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THE NUMERICAL RATIO EFFECT FOR DIGIT®\ND NUMBER WORDS
Introduction

Humanspossess 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 t
as the external numerosity system (Zhang & Norman, 1995). The processitig efkternal
numerosity systemoccubycr eat i ng an i nternal numer osi ty
of external numerosityTo describe the internal numerosity representation, many schaaes
used the metaphor tiefi me nt a l number | ine, 0 al onglzamdhi c
& Dehaene, 2008Nuerk et al., 2004; Nuerk et al., 2011;). The precision of the symbolic
numerosity representatioreflects the degree of accuracy and speed of establishment of

correspndence between external and internal numerosity systems.

The precision of symboliepresentatiors often measured adigit comparison test (e.g.,
DeSmedt et al., 201Xolkman et al., 2013 Severalndicatorsof precision can be used: accuracy
(theproportionof correct answers), speed (e.g., the average reaction time for correct answers) an
the numerical ratio (or distance) effect (NRE or NDE) (eBgurtelet et al., 2034Holloway &
Ansari, 2009R 0 u s s e | | 2007 &he\NRE and NDE are maasted in larger RT and lower
accuracywhencomparing numerositigbatare closer to each other thre mental number line and
have a larger numerical ratio (or shorter distance) thamen comparing numerosities with
smaller numerical ratio between théeg, Holloway & Ansari, 2009Lyons, 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 (d0¥DE) is the core feature of internal numerosity
representationindicatingthe imprecision of the mental representation of numeroditgreina
lower NRE indicates amore precise representation (e.g., Holloway & Ansari, 2009dy &
Gilmore, 2009N v2f-B e 1 a & -PSliciénr, 2024. 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,someauthors have assumed that the NRE does not irhply t
overlapping of internal representations for fu@mntitiege.g., Van Opstal et al., 2008) and instead
may arise from relative word frequency and response selgutigessegVerguts & Van Opstal,
2005. Although the NRE and NDEreoften usednterchangeably, it is suggested that the NRE
betterreflectsthe properties of internal numerosity representation (Dietrich, Huber, & Nuerk,
2015).

Although the NRE in comparison tasks is detectable in most stsdie® authors have

questioned the usé 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 differgatenomenaFirst, the NRE may be
small or absent due to precise symbolic representation. SebeMRE may be mall or absent
because the ratio between two numerosities doesffeatt theaccuracy or RT ohumerosity
discrimination and consequently, it may la@inappropriate indicator of symbolic representation
precision. Third, it was suggested that a small N&Ets absence might indicate that the
comparison of two digits is automatic and falstis access to internal numerosity representation
is not mandatory (e.gSasanguie & Reynvoet, 2014)herefore smaller NRE values do not

necessarilymply more preise symbolic representation.

Many studiehaveemphasized that the NRE/NDE is foramadlependent and identified for
symbolic (digits and number words) amdnsymbolic comparisong.g., Kadosh, Henik, &
Rubinstein, 2008Krajcsi et al., 2016t.yons et al.2015 Maloney et al., 2010 However, some
studies have revealed differences in the NRE/NDE for digits, number wordsoasgmbolic
comparisonge.g.,Lyons et al., 2015Maloney et al., 2010 In particular an inspection of the
NDE for digits and numbevords demonstrated that the NDE was smaller for number words than
for digits (Kadosh et al., 2008).

