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Abstract

Number sense is an intuitive understanding of numbers magnitude, relationships between numbers
and the way they are affected by different operations. It has been shown to be an important factor for the
success in STEM fields. The aim of the present study was to investigate the developmental changes in non-
symbolic number sense throughout the school age. The sample included Russian schoolchildren from
multiple general education institutions with total 1169 participants. The results have shown that age was
significant predictor for Number Sense total score, median response time and response time variance. The
R? was highest for the RT variance.Number sense accuracy increase and response time characteristics
decrease with age. The response time variance showed the most prominent changes with age. The processing
speed characteristics variance decline among pupils with an increase in educational level. At the same time
number sense accuracy variance increased in higher grades (though there were decline at the age of 14 in
the 9™ grade). Within-grade variance in numbers sense precision not only remain high throughout the
school-age, but even increase with an increase in educational level. Higher individual difference among
adolescents comparing to younger children may be related to non-cognitive factors, such as emotional
development.
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1. Introduction

In the recent decades mathematical abilities have become a subject to intensive research due to the
growing importance of STEM field. One of the still unresolved issues is what shape future success and
failure in maths-related performance. The cognitive system that is supposed to be a foundation to our
numerical intuitions and later mathematical abilities has been called the approximate number system
(ANS). Part of the ANS is number sense which can be defined as an intuitive understanding of numbers
magnitude, relationships between numbers and the way they are affected by different operations. It has
been shown to be involved in generation of nonverbal representations of numerosity in nonhuman animals
(Merritt, DeWind& Brannon, 2012) and is present in human since infancy (lzard, Sann, Spelke&Streri,
2009). The number sense has been shown to be moderately heritable and is supposed to be under directional
evolutionary selection (Brannon, 2006; Tosto et al., 2014). Number sense and ANS includes the ability to
operate with symbolic and nonsymbolic quantities. In the present article we are focused on the nonsymbolic
ANS (Halberda et al., 2008).

The ANS has been repeatedly shown to be linked to formal mathematics in children (Malykh et al.,
2017; Tikhomirova et al., 2014; Desoete, Ceulemans, De Weerdt, Pieters, 2012; Gilmore, McCarthy
&Spelke, 2010; Halberda, Ly, Wilmer, Naiman&Germine, 2012), though the exact pattern of relationship
is still to be confirmed (Tikhomirova et al., 2015; Inglis, Attridge, Batchelor& Gilmore, 2011; Soltész et
al., 2010). Starr and colleagues have shown, that even the earliest measures of preverbal number sense can
be predictive for standardized maths ability 3 years later(Starr et al., 2013). Marle has shown that the acuity
of the inherent ANS in preschoolers was significantly correlated with mathematics achievement following
one year of preschool, and predicted performance on measures of children's explicit knowledge of Arabic
numerals, number words, and cardinal value, controlling for age, sex, parental education, intelligence,
executive control, and pre-literacy knowledge(Marle et al., 2014). Tikhomirova with colleagues in a
longitudinal study showed cross-lagged associations between number sense and the success in learning

mathematics at primary school age(Tikhomirova et al., 2018).

2. Problem Statement

Though individual differences in number sense has shown to be present since infancy and remain
throughout the life course, developmental changes have rarely been tested. Park and colleagues has shown
that sensitivity to numerical magnitude, absent at three, increases as a function of age (Park, 2018). A
numerosity comparison was also shown to be developing steadily in early childhood from 3 years old
(Halberda & Feigenson, 2008; Piazza et al., 2010; Halberda et al., 2012; Mussolin et al., 2012). These
development is in agreement with the changes at the neural level, particularly in the posterior parietal cortex
which is sensitive to numerosity (Arsalidou et al., 2018; Cantlon et al., 2006; lzard et al., 2008; Hyde &
Spelke, 2011; Libertus et al., 2011). It was also shown that number sense is influenced by formal
mathematical education (Park & Brannon, 2013, Fiegenson et al, 2013). However, the effect of formal
education has been studied only for the symbolic but not nonsymbolic number sense.

The trajectory of changes in the ability to manipulate nonsymbolic quantities has been systematically
studied by the group leaded by Halberda. They investigated development of ANS in a massive internet-
based study with the ANS dot test (Halberda et al., 2012). The overall sample included 3000 participants
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from 11 to 85 years. According to their data, the precision of one’s number sense improves throughout the
school-age years and continues later in life with peak at as late as 30 years old. It was also shown that very
large individual differences are present among people at the same age throughout adolescence and the adult

years.

