) and microgenetic (Opfer & Siegler, in press) studies
had shown that young children use an inappropriate
(logarithmic) representation before using an appropriate
(linear) one (e.g., younger children judge 150 to be closer to
1000 than to 1, whereas older children judge 150 to be closer
to 1 than to 1000). In the first task, children were asked to
make estimates of numerical quantity (e.g., where 150 would
fall on a line flanked by 0 and 1000), and they were given
feedback on their estimates so they would learn to use a linear
representation (as in Opfer & Siegler, in press). In the second
task, children were asked to categorize numerals by their
magnitude (e.g., whether 150 is a small or big number in the
context of the 0-1000 range); this is the task where we hoped
children would transfer their learning. On the assumption that
the two tasks tapped a common representation, we predicted
that children’s learning of the linear representation on the
number line estimation task would transfer to their category



judgments (at least when they were not given a pretest).
Further, based on our proactive interference hypothesis, we
predicted that pretesting categorization would also strengthen
the logarithmic representation and thus block spontaneous
transfer of learning.

Although there are many possible interactions between
pretest and treatment, we illustrate two of the most interesting
ones for our study in Figure 1: the case where pretesting the
experimental group inhibits the effect of treatment, and the
case where pretesting the experimental group enhances the
effect of treatment. The first case directly corresponds to the
predictions of the proactive interference hypothesis, whereas
the second case corresponds to findings that would falsify the
hypothesis.

Pretest Blocks Feedback Effects Pretest Enhances Feedback Effects

A V. Unpretested control group

1. Pretested treatment group
Il. Unpretested treatment group

—Ac - |II. Pretested control group ’

Response

-~

Pretest Posttest Pretest Posttest

Test Phase

Figure 1: Pretesting Predictions
Method

Participants

Participants were 56 first and second graders (M = 7.85, SD
=.65; 29 females, 27 males). The children attended schools in
middle class suburbs near a large Midwestern city.

Tasks

Numberline Task All number line problems consisted of a
20 cm line with the left endpoint labeled “0,” the right
endpoint labeled “1000,” and with the number to be estimated
appearing 2 cm above the midpoint of the number line.
Participants were asked to place the following numbers on a
number line by making a hatch mark: 2, 5, 18, 27, 34, 42, 56,
78, 100, 111, 122, 133, 147, 150, 156, 162, 163, 172, 179,
187, 246, 306, 366, 426, 486, 546, 606, 666, 722, 725, 738,
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754, 818, 878, and 938. These numbers maximized the
discriminability of logarithmic and linear functions by
oversampling the low end of the range, minimized the
influence of specific knowledge (that 500 is halfway between
0 and 1000), and tested predictions about the range of
numbers where estimates would most differ between pretest
and posttest.

Categorization Task In the categorization task, children
were asked to say how large numbers were when compared to
0 (really small) and 1000 (really big). To do this, children
categorized numbers by using five aptly-labeled boxes as
mnemonic devices: ‘really small’, ‘small’, ‘medium’, ‘big’,
and ‘really big’ (adapted from Laski and Siegler, 2005). The
10 numbers children were asked about comprised a subset of
the numbers used in the number line task (2, 5, 78, 100, 150,
246, 486, 606, 725, and 938) and were randomized for each
participant.

Design and Procedure

Children were randomly assigned to one of four groups: a
pretested treatment group (Group I: categorization pretest +
feedback), an unpretested treatment group (Group II: no
categorization pretest + feedback), (3) a pretested control
group (Group III: categorization pretest + no feedback), or an
unpretested control group (Group IV: no categorization
pretest + no feedback).

