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Abstract

The present study investigated age-related differences in strategy use in the context of a numerosity
judgment task. Eighty-two participants (37 adults, 20 sixth graders and 25 third graders) had to provide
numerosity judgments of grids containing from 1 to 49 coloured squares. The choice/no-choice method
was used to obtain unbiased estimates of the performance characteristics of strategies. Results showed
that: (a) at all ages, the most common strategy was to add the number of coloured squares, (b) strategy
distribution and efficiency were influenced by participants’ age as well as problem features, and (c)
age-related changes in numerosity judgment performance included changes in strategy distribution
and efficiency, as well as in strategy adaptiveness (or the ability to choose the most efficient strategy
on each problem). Implications of these findings for understanding age-related differences in strategic
aspects of numerosity judgment, in particular, and in cognitive development in general are discussed.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

During the last 20 years, an increasing number of studies showed that individuals have
several strategies at their disposal to solve the different items of a cognitive task (for an
overview seeSiegler, 1996). This strategic variability allows selecting the most appropriate
or most efficient strategy on each problem. The better one can adapt one’s strategy use to the
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different item characteristics or situational demands, the better the resulting performance
will be on a specific task. Although age-related changes in strategies have been documented
in many different domains of human cognition, such as arithmetic (Siegler & Robinson,
1982), spelling (Rittle-Johnson & Siegler, 1999), scientific reasoning (Kuhn & Phelps,
1982), time telling (Siegler & McGilly, 1989) and serial recall (McGilly & Siegler, 1990),
they have hardly been studied in one of the oldest domains of experimental psychology,
namely judgment of numerosities (see e.g.,Binet, 1890; Cattell, 1886; Jevons, 1871; Wundt,
1896). In numerosity judgment tasks, participants have to determine the numerosity (or the
number) of items in a set. Participants can make precise (i.e., by providing the exact number
of items in a set) or rather rough numerosity judgments (i.e., by given an approximation of
the number of items in the set).

The paucity of studies on strategic aspects of numerosity judgment is very surprising
given its practical and theoretical importance. The practical importance of numerosity judg-
ment lies in its pervasiveness in the daily lives of both children and adults. For instance,
people rely on numerosity judgments when they have to determine the number of plates they
have to take out of the cupboard while preparing the table for lunch or when they want to
find out how many people attended a lecture or a sports competition. Moreover, numerosity
judgment activities require different components of mathematical ability, such as skills in
quantification and arithmetic, an understanding of number concepts, the numerical system
and the relationships between different arithmetic operations. Numerosity judgment per-
formance also correlates with mathematical achievement test scores (e.g.,Dowker, 2003).
Understanding determinants of changes in children’s numerosity judgment performance
may provide key insights to further our understanding of mathematical development. Finally,
numerosity judgment often requires the application of procedural and conceptual mathe-
matical knowledge in flexible ways. Therefore, numerosity judgment seems an excellent
domain for improving and testing theories of development of adaptive expertise in math-
ematics, which has become a fundamental goal of contemporary mathematics education
worldwide. (Baroody & Dowker, 2003; Hatano, 2003; Siegler & Booth, 2005; Verschaffel
& De Corte, 1996).

2. Previous studies on numerosity judgment

The few studies that analysed the use and development of numerosity judgment strate-
gies (e.g.,Brade, 2003; Crites, 1992; Camos, 2003; Siegel, Goldsmith, & Madson, 1982)
have all shown that people at different ages (ranging from Kindergarten to adulthood)
use a variety of strategies to determine numerosities and that they tend to adjust their
strategy choices to problem features. Moreover, the strategies used differ in their level of
complexity from perceptually based strategies like “eyeball” (in which participants make
an “educated guess” about the presented numerosity after a brief visual inspection) to
more sophisticated strategies like “decomposition/recomposition” (in which the quantity
is decomposed into small samples, the number of objects in one sample is determined,
and these small samples are recomposed to arrive at an numerosity judgment). From a
developmental point of view, it has been shown that individuals rely increasingly on the
more complex strategies as they grow older, whereas the less complex strategies are less
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frequently used, and that the accuracy of the numerosity judgments increases with age
and experience.

Contrary to the above-mentioned studies where the stimuli were presented in an unstruc-
tured format,Luwel, Verschaffel, Onghena and De Corte (2000, 2001)andVerschaffel,
De Corte, Lamote and Dhert (1998)investigated age-related differences in strategic com-
petence in a task with a more constrained format. More specifically, on the whole of
studies they asked participants of three different age groups (second graders, sixth graders,
and young adults) to judge different numerosities of coloured blocks that were pre-
sented in one or more rectangular grids. According to these authors, this kind of tasks
is ideally suited to study the adaptiveness of strategy choices since different kinds of
strategies are irrefutably most efficient on a particular range of the numerosity contin-
uum. Moreover, from a practical perspective, many real life situations call for numerosity
judgment in a grid-like structures (e.g., when determining the number of cars on the park-
ing of a supermarket or when judging the number of people in a stand during a football
game).

The studies ofLuwel et al. (2000, 2001)andVerschaffel et al. (1998)revealed that peo-
ple use in general two different numerosity judgment strategies to accomplish this task.
The choice for each of these strategies depends on the ratio of blocks to empty squares
in the grid. When there are few blocks and many empty squares, theadditionstrategy is
typically used. With this strategy, the given quantity of blocks is divided into a number of
subgroups and the judged numerosities of the different subgroups are added. When there
are many blocks and few empty squares, most people apply thesubtractionstrategy in
which they determine the number of empty squares (by means of an addition strategy)
and subtract this from the total number of squares in the grid. Furthermore, these stud-
ies found the following similarities and differences in strategic competence among the
different age groups: (a) there were no age-related differences with respect to the reper-
toire of strategies, indicating that the smart subtraction strategy already occurred among
the majority of second graders; (b) with growing age, there was an increase in the rel-
ative frequency of the subtraction strategy (c) there was an age-related increase in the
efficiency (i.e., speed and accuracy),of the subtraction strategy and, to a lesser extent of
the addition strategy, and (d) the allocation of the distinct strategies to the problem types
was in all age groups generally in line with what was predicted on the basis of a ratio-
nal task analysis. More specifically, the addition strategy was mainly used on the trials
with few blocks, whereas the subtraction strategy was applied on the trials with many
blocks.

