
Independent Contributions of the Central Executive, Intelligence,
and In-Class Attentive Behavior to Developmental Change in the
Strategies Used to Solve Addition Problems

David C. Geary, Mary K. Hoard, and Lara Nugent
University of Missouri

Abstract
Children’s (n = 275) use of retrieval, decomposition (e.g., 7 = 4+3, and thus 6+7=6+4+3), and
counting to solve additional problems was longitudinally assessed from first to fourth grade, and
intelligence, working memory, and in-class attentive behavior was assessed in one or several
grades. The goal was to assess the relation between capacity of the central executive component of
working memory, controlling for intelligence and in-class attentive behavior, and grade-related
changes in children’s use of these strategies. The predictor on intercept effects from multilevel
models revealed that children with higher central executive capacity correctly retrieved more facts
and used the most sophisticated counting procedure more frequently and accurately than did their
lower capacity peers at the beginning of first grade, but the predictor on slope effects indicated
that this advantage disappeared (retrieval) or declined in importance (counting) from first to fourth
grade. The predictor on slope effects also revealed that from first through fourth grade, children
with higher capacity adopted the decomposition strategy more quickly than did other children. The
results remained robust with controls for children’s sex, race, school site, speed of encoding
Arabic numerals and articulating number words, and mathematics achievement in kindergarten.
The results also revealed that intelligence and in-class attentive behavior independently
contributed to children’s strategy development.
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Introduction
Nationally representative studies conducted in Canada, Great Britain, and the United States
suggest the social and individual costs associated with poorly developed mathematical skills
are higher than those associated with poor reading skills, in part because more people have
difficulty with mathematics than with reading and because of steady increases in the
quantitative knowledge needed to function in modern economies (Bynner, 1997; Parsons &
Bynner, 1997; Rivera-Batiz, 1992). The studies conducted in Great Britain revealed that
while poor reading skills reduced employment opportunities and wages once employed,
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poor mathematics skills resulted in even dimmer prospects (Every Child a Chance Trust,
2009). The competencies assessed in these studies were basic arithmetic, measurement, and
simple algebraic skills, and indicated that a substantial minority (23% in British studies) of
adults have not mastered the mathematics expected of a sixth grader, making them
functionally innumerate. Similar issues were raised by the National Mathematics Advisory
Panel (2008) in the United States. Among their recommendations was that children master
whole number arithmetic and fractions during the elementary school years. At the
foundation of these competencies is basic addition.

Accordingly, our goal was to determine the cognitive processes that correlate with
developmental improvement in children’s use of retrieval-based and counting-based
strategies to solve addition problems. Experimental and correlational studies have
consistently identified the central executive component of working memory as being
involved in the solution of arithmetic problems for children and adults (Ashcraft & Kirk,
2001; Barrouillet & Lépine, 2005; Bull, Espy, & Wiebe, 2008; DeStefano & LeFevre, 2004;
Hecht, 2002; Imbo & Vandierendonck, 2007; Lemaire, Abdi, & Fayol, 1996; Noël, 2009;
Passolunghi, Vercelloni, & Schadee, 2007). We extend this literature by providing a large-
scale (n = 275) longitudinal study of the relation between children’s central executive
capacity and their addition strategy development across the grades (first to fourth, inclusive)
in which developmental change in strategy usage and accuracy is most common (Ashcraft,
1982; Geary, Bow-Thomas, Liu, & Siegler, 1996).

Moreover, we tested the hypothesis that the relation between the central executive and
addition performance is in fact due to two related competencies that have not been as
systematically explored in this literature, specifically intelligence and in-class attentive
behavior. Intelligence is the single best predictor of academic learning across domains
(Deary, Strand, Smith, & Fernandes, 2007; Jensen, 1998), and in-class attentive behavior
has been shown to influence mathematics academic achievement above and beyond the
influence of intelligence (Duncan, Dowsett, Claessens, Magnuson, Huston, Klebanov et al.,
2007). Intelligence and in-class attentive behavior are correlated with the capacity of the
central executive, and assess unique competencies (Ackerman, Beier, & Boyle, 2005; Fuchs,
Geary, Compton, Fuchs, Hamlett & Bryant, 2010). As a result, the possibilities that the often
reported relation between the central executive and addition competence is due to these
other competencies or that each of them contributes independently to addition development
need to be explored.

Addition Development
By the time they begin formal schooling most children have begun to integrate their
understanding of quantity with their counting skills and with an implicit understanding of
the effects of addition and subtraction on quantity (e.g., Klein & Bisanz, 2000; Levine,
Jordan, & Huttenlocher, 1992; Siegler & Jenkins, 1989). One result is the ability to use
counting to solve formal addition problems (e.g., “How much is 3 + 2?”), sometimes using
their fingers (finger counting strategy) and sometimes not using them (verbal counting
strategy; Siegler & Shrager, 1984). Whether or not they use their fingers, the min and sum
procedures are the two most common ways children count (Groen & Parkman, 1972). The
min procedure involves stating the larger-valued addend and then counting a number of
times equal to the value of the smaller addend. The sum procedure involves counting both
addends starting from 1.

