ASIA-PACIFIC JOURNAL OF RESEARCH
IN EARLY CHILDHOOD EDUCATION
Vol.9, No.3, September 2015, pp.45-66

Copyright 2015 by THE PACIFIC
EARLY CHILDHOOD EDUCATION RESEARCH ASSOCIATION
ISSN 1976-1961
http://dx.doi.org/10.17206/apjrece.2015.9.3.45

Early Mathematical Learning:
Number Processing Skills and
Executive Function at 5 and 8 Years of Age

Sonia L. J. White1)

Donna Berthelsen

Sue Walker

Kate E. Williams

School of Early Childhood, Queensland University of Technology
Children and Youth Research Centre, Queensland University of Technology

Abstract
This research investigated differences and associations in performance in number processing and
executive function for children attending primary school in a large Australian metropolitan city. In a
cross-sectional study, performance of 25 children in the first full-time year of school, (Prep; mean age =
5.5 years) and 21 children in Year 3 (mean age = 8.5 years) completed three number processing tasks
and three executive function tasks. Year 3 children consistently outperformed the Prep year children on
measures of accuracy and reaction time, on the tasks of number comparison, calculation, shifting, and
inhibition but not on number line estimation. The components of executive function (shifting, inhibition,
and working memory) showed different patterns of correlation to performance on number processing
tasks across the early years of school. Findings could be used to enhance teachers’ understanding about
the role of the cognitive processes employed by children in numeracy learning, and so inform teachers’
classroom practices.
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Introduction
An educational priority for the early years of school in Australia is to build the foundations
of literacy and numeracy as the basis for future learning (Australian Curriculum, Assessment
and Reporting Authority, 2012). In Australia, the release of the Trends in International
Mathematics and Science Study ([TIMSS] International Association for the Evaluation of
Education Achievement, 2012) raised concerns that between 29% and 37% of Year 4 students
and Year 8 students performed below the intermediate international benchmarks in
mathematics and science (Australian Council for Education Research, 2012). In the early
years of school, children need to acquire the fundamental skills of numeracy in order to
achieve successful learning outcomes in mathematics in later school education. The
identification of modifiable factors that influence numeracy learning, especially for children at
risk of poorer learning outcomes, can inform classroom interventions that will enhance
children’s competence in the early years of school. Specific number processing skills and
cognitive control mechanisms, termed executive function, are important contributors to early
mathematics achievement (Geary et al., 2009; Szucs & Goswami, 2013).
Executive function can be defined as the abilities to stay focused on a task, to switch
attention between tasks, to inhibit impulsive responding, and to hold and manipulate
information in working memory. These are critical skills influencing early learning (Gutman,
Sameroff, & Cole, 2003; Lee et al., 2010). Executive function is the basis of self-regulatory
behaviors (Caro, McDonald, & Willms, 2009). While there is not complete consensus about
the nature of the developmental trajectories of executive functions, substantial improvements
in executive function occur across the early childhood years. The relation between number
processing skills and executive function in early childhood is a key focus in this research.
Developmental competence in number processing and executive function is compared for
children at the beginning of school and children in the third year of school, by which stage,
children might be expected to have acquired the basic skills required to meet the goals of the
mathematical curriculum in the primary school years.
This research investigates the associations between three executive function skills and three
number processing skills for two age groups; children in the Preparatory (Prep) year of school
and children in Year 3. The findings can inform teachers’ classroom practices to enhance
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early numeracy, encompassing a focus on the cognitive control processes represented by
executive function, as modifiable factors that influence mathematics achievement. Improving
mathematical competence in the early years of school can produce lasting benefits across the
school years (International Association for the Evaluation of Education Achievement, 2012).
Effective interventions to enhance mathematical competence are important in order to
children to achieve educational goals (Swanson & Jerman, 2006). While recent efforts to
design early number processing interventions show promising results (Jordan & Levine, 2009;
Ramani & Seigler, 2008; 2011), a greater focus on strategic learning behaviors, represented
by executive function skills, in teachers’ practices is likely to enhance early mathematical
learning at school.
Literature Review
From international studies, there is evidence that when children begin school there are
already considerable differences in children’s numeracy capabilities (Bull, Espy, Wiebe,
Sheffield, & Nelson, 2011; Jordan, Mulhern, & Wylie, 2009), as well changing competence in
executive function skills (Best & Miller, 2010; Davidson, Amso, Anderson, & Diamond,
2006). In particular, children from families of lower socio-economic status (SES) are more
likely than peers from higher SES backgrounds to begin school with lower preparedness for
the academic demands of the school curriculum (Arnold & Doctoroff, 2003). The gap in
mathematics achievement for low versus high SES children also widens with age (Caro et al.,
2009). Children with mathematics learning difficulties may demonstrate mathematics
behaviors and achievement several years behind age-matched peers (Geary, Hoard, ByrdCraven & DeSoto, 2004). Recent research into the development of executive function has also
shown some remarkable catch up possibilities for closing these gaps in the early school years.
Strategic learning-related behaviors, such as effortful and inhibitory control and selfregulatory behaviors are important to early achievement (Ponitz, McClelland, Matthews,
Morrison, & García Coll, 2009). These behavioral skills are particularly important for early
school success (Forget-Dubois et al., 2007; McClelland, Acock, & Morrison, 2006).
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Developing number processing skills
Infants possess a core understanding of magnitude that is known as the approximate
number system (Halberda & Feigenson, 2008). This non-symbolic system recognizes