However, the studies byLuwel et al. (2000, 2001)andVerschaffel et al. (1998)suffered
from two methodological problems. First, they were not able to draw straightforward con-
clusions with respect to strategy efficiency and the adaptiveness of strategy choices due to
a lack of unbiased measures of strategy performance. These studies only involved a choice
condition, wherein participants were free to use whichever strategy they wanted on each
of the different items in the task; this might have resulted in biased measures of strategy
efficiency due to selection effects (Siegler & Lemaire, 1997). These selection effects can
be caused by an unequal distribution of the distinct strategies on the different types of items
as well as by individual differences in strategy preferences. For instance, if a less accurate
strategy is used mainly on easy items and a more accurate strategy is used primarily on
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difficult ones, the accuracy of the first strategy may be overestimated, whereas the accu-
racy of the latter one may be underestimated. These selection effects may cast doubt on
the validity of the results from the above-mentioned studies regarding the development of
strategy efficiency. Moreover, these studies did not allow drawing strong conclusions with
respect to (the development of) the adaptiveness of strategy choices. That is, we do not
know the extent to which individuals prefer one strategy over another on a particular set of
items because it is faster and/or more accurate on that set of items. A proper investigation of
participants’ strategy adaptiveness also requires unbiased estimates of strategy performance
that can function as a criterion with which the actual strategy use (as measured in the choice
condition) can be compared.

Second, these studies lacked a good analytical technique for measuring adaptiveness in
this specific task domain. The authors have only been able to draw general conclusions
regarding the adaptiveness of strategy choices because adaptiveness was expressed in terms
of the allocation of the different strategies over the different problem types. However,
since adaptiveness is a highly individual characteristic, it is imperative to complement such
aggregated (group) measures with other, individual measures of adaptiveness in order to
come closer to the core of this concept.

A solution for the first problem is offered by thechoice/no-choicemethod that has been
devised bySiegler and Lemaire (1997), whereas an individual measure of adaptiveness
recently developed byLuwel, Verschaffel, Onghena, and De Corte (2003)provides an
answer to the second problem. In the following paragraphs, we first discuss the choice/no-
choice method in greater detail, after which we will explain Luwel et al’s technique for
measuring adaptiveness on an individual level.

3. The choice/no-choice method

The use of the choice/no-choice method involves testing each participant under two
types of condition: (a) achoice conditionin which participants can freely choose which
strategy to use, and (b) severalno-choice conditionsin which participants are required
to apply a given strategy on all items. Ideally, the number of no-choice conditions is
equal to the number of (pivotal) strategies in the choice condition. Asking all partic-
ipants to use a given strategy on all trials in the no-choice conditions yields unbiased
estimates of performance characteristics of the strategies under consideration, since these
estimates are free of selection effects and/or individual preferences. This allows an objec-
tive assessment of relative strategy speed and accuracy. It also becomes possible to
investigate participants’ strategy adaptiveness. This can be done by examining whether
participants prefer one strategy above another on a particular set of items because it is
faster and/or more accurate on that set of items. The choice/no-choice method has already
been successfully applied in the context of adults’ multiplication (Siegler & Lemaire,
1997), young children’s addition (Torbeyns, Verschaffel, & Ghesquière, 2004), younger and
older adults’ currency conversion (Lemaire & Lecacheur, 2001), computational estimation
(Lemaire & Lecacheur, 2002a; Lemaire, Arnaud, & Lecacheur, 2004), young children’s
spelling (Lemaire & Lecacheur, 2002b), and adults’ numerosity judgment (Luwel et al.,
2003).
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4. Measuring adaptiveness of strategy choices

Luwel et al.’s (2003)analytical technique for measuring adaptiveness on an individual
level is based on an application of the choice/no-choice method on the aforementioned
numerosity judgment task. These authors distinguished among three conditions: one choice
condition, in which participants could freely choose between the addition and the subtraction
strategy to solve each trial of the numerosity continuum, and two no-choice conditions in
which participants are successively required to apply the addition and the subtraction strat-
egy on all trials of the continuum (i.e., respectively, the addition and subtraction condition).
Following a rational task analysis, Luwel et al. assume that the application of the addition
strategy will lead to linearly increasing response times with an augmenting numerosity of
blocks, whereas the use of the subtraction strategy will lead to linearly decreasing response
times with an increasing numerosity of blocks. The combined and adaptive use of both
strategies in the choice condition will result in a response-time pattern similar to the one in
Fig. 1. According to this pattern, the addition strategy is especially applied on trials with
few blocks and many empty squares, whereas the subtraction strategy is used on trials with
many blocks and few empty squares. The use of the addition strategy on all trials in the
addition condition is expected to lead to an increase in response times with an augmenting
number of blocks, whereas the application of the subtraction strategy on all trials in the
forced subtraction condition will result in a decrease in response times as the number of
blocks gets larger.

Trial-by-trial observations of participants’ strategy use in the choice condition allow
determining the trial on which participants switch from the addition towards the subtraction

Fig. 1. Example of an individual response-time pattern reflecting the combined and adaptive use of the addition
and subtraction strategy.
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Fig. 2. Example of two individual response-time patterns from, respectively the addition and subtraction condition
with their corresponding regression lines.

strategy (i.e., the so-called ‘actual’ change point). This change point is always located on
one of the trials in the top of the individual response-time pattern (i.e., the trials with the
slowest response times). Next to this ‘actual’ change point in the choice condition, one
can also calculate a ‘projected’ change point from the individual response-time patterns
of both no-choice conditions. This projected change point can be located by running a
simple linear regression model on the individual response-time patterns of both the addition
and subtraction condition. A plot of both regression equations in a single graph yields
two regression lines that intersect each other (seeFig. 2). As is clear fromFig. 2, each
regression line represents an unbiased estimate of the speed of each of both strategies. As
a consequence, the intersection of both regression lines demarcates the projected change
point or the trial on which the subtraction strategy becomes faster than the addition strategy
without being less accurate. Since the projected change point indicates for each individual
the trial on which it would be most efficient to switch from the addition strategy towards the
subtraction strategy, the absolute difference in location between the actual and the projected
change point can be conceived as a measure of adaptiveness: the smaller this difference, the
better an individual’s strategy choices are calibrated to his/her unbiased estimates of strategy
performance. As a consequence, an individual who actually switches to the subtraction
strategy on this trial (in the choice condition) is considered as being perfectly adaptive.

As an illustration, suppose that the response-time patterns of two participants (X and Y)
suggest that they switched towards the subtraction strategy on the trial with 27 blocks. At
first sight, one might conclude that both participants were equally adaptive in their strategy
choices. However, let’s assume that the response-time data of the two no-choice conditions
indicate that Participant X has a projected change point of 28, whereas the projected change
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point of Participant Y is 32. Based on these unbiased estimates of strategy performance in
the no-choice conditions, one can conclude that Participant X is more adaptive in his strategy
choices than Participant Y, since his strategy choices are more finely calibrated towards his
unbiased estimates of strategy performance as indicated by the smaller difference between
both types of change points.