The use of counting results in the development of memory representations of basic facts
(Siegler & Shrager, 1984), which eventually support the use of memory-based processes for
problem solving. The most common are direct retrieval of answers and decomposition. With
direct retrieval, children state an answer that is associated in long-term memory with the
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presented problem, such as stating “eight” when asked to solve 5+3. Decomposition
involves reconstructing the answer based on the retrieval of a partial sum; for example, 6+7
might be solved by retrieving the answer to 6+4 and then adding 3. Although use of
decomposition is dependent on fact retrieval, it also requires the conceptual insight that
numbers can be broken into pairs of smaller numbers that have the same quantity as the
original number (Geary, Hoard, Byrd-Craven, & DeSoto, 2004).

The general pattern of developmental improvement is from use of sum counting to direct
retrieval (Ashcraft, 1982), but it is not simply a switch from use of the former to the latter.
Rather, at any time children can use one of many strategies to solve a given problem. They
may retrieve the answer to 3+1 but count to solve 5+8. What changes with learning is the
mix of strategies, with sophisticated ones used more often and less sophisticated ones less
often (Siegler, 1996), as well as improvement in the speed and accuracy with which each
individual strategy is executed (Delaney, Reder, Staszewski, & Ritter, 1998).

Cognitive Correlates
The core component of working memory is the central executive which is expressed as
attention-driven control of information represented in two systems (Baddeley & Hitch,
1974; Baddeley, 1986; Cowan, 1995). These are a language-based phonological loop
(Baddeley, Gathercole, & Papagno, 1998), and a visuospatial sketch pad (Logie, 1995). It
has been well established that the higher the capacity of the central executive the better the
performance on measures of cognitive arithmetic (Barrouillet & Lépine, 2005; Geary,
Hoard, Byrd-Craven, Nugent, & Numtee, 2007; Hecht, 2002; Imbo & Vandierendonck,
2007; Klein & Bisanz, 2000; Lemaire et al., 1996; Mazzocco & Kover, 2007; Noël, 2009;
Passolunghi et al., 2007; H. L. Swanson & Sachse-Lee, 2001). The independent
contributions of the phonological loop and visuospatial sketch pad to arithmetic learning are
not as well established (DeStefano & LeFevre, 2004) and thus are not considered in this
study, although they are used as control variables.

Barrouillet and Lépine (2005) found that third and fourth graders with higher central
executive capacity used direct retrieval more frequently to solve simple addition problems
(e.g., 6+3) than did their lower capacity peers. They hypothesized that capacity affects the
ease of forming associations between problem stems (e.g., 6+3) and answers generated by
means of counting (e.g., 9). Once associations are formed in long-term memory, capacity
affects their activation and inhibits the activation of related but incorrect associations during
problem solving. In a related study of fourth to sixth graders, Imbo and Vandierendonck
(2007) used a dual task procedure to experimentally increase load on the central executive,
which functionally results in lowered capacity, while the children solved simple addition
problems. The increase in capacity load resulted in slower retrieval of facts from memory
and slower execution of the decomposition and counting strategies, but did not affect
strategy selection, that is, the processes that result in use of one strategy (e.g., retrieval) or
another (e.g., counting). In a study of adults, Hecht (2002) also experimentally manipulated
load on the central executive and confirmed that this does not affect strategy selection.
Capacity load did not affect speed of retrieval (but see Lemaire et al., 1996), but did slow
the speed of executing the decomposition and min counting strategies. The across-study
differences for retrieval speed may reflect a decrease in the demands on the central
executive with the automatization of fact retrieval. Indeed, frequent use of any addition
strategy should, in theory, result in more efficient execution and thus reduced demands on
the capacity of the central executive.

The correlational and experimental studies provide a coherent and theoretically plausible
view of the relation between the central executive component of working memory and
developmental change in the frequency and efficiency of fact retrieval and execution of the
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decomposition and min counting strategies. However, as noted, other conceptually and
empirically related competencies may explain some of these observed relations, or
independently contribute to skill development. Intelligence is a prime candidate, as it
predicts ease of learning in all domains and is moderately to strongly correlated with the
capacity of the central executive (Ackerman et al., 2005; Conway, Cowan, Bunting,
Therriault, & Minkoff, 2002; Engle, Tuholski, Laughlin, & Conway, 1999). Attentive
behavior in the classroom also affects learning and is moderately correlated with measures
of the central executive (Fuchs et al., 2010). Evidence for the apparently critical role of the
central executive for addition learning would be strengthened if this relation holds when
intelligence and attentive behavior are controlled.

In one such study, Fuchs et al. (2006) demonstrated that the relation between the central
executive and individual differences in third graders’ paper-and-pencil arithmetic
computational skills was not significant, once their in-class attentive behavior was
controlled. They also demonstrated that intelligence was not related to computational skills,
once attentive behavior was controlled. These findings, nonetheless, do not address the
possibility that the central executive contributes to the early phases of addition learning,
given that the third graders in the Fuchs et al. study already had several years of practice
solving these types of problems. The findings for intelligence are not conclusive either,
because intelligence predicts ease of learning new material and is less predictive of
individual difference in highly practiced domains (Ackerman, 1986). Although
computational tests are excellent measures of individual differences in overall arithmetic
skills, they do not provide information on how the problems are solved and thus cannot be
used to determine if central executive contributes to execution of some problem solving
strategies but not others, as suggested by Hecht’s (2002) study.

