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THE NUMERICAL RATIO EFFECT FOR DIGITS AND NUMBER WORDS
Introduction

Humans possess the ability to process quantitative information in a symbolic format with
digits and number words. The way in which these numerical symbols are organized is referred to
as the external numerosity system (Zhang & Norman, 1995). The processing of the external
numerosity system occurs by creating an internal numerosity representation, i.e., a mental “map”
of external numerosity. To describe the internal numerosity representation, many scholars have
used the metaphor of the “mental number line,” along which numerosities are located (e.g., lzard
& Dehaene, 2008; Nuerk et al., 2004; Nuerk et al., 2011;). The precision of the symbolic
numerosity representation reflects the degree of accuracy and speed of establishment of

correspondence between external and internal numerosity systems.

The precision of symbolic representation is often measured by a digit comparison test (e.g.,;
De Smedt et al., 2013; Kolkman et al., 2013). Several indicators of precision can be used: accuracy
(the proportion of correct answers), speed (e.g., the average reaction time for correct answers) and
the numerical ratio (or distance) effect (NRE or NDE) (e.g., Bartelet et al., 2014; Holloway &
Ansari, 2009; Rousselle & Noél, 2007). The NRE and NDE are manifested in larger RT and lower
accuracy when comparing numerosities that are closer to each other on the mental number line and
have a larger numerical ratio (or shorter distance) than when comparing numerosities with a
smaller numerical ratio between them (e.g., Holloway & Ansari, 2009; Lyons, Nuerk, & Ansari,
2015; Maloney et al., 2010). For example, the comparison of 6 and 8 (numerical ratio is 0.75)
requires more time than the comparison of 4 and 8 (numerical ratio is 0.50).

For many studies, the NRE (or NDE) is the core feature of internal numerosity
representation, indicating the imprecision of the mental representation of numerosity wherein a
lower NRE indicates a more precise representation (e.g., Holloway & Ansari, 2009; Mundy &
Gilmore, 2009; Nufiez-Pefia & Suarez-Pellicioni, 2014). The NRE is supposed to arise due to the
overlapping of Gaussian curves, reflecting the activation of neurons coding for numbers (e.g.,
Nieder & Miller, 2003). However, some authors have assumed that the NRE does not imply the
overlapping of internal representations for two quantities (e.g., Van Opstal et al., 2008) and instead
may arise from relative word frequency and response selection processes (Verguts & Van Opstal,
2005). Although the NRE and NDE are often used interchangeably, it is suggested that the NRE
better reflects the properties of internal numerosity representation (Dietrich, Huber, & Nuerk,
2015).

Although the NRE in comparison tasks is detectable in most studies, some authors have

questioned the use of the NRE as an indicator of numerosity representation precision (Lyons et al.,
3
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2015). In particular, a lower NRE value can indicate different phenomena. First, the NRE may be
small or absent due to precise symbolic representation. Second, the NRE may be small or absent
because the ratio between two numerosities does not affect the accuracy or RT of numerosity
discrimination, and consequently, it may be an inappropriate indicator of symbolic representation
precision. Third, it was suggested that a small NRE or its absence might indicate that the
comparison of two digits is automatic and fast; thus, access to internal numerosity representation
is not mandatory (e.g., Sasanguie & Reynvoet, 2014). Therefore, smaller NRE values do not

necessarily imply more precise symbolic representation.

Many studies have emphasized that the NRE/NDE is format-independent and identified for
symbolic (digits and number words) and nonsymbolic comparisons (e.g., Kadosh, Henik, &
Rubinstein, 2008; Krajcsi et al., 2016; Lyons et al., 2015; Maloney et al., 2010). However, some
studies have revealed differences in the NRE/NDE for digits, number words and nonsymbolic
comparisons (e.g., Lyons et al., 2015; Maloney et al., 2010). In particular, an inspection of the
NDE for digits and number words demonstrated that the NDE was smaller for number words than
for digits (Kadosh et al., 2008).