numerical differences of magnitude and provides the foundation for later acquisition of an
‘exact number system’ that is the basis of formal mathematics (Feigenson, Libertus, &
Halberda, 2013). The development of mathematical understanding encompasses a mapping
between the foundational non-symbolic representations (e.g., dot patterns, physical size) and
the symbolic and verbal representations (e.g., 5, ‘five’, +) that is the basis of the exact number
system, as described by researchers such as Geary (2013), and Kolkman, Kroesbergen, and
Leseman (2013). The integration of these non-symbolic and symbolic representations of
number and magnitude in early childhood is also likely to be influenced by the development
across this period of other cognitive control processes, such as executive function, which
includes attention (Geary, 2013) and working memory (Kolkman et al., 2013).
Number processing includes domain-specific components, such as number sense. This is
the nonverbal ability to understand, represent, and manipulate numerical magnitudes; and the
cognitive processes of executive function (Blair, 2006). Gelman (2000) noted that children’s
abilities to reason with numbers require number-relevant mental structures that enable
understanding of the principles of counting and the relations between numbers. The presence
of these structures allows children to attend to and assimilate number relevant information.
Importantly, the demand on cognitive processes varies across early childhood as mathematical
understanding progresses from applying the approximate number system to requiring exact
calculation and specific procedural applications. In this study, this was examined by
comparing children in the first year of formal schooling with those in Year 3.
Understanding the role of executive function in number processing skills
The cognitive control processes of executive function enable individuals to manage and
direct their attention, thinking, and actions to meet adaptive goals (Best & Miller, 2010).
These skills develop and change with age and experience through the development of the
prefrontal cortex and associated neural networks. These capacities are also viewed as distinct
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from general cognitive ability (Blair, 2006).
Models of executive function commonly account for three cognitive control processes
(Best & Miller, 2010): Inhibition as the capacity to resist distractions; maintain selective
attention; and prioritize actions; set-shifting as cognitive flexibility to adjust to changed task
demands and priorities; and working memory as the capacity to hold and manipulate
information over short periods of time. Aspects of executive function mature at different rates
during the school-age years and considerable maturation occurs between five and eight years
(Best & Miller, 2010; Davidson et al., 2006). There is also evidence that these cognitive
control processes are amenable to change through early interventions (Miyake et al., 2000).
A number of studies have linked executive function to mathematical skills in school-aged
children. Bull, Espy and Wiebe (2008) found an association between the executive function of
four-year old children and their mathematics performance at ages five, six, and seven, while
Clark, Pritchard, and Woodward (2010) found that measures of inhibition, set-shifting, and
planning at age four-years old were associated with mathematical achievement atsix-years old.
However, these findings are limited because the research did not explore the relations
between aspects of executive function and number processing skills at each phase of the
research and focused only on mathematical achievement as the measured outcome. Thus, the
specific nature of the relation between the development of executive function and number
processing skills in the early school years remains less clear.
Research Questions
This research examined the relations between number processing tasks and components of
executive function for children in a Prep class and children in Year 3 of school. Specific
research questions (RQs) were:
1. What differences are there between the performance of children in the first year of
formal schooling (Prep) and Year 3 on number processing and executive function tasks?
2. What are the relations between performance on executive function and number
processing tasks, in the Prep year and in Year 3?
3. How do observer ratings for engagement and understanding of the number processes
and executive function tasks reflect performance?
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Method
The research was conducted in a large metropolitan city in Queensland, Australia. In the
state of Queensland, the first full-time year of primary school is the Preparatory year (Prep)
for which, at the time of data collection, children were required to have their fifth birthday by
the 30th June in order to be enrolled in late January of that year. After the Prep year, children
are likely to attend the same primary school through Year 1 to Year 6. Data were collected in
September of the Australian school year that commences in late January and finishes in early
December.
The Queensland University of Technology (QUT) Human Research Ethics Committee
approved the project data collection and procedures and processes for protecting the
confidentiality of children, families, teachers and schools. Parental consent was obtained for
all participating children. Parents were encouraged to discuss the project with their children
and gain their consent by inviting them to color in a smiley face on the consent form. The task
administrator also sought each child’s agreement to participate at the beginning of each
session.
Participants
Participants were recruited from two Prep classes and two Year 3 classes in the same state
primary school. A total of 25 Prep students (Mean age = 5.5 years) and 21 Year 3 students
(Mean age = 8.5 years) were recruited. In each age group, there were approximately equal
numbers of boys and girls.
Research Design and Procedure
This research was a cross-sectional comparison study. Each child participated in an
individual session of approximately 25 minutes. All tasks were administered to the children
using the computer by one of the authors of this paper. Three automatic number processing
tasks and three executive tasks were completed. Behaviors were measured using accuracy and
reaction time. Additionally, the task administrator rated each child’s engagement and
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understanding of each task (Research Question 3). These observations provided an
independent assessment of the level of attention that each child gave to each task and its
requirements. These observations provided additional information to understand the