Current Study
The current analyses are based on a larger-scale prospective study of children’s
mathematical development and risk for learning disabilities (Geary, 2010). The first of two
previous five year longitudinal analyses assessed the relation between beginning of first
grade performance on mathematical cognition tasks (e.g., frequency of correct addition fact
retrieval) and growth in mathematics achievement through the end of fifth grade (Geary,
2011). The second examined the mathematical cognition development of groups of typically
achieving, low achieving, and learning disabled children from first to fifth grade (Geary,
Hoard, Nugent, & Bailey, 2012). The current study supplements the first two by providing a
detailed analysis of the relation between children’s central executive capacity, intelligence,
and in-class attentive behavior and their first to fourth grade growth in the use of direct
retrieval, decomposition, and min counting to solve addition problems. The study allowed us
to determine if the central executive remains important to skill development, controlling for
intelligence and attentive behavior, and to simultaneously determine if these three
competencies are independently or differentially related to increases in the correct use of
direct retrieval, decomposition, and min counting.

We included several control variables to further strengthen the rigor of the assessment. The
first was sex, based on the well documented findings that boys use retrieval and
decomposition more than girls when solving addition problems whereas girls use counting
more than boys (Carr & Alexeev, 2011; Carr & Davis, 2001; Carr & Jessup, 1997; Imbo &
Vandierendonck, 2007; Royer, Tronsky, Chan, Jackson, & Marchant, 1999). The second
was race based on racial differences in mathematics achievement (Geary, Boykin,
Embretson, Reyna, Siegler, Berch, & Graban, 2008), and the third was mathematics
achievement at the end of kindergarten. The latter is an important control because children
who have an early advantage in mathematics tend to maintain this advantage throughout
their schooling (Duncan et al., 2007); in other words, prior mathematical knowledge may
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affect addition strategy development in school. We also included school site and speed of
number word articulation as controls. Speed of encoding Arabic numerals and articulating
number words are of course basic number processes that may affect children’s skill at
solving addition problems, and controlling for them allowed us to rule out these processes to
primary determinants of skill development (Imbo & Vandierendonck, 2007).

Method
Participants

All kindergarteners from 12 elementary schools in the same school district that serve
children from a wide range of socioeconomic backgrounds were invited to participate.
Parental consent and child assent were received for 37% (n = 311) of these children, 288 of
them completed the first year of testing, and 249 remained in the study through the end of
fourth grade). Of this cohort, 275 children completed the majority of assessments and
composed the current sample. Across the four years of data analyzed here, 6.1% of the 6600
observations were missing. Missing observations were estimated (maximum likelihood
estimates with 5 imputations) using the multiple imputations program of SAS (SAS
Institute, 2004).

At the end of kindergarten, their standardized mathematics achievement scores were average
(M = 101, SD = 13), based on national norms (Wechsler, 2001), as was their end of end of
first grade IQ scores (M = 99, SD = 15; Wechsler, 1999). The mean age was 74 (SD = 4)
and 117 (SD = 4) months, respectively, at the times of the first (spring, Kindergarten) and
last (fall, fourth grade) assessments. Girls composed 53% of the sample, and 71% were
White; most of the remaining children were Black (12%), Asian (4%), or more than one race
or unspecified (13%). The mathematics curriculum when the children began the study was
Investigations in Number, Data, and Space (Scott Foresman, 1999), and they continued with
this curriculum throughout the grades analyzed here. We did not have information on
parental socioeconomic status, but we did have information on the percentage of children
eligible for free or reduced price lunches at the 12 schools from which the initial sample was
drawn; 36% of children attending these schools were eligible.

Standardized Measures
Intelligence—The children were administered the Raven’s Coloured Progressive Matrices
(CPM; Raven, Court, & Raven, 1993), a non-timed test that is considered to be an excellent
measure of fluid intelligence, and the Vocabulary and Matrix Reasoning subtests of the
WASI (Wechsler, 1999). The CPM scores were standardized based on the 287 who were
administered the test (M = 100, SD = 15), and the WASI standard scores were converted to
the same metric. For preliminary analyses, the Vocabulary subtest was used as a measure of
verbal IQ and the mean of the CPM and Matrix Reasoning tests as a measure of non-verbal
IQ. A full IQ score (i.e., mean of the three tests, α = .65), however, provided better and
more parsimonious fits to the data than separate verbal and non-verbal scores and thus was
used in the analyses.1

Achievement—Mathematics achievement was assessed using the Numerical Operations
subtest from the Wechsler Individual Achievement Test-II-Abbreviated (Wechsler, 2001).

1The Bayesian Information Criterion (BIC) was used to compare the fit of models that included separate verbal and nonverbal IQ
measures to models that included a single full scale IQ measure. These were the models in which all variables were estimated to
predict frequency of correct fact retrieval and use of decomposition for solving simple addition problems, and frequency with which
decomposition and min counting were correctly used to solve complex addition problems. In all cases, the differences in model fit
were not significant (ps>.05), and the BIC values were smaller (Δ BIC = 9.7 to 12.2), indicating better fit, for the model that included
full scale IQ.
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The easier Numerical Operations items assess number discrimination, rote counting, number
production, and basic addition and subtraction.

Addition Strategy Choices
Fourteen simple addition problems and six more complex problems were horizontally
presented, one at a time, at the center of a computer monitor. The simple problems consisted
of the integers 2 through 9, with the constraint that the same two integers (e.g., 2+2) were
never used in the same problem; ½ of the problems summed to 10 or less and the smaller
valued addend appeared in the first position for ½ of the problems. The complex problems
were six double-digit/single-digit pairs; 16 + 7, 3 + 18, 9 + 15, 17 + 4, 6 + 19, 14 + 8.