3. Research Questions

In the present article we wanted to study the age-related changes in number sense systematically
throughout the school age. Halberda et al study included participants from 11 years old. We have included
younger ages in our study (the youngest participants were 1th grade school students at the age of 7),
however our study didn’t extend to adult samples. Though open web-based studies are widely applied in
psychology nowadays, the problem with it is that the sample is selected and not random. Given the
sensitivity of number sense to environmental (Tosto et al., 2014) and cross-cultural factors (Tikhomirova
et al., 2014; Rodic et al., 2014), we were interested whether we could reproduce the results of Halberda in
different population and more controlled conditions in the sample of Russian schoolchildren from multiple
general education institutions. We also wanted to test whether nonsymbolic number sense is influenced by
formal education of mathematics at school. We hypothesized that the schooling effects is supposed to

reduce variance of the nonsymbolic number sense characteristics throughout the school-age.

4. Purpose of the Study

The purpose of the present study is to assess the development of the nonsymbolical number sense
throughout the school age in non-selected sample of Russian school children from general education
institutes. The analysis of the nonsymbolical mathematics abilities is an important part of understanding

the individual difference in STEM-related activities.

5. Research Methods
5.1. Participants
The sample included schoolchildren from multiple general education institutions from different
regions of Russian Federation with total 1169 participants. The data of 1169 school students from 1st to
11th grade was analyzed. The median age of participants was 11 years (SD = 3.16, 61% boys). The analysis

was carried out on the basis of anonymous personal data.

5.2. Methods

In the Number Sense Task, yellow and blue dots different in size are presented on the screen
(Halberda et al., 2008; Tosto et al., 2013). The children were asked to the participant report whether there
were more blue or more yellow and press the corresponding key on the keyboard. The stimuli contained
150 static images with arrays of yellow and blue dots, the number of which varies from 5 to 21 points of
each color. The image appears on the screen for 400 ms, maximum response time is 8 seconds. The test
consists of three blocks of 50 tasks. The ratio of dots of two colours was either 1:3 or 6:7. This judgment is
easy with larger ratio but becomes more difficult when the ratio of blue to yellow dots is close (Fig. 1). By

varying this ratio across trials, it is possible to determine the precision of an individual’s ANS. The accuracy
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of response and response time is recorded. We used the total score (NS Total score) as the measure of the
number sense ability. We were interested in the efficiency of the task performance, so we also calculated
the response time characteristics. We have chosen the median response time (NS RT) as it has been shown
to be more stable estimate than mean and the response time variance (in intra-individual standard deviation)

as a measure of processing speed (Jensen, 1992)

Figure 01. (A) A trial from the Number sense test with higher yellow to blue ratio. There are more
yellow dots in this trial. (B) A trial from the Number sense test with lower yellow to blue
ratio. There are more blue dots in this trial.

5.3. Statistical approach
We used statistical language R 3.4.0 (R Core Team, 2017) for data analysis. The yarr package
(https://CRAN.R-project.org/package=yarrr) was used for descriptive statistics evaluation, Im.beta package
(https://CRAN.R-project.org/package=Im.beta) were used for linear regression. For regression analysis

single linear models were constructed for each measure with age as predictor.

6. Findings
6.1. Results
Descriptive statistics are shown in Table 1. The variables were distributed normally.

Table 01. Descriptive statistics

Class NS Total Score NS Total Score SD NS RT NS RT SD
1 89.83 14.82 1.23 0.57
2 94.79 14.16 1.10 0.46
3 97.57 13.15 1.05 0.39
4 99.13 13.30 0.99 0.31
5 99.36 13.74 0.90 0.34
6 100.46 13.96 0.90 0.33
7 107.71 14.61 0.92 0.27
8 108.67 12.40 0.85 0.25
9 106.289 14.39 0.80 0.27
10 96.94 17.42 0.78 0.33
11 101.46 17.98 0.69 0.31

Note: The medians and standard deviations (SD) were calculated for descriptive statistics. NS Total Score - the measure of Number

Sense accuracy, maximum possible value is 150. NS RT - Number Sense response time in seconds.
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The pirate plots (https://CRAN.R-project.org/package=yarrr) of the variables are shown in figure 2.
Pirate plot is the RDI (Raw data, Descriptive statistics, and Inferential statistics) plot displaying the

relationship between independent and dependent variable.

Pirate plot for the total score Pirate plot for the median response time Pirate plot for the response time variance

Figure 02. Pirate plots for total score, median response time, and response time variance (from left to
right). A pirate plot has 4 main elements: points, symbols representing the raw data (jittered
horizontally); bar, a vertical bar showing central tendencies (in the present data the medians

were calculated); bean, representing a smoothed density; and a rectangle representing an
95% confidence inference interval.