Children in all groups completed the number line
estimation task at pretest, over three training trial blocks, and
at posttest. On pretest and posttest, children in all groups were
presented the same 22 problems without feedback. For
children in the two treatment groups, each training trial block
included a feedback phase and a test phase. The feedback
phase included either one item on which children received
feedback (Trial Block 1) or three items on which they
received feedback (Trial Blocks 2 and 3). The test phase
included 10 items on which children did not receive feedback;
this test phase occurred immediately after the feedback phase
in each training trial block. Children in the control groups
received the same number of estimation problems, but they
never received feedback.

Feedback was administered to the two treatment groups
(Group I and Group II) following the same procedure used in
Opfer and Siegler (in press). On the feedback problems,
children were told to make a hatch mark indicating where
they believed the numerosity was supposed to go, and then
the experimenter would show him/her how close the mark
was to the actual location of the numerosity by making a
second hatch mark on the number line. Children’s answers
that deviated from the correct hatch mark by less than 10%
were described to the children as being “really quite close”,
whereas children’s answers that deviated by more than 10%
were described as “a bit too high/too low”.

Results

We organized our results into two sections: (1) the process of
change in numerical estimation (Siegler, 1996), and (2)



transfer of knowledge from numerical estimation to

numerical categorization.

Process of Change in Numerical Estimation

Source of Change We first examined the source of change in
estimation performance on the number line task. Specifically,
we wanted to test whether the experiences that children
received during the training phase of the experiment
improved their estimation accuracy and influenced the degree
to which their estimates came to follow a linear function. To
find out, we compared pretest and posttest performance of the
treatment groups to the control groups.

We examined whether or not there was a hypothesized
logarithmic-to-linear shift. On the pretest, children’s mean
estimates for each number were in fact fit better by the
logarithmic function than by the linear one regardless of
experimental condition. The precision of the fit of the
logarithmic function, and the degree of superiority of that
function to the linear function, was similar across the
treatment (log R? = .95; lin R* = .80) and control groups (log
R? = 93, lin R? = .82). In contrast, the groups differed
considerably in their posttest estimation patterns. Children in
the control groups continued to generate estimates that fit the
logarithmic function better than the linear one (log R* = 91,
lin R>= .85). In contrast, children in the treatment groups
generated posttest estimates that fit the linear function
5112bstantially better than the logarithmic one (lin R’= .96, log
R =.69).

Rate of Change To address the rate of change among the
four groups, we analyzed the performance of all children who
initially provided a logarithmic pattern of estimates and then
compared the estimates of the two control groups to the two
treatment groups on a trial-block to trial-block basis. We
assigned a 1 to the trial blocks of each child that were best fit
by the linear function and a 0 to the trial blocks that were best
fit by the logarithmic function. The key prediction was that
training group and trial block would interact, with the
interaction due to children learning fastest in the feedback
groups and slowest (if at all) in the no-feedback groups.

A 2 (training group: treatment, control) X 5 (trial block:
pretest, 1, 2, 3, posttest) repeated-measures ANOVA
indicated effects for training group, F (1, 36) = 55.31, p <
.001, for trial block, F' (4, 144) = 10.71, p <.001, and for the
interaction between the two variables, F' (4, 144) = 5.27, p <
.001. The linear function more frequently fit the estimates of
children in the treatment groups (56.25% of trial blocks) than
the estimates of children in the control groups (11.82% of
trial blocks, p <.001, d = 2.34). The effect of trial block was
due to the linear function providing the better fit more often
on trial blocks 1, 2, 3, and posttest (37%, 39%, 39%, and 37%
respectively) than on the pretest (0%, p’s <.001).