The NRE/NDE for symbolic and nonsymbolic formats are primarily studied in
experimental studies with a focus on the detection of average effects or common mechanisms (e.g.,
Borshoom et al., 2009). In these studies, between-individual differences in effects are treated as
“noise” and are not taken into account. However, sometimes the NRE or NDE are used in
correlational studies as indicators of the individual level of the precision of numerosity
representation. Particularly, it was determined that a smaller NRE (NDE) for Arabic digits was
associated with higher math achievement (e.g., Askenazi et al., 2009; De Smedt et al., 2009; Gobel
et al., 2014; Lonneman et al., 2011). It has also been shown that NRE for digits and nonsymbolic
comparisons is not correlated at the individual level (e.g., Lyons et al., 2015). The absence of
correlation between NREs for different formats was discussed as the indicator that nonsymbolic

and symbolic NRE have different sources (e.g., Lyons et al., 2015).

However, the lack of correlation between NREs for different formats might be due to low
between-individual variance of these indicators (Borsboom et al., 2009). In turn, low variance of
NRE can lead to low reliability of these measures (e.g., Ponterotto & Ruckdeschel, 2007; Henson,
2001). There is evidence that NREs for different formats have low reliability (e.g., Maloney et al.,
2010; Sasanguie etal., 2011). In particular, the split-half and test-retest reliability of the NDE/NRE
was low for nonsymbolic comparison (e.g., Dietrich et al., 2016; Sasanguie et al., 2011) and for

digit comparison (Maloney et al., 2010).
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In addition, the lack of convergent validity of the NDE/NRE for nonsymbolic and symbolic
comparison tasks has been shown to be due to low correlations between the NDE/NRE and other
measures, such as accuracy and average RT (Dietrich et al., 2016; Inglis & Gilmore, 2016; Price
et al.,, 2012). It has also been found that a large number of pupils did not show statistically
meaningful NRE (Lyons et al., 2015). Assuming the abovementioned issues with NRE, some
scholars have cautioned against the use of the NRE/NDE for assessing individual differences in

numerosity processing (e.g., Maloney et al., 2010; Lyons et al., 2015).

Previous studies have mostly focused on assessing, comparing and estimating the
correlation between NREs for digits and nonsymbolic comparisons, while NRE for number words
has been less studied from the perspective of between-individual differences. It is not well known
whether between-individual differences in NRE for number words exist and how NRE for number

words is associated with NRE for digits.

In the current study, we aim to estimate the significance of between-individual differences
in NRE (for RT) in a comparison task for number words and digits. In previous studies of NRE,
two strategies for calculating the NRE were used. The first strategy implies calculating the
difference between RT in comparison numbers with a high ratio (close distance) and RT in
comparison numbers with a low ratio (large distance) (e.g., Dehaene & Akhavein, 1995). The
second strategy implies the estimation of regression models for each participant with RT as the
dependent variable and the numerical ratio (NR) for each item as a predictor (e.g., Lyons et al.,
2015). The coefficient of the NR variable indicates an individual NRE. To obtain the sample mean
NRE, individual NREs are averaged. In contrast with previous studies, we used mixed effects
models (also known as multilevel regression models), which enabled us to estimate the sample
mean NRE (fixed effect) and between-individual variability in this effect (random effect for slope)
in a large sample of third graders (N=1383). The multilevel regression approach has several

advantages over linear regression, which is described in more detail in the Method section.

Method

Sample

The sample for this study consisted of third grade pupils from Russia. The students were
engaged in a longitudinal study of math and reading progress in elementary school (e.g., lvanova
et al., 2018). The assessment of the number comparison test was performed at the end of grade 3.
Overall, 1383 pupils were involved in the number comparison study, 49% of whom were girls,

and the average age at the end of grade 3 was 9.84 years (SD=0.34, range 9-11 years).
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All procedures performed in the study were in accordance with the ethical standards of
psychological studies. Informed consent was obtained from the parents of all participants.

Instrument and procedure

Pupils performed digit and written number word comparison tasks on computers. Numbers
were presented on the screen simultaneously, and the task was to select which number (the one on
right or on the left) was larger by pressing the key “arrow left” if the number was larger on the left
and “arrow right” if the number was larger on the right. Each screen with digits or number words
was presented for 2 sec., after which the screen with numbers disappeared and the gray screen was
demonstrated. The child was given a 5-second period to answer the question. If an answer was not
given within this period, the trial was recorded as missed, and the next screen with notification to
continue the test was presented: “Press any key to continue.” This notification was also shown
after the answer was given following each task. After pressing any key, the next item was
presented.