The main goal of the study was to investigate whether different characteristics of Number Sense
varies as a function of age. We have found that age was significant predictor for Number Sense total score,
median response time and response time variance. The R? was highest for the RT variance. The results of

the simple linear regression models are presented in Table 2

Table 02. Simple linear regression models for the effects of age on Number Sense total score, median

response time and response time variance

Regression Total Score | RT median RT variance
parameters (Accuracy)

b 0.26 -0.35 -0.47

t-value 9.39 -12.91 -18.23

F(1,1169) 88.16 166.7 3322

p-value <.001™" <.001™" <.001™"

R%(Adjusted R?) 0.07 (0.06) 0.12 (0.12) 0.22 (0.22)

Note: The regression parameters for 3separate linear regressions with age as a predictor are presented. Total score - the measure of

Number Sense accuracy, RT median - the median Number sense response time, RT variance - the Number sense response time

ok

standard deviation. The ™ represents p-value less then 0.001

We were also interested in the changes in variance in non-symbolic number sense. There are
several methods to assess variance of the distribution. In the present study we have chosen standard
deviation, interquartile range (IQR), and max-min difference. All the measures were estimated inter-
individually and intra-class (within the class). We plot the measures separately for Total score and response

time characteristics in figure 3.
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Total score variance Median response time Response time variance

Figure 03. Class difference in total score variance, median response time and response time variance
(from left to right). The x-axis is the number of grade. Green line - the difference between the
maximum and minimum value within each grade, black line - the interquartile range, red line

- standard deviation for each grade.

Visual analysis of the graphs shows us that for the total score SD and IQR there is at first the decline
in variance from 1% to 9" grade which changes to increase at 10th and 11th grade. The same pattern
(though, with smaller increase) can be seen both for response time median and standard deviation. The
graph for min-max is less inconsistent for all the measures. We used Bartlet K-test (Bartlett, 1937) to test
whether the difference in variance is significant. For all the measures we found that variance is not
homogeneous among grades (F(1,10)=22,7; 140,6; and 147,06; p<0.001, for total score, RT median and

RT variance, respectively)

6.2. Discussion

In the present article we investigated the developmental changes in number sense throughout the
school-age. We have found the significant association between increase in age and different characteristics
of number sense. The ANS of our participants has become more precise with age (manifested in higher
accuracy). The same pattern was found for the speed and quality of non-symbolic information processing
(manifested in the faster response time and less variance between the answers). The developmental changes
were most evident for the response time variance. These data are in agreement with the well-documented
development of specific cognitive abilities and information processing characteristics in general (for
example, De Luca et al., 2003).

We were also interested whether formal mathematical education result in the less pronounced
individual differences in non-symbolic number sense abilities. In accordance with our hypothesis, we found
that processing speed characteristics variance decline among pupils with an increase in educational level.
At the same time we also discovered the opposite trend for number sense accuracy variance which has
increased in higher grades (though there are a decline at the age of 14 in the 9" grade). De Luca with
colleagues have found the same pattern for executive function capacities (De Luca et al., 2003). The
increased individual difference among adolescents may be related to non-cognitive factors, for example,
such as emotional development, personality traits (Steinberg, 2005; Malykh & Tikhomirova, 2015).

The significant limitation for our results is that our data was collected in cross-sectional design,

that makes it impossible to track intra-individual developmental trajectories. For further studies, it is
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important to analyze the relationship between number sense and other other specific cognitive abilities in
longitudinal design.

Overall, our results are comparable to the results of Halberda et al. (2012). High variability and
broad confidence intervals in our sample didn’t allow us to determine precisely whether the numbers sense
mean accuracy and response time shows developmental changes up to the very end of school age, but visual
inspection of the data is in agreement with the results of the Halberda, who showed steady increase in
number sense characteristics together with high degree of individual differences with peak at as late as ~30
years old. Here we repeated their findings in the less noisy and more-controlled samples from multiple
general education institutions in Russia. The persistence of high variance among the ANS characteristics
across broad age range are in line with the evidence of the directional selection for number sense
hypothesized by Tosto (2014) and may indicate its importance for evolutionary success even in the modern

world. Please replace this text with context of your paper.

7. Conclusion

In the present study we reproduced the findings of Halberda and colleuages and have shown more
evidence of steady increase in the non-symbolic number sense characteristics. We have also shown that
variance in ANS precision not only remain high throughout the school-age, but even increase with an
increase in educational level. Further studies combining more specific cognitive abilities

characteristics and longitudinal design are required.
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