Luwel et al. (2003)recently demonstrated the potential of this technique in their analysis
of adults’ adaptiveness of strategy choices when solving the grid task. They found that
adults tended to actually change from the addition to the subtraction strategy when the
latter became more efficient and that individuals varied in strategy adaptiveness. Most
adaptive adults tended to switch from the addition to the subtraction strategy as soon as it
became most efficient whereas other individuals continued to use the addition strategies on
some of the trials where it was not the most efficient strategy. Furthermore, they found that
this measure correlated significantly with another measure of adaptiveness. This successful
application of this measure in adults, however, does not automatically imply that is also
useful to measure (young) children’s adaptiveness.

5. Research questions and hypotheses

The main goal of the present study was to assess age-related differences in numerosity
judgment strategies by conducting an experiment in which we combined the choice/no-
choice method andLuwel et al.’s (2003)individual adaptiveness measure on participants
of three different age groups (third graders, sixth graders, and university students). At the
same time, this study would enable us to test whether this technique for measuring strategy
adaptiveness was generalisable from adults towards (young) children.

The data collected in this study enabled us to address the following research questions
regarding age-related changes in different aspects of strategic competence. With respect
to the frequency of strategy use: Do participants apply the available numerosity judgment
strategies with a different frequency? If yes, is the preference for a specific strategy justified
by strategy efficiency (i.e., speed, precision) characteristics? Is this preference influenced by
participants’ age and problem characteristics? Regarding strategy efficiency: How fast and
accurate are numerosity judgments with each available strategy? How do speed and precision
of numerosity judgments change with age and problem type? And, finally, concerning the
adaptiveness of strategy choices: Do all participants select their strategies with the same
level of adaptiveness? Does this adaptiveness change with age?

Before translating these general research questions into specific predictions, we present a
rational task analysis in which the addition and subtraction strategy are compared with each
other. The basic assumption underlying this rational task analysis is that the application
of the subtraction strategy requires more cognitive resources than the addition strategy.
The reason being that the application of the subtraction strategy implies more as well as
mathematically more complex solution steps than the addition strategy. A proper application
of the subtraction strategy involves executing the following steps: (a) determination of the
grid size, (b) determination of the number of empty squares, and (c) subtracting the number
of empty squares from the total number of squares in the grid. In contrast, application of
the addition strategy involves only one step, which is in terms of its nature and complexity
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similar to step (b) of the subtraction strategy, namely determining the number of blocks in
the grid. Even when the grid size remains constant throughout the task (as was the case in
the present study), the subtraction strategy will still require one more step than the addition
strategy, namely subtracting the number of empty squares from the total number of squares
in the grid. This difference between both strategies has three important consequences: (a)
the subtraction strategy will occur later in children’s strategic repertoire compared to the
addition strategy and it will also develop more slowly than the addition strategy, (b) the
execution time of the subtraction strategy will take longer and its accuracy will be lower
than that of the addition strategy on trials that are equal with respect to the number of units
that has to be determined with these respective strategies (e.g., 15 versus 85 in a 10× 10 grid
for, respectively the addition and the subtraction strategy), and (c) adaptive strategy users
will switch towards the subtraction strategy on a trial in which the grid ismore thanhalf
filled with blocks (rather than on the trial wherein the grid is exactly half filled), since only
then, the subtraction strategy will become, from a cognitive point of view, more economical
than the addition strategy.

Based on this rational task analysis and its direct implications, we formulated two sets of
predictions. The first set of predictions concerns strategic aspects of numerosity judgments,
whereas the second refers to age-related differences in these strategic aspects. With respect
to the strategic aspects of numerosity judgment, we first expected an unequal distribution
in the use of both strategies, with the addition strategy being used more frequently than
the subtraction strategy. Second, we expected that, under no-choice conditions, the addi-
tion strategy would be faster and more accurate than the subtraction strategy. Taking into
account that younger participants have fewer working memory resources and less practiced
arithmetic skills than older participants, we formulated the following predictions for the
age-related differences in the strategic aspects of numerosity judgment. First, the frequency
of use of the subtraction strategy will increase with age, whereas the frequency of use of
the addition strategy will decrease. Second, there will be an age-related increase in the
efficiency of both strategies Finally, the adaptiveness of strategy choices will increase with
age, since participants become better in calibrating their strategy choices as they grow older.

6. Method

6.1. Participants

Eighty-two individuals, 25 third graders (8–9-year olds), 20 sixth graders (11–12-year
olds), and 37 university students (21-year olds), participated in the study. The third and sixth
graders came from the same primary school in Flanders (Belgium), while the adults were
students at the University of Leuven (Belgium). Approximately half of the participants in
each age group were females.

6.2. Material

The experimental problems were presented in the center of 15′′ monitor with a resolution
set to 800× 600 pixels, and the experiment (stimulus display and timing) was controlled
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by an IBM-compatible computer equipped with a Pentium III-processor. Participants were
seated at about 50 cm from the computer screen.

Stimuli were square grids consisting of 7× 7 little square units that were intersected by
red lines. The outline of the grid was visible and coloured red. Each square unit in the grid
had a size of 1 cm× 1 cm. These square units could either be ‘on’ (i.e., being filled with
a green coloured block) or ‘off’ (remaining empty, i.e., having the same black colour as
the background of the whole screen). For each participant, the sequence of the stimuli as
well as the placement of the green squares in the grid was completely randomized by the
computer. Small 7× 7 grids were used to ensure that all participants could solve all trials by
using solely the addition and/or the subtraction strategy. Moreover, since participants had
to solve the same task three times, we wanted to avoid possible fatigue effects by using a
relatively small number of trials in each condition. After each trial, the computer recorded
participants’ response and response time (with an exactitude of 0.1 s). There was no limit
on the presentation time of the different items.

6.3. Experimental conditions

Each participant was tested in three different sessions. In thechoice condition, partici-
pants solved 49 problems, each containing one specific numerosity of green squares between
1 and 49. On each of these 49 trials, participants were allowed to choose freely between two
strategies to determine all numerosities of green squares in the grid, the addition strategy
or the subtraction strategy. The no-choice condition consisted of two sub-conditions. In the
addition conditionparticipants were required to determine the numerosities from 1 to 42
by means of the addition strategy, whereas in thesubtraction conditionparticipants were
asked to determine the numerosities from 8 to 49 by using the subtraction strategy.1 The
third and sixth grade children were tested in the different conditions on three consecutive
days to avoid possible fatigue effects. The students were tested in the different conditions
within one experimental session and were allowed a 5 min pause between conditions.

6.4. Procedure

All participants were tested individually. The presentation order of the different con-
ditions was counterbalanced over participants with the important restriction that the
choice condition was always presented first, so that strategy choices in the choice con-
dition could not be influenced by recency effects. As a consequence, all participants
were randomly assigned to one of both presentation orders: choice/addition/subtraction
or choice/subtraction/addition.