The child was asked to solve each problem (without pencil-and-paper) as quickly as possible
without making too many mistakes. It was emphasized that the child could use whatever
strategy was easiest to get the answer, and was instructed to speak the answer into a
microphone that was interfaced with the computer which in turn recorded reaction time (RT)
from onset of problem presentation to microphone activation. After solving each problem
the child was asked to describe how they got the answer. Based on the child’s description
and the experimenter’s observations, the trial was classified based on problem solving
strategy; the four most common were counting fingers, verbal counting, retrieval, and
decomposition. Counting trials were further classified as min, sum, or other. The
combination of experimenter observation and child reports immediately after each problem
is solved has proven to be a useful measure of children’s strategy choices (Geary, 1990;
Siegler, 1987). The validity of this information is supported by findings showing that finger
counting trials have the longest RTs, followed respectively by verbal counting,
decomposition, and direct retrieval (Siegler 1987). As an example, for second grade, Geary,
Hoard, and Bailey (2012) found mean RTs for correct retrieval trials were 2789 (SD = 1892)
ms and those for counting fingers trials were 6662 (SD = 4153) ms; means for verbal
counting (4980, SD = 3928) and decomposition (4152, SD = 2784) were in between these.
All pair-wise comparisons of correct mean RTs were significant (|t|s > 7.49, ps < .05).

Four variables were used to represent children’s competence in solving addition problems.
These were the frequency with which children used direct retrieval to solve simple
problems, and the frequency with which they used decomposition to solve both simple and
complex problems; direct retrieval was not a common strategy for solving complex
problems. The fourth variable indexed the frequency and accuracy with which the min
procedure was used to solve complex problems, whether or not the children used their
fingers. Min counting is the most sophisticated counting procedure that can be used to solve
these problems and thus across-grade increases in its use reflect important improvements in
problem solving competence. To keep the scores on the same scale across children who used
counting with different frequencies and for grade-related changes for individual children,
scores were adjusted based on the percentage of problems solved with counting and for
counting errors; specifically, [(frequency of min counts) – (frequency of counting errors)]/
(percentage of counting trials). The result is that for any of the four grades a score of 6
means that when the child used counting to solve these problems, they always used the min
procedure and never committed a counting error. Lower scores indicate counting errors. We
did not create a corresponding variable for simple addition, because the sample approached
ceiling by the beginning of second grade.

Working Memory
The Working Memory Test Battery for Children (WMTB-C; Pickering & Gathercole, 2001)
consists of nine subtests that assess the central executive, phonological loop, and
visuospatial sketchpad. All of the subtests have six items at each span level. Across subtests,
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the span levels range from one to six to one to nine. Passing four items at one level moves
the child to the next. At each span level, the number of items (e.g., words) to be remembered
is increased by one. Failing three items at one span level terminates the subtest. Working
memory spans for the central executive (α = .61), phonological loop (α = .75), and
visuospatial sketch pad (α = .51) were the mean span scores for the corresponding subtests.

Central executive—The central executive is assessed using three dual-task subtests.
Listening Recall requires the child to determine if a sentence is true or false, and then recall
the last word in a series of sentences. Counting Recall requires the child to count a set of 4,
5, 6, or 7 dots on a card, and then at the end of the series, to recall the number of counted
dots on each card. Backward Digit Recall is a standard format backward digit span.

Phonological loop—Digit Recall, Word List Recall, and Nonword List Recall are
standard span tasks with differing content stimuli; the child’s task is to repeat words spoken
by the experimenter in the same order as presented. In the Word List Matching task, a series
of words, beginning with two words and adding one word at each successive level, is
presented to the child. The same words, but possibly in a different order, are then presented
again, and the child’s task is to determine if the second list is in the same or different order
than the first list.

Visuospatial sketch pad—Block Recall is another span task, but the stimuli consist of a
board with nine raised blocks in what appears to the child as a “random” arrangement. The
blocks have numbers on one side that can only be seen from the experimenter’s perspective.
The experimenter taps a block (or series of blocks), and the child’s task is to duplicate the
tapping in the same order as presented by the experimenter. In the Mazes Memory task, the
child is presented a maze with more than one solution, and a picture of an identical maze
with a path drawn for one solution. The picture is removed and the child’s task is to
duplicate the path in the response booklet. At each level, the mazes get larger by one wall.

In-Class Attention
The Strength and Weaknesses of ADHD-Symptoms and Normal-behavior (SWAN) measure
of in-class attentive behavior was used (J. M. Swanson, Schuck, Mann, Carlson, Hartman,
Sergeant et al., 2008). The measure includes items that assess attentional deficits and
hyperactivity but teachers are asked to rate the behaviors relative to that of a typical child in
their classrooms. The nine item (e.g., “Gives close attention to detail and avoids careless
mistakes”) measure was distributed to the children’s second, third, and fourth grade teachers
who were asked to rate the behavior of the child relative to other children of the same age on
a 1 (far below) to 7 (far above) scale. Scores across grades were highly correlated, rs = .70
to .72, and thus we used their mean (α = .88). On the basis of the high correlations across
different teachers and grades, we assumed that individual differences in SWAN scores
across second to fourth grade also captured individual differences in first grade.