The NRE/NDE for symbolic andhonsymbolic formats are primarily studied in
experimentastudies withafocuson thedetectiorof average effects or commarechanisms (e.g.,
Borsboom et al., 2009). In these studiestweerindividual differences in effects are treated as
Ainoi sed and ar e nHowevet, admetimes ithe NRE oa NOEoaterused in
correlational studies asdicators of theindividual level of the precision of numerosity
representation. Particularlit, was determined that a smaller NRE (NDE) for Arabic digits was
associated with higher math achievement (e.
et al., 2014{ onneman et al., 2011). It hatsobeenshownthat NRE for digits andonsymbolic
comparisonss not correlatedat theindividual level (e.g.Lyons et al., 2015). The absence of
correlation between NREs for different formats was discussed as the andiatt 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
betweerindividual variance of these indicators (Borsboom et al., 2009). In lawnvariance of
NRE can lead to low reliability of these measures (e.g., Ponterotto & Ruckdeschel, 2007; Hensor
2001). There is evidence that NREs for different forrhateelow reliability (e.g, Maloney et al.,
2010; Sasanguie et al., 201h) partiaular, thesplit-half and testetest reliability of the NDE/NRE
was low fornonsymboliccomparison(e.g, Dietrich et al., 2016Sasanguie et al., 20Land for

digit comparison (Maloney et al., 2010).
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In addition,the lack of convergent validity of the NEINRE fornonsymbolicand symbolic
comparisortaskshas been showto bedue to low correlations between the NDE/NRE and other
measuressuchasaccuracy and average RDiétrich et al., 2016Inglis & Gilmore, 2016Price
et al., 2012 It hasalso been found that #&arge numberof pupils did not show statistically
meaningfulNRE (Lyons et al., 2015). Assumirige abovementionesues with NRE, some
scholarshavecautioned against the use of the NRE/NDE for assessing individual differences in

numenpsity processinge.g, Maloney et al., 2010; Lyons et al., 2015).

Previous studieshave mostly focused on assessing, comparing astimating the
correlation between NREs for digits amonsymbolic comparisons/hile NRE for number words
has beetess stdied fromthe perspective of betweendividual differencesilt is not wellknown
whethemetweenrindividual differences in NRE for number words exist and how NRE for number

wordsis associated with NRE for digits.

In thecurrent study, we aim to estimdtes significance of betweendividual differences
in NRE (for RT) ina 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 betweermRT in comparison numbers with high ratio (close distance) and RT in
comparison numbers with low ratio (large distance) (e.g., Dehaene & Akhavein, 1995). The
second strategy implies the estimation of regression models for each participant withhBT as
dependent variable and the numerical ratio (NR) for each item as a predictor (e.g., Lyons et al
2015). The coefficient aheNR variable indicates an individual NRE. To obtdiasample mean
NRE, individual NREs are averaged. In contrast with presistudies, we used mixed effects
models (also known as multilevel regression moge&ik)ch enabledus to estimatehe sample
mean NRE (fixed effect) and betwerdividual variability in this effect (random effect for slope)
in a large sample of thirdraders (N=1383).The multilevelregression approach has several

advantages over linear regression, which is described indetaiin the Methodsection.

Method

Sample

The sample for this studyonsisted othird grade pupilérom RussiaThe students were
engaged iralongitudinal study of math and reading progressl@mentaryschool (e.g.lvanova
et al., 2018). The assessmentl@number comparison test wpsrformedat the end of grade 3.
Overall, 1383 pupils were involved in thember comparison study, 49% of whom were girls,

and the average agethe end of grade 3 was 9.84 years (SD=0.34, rangje @ears).
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All procedures performed ithe study were in accordance with the ethical standards of
psychological studiesnformed cosent was obtained from the parents of all participants.

Instrument and procedure

Pupils performedligit and written numberord comparisortaskson computers. Numbers
were presented on the screen simultaneoasly the task was to select which number ¢ine on
right or on the | eft) was |l arger by pressin
and Aarrow righto if the number was | arger
was presentefibr 2 sec., aftewhich thescreen with numbers disappeared and the gray screen was
demonstrated. The child was given-aggond period to answer the question. If an answenetas
given within this period, the trial waecordedas missedand the next screen with notification to
continuethet est was presented: APress any key to
after the answer was given following each task. After pressing any key, the next item was
presented.