The interaction between training group and trial block (Figure
2) reflected different rates of learning between the treatment
and control groups. On pretest, there were no differences
among groups in the percentage of children for whom the
linear function provided the better fit (it was 0% by
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definition). On trial block 1, the linear function fit more
children’s estimates in the treatment groups (M = 69%, SD =
.23) than in the control groups (M = 14%, SD = .12) (f[36] =
4.10, p < .001, d = 3.0). On trial block 2, children in the
treatment groups continued to generate linear patterns of
estimates more frequently than children in the control groups
(M = 63%, SD = .25 versus M = 23% SD = .18, #{36] = 2.63,
p <.05,d =1.84). On trial block 3, children in the treatment
groups also continued to generate linear patterns of estimates
more frequently than children in the control groups (M =
75%, SD = .2 versus M = 14%, SD = .12, {{36] = 4.74, p <
.001, d = 3.7). Finally, on posttest, children in the treatment
groups generated linear patterns of estimates more frequently
than children in the control groups (M = 75%, SD = .2 versus
M=9%, SD = .09, {{36] = 5.48, p <.001, d = 4.3). What this
meant was that treatment effects manifested and persisted
after feedback on a single estimate.

100

Treatment (Groups | & II)

75

50 -

Control (Groups Il & IV)

% Children Best Fit by Linear Function

25

Pre Post

Figure 2: Rate of Change

Path of Change Children could have moved from a
logarithmic to a linear representation via several paths. To
examine which path(s) they actually took, we examined trial-
block to trial-block changes in the fit of the linear function to
individual children’s estimates. In particular, we identified the
first trial block on which the linear function provided the best
fit to a given child’s estimates, and we labeled it “trial block
0.” The trial block immediately before each child’s trial block
0 was that child’s “trial block —1”, the trial block before that
was the child’s “trial block -2, and so on.

These assessments of the trial block on which children’s
estimates first fit the linear function made possible a
backward-trials analysis that allowed us to test alternative
hypotheses about the path of change from a logarithmic to a
linear representation. One hypothesis, suggested by
incremental theories of representational change (Brainerd,
1983), was that the path of change entailed gradual,
continuous improvements in the linearity of estimates.
According to this hypothesis, the fit of the linear model would
have gradually increased, from Trial Block -3 to Trial Block



+3. In this scenario, Trial Block 0 — the first trial block in
which the linear model provided the better fit — would
simply mark an arbitrary point along a continuum of gradual
improvement, rather than the point at which children first
chose a different representation.

A second hypothesis was that the path of change involved a
discontinuous switch from a logarithmic to a linear
representation, with no intermediate state. This would have
entailed no change in the fit of the linear model from Trial
Block -3 to —1, a large change from Trial Block -1 to Trial
Block 0, and no further change after Trial Block 0. This
second hypothesis clearly fit the data. As shown in Figure 3,
from Trial Block -3 to -1, there was no change in the fit of the
linear function (¥ < 1, ns). There also was no change from
Trial Block 0 to Trial Block 3 in the fit of the linear function
(F' < 1, ns). However, from Trial Block —1 to Trial Block 0,
there was a large increase in the fit of the linear function to
individual children’s estimates, from an average R* = .46 to
an average R* = .68, F (1, 80) = 12.20, p < .001, d = 2.67.
Thus, rather than Trial Block O reflecting an arbitrary point
along a continuous path of improvement, it seemed to mark
the point at which children switched from a logarithmic
representation to a linear one.
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Figure 3: Path of Change

Transfer of Learning to Numerical Categorization

Finally, to test our proactive interference hypothesis, we
examined the breadth of changes in children’s estimates by
examining whether children transferred learning on number
line problems to their performance on the number
categorization task and whether this transfer was impeded by
previous practice.
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To examine these issues, we first analyzed the relation
between numerical value and categorization on children’s
pretest and posttest performance on the categorization task.
To do so, category labels were converted to a numeric code
(i.e., “really small” = 0, “small” = 1, “medium” = 2, “big” =
3, and “really big” = 4), and then we examined the fit of the
linear and logarithmic regression functions to the mean
judgments. As on the number line task, children’s pretest
magnitude judgments were again better fit by a logarithmic
(log R? = .95) than by a linear function (lin R* = .69). The fit
of the logarithmic function did not result from aggregating
over subjects: of all the children who received a pretest, 90%
provided judgments that were better fit by the logarithmic
than linear function, with the average fit of the logarithmic
function (mean log R* = .78, SD = .03) being significantly
better than the average fit of the linear function (mean lin R*
.59, SD .05), #(30) = 5.71, p < .001, d = 4.61.
Furthermore, pretest performance on the two tasks was highly
correlated: the more linear were the estimates on the number
line task, the more linear were the judgments on the number
categorization task (r = .52, F [1, 30] = 10.92, p < .01), and
the more logarithmic were the estimates, the more
logarithmic were the judgments on the number categorization
task (r = .72, F [1, 30] = 30.41, p < .001). Thus, it appeared
that a common, logarithmic representation of numeric value
influenced children’s categorization as well as estimation
performance.