Control Variables
As noted, the five control variables were sex, race, school, number naming RT, and raw
Kindergarten Numerical Operations scores. The race variable provided separate contrasts of
White children with Black, White children with Asian children, and White children with all
remaining children. The school variable included the 12 original schools for the sample, and
contrasted each of 11 schools with the school with the largest initial sample. The Numerical
Operations score controlled for basic mathematics skills before entry into first grade.

To control for speed of number encoding and articulation (Imbo & Vandierendonck, 2007),
we used a rapid automatized naming (RAN) task (Denckla & Rudel, 1976; Mazzocco &
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Myers, 2003). The child is presented with 5 numbers to first determine if the child can read
the stimuli correctly. After these practice items, the child is presented with a 5 × 10 matrix
of incidences of these numbers, and is asked to name them as quickly as possible without
making any mistakes. RT is measured via a stopwatch, and were highly correlated across
grades, rs = .58 to .79, p<.0001, and thus the score was the across-grade mean (α = .90).

Procedure
Assessments—The CPM and Numerical Operations were administered in the spring of
kindergarten, the WASI (Wechsler, 1999) in the spring of first grade, and the WMTB-C
(Pickering & Gathercole, 2001) during the summer preceding first grade, during the first
grade, or the summer after first grade (mean age = 84 months, SD = 6). The addition tasks
were administered in the fall of first to fourth grade, inclusive, as was the RAN. The
majority of children were tested in a quiet location at their school site, and occasionally on
the university campus or in a mobile testing van. Testing in the van occurred for children
who had moved out of the school district and for administration of the WMTB-C (e.g., on
the weekend or after school). The mathematical cognition and achievement assessments
required between 20 and 40 min and the WMTB-C about 60 min.

Analyses—First to fourth grade retrieval, decomposition, and min counting scores were
analyzed using multilevel modeling; specifically, PROC MIXED (SAS Institute, 2004).
Linear and quadratic (grade2) slopes for grade and intercept values were random effects and
the predictors were intelligence, span scores for the central executive, and mean SWAN
scores; control variables were included in all analyses. The intelligence, central executive,
and SWAN scores were moderately correlated, r s = .40 to .55, ps<.0001, indicating they
assessed overlapping as well as unique competencies. To control for this shared variance,
residual values for each variable, controlling for the two other variables and controlling for
phonological loop and visuospatial sketch pad span scores were computed and used in the
analyses.

To produce unbiased estimates of interactions, all of the predictor variables were
standardized (M = 0, SD = 1). To put the continuous control variables (i.e., Numerical
Operations scores and RAN RTs) on the same scale as the predictors, these were also
standardized, and RAN RTs were reversed so that higher values indicate better performance.
The slope variable was coded 0 to 3 for first to fourth grades, respectively. Positive predictor
on intercept effects mean that higher scores on the predictor are related to higher levels of
competence on the addition variable at the beginning of first grade. A positive coefficient for
a predictor on linear slope interaction means that higher scores on the predictor are
associated with consistent across-grade gains in the addition competence, controlling for all
other variables in the model. A positive predictor on intercept effect combined with a
negative predictor on linear slope effect means that higher scores on the predictor are
associated with higher addition competence at the beginning of first grade, but that the
importance of this predictor declines across grades. A positive predictor on linear slope
effect with a negative predictor on quadratic slope effect means that higher scores on the
predictor are associated with across-grade gains in the addition competence, but the
magnitude of the advantage becomes smaller across grades.

The first analytic step was to specify a full model that included all predictors and their
interactions with the linear and quadratic slope (grade) variables. The corresponding
negative log likelihood, Bayesian Information Criterion (BIC), and t tests for the maximum
likelihood estimates for individual predictors were used in model selection (for review,
Luke, 2004; Raftery, 1995). Differences in the negative log likelihood values for nested
models can be evaluated using the χ2, with the change in the number of predictors as the df.
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BIC values can be derived from the negative log likelihood; specifically, with a correction
factor that evaluates model fit in terms of the overall number of parameters. The BIC values
favor parsimonious models. The second step was to drop all quadratic slope by predictor
effects with non-significant t tests and evaluate change in overall model fit using the χ2 and
change (Δ) in BIC. A non-significant χ2 indicates the trimmed model fits the data as well as
the model with more parameters, and a lower BIC indicates better overall fit, given the
number of parameters. The Δ BIC is not evaluated using p values, but differences > 10 are
considered very strong evidence for the model with the smaller BIC and differences > 3 are
considered positive evidence (Raftery, 1995). The odds that the lower valued BIC provides
better estimates for the data can be estimated by e.5(Δ BIC), such that a Δ BIC of 10 yields
150:1 odds that the model with the lower valued BIC provides better estimates. The third
and fourth steps involved dropping non-significant predictor by linear slope effects and non-
significant predictor on intercept effects, respectively, resulting in a final set of predictors of
start point and competence growth.

Results
Grade-related changes in the frequency with which direct retrieval (Panel A) or
decomposition (Panel B) were used to correctly solve simple addition problems (out of 14
possible) are shown in Figure 1. Also shown are grade-related changes in the frequency with
which decomposition (Panel C) was correctly used to solve complex problems (out of 6
possible). Panel D shows the frequency with which min counting was used to solve complex
addition problems; these scores are adjusted for overall counting frequency and counting
errors.