The numbersaried from 1 to 9Digit comparison and numbe&vord comparison tasks
were demonstrated in mixed random ordéris orderwas the same for all participants. There
were 24 trials withdigit comparisonaind 24 trials with numbevord comparisonsrhe same pairs
of numbers were used fadigit and numbemword comparisons. For example, in digit format
participant should select the | argest,s/heumb e
compared fAeight fivedo. Hence, the set of tr
in the ratio ketween numbers and size (the sum of two numbers). The ratio betweesvo
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 (sumrafrheer} varied
from 5 to 17. In half othetrials in each formathe larger number was on the left positiandin

the other halfthe larger number wam the right position.

Statistical approach

Before data analysis, the inspection of RT \wagormed The answers thatvere given
faster than 5 msec were transformed to missing andwersclude random answers (Baayen &
Milin, 2010).

We applied mixed effect models (also known as multilevel linear models, MLMs). Mixed
effects models have several advantagpesparedo linear regressions with respectte 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
accountnonindegndencen data that occurs when participants executingthe same tasks. In
analyzing experimental data, researchers afsmaggregated results, e.gverage RT for tests or
for some types of tasks. Howevdrwias demonstrated thtte use of aggreged data leads to
biased estimations of associations, effects and differenced{exgt.et al., 2013Lo & Andrews,
2015 Speelman & McGann, 2013). Mixed effects models allow researchers to analyze an answe
on each item withira test for each individualyhich may eliminate the majority of the problems
associated with the use of aggregated data, e.gasesusing RT (e.g., Lo & Andrews, 2015
Whenanalyzing testdyILMs allow researchers to obtain estimationgrefs a mp | earbeffectm
(e.g, NRE) and its values for each participant to disentangle betiméendual and within
individual variances irthe dependent variable and to estimate the betvieesl interactions in

consideration ofhenonindependence of data and diéierr standard errors at each level.

In thecurrent study, we assumed thtz@data hadhhierarchical structure antbatthe items
were processed as nested within individuble RT for each item was the dependent variabte.
take into account differencaa RT between digits and number words, we ran the analysis
separately for each formdeforeinclusionin the models all interval variables, including RT,
were transformed into Z scores. This step is recommeiod@aultilevel regression analysis with
random slope or interaction terms (ekyazier et al., 20Q4Hox, Moerbeek, & van d&choot
2017). It was shown that if all variables in the model were transformed into Z dbemr@stained

regression coefficign could be interpreted #se effect size (e.g., Lorah, 2018).

In thefirst step thebaseline model without predictors was estimatdxk resultgrom this
model estimated the predicted sample mean of the RT (in standard deviation) and -betweer
individual and withirrindividual (betweentems) variances in RT. The intraclass correlation
coefficient (ICC) was also calculated andicatesthe proportion of variance in RT explained by

betweenrindividual differences.

Next, in Model 1 the following predictorsat theitem level were added: 1) the variable
ANumeri cal rati oo ( A NROasasmalershuntber divadeoly aldrgerd f ¢
number) ; 2) t h e calalatedboibdadh iteinasi the esdm of wa gresented
numbers); 3) the variabfé a ¢ ¢ u r -aan ipcorre€t Gesponse and & correct response; 4) the
variable dAleft positiono, i ndicating the pc
the |l eft); 6) the variabl e @ pr asitéem(@ fornanberi t o

words comparison and 1 for digits comparison).
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The coefficient of variable NR denotes the average NREh®icomparison taskTo
consider the possibleonlinearassociation betweetihe numerical ratio and RT, we testéue
model withthequ adr ati ¢ term of v a@ompaeithisenodelNvRbodél Mo d
1. Toestimate individual differences in the NRE fligit and numbeword comparisonsve aimed
to test models with random slopestbé variablesi NRO0 ands/gouarfieNddR ( Mode
model suggests that the NRE caary across participants. the model witharandom slope fits
better tharthe model witha fixed slope, it indicates thdahe NRE significantly varied between
individuals. A larger variance corresuds tolargerbetweenrindividual differences in NRE. In a
final step, we added the covariance betwbenndividual slope of NR (and/or NRquared) and
theindividual intercept (Model 4), whichllowedus to estimate the association between individual
average RT and individual NRE. Finally, we calculatieel predicted individual value of NRE
from Model 3 and Model 4 and estimated the correlation between the NREs for digits and for

number words aheindividual level.