confidence that can be placed in the performance scores and the variations in the scores on the
tasks that required levels of understanding of task requirements (task difficulty) and capacities
to maintain engagement (attention).
The number processing tasks were calculation, comparison, and number line estimation.
The executive function tasks measured shifting, inhibition, and working memory. These tasks
have been used in previous research (Halberda, Mazzocco, & Feigenson, 2008; Van der Ven,
Kroesbergen, Boom & Leseman, 2012; White & Szucs, 2012). All tasks were administered
on a laptop and all were programmed in E-Prime with the exception of the comparison task
which was delivered using Panamath software (Halberda et al., 2008). For two of the tasks
(comparison and number line) children responded directly on a keyboard. For the remaining
four tasks, the experimenter entered responses. When a task required a quick verbal response
from the child, the experimenter indicated the start of the response by pressing the spacebar
and then rated the accuracy of the response. Reaction time and accuracy were always based
on the first utterance of the child even if a quick self-correction occurred. A random number
generator was used to develop six random patterns of task order and these were randomly
assigned to participants. The trials within each task were presented in the same order for each
child. Behaviors of Prep and Year 3 children were compared, and correlations between
number processing and executive functions measures were investigated for each age group
separately.
Measures
Number processing tasks
The three number processing tasks explored children’s abilities to compare quantities,
calculate and estimate.
Comparison. was tested using the non-symbolic dot comparison task (Halberda, et al.
2008), using the Panamath software. Children were shown yellow and blue dot arrays and
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were asked to judge which array of dots had more. Each array had between five and 21 dots
and the ratio between the number of dots to be compared was systematically manipulated by
the Panamath software. The dot arrays were presented for 600ms and children responded
using the provided keyboard. Children completed two practice trials to ensure understanding
and then were instructed to quickly and accurately complete as many comparisons as possible
in two minutes. Children completed between 32 and 48 comparisons in the two-minute period.
Reaction time and accuracy were recorded; with the correct number of responses per second
the final score.
Calculation. involved single digit addition and subtraction (e.g., 2 + 1, 5 – 1). Children
provided a verbal response which was recorded. Each stimulus (e.g., 4 + 3) was presented
until a response was given. Similar to the Test for Early Mathematics Ability (Ginsburg &
Baroody, 2003), the calculation task captured fluency by encouraging children to complete as
many calculations as quickly and accurately as possible in two minutes. Children received
four practice trials prior to commencing the task. There were 20 possible calculations that
were repeated, if necessary. Children completed between eight and 56 calculations in the twominute period. Reaction time and accuracy were recorded, and the rate of correct responses
per second was used as the final score.
Number line estimation. was completed on a 0-100 number line and adapted from the work
of White and Szucs (2012). Children were presented with a number line, after a short delay
(1000ms) the target digit appeared in the left corner of the screen. After seeing the target digit
(digits were spread across the full range: 5, 11, 18, 25, 33, 52, 40, 71, 85, 99), children were
instructed to try and find an estimate for the location of the target digit on the number line.
After 2000ms, a marker appeared on the number line and children needed to judge whether
the marker was in the correct or incorrect location for the target digit. Children received three
practice trials prior to commencing the task. There were 20 estimations completed, with each
of the 10 target digits marked with a correct and incorrect location estimate. Children were
asked to respond as quickly and as accurately as possible for the 20 trials. Reaction time and
accuracy were recorded, and the rate of correct responses per second used as the final score.
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Executive Function Tasks
The three executive function tasks examined children’s abilities to focus and shift their
attention, remember, and respond quickly to questions about various visual stimuli presented
on the computer screen.
Shifting. was tested through the animal shifting task developed by Van der Ven et al. (2012)
in which children were required to name stimuli presented on the computer screen as quickly
as possible. The stimuli were either fruit (strawberry, pear, cherry, banana) or animals (cat,
dog, bird, fish). The task consisted of a baseline block, a practice block, and a testing block. In
the baseline block, children were presented with one image at a time, each preceded by a
700ms fixation cross, and were required to name the images as quickly as possible. In the
practice block, children were shown pairs of images together (one fruit and one animal) and
taught to name the animal when the background screen color was purple and the fruit when
the screen was yellow. Four practice trials were completed before the testing block began.
The testing block consisted of 22 trials in which children gave a verbal response as quickly as
possible. The number of shifting items answered correctly per second was used as the final
score.
Inhibition. was tested through the animal stroop test (Wright, Waterman, Prescott &
Murdoch-Eaton, 2003). An adaptation of this task by Van der Ven et al. (2012) was used. In
this task, animals are presented that are composed of the body of one animal and the head of
another. The participant has to name the animal body rather than the more salient animal head.
The task consisted of a baseline block, a practice block, and a test block. In the baseline and
testing blocks, animal stimuli were presented one at a time, preceded by a 400ms fixation
cross. The stimuli remained on the screen until the child responded. The child named each
animal as quickly as possible.
The baseline block consisted of four normal animal stimuli with congruent heads (cow,
sheep, duck or pig), each presented four times, yielding a total of 16 items. In the practice
block, children were shown incongruent images; for example, a cow with a duck head, and
taught to name the animal based on the body. A total of eight practice trials were completed.
The test block was a mixed block of control stimuli with human heads and incongruent