1 We did not test the upper end (i.e., numerosities 43–49) of the numerosity continuum in the addition condition
and the lower end (i.e., numerosities 1–7) of the numerosity continuum in the subtraction condition because
previous research has shown that the response-time patterns of the no-choice conditions exhibited a break in these
ends. Observations of participants’ overt strategic behaviour clearly showed that such a break was caused by the
fact that when there were many green squares (in the case of the addition condition), or many black squares (in
the case of the subtraction condition), some participants started to count by (full) rows instead of continuing to
count one by one or in small groups of 2–5 squares.
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Participants were not explicitly informed about the total number of squares in the grid.
However, they were given the opportunity to determine it themselves, before the start of the
actual experiment, in five example trials that were representative of the whole continuum of
numerosities in the grid (i.e., 3, 14, 22, 31 and 46). Participants were instructed to determine
the numerosity of each of these example trials as accurately as possible and to point on the
computer screen the units (i.e., green or empty squares) they were taking into account when
solving a trial by means of a particular strategy. After each example trial, participants were
asked to explain shortly how they had handled the task.

If participants’ overt behaviour and verbal reports indicated that they used both the
addition and the subtraction strategy for these five example trials, they were told at the
beginning of the choice condition that they could only use these addition and subtraction
strategies to determine all numerosities, but that they were free to decide when to use each
strategy. Participants who had solely mentioned the addition strategy (10 out of 25 third
graders did so) were told that they could only use that strategy to solve all trials of the
choice condition.2 As for the example trials, participants had to indicate on the computer
screen the units they were counting. Based on participants’ overt strategic behaviour on each
trial (i.e., whether they indicated the green/empty squares when counting) the experimenter
wrote down whether the addition or the subtraction strategy was used. In the no-choice
conditions participants were told that they had to determine the numerosities of green
squares by using only one particular strategy on each trial, either the addition strategy (in
the addition condition) or the subtraction strategy (in the subtraction condition). To ensure
that participants only used the required strategy, they again were asked on each trial to point
out on the computer screen the green/empty squares that they were counting.

The stimuli remained on the screen until participants had made their numerosity judg-
ment. They were asked to verbally state their answer as soon as they knew it. The exper-
imenter then immediately pressed a key that stopped the computer timer and emptied the
grid. After the response was typed in by the experimenter, a new stimulus appeared on the
screen.

7. Results

Results are reported in three parts. The first part refers to age-related differences in
the frequency of strategy use; the second part examines age-related differences in strategy
efficiency, whereas the third part focuses on age-related differences in strategy adaptiveness.
Initial analyses indicated that there we no effects of sex or condition order on the dependent
measures in the different analyses. Therefore, the data were grouped across sexes and
condition orders in all further analyses. Unless stated otherwise, an alpha level of .05 was
used for all statistical tests. Whenever possible, exactp-values will be reported but very
small values are rounded top< .0001.

2 We decided not to mention the subtraction strategy at the beginning of the choice condition since we were
afraid that this intervention might have disturbed participants’ natural strategic behaviour. However, we decided
that if these participants would discover and start to apply the subtraction strategy in the choice condition, the
experimenter would confirm that this strategy was also acceptable, which never happened.
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7.1. Age-related differences in frequency of strategy use

In a first analysis we tested whether there would be any age-related differences with
respect to the frequency of strategy use in the choice condition. First, we checked whether
participants accomplished the numerosity judgment task with only the addition strategy or
with both strategies. We observed that, except for 10 out of 25 third graders, all participants
used both the addition and the subtraction strategy to accomplish the numerosity judgment
task.

Next, we analysed mean percentages of use of addition strategy with an analysis of vari-
ance (ANOVA) involving a three (group: adults, sixth, and third graders)× 2 (Problem type:
small- versus large-numerosity problems) design, with age as the only between-subjects
factor. Small-numerosity problems were problems containing 24 or less green squares and
large-numerosity problems contained 25 or more green squares. This analysis showed a sig-
nificant main effect of age,F(2, 79) = 32.62, MSE = 305.80,p< .0001. A posteriori Tukey
tests showed that third graders (M= 87%) used the addition strategy on a significantly larger
percentage of trials and, thus, the subtraction strategy on a significantly smaller percent-
age of trials, than sixth graders (M= 67%) or adults (M= 62%,p= .0001). Sixth graders
and adults used the addition strategy equally often. Moreover, we observed a significant
main effect of problem type,F(1, 79) = 406.77, MSE = 282.10,p< .0001, indicating that the
addition strategy was used more often on small-numerosity problems (M= 100%) than on
large-numerosity problems (M= 45%). Finally, the Age× Problem Type interaction was
also significant,F(2, 79) = 33.46, MSE = 282.10,p< .0001 (seeFig. 3). A posteriori Tukey
tests indicated that all age groups used the addition strategy significantly more often on
small- than on large-numerosity problems (M’s: 100% versus 75%, 99% versus 35% and

Fig. 3. Mean percent use of addition strategy for small- and large-numerosity problems in each group of partici-
pants.
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99% versus 25%; allp’s < .0001 for third graders, sixth graders and adults, respectively).
Moreover, all age groups used the addition strategy equally often on small-numerosity prob-
lems. However, for large-numerosity problems, we observed that third graders (M= 75%)
used this strategy significantly more frequently than sixth graders (M= 35%), or adults
(M= 25%,p’s = .0001), whereas there was no difference between the two oldest age groups.
This pattern of results did not change when the 10 third graders who used the addition strat-
egy on 100% of trials were not included in the analysis, except that the addition strategy
was used on 79% of trials by the third graders who used both strategies, compared to 87%
when all third graders were included in the analysis.

In a final analysis we checked in each age group, by means of a one-samplet-test, whether
the addition strategy was the most preferred strategy. This test revealed that participants in
the different age groups applied the addition strategy on a significantly larger proportion
of trials than 50% (M’s: 88%, 67% and 64%; S.D.’s: 14.41, 13.82, 8.09 for, respectively
third graders, sixth graders, and adults;t(24) = 13.04,p< .0001, t(19) = 5.60,p< .0001,
t(36) = 10.18,p< .0001).

In sum, these analyses revealed that all participants, except for 10 third graders, used
both the addition and the subtraction strategy to accomplish the numerosity judgment task
and that the addition strategy was the most preferred strategy in all age groups. These
analyses also revealed that the addition strategy was used more often on small- than on
large numerosity problems and that it was used more often by third graders than by the
other two age groups.3

7.2. Age-related differences in strategy efficiency

This section reports the results regarding strategy efficiency in both the no-choice and the
choice conditions. Strategy efficiency was analysed in terms of the speed and the accuracy of
both strategies. Accuracy was measured in terms of deviation scores that reflect the absolute
difference between the given response and the actual numerosity. We will first report the
results regarding strategy efficiency under no-choice conditions, followed by the results of
strategy efficiency in the choice condition.