Results

Descriptive statistics

The averagaccuracy and RT fahewhole test and for the comparison of digits and number words
arepresented ifable 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 numbel 0.89 0.22 0.92;1.00
words comparison (%

correct answers)

RT in digits 1323.5 382.2 1125.0; 1526.9
comparison (msec.)
RT in numberword 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 accuraciesdifit and numberword
comparisons were high and quite closéhile the mean RT was longer for numbgord

comparisons than for digit comparisons

There are high correlations between accuracies in two symbolic formats and RTs (Fig. 1).
At the same timethe correlation between RT and accuracy for each format was Tow
correlationbetween accuracy and RT faigit comparison was positive and weak, while RT and
accuracy for numbeaewvord comparison also hadpositive correlation butverelarger tharthose

for digit comparison
Figure 1

Correlations between variables

Accuracy number words |

RT digits 0.10 0.11
RT number words — 0.23 0.24 0.82

T T T
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Results of linear mixed effects modeld-MMs)

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
(norntlinear) (random (random
slope) slopewith
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 (Zscores) -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 anc

intercept

10



THE NUMERICAL RATIO EFFECT FOR DIGIT&RND NUMBER WORDS

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 400.67*** 13.32*** (1) 0.00 (1) 17.78** (1)
()

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 thatith respect to the digit comparisothe average NRE was
significant but the association between RT and numerical ratio was nonlinear. RT increased wher
NR increased, buheincrease slowed when NR became larger #fi@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,theas soci ati on RT wi t hasfegatizeeindicatirg that o |
whenthevalues of numbensicreasedthe RT decreaseaddntrollingfor NR). The RT was larger
in correct answers and when the previous itemdigiscomparison. The Rilecreasewhen the

larger number was on the left.

The nmodelwith arandom slope for the NR variables (Model 3) did nothfg¢data better
thanthe model withafixed slope.This means that thereereno betweerindividual differences
in the NRE fodigit comparison. However, when we added the covariance bati@adom effects
for slope and intercept, the model @§sinificant i r

interindividualdifferences 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)
—

A
1

NRE digits (in Z-scores)
.05
|

T T T
0 500 1000 1500
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 slopeand intercept was 1.00. In other words, the variance in the NRE was fully explained by

the variance in RT.

It shouldalsobe noted that NR, size, accuracy and other variables explained venyflittle

thevariability in RTs forthedigit comparison task.

Next, weranmixed effect models for numbarord comparison with the RTs transformed

into Z scoresThe resultare presenteth Table 3.

13
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Table 3

Results of LMMs for RT on number words comparison tasks

Variables Null model Model 1 Model 2 Model 3 Model 4
(nortlinear) (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 (2 0.08*** 0.08*** 0.08*** 0.08***

scores) (0.004) (0.004) (0.004) (0.004)

Accuracy (i 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 -0.0®

(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 -37141.6 -37118.30
likelihood
ICC 0.48 0.48 0.49 0.49 0.49
LR test (df) 1012.59%** 241 .59*** 5.05* (1)
(5) (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 resultof themodels for the number words comparison revealed that the NRE was also
significant. However, the pattern of changes in RT wiitreasingnumerical proportion was
different. Atacertain range of numericproportions(from 0.14 to 0.50)RT might decrease with
increasingoroportion. However, after this valuRT increased with numerical proportiomhich
reproduces the classical NRE (.