53

Sonia L. J. White, Donna Berthelsen, Sue Walker & Kate E. Williams

stimuli with incorrect animal heads. Twelve different stimuli per condition were each
presented four times, yielding a total of 48 control and 48 incongruent items. The number of
incongruent items answered correctly per second was used as a final score.
Working memory. was tested using the keep track task (Van der Sluis, De Jong, & Van der
Leij, 2007). A modified version of the computerized test developed by Van der Ven et al.
(2012) was used. Children were shown pictures belonging to one of the following five
categories: sky (sun, moon, stars, cloud); fruit (strawberry, pear, cherry, banana); shapes
(square, triangle, circle, heart); animals (dog, cat, fish, bird); and toys (teddy bear, scooter,
LEGO®, car). After one practice trial which was repeated as necessary, children were
presented with several series of 10 pictures with each picture displayed for 3500ms. The child
was asked beforehand to pay special attention to one or more designated categories.
During the series, small pictures symbolizing the to-be-remembered categories were shown
in the bottom of the screen, serving as a reminder. During the series, the child had to name
each picture. At the end, the child had to recall the last item of the designated categories. Prep
children were presented with two series with one designated category to remember in each,
and two series with two designated categories to remember in each. Children in Year 3 were
presented with these same tasks, with the addition of two more series, each with three
categories to be remembered. Early testing showed that this task presented a significant
challenge to children of Prep age, and so persisting with additional tasks of increasing
difficulty was not deemed necessary. Each correct answer was noted. Depending on the
length of the sequence, there could thus be a maximum of one, two, or three (for the Year 3
children) correct answers yielding a maximum possible score of six correct answers for Prep
children and 12 correct answers for Year 3 children.
Data Analysis
In all tasks, except working memory, accuracy and reaction time information were
collected. A multistage data screening process was conducted with reaction time data (Lee et
al., 2010). First, trials with incorrect responses were filtered out. These included any response
times that were less than 100 milliseconds, as this was considered to be a mis-trial. Second,
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the mean and standard deviation (SD) for the response time (RT) for each set of tasks for each
child was calculated. Third, trial data that deviated by more than three SDs from a child’s
mean were removed. The correct rate per second score was then calculated (Van der Ven et
al., 2012). Using the correct rate per second scores, the population mean and SD for each task
was computed, and any individual scores that were more than three SDs from the population
mean were replaced by values at three SDs. The individual scores (correct rate per second)
were entered into the subsequent analyses.
Data analysis was completed using SPSS Version 22 and had three stages. First, descriptive
statistics were calculated using separate accuracy and reaction time data. Second, an
independent samples t-test was used to compare the performance of Prep and Year 3 children.
If the Levene’s Test indicated that the assumption of homogeneity of variance had been
violated, the more conservative t-statistic was used, with adjusted degrees of freedom and
significance level. Effect size was calculated using effect size r using the t-statistic and
degrees of freedom. Third, for each year group, Pearson product-moment bivariate
correlations were calculated to investigate relations between the number processing and
executive functioning tasks at each level of schooling. From a cross-sectional perspective, this
analysis enabled comparisons across age groups.
Observations of task engagement and understanding were coded using a three-point ordinal
scale, with 1 = low engagement/understanding, and 3 = high engagement/understanding. The
engagement and understanding of Prep and Year 3 children were compared using a MannWhitney test. Effect size (r-value) was calculated using the standardized test statistic divided
by the square root of the number of total observations.

Results
Overall, task completion took longer for the children in Prep. The Prep children took an
average of 27.6 minutes, to complete the six tasks, while the Year 3 children took an average
24.2 minutes. The results relevant to each of the three research questions are presented below.
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RQ 1: Differences in Task Performance between Prep and Year 3
The ranges, means and SDs for accuracy are presented in Table 1. In almost all tasks,
accuracy of response was above chance, with the exception of the Prep group number line (44
± 11.3%) and working memory (39 ± 26.2%) performance. For accuracy, children in Prep
demonstrated the greatest variability in the working memory and calculation tasks.
The ranges, means, and SDs for the reaction time data, after the multistage data screening,
are presented in Table 2. For reaction time, children in Prep demonstrated the greatest
variability in the calculation (M = 6525 ± 2413 ms) and number line (M = 4054 ± 2027 ms)
tasks. In contrast, Year 3 children had less variability in reaction time for the calculation (M =
2867 ± 774 ms) and number line (M = 2613 ± 1069 ms) tasks. In the calculation task this may
be attributable to the reduced exposure of the children in Prep to symbolic mathematics
notation, such as subtraction. In the number line task, this may be linked to the complex task
demands and use of multiple representations (symbolic number representation and spatial
representation).
For comparison of task performance, t-tests were completed to identify differences in the
performance outcomes between Prep and Year 3 children. As might be expected, Year 3
children had significantly higher performance on nearly all tasks, as evidenced by the
probability values and effect sizes (r) presented in Table 3. There was no significant
difference between Prep (M = .33 ± .21 correct/sec) and Year 3 (M = .42 ± .13 correct/sec)
children for the number line task (t (44) = -1.76, p = .086, r = .256).