7.2.1. Strategy efficiency under no-choice conditions
In the no-choice conditions, each strategy was required on all problems. Consequently,

these conditions yielded estimates of strategy performance that were not biased by selective
use of the strategies on different problems and by different individuals.4 ANOVAs of no-
choice mean latencies and deviation scores were run with 3 (Group: adults, sixth, and
third graders)× 2 (Strategy: addition versus subtraction)× 2 (Problem Type: small- versus

3 The 10 third graders who only used the addition strategy in the choice condition were included in the remainder
of the analyses, except for the analysis regarding the strategy speed in the choice condition (since this analysis
compared the speed ofboth strategies under the choice condition) and the analysis of adaptiveness of strategy
choices.

4 Since we presented two different subsets of trials in the no-choice conditions (1–42 in the addition condition
and 8–49 in the subtraction condition), analyses of the no-choice conditions were carried out on the data of the 35
trials that both conditions have in common (8–42).
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Table 1
Mean solution times (in s) and deviation scores for each strategy as a function of problem type in each age group
under no-choice conditions

Age group Addition Subtraction

Small-numerosity
problems

Large-numerosity
problems

Small-numerosity
problems

Large-numerosity
problems

Solution times (in s)
Third graders 9.5 20.2 28.3 16.1
Sixth graders 8.4 19.3 22.4 12.4
Adults 7.0 14.2 16.6 9.0

Deviation scores
Third graders 0.24 0.71 2.21 1.54
Sixth graders 0.09 0.28 1.24 0.56
Adults 0.11 0.29 0.48 0.30

large-numerosity problems) designs, with age as the only between-subjects factor. Mean
solution latencies and percent deviations as a function of problem types are presented in
Table 1.

For the latencies, the following results were observed. First, we found a significant main
effect of age,F(1, 79) = 52.40, MSE = 27.58,p< .0001. A posteriori Tukey tests indicated
that adults (M= 11.5 s) were significantly faster than sixth (M= 15.3 s), and third graders
(M= 17.9 s,p’s = .0001). Moreover, sixth graders were significantly faster than third graders
(p= .004). We also observed a main effect of strategy type,F(1, 79) = 269.91, MSE = 5.48,
p< .0001, with the addition strategy (M= 12.9 s) being faster than the subtraction strategy
(M= 16.9 s).

Furthermore, we observed a significant Age× Strategy interaction,F(2, 79) = 36.74,
MSE = 5.48, p< .0001 and a significant Strategy× Problem Type interaction,
F(1, 79) = 1449.56, MSE = 5.08,p< .0001. Both interactions were involved in a sig-
nificant Age× Strategy× Problem Type interaction,F(2, 79) = 27.91, MSE = 5.08,
p< .0001 (seeFig. 4). A posteriori Tukey tests indicated that, in all age groups, the addition
strategy was significantly faster than the subtraction strategy on small-numerosity prob-
lems, whereas we observed the inverse pattern of results for the large-numerosity problems
(all p’s = .0001). Furthermore, in all age groups, the addition strategy was significantly
faster on small-numerosity problems than on large-numerosity problems, whereas a reverse
pattern of results was observed for the subtraction strategy (allp’s = .0001). However, the
age groups differed from each other with respect to the speed of each strategy-problem
type combination. First of all, we did not find any differences among the three age
groups regarding the speed of the addition strategy on the small-numerosity problems.
However, on the large-numerosity problems, we observed that the university students were
significantly faster in executing the addition strategy than the sixth and the third graders
(all p’s = .0001) whereas there was no difference between both children groups. Second,
university students were significantly faster in their execution of the subtraction strategy
on small-numerosity problems than sixth (p= .007) or third graders (p= .0001) and the
sixth graders were significantly faster than the third graders (p= .02). For the speed of the
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Fig. 4. Mean response times (in s) for each strategy as a function of problem type in each age group under no-choice
conditions.

subtraction strategy on large-numerosity problems, we only observed that the university
students were significantly faster than the third graders (p= .0002).

A similar analysis of deviation scores showed a significant main effect of age,
F(2, 79) = 13.75, MSE = 1.71,p< .0001. A posteriori Tukey tests indicated that third graders
(M= 1.18) were overall less accurate than sixth graders (M= 0.54,p= .0005) or adults
(M= 0.39,p= .0001), whereas sixth graders and adults were equally accurate. In addition, we
observed a significant main effect of strategy type,F(1, 79) = 39.71, MSE = 1.14,p< .0001,
with the addition strategy (M= 0.28) being more accurate than the subtraction strategy
(M= 0.97). We also observed a significant Age× Strategy interaction,F(2, 79) = 9.43,
MSE = 1.14,p= .0002. A posteriori Tukey tests indicated that third and sixth graders were
significantly more accurate in executing the addition strategy compared to the subtraction
strategy (M’s: 0.48 versus 1.87 and 0.18 versus 0.90;p’s: .0001 and .04 for, respectively
third and sixth graders), whereas adults were equally accurate in their execution of both
strategies. Furthermore, the third graders were significantly less accurate than the sixth
graders (p= .009) or the university students (M= 0.39,p= .0001) in their execution of the
subtraction strategy, whereas there was no significant difference in accuracy between the
last two age groups. We did not find any significant differences among the three age groups
with respect to the accuracy of the addition strategy.

Finally, we also observed a significant Strategy× Problem Type interaction,
F(1, 79) = 17.77, MSE = 0.68,p< .0001. A posteriori Tukey tests showed that, for small-
numerosity problems, the addition strategy (M= 0.14) was significantly more accurate than
the subtraction strategy (M= 1.19,p= .0001), whereas no significant difference was found in
the accuracy of both strategies for the large-numerosity problems. Furthermore, we observed
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Table 2
Mean solution times (in s) and deviation scores for each strategy and each age group in the choice condition

Age group Strategy

Addition Subtraction

Solution times (in s)
Third graders 12.4 9.2
Sixth graders 9.1 8.7
Adults 7.0 6.9

Deviation scores
Third graders 0.39 0.80
Sixth graders 0.16 0.12
Adults 0.11 0.23

that the subtraction strategy was significantly more accurate on large- (M= 0.74) than on
small-numerosity problems (M= 1.19,p= .004). We did not observe a significant difference
in the accuracy of the addition strategy between both problem types. Unlike the analyses
of speed we did not observe a significant three-way interaction for the accuracy measures.

7.2.2. Strategy efficiency in the choice condition
We also analysed strategy efficiency in the choice condition to examine the extent to

which these results would correspond with the results regarding strategy efficiency under
no-choice conditions. To compare the efficiency of both strategies in the choice condition,
we calculated for each subject the average speed and accuracy for those items on which,
respectively the addition and subtraction strategy were applied.5 Since there were too many
missing cells resulting from strategy choices, we collapsed the mean solution times and
deviation scores in the choice condition over problem types. Therefore, ANOVAs on choice
performance involved three (Group: adults, sixth, and third graders)× 2 (Strategy: addition
versus subtraction) designs, with age as the only between-subjects factor. Mean solution
latencies and percent deviations are presented inTable 2.