The numbers varied from 1 to 9. Digit comparison and number word comparison tasks
were demonstrated in mixed random order. This order was the same for all participants. There
were 24 trials with digit comparisons and 24 trials with number word comparisons. The same pairs
of numbers were used for digit and number word comparisons. For example, in digit format, a
participant should select the largest number from pair “8 57, while in number word format, s/he
compared “eight five”. Hence, the set of trials in digit and number word formats was not different
in the ratio between numbers and size (the sum of two numbers). The ratio between the two
compared numerosities (smaller numerosity divided by larger numerosity) varied from 0.14 to
0.89 for digits and number words (average ratio was 0.51). The size (sum of two numbers) varied
from 5 to 17. In half of the trials in each format, the larger number was on the left position, and in

the other half, the larger number was on the right position.

Statistical approach

Before data analysis, the inspection of RT was performed. The answers that were given
faster than 5 msec were transformed to missing answers to exclude random answers (Baayen &
Milin, 2010).

We applied mixed effect models (also known as multilevel linear models, MLMs). Mixed
effects models have several advantages compared to linear regressions with respect to the analysis

of experimental data and cognitive tests (e.g., Brauer & Curtin, 2017; Field & Wright, 2011,
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Hoffman & Rovine, 2007). For example, mixed effect models allow researchers to take into
account nonindependence in data that occurs when participants are executing the same tasks. In
analyzing experimental data, researchers often use aggregated results, e.g., average RT for tests or
for some types of tasks. However, it was demonstrated that the use of aggregated data leads to
biased estimations of associations, effects and differences (e.g., Kievit et al., 2013; Lo & Andrews,
2015; Speelman & McGann, 2013). Mixed effects models allow researchers to analyze an answer
on each item within a test for each individual, which may eliminate the majority of the problems
associated with the use of aggregated data, e.g., in cases using RT (e.g., Lo & Andrews, 2015).
When analyzing tests, MLMs allow researchers to obtain estimations of the sample’s mean effect
(e.g., NRE) and its values for each participant to disentangle between-individual and within-
individual variances in the dependent variable and to estimate the between-level interactions in

consideration of the nonindependence of data and different standard errors at each level.

In the current study, we assumed that the data had a hierarchical structure and that the items
were processed as nested within individuals. The RT for each item was the dependent variable. To
take into account differences in RT between digits and number words, we ran the analysis
separately for each format. Before inclusion in the models, all interval variables, including RT,
were transformed into Z scores. This step is recommended for multilevel regression analysis with
random slope or interaction terms (e.g., Frazier et al., 2004; Hox, Moerbeek, & van de Schoot,
2017). 1t was shown that if all variables in the model were transformed into Z scores, the obtained

regression coefficients could be interpreted as the effect size (e.g., Lorah, 2018).

In the first step, the baseline model without predictors was estimated. The results from this
model estimated the predicted sample mean of the RT (in standard deviation) and between-
individual and within-individual (between-items) variances in RT. The intraclass correlation
coefficient (ICC) was also calculated and indicates the proportion of variance in RT explained by

between-individual differences.

Next, in Model 1, the following predictors at the item level were added: 1) the variable
“Numerical ratio” (“NR”) (was calculated for each item as a smaller number divided by a larger
number); 2) the variable “size” (was calculated for each item as the sum of two presented
numbers); 3) the variable “accuracy” (0 - an incorrect response and 1 — a correct response; 4) the
variable “left position”, indicating the position of the larger number (0 if on the right and 1 if on
the left); 6) the variable “previous digit”, indicating the format of the previous item (0 — for number