Table 1. Percentage Correct for Tasks
Prep year (n = 25)

Year 3 (n = 21)

M

SD

Range

M

SD

Range

Comparison

88

9.7

63 - 97

88

6.4

68 - 97

Calculation

55

24.9

6 - 92

94

6.3

77 - 100

Number line

44

11.3

15 - 70

77

12.4

50 - 90

Shifting

88

9.3

54 - 100

94

1.5

75 - 100

Inhibition

92

6.4

75 - 100

95

6.2

83 - 100

Working memory

39

26.2

0 - 83

74

16.7

42 - 100

56

Early Mathematical Learning: Number Processing Skills and Executive Function at 5 and 8 Years of Age

Table 2. Reaction Time (in milliseconds) for Tasks
Prep year (n = 25)
M (ms)

SD

Year 3 (n = 21)

Range (ms)

M (ms)

SD

Range (ms)

Comparison

1618

561

910 - 3269

1103

353

725 - 2486

Calculation

6525

2413

2782 - 13545

2867

774

1531 - 4150

Number line

4054

2027

909 - 8600

2613

1069

1214 - 6101

Shifting

2846

582

1840 - 4065

2175

419

1651 - 3193

Inhibition

2218

669

1412 - 4093

1573

417

1119 - 2790

Table 3. Number of Correct Responses per Second for Prep and Year 3.
Prep (n = 25)

Year 3 (n = 21)

M (SD)

M (SD)

t

df

p

r

Comparison

0.68 (0.20)

0.96 (0.19)

-4.90

44

<.001

.594

Calculation

0.17 (0.06)

0.38 (0.11)

-7.41

30.94

<.001

.800

Number line

0.33 (0.21)

0.42 (0.13)

-1.76

44

.086

.256

Shifting

0.37 (0.08)

0.47 (0.08)

-4.66

44

<.001

.575

Inhibition

0.49 (0.12)

0.67 (0.14)

-4.86

44

<.001

.591

38.67 ( 26.23)

73.81 (16.73)

-5.50

41.26

<.001

.650

Working memory^

^ This task was not timed and so results are presented as percent correct.

RQ 2: Relations among Task Performance for each Age Group
The correlations for task performance at the Prep year level and Year 3 level were
calculated. For the Prep children, the correlations between the six tasks are presented in Table
4 and for children in Year 3 in Table 5.
For Prep children, the working memory task was the only measure of executive function
that was moderately correlated with a number processing task (calculation; r = .49). Those
children with higher accuracy in the working memory task were likely to answer correctly
more addition and subtraction calculation per second.
The pattern of correlations found in the Prep year data was not present in the Year 3
children’s data. In the Year 3 data, inhibition and shifting executive function tasks were
moderately (and positively) correlated with both comparison (Inhibition: r = .48; Shifting: r
= .53) and calculation (Inhibition: r = .63; Shifting: r = .51) number processing tasks. This is
in contrast to the Prep year (Table 4), where there was a negligible (negative) correlation of
shifting with comparison (r = -.18), and with calculation (r = -.02) tasks.
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Table 4. Correlations Among Tasks for Prep children
Comparison

Calculation

Number line

Shifting

Inhibition

Working memory

Comparison
Calculation

.03

Number line

.50*

-.13

Shifting

-.18

-.02

.16

Inhibition

.34

-.02

.20

.21

Working memory

-.22

.49*

-.24

.27

.11

Shifting

Inhibition

* p < 0.05

Table 5. Correlations Among Tasks for Year 3 children
Comparison

Calculation

Number line

Working memory

Comparison
Calculation

.44*

Number line

.29

.19

Shifting

.53*

.51*

.05

Inhibition

.48*

.63*

.08

.43

Working memory

-.28

.06

-.17

.14

-.33

* p < 0.05

RQ 3: Observer ratings for engagement in, and understanding of, number processing and
executive function tasks
Administrator observations indicated that children were not anxious when completing any
of the computerized tasks, and overall, the tasks were well understood and engaging to the
children across the age groups participating. Engagement in, and understanding of, the
number processing and executive function tasks are in Table 6 and 7, respectively. There were
group differences in engagement in all three of the executive functioning tasks (ps < .05) and
this demonstrated a medium (r > .3) effect size (Table 6). The Prep children demonstrated
greater variability in observer rating of engagement, compared to the Year 3 children. In
understanding of the task, the number line and working memory tasks demonstrated group
differences in observer ratings (ps < .05; Table 7). For the working memory task in particular,
Prep children had a lower median observer rating than Year 3 children, and greater variability,
which resulted in a large effect size (r > .5).
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Table 6. Observer Ratings of Task Engagement for Prep and Year 3 Children.
Prep (n = 25)

Year 3 (n = 21)

Mdn (range)

Mdn (range)

U

z

p

r

Comparison

3 (2 - 3)

3 (2 - 3)

254.0

-.438

.661

-.064

Calculation

3 (1 - 3)

3 (3 - 3)

220.5

-1.896

.058

-.280

Number line

3 (1 - 3)

3 (3 - 3)

241.5

-1.310

.190

-.193

Shifting

3 (2 - 3)

3 (2 - 3)

180.5

-2.531

.011

-.373

Inhibition

3 (2 - 3)

3 (3 - 3)

210.0

-2.147

.032

-.317

Working memory

3 (1 - 3)

3 (1 - 3)