We next examined the effect of pretesting on transfer. As
expected, category judgments on post-test varied substantially
with the administration of treatment (feedback) and pretest
(see Figure 4). At the group level, the linear function provided
a better fit for the mean judgments of children in the
unpretested treatment group (lin R’ .84) than in the
pretested treatment (lin R* = .72), pretested control (lin R* =
.75), and unpretested control (lin R* = .68) groups. The same
pattern emerged when looking at the proportion of children
who were best fit by each function, with 46% of children’s
judgments in the unpretested treatment group being best fit by
the linear function versus 23% of children in the pretested
treatment group, 21% of children in the unpretested control
group, and 17% of children in the pretested control group.

Finally, to test for the predicted interaction between
pretesting and treatment, we conducted a 2 (pretesting: yes,
no) X 2 (treatment: yes, no) factorial ANOVA on the fit of
the linear function for each child’s judgments. Pretesting and
treatment produced no main effects, but there was a
substantial interaction between the two variables, F(1, 56) =
5.32, p < .05. The unpretested treatment group provided
significantly more linear judgments (mean R* = .76, SD =
.02) than did the pretested treatment group (mean R* = .54,
SD = .07), #22) = 2.43, p < .05, d = 4.27, and they also
provided slightly more linear judgments than did the control
groups (pretested, mean R* = .64, SD = .03; unpretested,
mean R*= 59, SD = .07; p’s <.07), which did not differ from
each other. To appreciate just how powerful transfer was
when children received treatment but no pretest, it is useful to
compare performance shown in Figure 4 (which depicts



linearity of number categorization) to the last trial blocks
shown in Figure 3 (which depicts linearity of number line
estimates): the variance accounted for by the linear function
in the two tasks is nearly identical (estimation, mean lin R* =
.75; categorization, mean lin R? = .76), which is consistent
with an almost perfect transfer of a linear representation
across the two contexts.
0.80

A II. Unpretested treatment group

0.70

- A ll. Pretested control group
0.60 A IV. Unpretested control group

~ — i | Pretested treatment group

0.50

Mean Variance Accounted for by Linear Function

0.40

Pretest Posttest

Test Phase

Figure 4: Breadth of Change

General Discussion

Spontaneous transfer of learning is notoriously difficult to
elicit (Barnett & Ceci, 2002; Gick & Holyoak, 1983;
Thorndike, 1922), even in microgenetic studies that allow one
to statistically control for pre-transfer learning (Siegler,
2006). We hypothesized that one source of this difficulty
comes from previous experience with the transfer task, such
as that provided on a pretest.