15
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Figure 4

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

proportion

0 A 2 3
1 1 1 1

Predicted RT (Z-scores) number words comparison

-1

T T
0.50 0.75 0.89
Numerical proportion

o
—
I
©
w
w

The fisized 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 modelwith arandom slope ofhe variable NRsquared fittedhe data better thathe
model with a fixed slope. It shouldalso be noted that the slope of the MBuared variable
exhibited significant variancevhile the slope for the NR variable did not exhibit significant
variance. Theidtribution of individual slopes of NRRquared fronModel 3 ispresentedh Figure
5 (left side). Although the variance of the slope tloe NR-squared variable was significant, the
analysisshowedthatthe 95% CI of slopes for all participants includedarerage sample mean.
This resultindicates 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 Model with random slope with covariance with intercept

A
I
A

!

0
|

0
1
NRE_squared_number words

NRE_squared_number words

T T T T T T
0 500 1000 1500 0 500 1000 1500
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 wa:
added, the betwedndividual variability of the slope for the NBguared variable became
significant. It should be noted that the standard errothi®random effect irthe model without
covariancéFig. 5, left sidewas greater thathatin themodel wth covariance (Fig5, right side).

As in the case of thdigit comparison, the variability in the NRE for number words was

fully explained by the variability in RT ithe model with covariance. The correlation between

random effects for slope and intgptevas 1.00.

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

for digits and number words (Fi).

17
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Figure 6

Correlation between measures

ACC_NW | .

RT digits-{ 0.10 0.1

RT_NW-  0.23 0.24 0.82

NRE_digit rs1-| 0.06  0.08 . 0.81

NRE_NW_rs4q  0.19 0.19 0.27 0.39 0.26

0.23 0.81 . 0.81

NRE_NW rs14  0.22 0.44
T T T T T T
=3 2 2 2 ? 2
3, Bl 3 ) <! z
¢} Q | = D =
2 2 E & :6| L|J|
w o
o z
pz4

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 ttiegNRE for digits and number words, calculated
from the model with random slope and covariance between intercept and slope, was the same ¢
the correlation between the average RTtlmmtwo tests. We could not estimate the correlation
between the NRE in digits and nuembwords calculated frorthe model without covariance
between intercept and slope because slope variance was insignificghetdaitcomparison task

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

Discussion

In manystudiesthe NRE was assnedto bethe core feature of numerical representation,
reflecting the property othe mental number line and manifested by increasing RT while

comparing numberghat are close to each other ¢ime mental number line (e.gHolloway &
18
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Ansari, 2009). Several studies have also ubedhdividual value of the NRE amnindicator of
theprecision of numerical representation in symbolic or nonsymbolic formkssmaller values

of NRE correspondingo more precise representation (e.gskénazi et al., 2009; De Smedt et al.,
2009). However, it has been suggested that NRE can be small or absentadtm$other than
precise representation (e.g., Lyons et al., 20b5ddition it has beewloubtfulthat NRE can be

a valid measure ofndividual 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 currentstudy aimed to invegjate individualdifferencesin the NRE for digits and
number words. We used mixeffects models to estimathe sample mean NRE (fixed effect)
and the betweemdividual variability for this effect (random effect for slope) large sample of
third gracers. The estimation of betweerdividual 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 fahe number comparison task in tllggit and number
wordf or mats revealed that the samplebs aver af
the analysis demonstrated that patterns of changes in RT with increasingicalimagio were
different for digits and number words. Fdigit comparisonthe association between RT and
numerical ratio wagorlinear. RT increased when the numerical ratio increased, but growth in RT
slowed down gradually. After a ratio of approximgt@.75, the RT did not increase when the
numerical ratio increased. This means that the most prominent increase in RT is identified whet
the numerical ratio changes from small to medium, while the difference in RT between medium
and large ratios is tinyAnother pattern was identified for number words comparison. RT did not
change when the numerical ratio changed from small to medium, but then, RT became large