186.5

-2.189

.029

-.323

Table 7. Observer Ratings of Task Understanding for Prep and Year 3 Children.
Prep (n = 25)

Year 3 (n = 21)

Mdn (range)

Mdn (range)

U

z

p

r

Comparison

3 (2 - 3)

3 (3 - 3)

252.0

-.917

.359

-.135

Calculation

3 (1 - 3)

3 (3 - 3)

220.5

-1.895

.058

-.279

Number line

3 (1 - 3)

3 (1 - 3)

199.5

-2.376

.018

-.350

Shifting

3 (1 - 3)

3 (3 - 3)

231.0

-1.623

.105

-.239

Inhibition

3 (3 - 3)

3 (3 - 3)

262.5

.000

1.000

.000

Working memory

2 (1 - 3)

3 (1 - 3)

132.0

-3.476

.001

-.513

Discussion
There are ongoing national education policy concerns about numeracy and mathematical
competence across the school years (Australian Council for Education Research, 2012). The
rationale for the current study was to explore the relations between number processing tasks
and components of executive function for Prep children and those in Year 3. It was hoped that
establishing how number processing skills differ across the early years of formal schooling,
and how those differences vary by executive function skills, might help in the design of
pedagogical strategies to target both number processing and executive function within early
mathematics interventions. Understanding how executive function is implicated in the
development of early mathematical competence opens up opportunities to be more explicit in
what and how specific skills are targeted in interventions that may mediate later mathematical
skills.
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Early number processing is associated with specific brain regions and, in its most
elementary form, can be assessed using tasks that involve viewing, comparing, adding, and
subtracting quantities. It has been shown that prior to school, children are able to make
comparisons of quantities to determine ‘which is more/less’. This approximate number
system represents the foundation on which education imposes more abstract and symbolic
knowledge of mathematical concepts (e.g., numeric symbol systems, digits, fractions). If
executive function mediates mathematical learning then it makes sense to support the
development of executive function skills (e.g., attention, working memory, mental flexibility)
in the context of completing specific mathematical tasks, especially with children who
struggle with mathematics, rather than just focus exclusively on the mathematical processes
and terminology.
There were two main findings in this research. First, in relation to Research Question 1,
there were significant differences in children’s performance between Prep year and Year 3 on
all tasks except for the number line estimation task. Year 3 children consistently outperformed
the Prep children on the comparison, calculation, shifting, inhibition, and working memory
tasks. The finding of no significant difference on number line task performance was
unexpected, as current number line estimation studies (e.g., White & Szucs, 2012) have
reported that, by Year 2 of school, children’s understanding of the associations between
symbolic number and spatial representations becomes automatic and demonstrates a
developmental shift. In this study, a significant difference was expected for number line
performance because the participants were in the Prep year and Year 3, spanning the period of
this developmental shift. This finding is discussed later in conjunction with observer ratings
of task understanding.
The second main finding, related to Research Question 2, was that moderately substantial
correlations for the different developmental stages (Prep and Year 3) separated performance
on the executive function tasks. In the Prep year, working memory was the only executive
function task moderately correlated with a number processing task. In Year 3, shifting and
inhibition, but not working memory, were the executive function tasks that had moderate
correlations with number processing tasks. This provides initial evidence that the components
of executive function (shifting, inhibition, and working memory) have a different pattern of
relationship to number processing across the early years of school. Similarly, research into
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mathematics learning difficulties (Geary et al., 2009) has found number and cognitive
processing contribute differently to mathematics learning in early childhood, so any criteria
for identifying mathematics learning difficulties needs to take this into account. This
information has important implications for classroom practice and for the design of
intervention programs. Educators should carefully consider the demands of mathematics tasks
and determine if and what cognitive supports are necessary. However, it is important to note
that the present findings warrant further investigation and replication because of the relatively
small sample size in this study.
Additionally, this research also examined whether observer ratings for engagement and
understanding reflected task performance (Research Question 3). Engagement in all of the
executive function tasks was lower for the Prep children and this generally aligns with
performance on the tasks. This is consistent with existing research (Blair & Razza, 2007) that
has identified changes in executive function at the beginning of school. Observer ratings of
understanding highlighted that the Prep children had greater difficulty understanding the
number line and working memory tasks. These two tasks were the most complex, and the
accuracy of responses was low, particularly for the Prep children.
The number line task completed in the present study was complex. It may be that the task
required too much cognitive demand for the Prep children, or that the Prep children had less
familiarity with larger numbers up to 100, which was required by this task. However, in
comparing the rate of correct responses per second on this task, there were no significant
differences between the Prep and Year 3 children. An alternative explanation could be that the
use of correct rate per second as the final score (Van der Ven et al., 2012), after a multistage
screening procedure (Lee et al., 2010), may have filtered out potential group variability.
Further studies with a larger sample, a larger number of trials, and different number ranges
(e.g., 0-20 and 0-100) may shed more light on this current finding related to number line
estimation.
The findings from this study have identified the importance of understanding the relations
between number processing and executive function skills in the early years of school. It
underscores the need for further research to explore the nature of the mediating role of the
skills that constitute the construct of executive function in the development of early number
processing skills and early mathematical achievement. Blair and Razza (2007) have

61

Sonia L. J. White, Donna Berthelsen, Sue Walker & Kate E. Williams

emphasized that the relation of executive function to mathematics ability is particularly salient
if one considers what children are expected to accomplish in solving the kinds of
mathematical and number processing tasks explored in this research. Such competence
requires children to reason and problem-solve through representation of number information
in working memory, then to shift and focus their attention appropriately on elements of the
number problem, as well as to inhibit any responses that focus only on the most salient or
recent aspect of the task. For children, mathematical tasks require effortful problem-solving
capacities, as represented by executive function capacities. Attention to the skills of executive
function as a means through which early mathematical development may be supported is an
important direction to inform professional practice.