To test our hypothesis about the difficulty with transfer, we
used Solomon-Lessac’s four-group design to examine how
children acquired linear representations of numerical
magnitude on an estimation task (see Process of Change in
Numerical Estimation section), whether they transferred these
representations to a new context in which they were asked to
categorize numbers, and whether pretesting interfered with
this transfer (see Transfer of Learning to Numerical
Categorization section). Consistent with previous findings
(Opfer & Siegler, in press), our study of microgenetic
changes on the estimation task revealed that a single trial of
feedback on the linear magnitude of 150 immediately elicited
large and abrupt improvements in estimation, ones consistent
with use of a linear representation of number. (Whether
looking at this study alone or by comparing across studies,
pretesting had no effect on the source, rate, and path of
change.) Further, our study of transfer also revealed quite
robust transfer of learning to the categorization context—at
least when no pretest was administered. Indeed, the most
striking evidence for transfer of representations across the two
contexts came from the average fit of the regression functions
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on the two tasks: the fits of the logarithmic and linear
functions to children’s category judgments were nearly
identical to the fit of the same functions to children’s
estimates before (categorization, log R* = .78; estimation, log
R? = .72) and after learning to use the linear representation
(categorization, lin R? = .76; estimation, lin R? = .75). Thus,
without the administration of pretest, we observed nearly
perfect transfer; with the administration of pretest, we
observed virtually no transfer at all.

Why Did the Pretest Interfere with Transfer?

One mechanism that might account for the pretest interfering
with transfer is simple fatigue. Within this hypothesis, our
giving pretested children so many problems to solve reduced
their performance relative to the non-pretested children
because the pretest caused children to become tired of the
experiment. As a direct test of whether fatigue caused the
pretested and unpretested groups to differ, we ran a follow-up
study consisting of 20 children, who were given an equally
long, but non-numeric pretest (animal naming) before
estimation training. For these children, pre-testing did nothing
to block transfer of estimation training: their numeric
categorizations were more linear (R> = .73) than both children
pretested for numeric categorization and given feedback (R* =
.54) and children who received no estimation training (R* =
47), and their numeric categorizations were almost identical
to those of the unpretested treatment group in Figure 4 (R* =
.76). Thus, our follow up study indicated that the numeric
content of the pretest--and not its length--blocked transfer.

In our view, pretests interfered with transfer for an
altogether different reason: pretests strengthen default
representations. In this view, practice on the categorization
pretest made for imperfect performance on that task (and no
other) because practice merely strengthened the logarithmic
representation that children possessed, and thereby blocked
transfer of the more optimal (but under-practiced) linear
representation learned during training.

How broadly does prior experience inhibit the transfer of
learning? One previous example is provided by Duncker’s
(1945) classic study of problem-solving. Duncker tested
whether participants could apply novel functions to various
familiar objects (e.g., a matchbox, tacks, and candles). For
example, to solve the problem of placing three small candles
on a door at eye-level, participants had to conceive of a novel
function for the matchbox (i.e., to serve as a platform).
Normally, about 86% of such problems were solved;
however, if subjects were given a pretest to determine their
knowledge of the original functions of the familiar objects,
the rate of problem solving dropped to 58%. Duncker’s
explanation was that previous experience with the objects
induced a “functional fixedness” that inhibited their novel
solutions. It may be that prior experience more broadly
induces a kind of ‘conceptual fixedness’ that might also
prevent children from transferring their knowledge. For
example, one reason that children may fail to transfer from
school lessons to familiar real-world problems (yet succeed in
transferring to novel problems like throwing darts at an



underwater dartboard; Hendrickson & Schroeder, 1941) is
that their previous successes on real-world problems
interferes with the application of novel school lessons, much
like Duncker’s pretest interfered with his subjects’ ability to
think of novel solutions. That is, previous experiences in
school and real-world settings interfere with transfer because
they lead children to think that symbolic operations are “for
school” and not “for real-world problems”, much like
Duncker’s subjects thought of matchboxes as “for holding
matches” and not “for supporting candles”.

Although our application of Duncker’s findings to transfer
is novel, it is also consistent with many previous findings on
the formation of associations between strategies and problems
(Siegler & Shipley, 1995), the formation of undesirable
memory traces through practice (Roediger & Payne, 1982),
with findings of set effects in analogy (Gick & Holyoak,
1980), and with the effects of progressive alignment on
transfer (Markman & Gentner, 1997). To our knowledge,
however, the implications of this research for the possibly
harmful effects of repeated testing on transfer has not been
examined previously, despite its importance in interpreting
the narrow transfer of learning sometimes observed in
microgenetic studies. Thus, in our view, the finding that
pretesting can inhibit later transfer is not merely a
methodological issue, but a much broader one concerning the
general difficulty of transfer.