Simple Addition
Retrieval—The top section of Table 1 shows the summary indexes for the multilevel
models. For the full model, none of the predictor by quadratic slope interactions were
significant and dropping them resulted in a non-significant increase in the χ2 value (p=.13)
and a substantive reduction in the BIC value (i.e., Δ 11.2), indicating better model fit.
Examination of the predictor on linear slope effects in the resulting model (Model 2)
revealed the effect for the central executive variable was not significant. Dropping this
resulted in a non-significant change in the χ2 value (p=.75) and a better (i.e., lower) BIC
value. Comparing this final model to the full model indicated no significant difference in the
negative log likelihood values, χ2(4) = 3.7, p=.21, as well as a substantial Δ BIC (16.6)
favoring the final model.

The estimates for this final model are shown in the second column of Table 2. Three of the
control variables were significant and indicated that girls correctly retrieved fewer answers
than boys, Asian children correctly retrieved more answers than White children, and higher
mathematics achievement in kindergarten was associated with more frequent correct
retrieval in later grades. All of the predictor variable effects shown in Table 2 are significant
(ps<.05) except for the intelligence on intercept effect, which was retained because of its
interaction with the linear slope variable. The significant SWAN on intercept and central
executive on intercept effects indicate that higher scores on these variables were
independently associated with more correct fact retrievals at the beginning of first grade. To
illustrate, holding all other variables constant, the central executive on intercept effect means
that for each 1 SD change in this variable, there was a 0.52 change in the number of facts
correctly retrieved, such that children who were 1 SD above average correctly solved an
average of 3.21 (2.69 intercept value + 0.52 central executive on intercept value) problems
by means of direct retrieval at the beginning of first grade, whereas their peers who were 1
SD below average solved 2.17 problems.
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Decomposition—All of the interactions were significant for the full model and thus all
effects were retained. The corresponding estimates are shown in the fifth column of Table 2.
The control variables indicate that girls used decomposition less frequently than boys, Black
children used it less frequently than White children, and that higher mathematics
achievement in kindergarten was associated with more frequent use of decomposition in
later grades. The overall contrast for school site was also significant (p=.03) but is not
shown in the table. The non-significant intelligence on intercept and central executive on
intercept effects were retained because of the significant interactions involving these
variables. The critical finding is that the across grade increases in the correct use of
decomposition were independently related to intelligence, SWAN scores, and capacity of the
central executive. The advantage of being above average in these competencies was found in
all grades, but the relative magnitude of this advantage declined across grades.

To illustrate, children who were 1 SD above average on the central executive correctly
solved 2.10 more problems using decomposition in second grade than in first, whereas their
average peers solved 1.54 more problems, on average, a relative advantage of 0.56
problems. This advantage increased to 0.64 problems in third grade and then declined to
0.24 problems in fourth. The average children in turn had the same estimated magnitude of
advantages (i.e., 0.56, 0.64, 0.24, respectively, for second to fourth grade) relative to
children 1 SD below average on the central executive. These estimates are obtained using
the equation below, where change (c) is the number of additional problems solved from one
grade (g) to the next (recall for first to fourth grade the g codes are 0 to 3, respectively), and
ce is the standardized scores (M = 0, SD = 1) for the central executive variable.

(1)

Complex Addition
Decomposition—All of the interactions were significant for the full model and thus all
effects were retained. The corresponding estimates are shown in the second column of Table
3. The control variables indicate that girls used decomposition less frequently than boys, and
that higher mathematics achievement in kindergarten was associated with more frequent use
of decomposition in later grades. The overall contrast for school site was also significant
(p=.02) but is not shown in the table. The non-significant predictors on intercept effects
reflect the infrequent use of decomposition to solve these problems at the beginning of first
grade. The significant predictors on linear slope and on quadratic slope effects show the
same pattern as found for use of decomposition to solve simple problems. Above average
intelligence, SWAN scores, and capacity of the central executive were independently
associated with larger than average grade-to-grade increases in the correct use of
decomposition, but the magnitude of these advantages declined across grades.

Min counting procedure—The second section of Table 1 shows the summary indexes
for the multilevel models. None of the predictor on quadratic slope effects were significant,
and dropping them resulted in a non-significant increase in the χ2 value (p=.87) and a
substantially better BIC value (Δ BIC = 16.1). The three predictors on linear slope effects
and the three predictors on intercept effects were significant and thus retained in the final
model. The estimates for this model are shown in the fifth column of Table 3. The control
variables indicate that girls used min counting more frequently than boys, and that faster
speed of number word articulation and higher mathematics achievement in kindergarten
were associated with more frequent and accurate use of min counting in later grades. The
predictor on intercept effects indicate children who were above average in intelligence,
SWAN scores, and capacity of the central executive used min counting more frequently and

Geary et al. Page 10

J Exp Child Psychol. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



accurately at the beginning of first grade than did their lower scoring peers. The predictors
on linear slope effects indicate that this advantage declined after first grade for each of the
three predictors.