References
Arnold, D. H., & Doctoroff, G. L. (2003). The early education of socioeconomically
disadvantaged children. Annual Review of Psychology, 54, 517l Revidoi:10.1146/
annurev.psych.54.111301.145442
Australian Council for Educational Research (2012). Monitoring Australian year 4 student
achievement internationally: TIMSS and PIRLS 2011. Retrieved from http://
www.acer.edu.au/research/ns/iea-timss-2011-and-pirls/
Australian Curriculum, Assessment and Reporting Authority (2012). The shape of the
Australian curriculum (Version 4). Sydney: Author. Retrieved from www.acara.edu.au
Best, J. R., & Miller, P. H. (2010). A developmental perspective on executive function. Child
Development, 81, 1641–1660. doi: 10.1111/j.1467-8624.2010.01499.x
Blair, C. (2006). How similar are fluid cognition and general intelligence? A developmental
neuroscience perspective on fluid cognition as an aspect of human cognitive ability.
Behavioral and Brain Sciences, 29, 109-160. doi: 10.1017/s0140525x060009034
Blair, C., & Razza, R. P. (2007). Relating effortful control, executive function, and false
belief understanding to emerging math and literacy ability in kindergarten. Child
Development, 78, 647-663. doi: 10.1111/j.1467-8624.2007.01019.x
Bull, R., Espy, K. A., & Wiebe, S. (2008). Short-term memory, working memory, and

62

Early Mathematical Learning: Number Processing Skills and Executive Function at 5 and 8 Years of Age

executive functioning in preschoolers: Longitudinal predictors of mathematical
achievement at age 7 years. Educational Psychology Papers and Publications. Paper 76.
Retrieved from http://digitalcommons.unl. edu/edpsychpapers/76
Bull, R., Espy, K. A., Wiebe, S. A., Sheffield, T. D., & Nelson, J. M. (2011). Using
confirmatory factor analysis to understand executive control in preschool children:
Sources of variation in emergent mathematic achievement. Developmental Science, 14,
679–692. doi: 10.1111/j.1467-7687.2010.01012.x
Caro, D. H., McDonald, T., & Willms, J. D. (2009). Socio-economic status and academic
achievement trajectories from childhood to adolescence, Canadian Journal of Education,
32, 558-590.
Clark, C. A., Pritchard, V. E., & Woodward, L. J. (2010). Preschool executive functioning
abilities predict early mathematics achievement. Developmental Psychology, 46, 11761191. doi: 10.1037/a0019672
Davidson, M. C., Amso, D., Anderson, L. C., & Diamond, A. (2006). Development of
cognitive control and executive functions from 4 to 13 years: Evidence from
manipulations of memory, inhibition, and task switching, Neuropsychologica, 44, 20372078. doi: 10.1016/j.neuropsychologia.2006.02.006
E-Prime [Computer software]. Sharpsburg, PA: Psychology Software Tools. Retrieved from
http:/www.ptsnet.com
Feigenson, L., Libertus, M. E., & Halberda, J. (2013). Links between the intuitive sense of
number and formal mathematics ability. Child Development Perspectives, 7, 74-79.
doi:10.1111/cdep.12019
Forget-Dubois, N., Lemelin, J., Boivin, M., Dionne, G., Seguin, J., Vitaro, F., & Tremblay, R.
(2007). Predicting early school achievement with the EDI: A longitudinal populationbased study. Early Education and Development, 18, 405-426. doi: 10.1080/
10409280701610796
Geary, D. C. (2013). Early foundations for mathematics learning and their relations to
learning disabilities. Current Directions in Psychological Science, 22, 23-27.
doi:10.1177/0963721412469398
Geary, D. C., Bailey, D. H., Littlefield, A., Wood, P., Hoard, M. K., & Nugent, L. (2009).
First-grade predictors of mathematical learning disability: A latent class trajectory