words comparison and 1 for digits comparison).
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The coefficient of variable NR denotes the average NRE for the comparison task. To
consider the possible nonlinear association between the numerical ratio and RT, we tested the
model with the quadratic term of variable “NR” (Model 2) and compared this model with Model
1. To estimate individual differences in the NRE for digit and number word comparisons, we aimed
to test models with random slopes of the variables “NR” and/or “NR squared” (Model 3). This
model suggests that the NRE can vary across participants. If the model with a random slope fits
better than the model with a fixed slope, it indicates that the NRE significantly varied between
individuals. A larger variance corresponds to larger between-individual differences in NRE. In a
final step, we added the covariance between the individual slope of NR (and/or NR-squared) and
the individual intercept (Model 4), which allowed us to estimate the association between individual
average RT and individual NRE. Finally, we calculated the predicted individual value of NRE
from Model 3 and Model 4 and estimated the correlation between the NREs for digits and for

number words at the individual level.

Results

Descriptive statistics

The average accuracy and RT for the whole test and for the comparison of digits and number words
are presented in Table 1.

Table 1

Descriptive statistics for accuracy and RT in digit and number word comparison tasks

Measures Mean SD IQR
Accuracy in digits 0.90 0.21 0.92; 1.00
comparison (%

correct answers)
Accuracy in number 0.89 0.22 0.92; 1.00
words comparison (%

correct answers)

RT in digits 13235 382.2 1125.0; 1526.9
comparison (msec.)
RT in number word 1779.2 587.3 1449.6; 2165.5

comparison (msec.)

Note: SD — standard deviation; IQR — interquartile range
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The descriptive statistics revealed that the accuracies for digit and number word
comparisons were high and quite close, while the mean RT was longer for number word

comparisons than for digit comparisons.

There are high correlations between accuracies in two symbolic formats and RTs (Fig. 1).
At the same time, the correlation between RT and accuracy for each format was low. The
correlation between accuracy and RT for digit comparison was positive and weak, while RT and
accuracy for number word comparison also had a positive correlation but were larger than those
for digit comparison.

Figure 1

Correlations between variables
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Results of linear mixed effects models (LMMSs)

The results of the LMMs for digits are presented in Table 2.
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Table 2

Results of LMMs for RT in the digit comparison test

Null model Model 1 Model 2 Model 3 Model 4
(non-linear) (random (random
slope) slope with
covariance)

Fixed effects

Constant 0.00 (0.02) -0.08*** -0.05* (0.03) -0.05* (0.03) -0.05* (0.03)
(0.02)

NR (Z-scores) 0.07*** 0.07*** 0.07*** 0.07***
(0.005) (0.005) (0.005) (0.005)

NR 2 -0.02*** -0.02*** -0.02***

(0.004) (0.004) (0.004)

Size (Z-scores) -0.04*** -0.03*** -0.03*** -0.03***
(0.004) (0.004) (0.004) (0.004)

Accuracy 0.11%** 0.10%** 0.10%** 0.10%**
(0.02) (0.02) (0.02) (0.02)

Left position -0.12%** -0.12%** -0.12*** -0.12***
(0.009) (0.009) (0.009) (0.009)

Prev. digit 0.10%** 0.09*** 0.09*** 0.09***
(0.01) (0.01) (0.01) (0.01)

Random effects

Between- 0.33 0.33 0.33 0.33 0.33

individual

variance

Within- 0.67 0.66 0.66 0.66 0.66

individual

variance

Variance slope 0.000 0.0004

NR

Covariance 0.01

slope NR and

intercept

10
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Log-likelihood -41525.71 -41325.37 -41318.70 -41318.70 -41309.81

ICC 0.33 0.33 0.33 0.33 0.33
LR test (A df) 400.67*** 13.32*** (1) 0.00 (1) 17.78*** (1)
(5)

R-squared 0.01 0.01 0.01 0.01

(level 1)

R-squared 0.00 0.00 0.00 0.00

(level 2)

***n<.001

Note: ICC — intraclass correlation coefficient; LR test — likelihood ratio test; A df — differences in
degrees of freedom; R-squared at each level was calculated using the formula proposed by
Snijders and Boskers (2004)

An analysis revealed that with respect to the digit comparison, the average NRE was
significant, but the association between RT and numerical ratio was nonlinear. RT increased when
NR increased, but the increase slowed when NR became larger after the numerical proportion was
0.50 (e.g., 4 and 8) (Fig. 2).