With respect to strategy speed, we observed a significant main effect of age,
F(2, 66) = 28.20, MSE = 5.43,p< .0001. A posteriori Tukey tests indicated that, as in the no-
choice conditions, adults (M= 7.0 s) were significantly faster than sixth graders (M= 8.9 s,
p= .0003) or third graders (M= 10. 8 s,p= .0001). Sixth graders were also significantly
faster than third graders (p= .007). This analysis also showed a significant main effect of
strategy,F(1, 66) = 19.01,p= .0004. Contrary to our predictions and the results of the no-
choice conditions we found that the addition strategy (M= 9.5 s) was significantly slower
than the subtraction strategy (M= 8.2 s). Finally, we observed a significant Age× Strategy
interaction,F(2, 66) = 9.79, MSE = 2.46,p= .0002. When using the addition strategy, adults
were significantly faster than sixth graders (p= .0003) or third graders (p= .0001). Moreover,
sixth graders were significantly faster than third graders (p= .0001). When using the subtrac-
tion strategy, adults were significantly faster than sixth graders (p= .002), or third graders

5 In line with a rule applied bySiegler (1988)in a similar analysis, only items on which the relevant strategies were
used by at least three participants were included in the analyses. This number of observations can be considered
as the absolute minimum to obtain stable measures of mean speed.
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(p= .0005) and both groups of children were equally fast. Contrary to our predictions,
the addition strategy was significantly slower than the subtraction strategy in third graders
(p= .0001), but not in sixth graders or in adults, where both strategies did not differ in speed.

As reported above, the speed analysis under the choice condition led to different results
than the one of the no-choice conditions. This is the result of selection artefacts in the
choice condition where participants applied the addition strategy on a significantly larger
number of trials than the subtraction strategy, as was shown by the analysis of strategy
frequency. More specifically, most subjects (especially in the younger age groups) used
the addition strategy to solve the trials in the middle range, which are necessarily solved
relatively slowly by either of both strategies. As a consequence, these larger response times
associated with the addition strategy mask the fact that the addition strategy is anyhow
faster than the subtraction strategy on items that are comparable with respect to the number
of items that has to be determined as has been shown by in the no-choice conditions. This
observation illustrates why it is useful to include no-choice conditions to obtain unbiased
measures of strategy efficiency.

A similar analysis on deviation scores showed only a significant main effect of age,
F(2, 66) = 5.10,p= .009, but not of strategy type. A posteriori Tukey tests indicated that third
graders (M= 0.59) were significantly less accurate than sixth graders (M= 0.14,p= .02) or
adults (M= 0.17,p= .01), the latter two being equally accurate. These less pronounced
effects of the different independent variables on the accuracy measures were probably due
to floor effects in deviation scores, since participants were instructed to judge the different
numerosities as accurately as possible. As indicated by the overall deviation scores in the
different age groups, participants deviated on average less than one block from the actual
numerosity of blocks that was presented. Presumably, we would have observed strong
effects of these variables on the accuracy scores and not on the latencies if we had instructed
participants to solve the items as fast as possible.

7.3. Age-related differences in the adaptiveness of strategy choices

In this section we will analyse the development of the adaptiveness of strategy choices
in two different ways. First, we used the measure devised byLuwel et al. (2003)to compare
the actual and the optimal change points. Second, we examined whether the opportunity
of having a choice in the choice condition leads to a better performance compared to the
no-conditions.

7.3.1. Analysis of adaptiveness based on the location of the change points
In our first measure of adaptiveness we used the previously outlined method ofLuwel et

al. (2003)wherein the actual and the projected change point are compared. Since the majority
of participants was not completely consistent in its strategy choices around the change point
(i.e., they sometimes used the addition strategy on numerosities that were slightly larger
than the numerosity on which they first applied the subtraction strategy and vice versa),
we had to estimate the change point for these participants by using a criterion in which the
actual change point was defined as the numerosity on which a particular participant started
to use the subtraction strategy and did so for at least three consecutive numerosities. For
example, a participant using the addition strategy on all numerosities up to 30, except on
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numerosity 27 and the subtraction strategy on numerosity 27 and on all numerosities from
31 onwards, would be considered as having switched from the addition to the subtraction
strategy on numerosity 31 and not on numerosity 27. Based on this criterion, we found that
the number of trials that was solved inconsistently (i.e., by applying the addition strategy
after the change point and the subtraction strategybeforethe change point) was relatively
small in all age groups, even in the youngest one (Ms: 1.93, 1.60 and 1.65; S.D.’s: 1.16,
1.19 and 1.38 for third graders, sixth graders and adults, respectively).

As mentioned earlier, projected change points were determined by running a simple lin-
ear regression on each individual’s response times of both the addition and the subtraction
condition. Each regression line was calculated after dropping outliers determined by the
Cook’sD statistics (Myers, 1990; Neter; Kutner, Nachtsheim, & Wasserman, 1996) and it
represented an unbiased estimate of the speed of each strategy. A plot of both regression
equations in a single graph yielded two regression lines intersecting each other. The inter-
secting point of both regression lines represents the optimal change point, or the trial on
which the relative strategy benefits change. The addition strategy is fastest for that individual
on numerosities smaller than this change point and slowest on larger numerosities.

As outlined before, the absolute distance between the actual and the projected change
point can be considered as a measure of adaptiveness. To examine whether this adaptive-
ness would change with age, we calculated the absolute difference between both change
points and entered it as a dependent variable in a one-way ANOVA with age as a between-
subjects variable. The means and S.D.’s of actual and projected change points as well as
the absolute distance between these change points are displayed inTable 2for each age
group separately. This analysis revealed a significant main effect of age,F(2, 68) = 14.36,
MSE = 26.72,p< .0001. A posteriori Tukey tests showed that the absolute distance between
both change points was significantly smaller in adults than in sixth graders (p= .02) or in
third graders (p= .0001). Moreover, the absolute distance between both types of change
points was marginally significantly smaller in sixth graders than in third graders (p= .06).
These findings suggest that, as participants grow older, they calibrate their strategy choices
more and more finely to strategy features or their strategy execution skills.