References

Anderson, J. R., Reder, L. M., & Simon, H. A. (1996).
Situated learning and education. Educational Researcher,
25,5-11.

Barnett, S. M., & Ceci, S. J. (2002). When and where do we
apply what we learn? A taxonomy for far transfer.
Psychological Bulletin, 128, 612-637.

Brainerd, C. J. (1983). Young children’s mental arithmetic
errors: A working-memory analysis. Child Development,
54, 812-830.

Brown, A. L., Kane, M. J., & Echols, C. H. (1986). Young
children’s mental models determine analogical transfer
across problems with a common goal structure. Cognitive
Development, 1, 103-121.

Duncker, K. (1945). On problem-solving. Psycholgical
Monographs, 58.

Gick, M. L., & Holyoak, K. J. (1980). Analogical problem
solving. Cognitive Psychology, 12, 306-355.

Gick, M. L., & Holyoak, K. J. (1983). Schema induction and
analogical transfer. Cognitive Psychology, 15, 1-38.

550

Hendrickson, G., & Schroeder, W. H. (1941). Transfer of
training in learning to hit a submerged target. Journal of
Educational Psychology, 35, 205-213.

Laski, E., & Siegler, R.S. (2005, October). Big, Small, or Just
Right? Children’s Number Categories and Understanding
of Numerical Magnitude. Poster Session at the biannual
meeting of Cognitive Development. San Diego, CA.

Lave, J. (1988). Cognition in practice: Mind, mathematics,
and culture in everyday life. Cambridge, UK: Cambridge
University Press.

Markman, A. B., & Gentner, D. (1997). The effects of
alignability on memory. Psychological Science, 8, 363-367.

Opfer, J. E., & Siegler, R. S. (in press). Representational
change and children’s numerical estimation. Cognitive
Psychology.

Opfer, J. E., & Siegler, R. S. (2004). Revisiting preschoolers’
living things concept: A microgenetic analysis of
conceptual change in basic biology. Cognitive Psychology,
49,301-332.

Roediger, H. L., III, & Karpicke, J. D. (2006). Test-enhanced
learning: Taking memory tests improves long-term
retention. Psychological Science, 17, 249-255.

Roediger, H. L., III, & Payne, D. G. (1982). Hypermnesia:
The role of repeated testing. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 8, 66-72.

Siegler, R. S. (1996). Emerging minds: The process of change
in children’s thinking. New Y ork: Oxford.

Siegler, R. S. (2006). Microgenetic analyses of learning. In
W. Damon & R. M. Lerer (Series Eds.) & D. Kuhn & R.
S. Siegler (Vol. Eds.), Handbook of child psychology:
Volume 2: Cognition, perception, and language (6th ed.,
pp- 464-510). Hoboken, NJ: Wiley.

Siegler, R. S., & Opfer, J. E. (2003). The development of
numerical estimation: Evidence for multiple representations
of numerical quantity. Psychological Science, 14, 237-243.

Siegler, R. S., & Shipley, C. (1995). Variation, selection, and
cognitive change. In T. Simon & G. Halford (Eds.),
Developing cognitive competence: New approaches to
process modeling. Hillsdale, NJ: Erlbaum.

Singley, K., & Anderson, J. R. (1989). The transfer of
cognitive skill. Cambridge, MA: Harvard University Press.

Solomon, R. L., & Lessac, M. S. (1968). A control group
design for experimental studies of developmental
processes. Psychological Bulletin, 70, 145-150.

Thorndike, E. L. (1922). The effect of changed data upon
reasoning. Journal of Experimental Psychology, 5, 33-38.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