11
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Figure 2

Predicted RT (with 95% CI) in digit comparison for different values of numerical proportion

Predicted RT (Z-scores) in digits comparison

T T
0.14 0.33 0.50 0.75 0.89
Numerical proportion

In addition, the association RT with “size” (sum of numbers) was negative, indicating that
when the values of numbers increased, the RT decreased (controlling for NR). The RT was larger
in correct answers and when the previous item was digit comparison. The RT decreased when the

larger number was on the left.

The model with a random slope for the NR variables (Model 3) did not fit the data better
than the model with a fixed slope. This means that there were no between-individual differences
in the NRE for digit comparison. However, when we added the covariance between random effects
for slope and intercept, the model’s fit improved (Model 4). Moreover, in this model, significant

interindividual differences in the NRE were identified (Fig. 3).

12
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Figure 3

Individual differences in NRE for digits (from model with random slope and covariance

between slope and intercept)

‘o)
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NRE digits (in Z-scores)
.05
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Rank

Note: dashed reference line indicates the sample average NRE; solid reference line

indicates zero effect

However, this variability was significant because the correlation between random effects
for slope and intercept was 1.00. In other words, the variance in the NRE was fully explained by

the variance in RT.

It should also be noted that NR, size, accuracy and other variables explained very little of

the variability in RTs for the digit comparison task.

Next, we ran mixed effect models for number word comparison with the RTs transformed

into Z scores. The results are presented in Table 3.

13
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Results of LMMs for RT on number words comparison tasks

Variables Null model Model 1 Model 2 Model 3 Model 4
(non-linear) (random (random
slope) slope with
covariance)
Fixed effects
Constant 0.01 (0.02) -0.17*** -0.26*** -0.26*** -0.25***
(0.03) (0.03) (0.03) (0.03)
NR (Z- 0.05*** 0.05*** 0.05*** 0.05***
scores) (0.005) (0.005) (0.005) (0.005)
NR 2 0.07*** 0.07*** 0.07***
(0.004) (0.004) (0.004)
Size (z- 0.08*** 0.08*** 0.08*** 0.08***
scores) (0.004) (0.004) (0.004) (0.004)
Accuracy (1 - 0.07*** 0.09*** 0.09%** 0.09***
correct) (0.02) (0.02) (0.02) (0.02)
Left position -0.01 (0.008) -0.002 -0.001 -0.002
(0.008) (0.008) (0.008)
Prev. digit 0.20*** 0.22%** 0.22%** 0.22%**
(0.008) (0.009) (0.009) (0.009)
Random effects
Between- 0.48 0.48 0.48 0.48 0.44
individual
variance
Within- 0.52 0.51 0.50 0.50 0.50
individual
variance
Variance 0.002 0.001
slope NR?
Covariance 0.02
slope  NR?

and intercept

14
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Log- -37770.66 -37264.36 -37143.56 -37141.05 -37118.30
likelihood
ICC 0.48 0.48 0.49 0.49 0.49
LR test (df) 1012.59*** 241 .59*** 5.05* (1)
() (1)

R-squared 0.02 0.03 0.03 0.03
level 1
R-squared 0.01 0.01 0.01 0.01
level 2

***n< 001

Note: ICC —intraclass correlation coefficient; LR test — likelihood ratio test; 4 df — differences in degrees
of freedom; R-squared at each level was calculated using the formula proposed by Snijders and Boskers
(2004)

The results of the models for the number words comparison revealed that the NRE was also
significant. However, the pattern of changes in RT with increasing numerical proportion was
different. At a certain range of numerical proportions (from 0.14 to 0.50), RT might decrease with
increasing proportion. However, after this value, RT increased with numerical proportion, which

reproduces the classical NRE (Fig. 4).
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Figure 4

Predicted RT (with 95% CI) in number words comparison for different values of numerical

proportion
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The “size” effect was significant and positive, in contrast with digit comparison, but the

position of the larger number on the left was not significant for the number words comparison.