7.3.2. Effects of having choice on numerosity judgment performance
A second measure of adaptiveness consists of comparing performance under choice and

no-choice conditions (Lemaire & Lecacheur, 2002a, 2002b; Siegler & Lemaire, 1997).
This analysis is based on the assumption that, if people are free to choose among different
strategiesand if they choose adaptively, they should choose the most efficient strategy on
a particular item. Consequently, it was expected that the overall performance in the choice
condition would be faster and more accurate than the performance under no-choice con-
ditions, where such an adaptive selection is not possible. FollowingSiegler and Lemaire
(1997), we compared the response times and deviation scores in the choice condition with a
simulation of what these performance measures would have been when the addition and the
subtraction strategy were applied with the same frequencies butwithoutan adaptive alloca-
tion of these strategies to particular problems. This simulation was based on the response
times and deviation scores of both no-choice conditions, being statistically controlled for
overall use of each strategy by weighing the choice and no-choice conditions equally with
respect the frequency of strategy use. This was done by averaging for each participant the
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Table 3
Means and standard deviations of both types of change points and their absolute difference in each age group

Age group Observed change point Projected change point Absolute difference

M S.D. M S.D. M S.D.

Third graders 40.33 5.86 26.67 2.64 13.67 6.48
Sixth graders 33.63 5.99 24.37 2.14 9.58 6.05
Adults 31.78 5.11 27.22 1.36 5.43 3.98

Note. The fact that mean of the absolute differences differs slightly from the difference between the means of both
types of change points is due to the presence of some negative differences between both types of change points.

individual performance measures of both strategies on the (common) trials 8–42 under the
two no-choice conditions over the different items in the task. Next, for each individual, we
multiplied both averages of each strategy with its frequency of use under the choice condi-
tion. Finally, the simulated performance was determined by adding these corrected averages
of both strategies. As an example, suppose a participant who used the addition strategy on
60% of the items in the choice condition and the subtraction strategy on the other 40% of
the items. For this participant, the simulated response time would be: [.60× (participant’s
mean response time in the addition condition)] + [.40× (participant’s mean response time
in the subtraction condition)]. A comparison of this simulated response time with the actual
mean response time on the trials 8–42 in the choice condition, gives an indication of an
individual’s level of adaptiveness. The larger the difference between the actual response
times in the C-condition and the simulated response times, the more adaptive the strategy
choices. Thus, we expected that this difference would increase with growing age.

A 3 (Age: adults, sixth, and third graders)× 2 (Condition: choice versus no-choice)
ANOVA was conducted on response times and deviation scores, respectively (Table 3). With
respect to speed, we first observed a significant main effect of condition,F(1, 79) = 77.74,
MSE = 2.67,p< .0001 and of age,F(2, 79) = 50.12, MSE = 7.53,p< .0001, indicating that
participants were faster when they had a choice, and with advancing age. More interestingly,
we found a significant Age× Condition interaction,F(2, 79) = 9.06, MSE = 2.67,p= .0002,
due to increasing differences between the choice and no-choice conditions with increasing

Table 4
Mean solution times (in s) and deviation scores under choice and no-choice conditions in each age group

Age group Condition

Choice No-choice

Solution times (in s)
Third graders 14.5 15.3
Sixth graders 11.2 14.8
Adults 8.7 11.3

Deviation scores
Third graders 0.40 0.62
Sixth graders 0.18 0.41
Adults 0.20 0.26

Note. Mean speed and deviation scores of each strategy in the no-choice conditions are multiplied by participants’
proportions of use of that strategy in the choice condition.
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age. A posteriori Tukey tests indicated that having a choice was significantly more beneficial
for sixth graders and adults (p’s: .0001) but not for third graders (Table 4).

A similar analysis on deviation scores revealed a main effect of condition,
F(1, 79) = 10.67, MSE = 0.12,p= .002, and of age,F(2, 79) = 7.71, MSE = 0.14,p= .0009,
indicating that participants were more accurate when they had a choice, and with grow-
ing age. However, we did not observe a significant Age× Condition interaction here,
F(2, 79) = 1.48.

8. General discussion

This experiment documented age-related differences in strategic aspects of numeros-
ity judgment performance. It replicated previous findings regarding children’s numerosity
judgment skills and documented age-related changes in strategic aspects unknown before. In
line with other studies that investigated children’s numerosity judgment (e.g.,Brade, 2003;
Crites, 1992; Siegel et al., 1982), the present study showed an overall increased accuracy
in numerosity judgment performance over a prolonged age range. What is original in the
present study in comparison to former studies, is that it revealed that this improvement was
associated with age-related changes in strategic aspects of children’s performance. That is,
we were able to determine the degree to which changes in frequency of strategy use, strat-
egy efficiency and adaptiveness contributed to this improvement. We will discuss the most
important findings related to each these sources of improvement in numerosity judgment
performance in turn.

When offered the possibility to choose among the addition or the subtraction strategy on
each item, all participants favoured the former over the latter. This preference for the addition
strategy is justified by the unbiased measures of strategy performance in which it was shown
that the addition strategy was on overall faster and more accurate than the subtraction strat-
egy. Moreover, this finding is in line with our predictions based on a rational task analysis
according to which it was said the addition strategy required fewer solution steps and fewer
cognitive resources than the subtraction strategy. Furthermore, this strategy distribution was
influenced by participant and problem characteristics. First, third graders used the addition
strategy more often than older children or adults. Young children may have used addition
more often because, as suggested by their greater differences in strategy speed and accuracy
under no-choice conditions, subtraction is much more difficult for them to execute. Second,
strategy choices in all age groups were influenced by problem type, with addition being used
more often on small-numerosity problems and subtraction on large-numerosity problems.
Whereas all participants used addition on 100% of small-numerosity problems, percent-
ages of use of the subtraction strategy increased with increasing age on large-numerosity
problems. This increased reliance on the subtraction strategy on large-numerosity prob-
lems when people grow older can be considered as a first source of improvement in overall
numerosity judgment performance in the present study. The present findings on strategy use
in numerosity judgment concur with corresponding effects in other arithmetic tasks (see
Geary, 1994, for a review) and other cognitive domains (seeSiegler, 1996) where effects of
age and problem features on strategy use have been widely documented. They are extended
here to a domain where they had never been documented before.
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Improved strategy efficiency was a second source of increased numerosity judgment
performance with age. This study was the first one which allowed unambiguous conclu-
sions regarding age-related differences in the efficiency of numerosity judgment strategies.
Contrary to previous studies on the development of numerosity judgment strategies (Luwel
et al., 2000, 2001; Verschaffel et al., 1998), the inclusion of no-choice conditions allowed us
to gather measures of strategy efficiency that were not biased by selective use of strategies
across problems and/or participants. The addition strategy yielded better performance than
the subtraction strategy under no-choice conditions, since, as explained by our rational task
analysis, it required fewer solution steps and fewer cognitive resources than the subtraction
strategy. Moreover, the speed of both addition and subtraction strategies as well as the accu-
racy of the subtraction strategy improved with age. Interestingly, the age effect on strategy
speed interacted with problem type, indicating that all age groups were equally fast in exe-
cuting the addition strategy on small-numerosity problems but that the third graders were
slower in executing the subtraction strategy on large-numerosity problems. This finding
can be considered as a basic Age× Difficulty effect, often found in cognitive development
(Siegler, 1996). Presumably, it results from younger participants’ triggering and execut-
ing each cognitive operation within a strategy more slowly and being even more slowed
on strategies involving more steps and cognitive resources, due to fewer working memory
resources and/or less developed arithmetic skills than older participants.