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

These results contradicted soprevious findings that concluded the NRE was greater for
digits than for number words (e.g., Kadosh et al., 2008). For example, Kadosh and colleague
(2008) determined that the distance effect was smaller for written number words in Hebrew thar
for digits. However, the replication of that study with Turkisind Englishkspeaking samples
revealed a greater distance effect for numb@rdsthan for digits, but only for Turkish number
words the distance effect for number words in English showed featureaistmthose of Hebrew
number words (Lukas et al., 2014). It is possible thfierencesin resultsare associated with

differences in ratiodn different studies. As we can see, for small and medium numerical
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proportions RT grewfaster for digitswhile for larger numericaproportionsRT grewfaster for

number words.

Other obtained results also showed differences in processing digits and number words
Although the estimation of thsized effect was not the aim of our study, we includeelvariable
ngieo, reflecting t he s u iisize déffect reflects thenecrgasem RTd n L
in processing large numbecompared tosmall numbers, holding the proportion (distance)
between numbers constdptg.,Krajcsi, Lengyel, & Kojouharova, 2016Althoughthe NRE and
fisized effect are consideraasindicators of internal numerosity representation, some schwses
assumed thahe NRE andfisized effectoriginatefrom different sources (Verguts & Van Opstal,
2005) Our analysis demonstrated thae fisized 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 vexids Whether theprocessing of
numerosity varies for digits and number wonds been discusseg many scholarsTheabstract
codemodelpostulateghatthe processing of numerosity does not dependhe format, digit or
number words, as inputs in both symbolic formatsuhbe converted into a common abstract
representation of muerosity (e.g., McCloskey, 1992The triplecode model postulates that the
differences between two symbofarmatsmight depend omhe task. Inputs from two symbolic
formats should be convert@o one common abstract representation but only for operdhians
requirethe understanding of the meaning of numeraosity, for examplaufoerositycomparison
or matchingasks(Dehaene & Cohen, 1997; Dehaene & Akhavein, 1995). For other operations,
e.g., for calculationghe digit (visual) inputs should be transformed into number word (verbal)
format. Encoding complex andultiple representation models assume that each symbolic format
hasaseparate abstract representgtibns the processing of igits and number words is different
in any task (Campbell & Clark, 1992; Campbell & Epp, 2004; Cohen, Warren, & Blanc
Goldhammer, 2013; Fias, 2001). As we uaedmparison tasknd obtained different patterns of
NREs for digits and number wordse mightconclude thathe obtained results are better fitted to
the Multiple Representation hypothesis (eGphen et al., 2013).

Regarding individual differences in the NRE, our analysis revealed that a significant
betweenrindividual variance in the NRE was fylexplained by the variance in individual RT. In
other words, the longeheRT is, the greatethe NRE. If weassumedhattheindividual value of
the NRE did not depend on the individual RT, the betwedividual variance in the NRE would

beinsignificant andthe model with no covariance between the NRE and the individuditfie
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data worse thathe model with such covariance. Hence, we should assume that the individual
NRE is strongly correlated with the individual RT and that this catioel providesbetween
individual variabilityin the NRE However if the valueof theNRE reflects the speed of numerical
comparisonthere is no reason to uee NRE, as an average or median RT can be used instead.
In addition, some studiesave demongtated that the reliability of the RT is greater thae
reliability of the difference in the RT between the two conditions (€gruso, 2004; Edwards,
2001).

These results are in line witie current discussion regardirthe inappropriate use of
expermental tasks in studies of individual differences (&grsboom et al., 2009; Hedge et al.,
2018; Rouder & Haaf, 2019). Our study revealed that the NRE is robust and may aeflect
important feature of numerical representatidowever, NRE does not sidicantly vary across
individuals, at least in comparisotasks with onedigit numbers among third graders.
Consequentlythe NRE produced ima onedigit comparison task does not reflect the level of
individual ability and cannot be usedthe investigaton of individual differences in numerosity

representation without testing the significance of betviedividual differences.
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