The model with a random slope of the variable NR-squared fitted the data better than the
model with a fixed slope. It should also be noted that the slope of the NR-squared variable
exhibited significant variance, while the slope for the NR variable did not exhibit significant
variance. The distribution of individual slopes of NR-squared from Model 3 is presented in Figure
5 (left side). Although the variance of the slope for the NR-squared variable was significant, the
analysis showed that the 95% CI of slopes for all participants included an average sample mean.
This result indicates that individual differences in the NRE for number words comparison were

tiny.

16
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Figure 5

Between-individual variability in slope for the NR-squared variable in the number words

comparison (with 95% CI) in model with random slope (without and with covariance with

intercept)

Model with random slope without covariance with intercept

A
1

NRE_squared_number words
0
1

Model with random slope with covariance with intercept
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!
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|
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Rank Rank

Note: dashed reference line indicates the sample average NRE; solid reference line indicates zero

effect

However, when the covariance between the random effects for intercept and slope was
added, the between-individual variability of the slope for the NR-squared variable became
significant. It should be noted that the standard error for the random effect in the model without

covariance (Fig. 5, left side) was greater than that in the model with covariance (Fig. 5, right side).

As in the case of the digit comparison, the variability in the NRE for number words was
fully explained by the variability in RT in the model with covariance. The correlation between

random effects for slope and intercept was 1.00.

We also tested the correlations between accuracy, mean RT and NRE (from two models)

for digits and number words (Fig. 6).

17
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Figure 6

Correlation between measures
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Note: Acc_digit — accuracy in digit comparison; Acc_NW — accuracy in number words
comparison; RT_digits — mean RT in digits comparison; RT_NW — mean RT in number words
comparison; NRE_digit_rs1 — NRE for digits comparison calculated from model with random
slope and covariance between slope and intercept; NRE_NW _rs — NRE calculated from model
with random slope without covariance; NRE_NW _rs1 - NRE for number words comparison

calculated from model with random slope and covariance between slope and intercept.

A correlation analysis demonstrated that the NRE for digits and number words, calculated
from the model with random slope and covariance between intercept and slope, was the same as
the correlation between the average RT on the two tests. We could not estimate the correlation
between the NRE in digits and number words calculated from the model without covariance
between intercept and slope because slope variance was insignificant for the digit comparison task

and the value of the NRE was the same for all participants.

Discussion

In many studies, the NRE was assumed to be the core feature of numerical representation,
reflecting the property of the mental number line and manifested by increasing RT while

comparing numbers that are close to each other on the mental number line (e.g., Holloway &
18
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Ansari, 2009). Several studies have also used the individual value of the NRE as an indicator of
the precision of numerical representation in symbolic or nonsymbolic formats, with smaller values
of NRE corresponding to more precise representation (e.g., Askenazi et al., 2009; De Smedt et al.,
2009). However, it has been suggested that NRE can be small or absent due to factors other than
precise representation (e.g., Lyons et al., 2015). In addition, it has been doubtful that NRE can be
a valid measure of individual precision of numerosity representation because of low reliability
(Maloney et al., 2010). Previous studies mostly explored NRE for digits and nonsymbolic formats,

while NRE for number words was not well studied.

The current study aimed to investigate individual differences in the NRE for digits and
number words. We used mixed-effects models to estimate the sample mean NRE (fixed effect)
and the between-individual variability for this effect (random effect for slope) in a large sample of
third graders. The estimation of between-individual differences in the NRE is important from the
perspective of studies of individual differences, particularly with respect to developmental studies

or in studies of associations between NRE and math achievement.

The estimation of fixed effects for the number comparison task in the digit and number
word formats revealed that the sample’s average NRE was significant for both formats. However,
the analysis demonstrated that patterns of changes in RT with increasing numerical ratio were
different for digits and number words. For digit comparison, the association between RT and
numerical ratio was nonlinear. RT increased when the numerical ratio increased, but growth in RT
slowed down gradually. After a ratio of approximately 0.75, the RT did not increase when the
numerical ratio increased. This means that the most prominent increase in RT is identified when
the numerical ratio changes from small to medium, while the difference in RT between medium
and large ratios is tiny. Another pattern was identified for number words comparison. RT did not
change when the numerical ratio changed from small to medium, but then, RT became larger

(above a numerical ratio of 0.5) and demonstrated fast growth.