Discussion
The study provided the first large-scale longitudinal investigation of the independent
contributions of the capacity of the central executive, intelligence, and in-class attentive
behavior on children’s developing use of direct retrieval, decomposition, and min counting
to solve addition problems, while controlling for the effects of sex, race, school site, prior
mathematics achievement, and speed of Arabic numeral encoding and number word
articulation. The use of multilevel models revealed that the central executive, intelligence,
and in-class attentive behavior were independently associated with individual differences in
the sophistication and accuracy of children’s problem solving strategies at the beginning of
first grade (i.e., predictor on intercept effects). The central executive, intelligence, and in-
class attentive behavior were also related to grade-related changes in strategy use (i.e.,
predictor on slope effects), but the relative contributions of these factors varied across
strategy and grade.

Central Executive
The results confirm the importance of individual differences in the capacity of the central
executive for skilled execution of each of these three strategies (Barrouillet & Lépine, 2005;
DeStefano & LeFevre, 2004; Geary, 1993; Geary et al., 2004; Hecht, 2002; Imbo &
Vandierendonck, 2007; Lemaire et al., 1996), but at the same time suggest the relative
importance of this capacity varies across strategies and grades. With the control of
intelligence, in-class attentive behavior, and phonological loop and visuospatial sketch pad
spans, the capacity of the central executive was predictive of correct use of retrieval and min
counting to solve addition problems at the beginning of first grade, but did not appear to be
important for use of these strategies in later grades. Individual differences in central
executive capacity, in turn, were not related to correct use of decomposition to solve simple
or complex problems at the beginning of first grade, in part due to the low overall use of this
strategy, but were predictive of increased use of this strategy in later grades.

Although our results for retrieval of simple addition facts are consistent with the general
findings of Barrouillet and Lépine (2005), that is, children with higher central executive
capacity retrieve facts more frequently than their lower capacity peers, the grade-related
patterns differed. Barrouillet and Lépine found that third and fourth graders with higher
capacity retrieved more addition facts than their lower capacity peers, at least for sums < 10.
After first grade, our results suggest that the central executive is not related to frequency of
fact retrieval, once the contributions of intelligence and in-class attentive behavior are
controlled. Our results do not rule out the possibility that capacity affects retrieval frequency
for subsets of problems, as found by Barrouillet and Lépine, but does suggest that future
studies should include intelligence and in-class attentive behavior as measures of alternative
influences on the development of retrieval usage.

The primary findings of Barrouillet and Lépine (2005) and Imbo and Vandierendonck
(2007) indicated that the higher the capacity of the central executive the faster third to sixth
graders retrieved simple addition facts from long-term memory. Our results cannot address
this relation because different children used retrieval to solve different problems within
grades, and because the same children used retrieval to solve different subsets of problems
across grades. In this situation, the relation between the central executive and individual
differences in mean retrieval RTs would be difficult to assess without the serious confound
of retrieval being used to solve different subsets of problems across and within children. The
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assessment of this relation will require tasks that instructed children to only use retrieval, as
done by Imbo and Vandierendonck and Hecht (2002), across the grades and thus control for
intelligence and in-class attentive behavior. Our interpretation of the assessed here, and to
simultaneously assess literature, at this time, is that the capacity of the central executive
likely does affect the speed of addition fact retrieval in children across grades. Whether
capacity is an important influence on speed of fact retrieval in well-practiced adults remains
to be determined, as current results are mixed (Hecht, 2002; Lemaire et al., 1996).

Experimentally increasing load on the central executive has been found to slow speed of
executing the decomposition and min counting strategies in children (Imbo &
Vandierendonck, 2007) and adults (Hecht, 2002). Again, our addition task does not allow
for an unconfounded assessment of individual or grade-related differences in associated
RTs, but our results do indicate that capacity of the central executive is related to individual
differences and grade-related changes in the frequency with which children use these
strategies, controlling for intelligence and in-class attentive behavior. Individual differences
in capacity were associated with more frequent and accurate use of min counting at the
beginning of first grade, but the importance of capacity declined in later grades. Use of
decomposition to solve simple and complex problems was uncommon in first grade. After
first grade, children with higher central executive capacity showed more rapid adoption of
decomposition for solving both simple and complex addition problems, but the magnitude of
their relative advantage declined by fourth grade. Integrating our findings with those of
Imbo and Vandierendonck and Hecht suggests that early in addition skill development
individual differences in the capacity of the central executive are particularly important for
understanding variation in the rate of learning to accurately use decomposition and min
counting, whereas once these strategies have been learned capacity largely affects rate of
executing them (Geary, 1994).

Intelligence and In-Class Attentive Behavior
Although intelligence and in-class attentive behavior were not the focus of our study, the
corresponding results do contribute to our understanding of children’s strategy development
above and beyond the contributions of the central executive. The relation between working
memory, especially the attentional and inhibitory control subcomponents of the central
executive, and intelligence is vigorously debated, with some theorists arguing they are one
and the same (Conway et al., 2002; Engle et al., 1999), and others arguing they assess
overlapping and independent competencies (Ackerman et al., 2005; Embretson, 1995). The
results of Embretson’s study suggest the independent component of intelligence is the ability
to think systematically and logically.