63

Sonia L. J. White, Donna Berthelsen, Sue Walker & Kate E. Williams

analysis. Cognitive Development, 24, 411-429. doi: 10.1016/j.cogdev.2009.10.001
Geary, D. C., Hoard, M. K., Byrd-Craven, J., & DeSoto, M. C. (2004). Strategy choices in
simple and complex addition: Contributions of working memory and counting
knowledge for children with mathematical disability. Journal of Experimental Child
Psychology, 88, 121-151. doi: 10.1016/j.jecp.2004.03.002
Gelman, R. (2000). The epigenesis of mathematical thinking. Journal of Applied
Developmental Psychology, 21, 27–37. doi: 10.1016/s0193-3973(99)00048-9
Ginsburg, H. P., & Baroody, A. J. (2003). Test of early mathematics ability (3rd ed.). Austin,
Texas: Pro-Ed.
Gutman, L. M., Sameroff, A. J., & Cole, R, (2003). Academic trajectories from first to twelfth
grades: Growth curves according to multiple risk and early child factors. Developmental
Psychology, 39, 777-790. doi: 10.1037/0012-1649.39.4.777
Halberda, J., & Feigenson, L. (2008). Developmental change in the acuity of the “number
sense”: The approximate number system in 3-, 4-, 5-, and 6-year-olds and adults.
Developmental Psychology, 44, 1457–1465. doi: 10.1037/a0012682
Halberda, J., Mazzocco, M., & Feigenson, L. (2008). Individual differences in nonverbal
number acuity predict maths achievement. Nature, 455, 665-668. doi:10.1038/
nature07246
International Association for the Evaluation of Education Achievement. (2012). The Trends in
International Mathematics and Science Study (TIMSS) 2011. Retrieved from
http://timssandpirls.bc.edu/timss2011/index.html
Jordan, J. A., Mulhern, G., & Wylie, J. (2009). Individual differences in trajectories of
arithmetical development in typically achieving 5- to 7-year-olds. Journal of
Experimental Child Psychology, 103, 455-468. doi: 10.1016/j.jecp.2009.01.011
Jordan, N. C., & Levine, S. C. (2009). Socioeconomic variation, number competence, and
mathematics learning difficulties in young children. Developmental Disabilities
Research Reviews, 15, 60-68. doi: 10.1002/ddrr.46
Kolkman, M. E., Kroesbergen, E. H., & Leseman, P. M. (2013). Early numerical
development and the role of non-symbolic and symbolic skills. Learning and Instruction,
25, 95-103. doi:10.1016/j.learninstruc.2012.12.001
Lee, K., Ng, S. F., Pe, M. L., Ang, S. Y., Hasshim, M. N. A. M., & Bull, R. (2010). The

64

Early Mathematical Learning: Number Processing Skills and Executive Function at 5 and 8 Years of Age

cognitive underpinnings of emerging mathematical skills: Executive functioning,
patterns, numeracy, and arithmetic. British Journal of Educational Psychology, 82, 8299. doi:10.1111/j.2044-8279.2010.02016.x
McClelland, M. M., Acock, A. C., & Morrison, F. (2006). The impact of kindergarten
learning-related skills on academic trajectories at the end of elementary school. Early
Childhood Research Quarterly, 21, 471-490. doi: 10.1016/j.ecresq.2006.09.003
Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerta, A., & Wager, T. D.
(2000). The unit and diversity of executive functions and their contributions to complex
“frontal lobe” tasks: A latent variable analysis. Cognitive Psychology, 41, 49-100. doi:
10.1006/cogp.1999.0734
Panamath [Computer software]. Baltimore, MD: John Hopkins University. Retrieved from
http://panamath.org/
Ponitz, C., McClelland, M., Matthews, J., Morrison, F., & García Coll, C. (2009). A
structured observation of behavioral self-regulation and its contribution to kindergarten
outcomes. Developmental Psychology, 45, 605-619. doi: 10.1037/a0015365
Ramani, G. B., & Siegler, R. S. (2008). Promoting broad and stable improvements in lowincome children’s numerical knowledge through playing number board games. Child
Development, 79, 375-394.
Ramani, G. B., & Siegler, R. S., (2011). Reducing the gap in numerical knowledge between
low- and middle-income preschoolers. Journal of Applied Developmental Psychology 32,
146–159. doi: 10.1016/j.appdev.2011.02.005
Swanson, H.L., & Jerman, O. (2006). Math disabilities: A preliminary meta-analysis of the
published literature on cognitive processes. In T. Scruggs & M. Mastropieri (Eds.),
Applications of Research Methodology, Volume 1 - Advances in Learning and
Behavioral Disabilities (pp. 285-314). Bristol, UK: Elsevier.
Szucs, D., & Goswami, U. (2013). Developmental dyscalculia: Fresh perspectives. Trends in
Neuroscience and Education, 2, 33-37. doi: 10.1016/j.tine.2013.06.004
Van der Sluis, S., De Jong, P. F., & Van der Leij, A. (2007). Executive functioning in children,
and its relations with reasoning, reading, and arithmetic. Intelligence, 35, 427-449.
doi:10.1016/j.intell.2006.09.001
Van der Ven, S. H. G., Kroesbergen, E. H., Boom, J., & Leseman, P. P. M. (2012). The

65

Sonia L. J. White, Donna Berthelsen, Sue Walker & Kate E. Williams

development of executive functions and early mathematics: A dynamic relationship.
British Journal of Educational Psychology, 82, 100-119. doi:10.1111/j.20448279.2011.02035.x
White, S., & Szucs, D. (2012). Representational change and strategy use in children's number
line estimation during the first years of primary school. Behavioral and Brain
Functions, 8, 1-12. Retrieved from http://www.behavioralandbrainfunctions.com/
content/8/1/1
Wright, I., Waterman, M., Prescott, H., & Murdoch-Eaton, D. (2003). A new Stroop-like
measure of inhibitory function development: typical developmental trends. The Journal
of Child Psychology and Psychiatry, 44, 561-575. doi: 10.1111/1469-7610.00145

66