These results contradicted some previous findings that concluded the NRE was greater for
digits than for number words (e.g., Kadosh et al., 2008). For example, Kadosh and colleagues
(2008) determined that the distance effect was smaller for written number words in Hebrew than
for digits. However, the replication of that study with Turkish- and English-speaking samples
revealed a greater distance effect for number words than for digits, but only for Turkish number
words; the distance effect for number words in English showed features similar to those of Hebrew
number words (Lukas et al., 2014). It is possible that differences in results are associated with

differences in ratios in different studies. As we can see, for small and medium numerical
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proportions, RT grew faster for digits, while for larger numerical proportions, RT grew faster for

number words.

Other obtained results also showed differences in processing digits and number words.
Although the estimation of the “size” effect was not the aim of our study, we included the variable
“size”, reflecting the sum of two compared numbers. The “size” effect reflects the increase in RT
in processing large numbers compared to small numbers, holding the proportion (distance)
between numbers constant (e.g., Krajcsi, Lengyel, & Kojouharova, 2016). Although the NRE and
“size” effect are considered as indicators of internal numerosity representation, some scholars have
assumed that the NRE and “size” effect originate from different sources (Verguts & Van Opstal,
2005). Our analysis demonstrated that the “size” effect was negative for digits and positive for

number words comparison.

In general, the difference in patterns of the NRE between digits and number words might
indicate that differences in processing digits and number words exist. Whether the processing of
numerosity varies for digits and number words has been discussed by many scholars. The abstract
code model postulates that the processing of numerosity does not depend on the format, digit or
number words, as inputs in both symbolic formats should be converted into a common abstract
representation of numerosity (e.g., McCloskey, 1992). The triple-code model postulates that the
differences between two symbolic formats might depend on the task. Inputs from two symbolic
formats should be converted into one common abstract representation but only for operations that
require the understanding of the meaning of numerosity, for example, for numerosity comparison
or matching tasks (Dehaene & Cohen, 1997; Dehaene & Akhavein, 1995). For other operations,
e.g., for calculations, the digit (visual) inputs should be transformed into number word (verbal)
format. Encoding complex and multiple representation models assume that each symbolic format
has a separate abstract representation; thus, the processing of digits and number words is different
in any task (Campbell & Clark, 1992; Campbell & Epp, 2004; Cohen, Warren, & Blanc-
Goldhammer, 2013; Fias, 2001). As we used a comparison task and obtained different patterns of
NREs for digits and number words, we might conclude that the obtained results are better fitted to
the Multiple Representation hypothesis (e.g., Cohen et al., 2013).

Regarding individual differences in the NRE, our analysis revealed that a significant
between-individual variance in the NRE was fully explained by the variance in individual RT. In
other words, the longer the RT is, the greater the NRE. If we assumed that the individual value of
the NRE did not depend on the individual RT, the between-individual variance in the NRE would
be insignificant, and the model with no covariance between the NRE and the individual RT fit the
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data worse than the model with such covariance. Hence, we should assume that the individual
NRE is strongly correlated with the individual RT and that this correlation provides between-
individual variability in the NRE. However, if the value of the NRE reflects the speed of numerical
comparison, there is no reason to use the NRE, as an average or median RT can be used instead.
In addition, some studies have demonstrated that the reliability of the RT is greater than the
reliability of the difference in the RT between the two conditions (e.g., Caruso, 2004; Edwards,
2001).

These results are in line with the current discussion regarding the inappropriate use of
experimental tasks in studies of individual differences (e.g., Borsboom et al., 2009; Hedge et al.,
2018; Rouder & Haaf, 2019). Our study revealed that the NRE is robust and may reflect an
important feature of numerical representation. However, NRE does not significantly vary across
individuals, at least in comparison tasks with one-digit numbers among third graders.
Consequently, the NRE produced in a one-digit comparison task does not reflect the level of
individual ability and cannot be used in the investigation of individual differences in numerosity

representation without testing the significance of between-individual differences.
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