A third and last source of improved overall performance in children’s numerosity judg-
ment was an increased adaptiveness of strategy choices with age: As they grew older
participants used more and more each strategy when it works best for them. This resulted in
increased choice benefits with age. The present work has two original features. First, this is
the first study in the domain of numerosity judgment that allowed us to draw specific conclu-
sions regarding age-related changes in this strategy parameter by comparing participants’
strategy choices in the choice condition (i.e., the actual change point) with their optimal
strategy choice profile based on their performance under no-choice conditions (i.e., the
projected change point). A second original feature of the present study lied in usingLuwel
et al.’s (2003)individual measure of strategy adaptiveness to assess age-related changes in
this parameter. This measure is much more refined than the traditional group measures of
adaptiveness in which adaptiveness was expressed in terms of the allocation of the different
strategies over the different problem types (Siegler & Booth, 2005). Indeed, it offers two
advantages compared to the traditional measures: (a) it is based on individual data and, thus,
comes closer to the core of the adaptiveness concept which is in fact a characteristic of the
individual and not of a group, and (b) it allows a precise quantification of the level of adap-
tiveness (i.e., in terms of the distance between the actual and the projected change point).
The present study also demonstrated that Luwel et al’s measure is not only applicable to
adults but that it is also useful to measure strategy adaptiveness in children. The finding that
even young children are very consistent in their strategy choices around the change point
is in this respect very important and encouraging. Perhaps the present study might inspire
other researchers to develop a similar adaptiveness measure in other domains of cognitive
development.

The present study is part of a research agenda in cognitive development that aims at
understanding how cognitive development in general, and mathematical development in
particular, affects strategic behaviour (seeSiegler, 1996, for an overview). The age-related
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changes in strategy distribution, efficiency, and adaptiveness in numerosity judgment found
here are in line with results of previous empirical studies in many cognitive domains, such
as mental arithmetic (Lemaire & Siegler, 1995), computational estimation (Lemaire &
Lecacheur, 2002a), or spelling (Lemaire & Lecacheur, 2002b), as well as with simulations
of the development of children’s strategy choices as the SCADS-model (Shrager & Siegler,
1998). Such strategic variations can be uncovered in many cognitive domains with the
choice/no-choice method used here.

The present age-related changes in numerosity judgment are important in suggesting
how to further investigate connections between numerosity judgment development and
mathematical development in general. Indeed, numerosity judgment is a fundamental aspect
of mathematical ability and involves several interrelated mathematical components, such as
arithmetic or quantification skills. Age-related changes in numerosity judgment strategies
observed here are consistent with such changes in other areas of mathematical cognition
(seeGeary, 1994, for a review). One unaddressed issue is whether numerosity judgment is
causally related to mathematical achievement. Previous studies found correlations between
numerosity judgment performance and general math test scores (Dowker, 2003). However,
no direct evidence for causal relations has yet been reported. Future studies will have to
test such relations. It could be done by testing whether experimental conditions aimed at
improving numerosity judgment also result in enhanced mathematical performance or by
examining whether age-related changes in strategic aspects of children’s performance in
both numerosity judgment and other mathematical domains do or do not correlate with each
other. After having discussed the most important results of the present study as well as their
implications, we will end with a discussion of the limits of the choice/no-choice method
andLuwel et al.’s (2003)individual measure of adaptiveness.

Notwithstanding its potential for investigating cognitive development in a wide variety
of domains, the choice/no-choice method has also some limits. First, this research method is
labour-intensive and time-consuming, since participants need to run at least three conditions
(one choice condition and two no-choice conditions). Evidently, this practical problem
becomes greater when allowing more than two strategies in the choice condition. This is
why we, and other researchers who applied the choice/no-choice method so far, tried to
restrict the number of strategies under consideration. However, by reducing the variety in
strategies, one runs the risk of losing external validity.

Second, the choice/no-choice method can only be employed with respect to tasks in
which the experimenter can effectively control participants’ strategy use. In other words,
the experimenter must be assured that participants really do what they are requested to do in
the no-choice conditions and that they only use the allowed strategies in the choice condition.
This is why we requested participants to point on the computer screen the units they were
counting. Consequently, this method will be easier to use on tasks in which overt behaviour
can be used to validate strategy use than on tasks in which it cannot. In this respect, one
can rely on the method of triangulation (Siegler, 1991) whereby the experimenter gathers
information about strategy use from different sources of evidence (e.g., observations of
overt behaviour, immediate verbal reports about strategy use after having solved each trial,
response times, accuracy measures,. . .) after which the data, coming from these different
sources of evidence, are confronted with each other to make a judgment about which strategy
has been applied on each of the different trials.



K. Luwel et al. / Cognitive Development 20 (2005) 448–471 469

A final critical note concerns the determination of the actual change point inLuwel
et al.’s (2003)technique for measuring the adaptiveness of strategy choices. As discussed
earlier, this actual change point has sometimes to be estimated since not all individuals
systematically apply the addition strategy on all trials before the change point while applying
the subtraction strategy on every trial after that point. In our future research, we intend
to investigate these ‘inconsistent’ strategy choices and how they are affected by certain
participant and task variables, more systematically.

To conclude, despite its limits, the choice/no-choice method and the measure of adaptive-
ness used in the present study can shed further light on numerosity judgment and open up
new ways to investigate numerosity judgment strategies. Future studies can adopt the same
method and measures to test the generality of the present findings to cases with more than
two strategies where the choice process becomes more complicated and which resemble
more closely the natural context of numerosity judgment in real life situations. Additional
studies can also investigate whether the nature or the difficulty of the task has an effect
on (the adaptiveness of) people’s strategy choices. For instance, what would be the impact
on the (adaptiveness of) the strategy choice process when people have to make numerosity
judgments in square grids of different sizes, or in rectangular or triangular instead of square
grids, or in three-dimensional instead of two-dimensional environments? Such research is
particularly useful since strategy adaptiveness is an important feature of human cognition
that allows us to adjust ourselves to changing situational demands and to optimize our per-
formance. This kind of flexibility in problem solving is receiving more and more attention
in educational research and in current educational reforms in curricular domains like math-
ematics and science (Baroody and Dowker, 2003; Hatano, 2003; Siegler & Booth, 2005;
Verschaffel & De Corte, 1996).
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