The design of our study does not allow for a replication of this aspect of Embretson’s (1995)
findings but the results are consistent with a component of intelligence that is independent of
in-class attentive behavior and central executive, phonological loop, and visuospatial sketch
pad spans. This independent component was not strongly related to use of direct retrieval,
but did contribute to first graders’ use of min counting and the frequency with which they
used decomposition in later grades. Geary et al. (2004) proposed that children’s accurate use
of min counting and decomposition are dependent in part on the conceptual insight that
larger-valued numbers are composed of sets of smaller-valued numbers that can be
independently manipulated. We did not directly assess this conceptual knowledge, but its
understanding does seem to be consistent with the logical abilities isolated by Embretson. At
the very least, the pattern leads to the testable hypothesis that the relation between children’s
in telligence and their strategy development documented here is mediated by their
conceptual understanding of numbers.
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In-class attentive behavior has been found to be related to performance on mathematics
achievement tests above and beyond the influence of intelligence (Duncan et al., 2007) and
to performance pencil-and-paper tests of computational arithmetic above and beyond the
influence of intelligence and working memory (Fuchs et al., 2006; Fuchs et al., 2010).
However, previous studies of cognitive influences on grade-related change in children’s
strategy choices have not included assessments of in-class attentive behavior (Barrouillet &
Lépine, 2005; Geary et al., 2004; Imbo & Vandierendonck, 2007). The current study did so
and revealed that independent of intelligence and spans for the central executive,
phonological loop, and visuospatial sketch pad, in-class attentive behavior contributes to
individual differences in first graders’ use of min counting and their use of decomposition in
later grades. As with intelligence, the study design does not allow us to determine which
aspects of classroom behavior assessed by the SWAN, such as attention to detail,
organization of class work, or impulsiveness (J.M. Swanson et al., 2008), independently
contributed to children’s strategy development. Our findings, nevertheless, indicate that at
least some aspects of in-class attention and behavior are just as important as the capacity of
the central executive and intelligence in explaining individual differences in first graders’
min counting and their later use of decomposition and may be more important than either of
these for understanding individual differences in use of direct retrieval.

Control Variables
The contrast of boys and girls and kindergarten mathematics achievement were the only
control variables that were consistently related to children’s strategy usage and
development. The results for the former are consistent with previous studies that have found
that boys use retrieval and decomposition more than girls to solve addition problems and
that girls use counting more than boys (Carr & Alexeev, 2011; Carr & Davis, 2001; Carr &
Jessup, 1997; Imbo & Vandierendonck, 2007; Royer et al., 1999). Bailey, Littlefield, and
Geary (2012) provide a first to sixth grade, inclusive, analysis of this pattern as related to
mathematics achievement for the current longitudinal project and thus we do not provide
further comment here, but do note that the findings for the central executive, intelligence,
and in-class attentive behavior control for these sex differences and control for kindergarten
mathematics achievement. The relation between early and later mathematics has also been
documented elsewhere (Duncan et al., 2007). Our findings contribute to these by showing
that early achievement predicted later skilled use of all of the strategies assess here.

The results for school site and race were inconsistent across strategies and not the focus of
our analyses, but controlling for them still contributed to the rigor of the results. The results
for speed of Arabic numeral encoding and number word articulation were also inconsistent
across strategies. Imbo and Vandierendonck (2007) found that a measure of speed of
encoding and comparing Arabic numerals was correlated with use of retrieval,
decomposition, and min counting but was not a significant predictor of strategy usage, once
age and load on the central executive were controlled. Our results for retrieval and
decomposition are consistent with these findings, but also indicated that faster processing of
Arabic numerals and articulation of number words was related to more frequent and accurate
use of min counting. Again, we cannot be certain which component was more important, but
favor speed of number word articulation because articulation is a core component of implicit
counting (Logie & Baddeley, 1987) and speed of implicit counting is related to skilled use
of counting procedures to solve addition problems (Ashcraft, Fierman, & Bartolotta, 1984;
Geary & Brown, 1991).

Conclusion
Children with a higher capacity of the central executive component of working memory had
advantages over their lower capacity peers in the adoption and use of the min counting and
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decomposition strategies to solve addition problems, independent of intelligence, in-class
attentive behavior, spans for the phonological loop and visuospatial sketch pad, sex, race,
school site, speed of Arabic numeral encoding and number work articulation, and
mathematics achievement. The advantage for min counting was evident in first grade, and
for decomposition in later grades. Although the results are necessarily correlational, the
prospective design and extensive controls, along with consistency with previous studies
(Barrouillet & Lépine, 2005; Geary et al., 2004; Hecht, 2002; Imbo & Vandierendonck,
2007; Lemaire et al., 1996), suggest the patterns found in this study are likely to be robust.
The results also highlight the independent contributions of intelligence and in-class attentive
behavior for understanding individual differences in children’s strategy development, and
illustrate the need to include these in future studies of this development.
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• We studied developmental change in the strategies children use to solve addition
problems

• Children with higher working memory capacity use more sophisticated
strategies

• Intelligence and in-class attentive behavior also influence strategy development.

• Working memory, intelligence, and in-class behavior influence strategy
development differently
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Figure 1.
Number of simple addition problems (out of 14 possible) correctly solved with direct
retrieval of the answer (Panel A) or with use of the decomposition strategy (Panel B).
Number of complex addition problems (out of 6 possible) solved with use of the
decomposition strategy (Panel C), and the min counting procedure minus the number of
counting errors (Panel D). For the latter, score is adjusted based on the number of problems
solved with counting. The maximum score of 6 indicates that when the child used counting
to problem solve, they always used the min procedure and never committed an error. Figure
produced with R (R Development Core Team, 2008).
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