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Introduction: Number sense has been systematically measured using dot 

comparison tasks. However, recent studies have reported that performance on 

dot comparison might be influenced inhibitory control and visual properties 

of dot arrays. In the present study, we analysed the influence of continuous 

magnitude, inhibitory control, and numerical ratio on the dot comparison 

performance of preschool children.

Methods: Participants were 517 preschool children from 13 different schools in 

Chile. Children completed a dot comparison and two inhibitory control tasks. 

Gebuis and Reynvoet method was used to create well-controlled dot arrays for 

use in the dot comparison task. A logistic mixed effects model was conducted to 

predict participants’ dot comparison accuracy. Continuous magnitude and ratio 

were entered as level-1 predictors and inhibitory control as level-2 predictors.

Results: The results showed that all predictors made a significant contribution 

to dot comparison accuracy. Furthermore, a significant double interaction 

(inhibitory control x continuous magnitude) and a triple interaction (inhibitory 

control x continuous magnitude x ratio) showed that the contribution of 

inhibitory control skills in dot comparison accuracy depends on the continuous 

properties of dot arrays and ratio.

Discussion: These findings suggest that preschool children rely more on 

continuous magnitudes than numerosity in dot comparison tasks. They also 

indicate that the greater children’s inhibitory control, the more able they are 

to respond based on numerosity in fully incongruent trials, particularly when 

ratio is low (easiest items). Taken together, the above findings support the 

competing processes account provided that both ANS and inhibitory control 

skills influence performance on dot comparison tasks.
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1. Introduction

Mathematics is crucial for our everyday lives, from calculating the discount of a product 
to organising how much time we will dedicate to carrying out tasks to prepare for a meeting, 
exam, or any other important event. But mathematics crosses the limits of its domain 
(Duncan et al., 2007). Evidence shows that mathematics skills predict reading (e.g., ten 

TYPE Original Research
PUBLISHED 10 January 2023
DOI 10.3389/fpsyg.2022.1065600

OPEN ACCESS

EDITED BY

Ann Dowker,  
University of Oxford,  
United Kingdom

REVIEWED BY

Nathan Lau,  
Western University,  
Canada
Robert Reeve,  
The University of Melbourne, Australia

*CORRESPONDENCE

Cristina Rodríguez  
 mcrodriguez@ucm.cl

SPECIALTY SECTION

This article was submitted  
to Developmental Psychology,  
a section of the journal  
Frontiers in Psychology

RECEIVED 09 October 2022
ACCEPTED 12 December 2022
PUBLISHED 10 January 2023

CITATION

Rodríguez C and Ferreira RA (2023) To 
what extent is dot comparison an 
appropriate measure of approximate 
number system?
Front. Psychol. 13:1065600.
doi: 10.3389/fpsyg.2022.1065600

COPYRIGHT

© 2023 Rodríguez and Ferreira. This is an 
open-access article distributed under the 
terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or 
reproduction in other forums is permitted, 
provided the original author(s) and the 
copyright owner(s) are credited and that 
the original publication in this journal is 
cited, in accordance with accepted 
academic practice. No use, distribution or 
reproduction is permitted which does not 
comply with these terms.

https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyg.2022.1065600%EF%BB%BF&domain=pdf&date_stamp=2023-01-10
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.1065600/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.1065600/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.1065600/full
https://orcid.org/0000-0001-9929-9767
https://orcid.org/0000-0002-2097-5759
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://doi.org/10.3389/fpsyg.2022.1065600
mailto:mcrodriguez@ucm.cl
https://doi.org/10.3389/fpsyg.2022.1065600
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Rodríguez and Ferreira 10.3389/fpsyg.2022.1065600

Frontiers in Psychology 02 frontiersin.org

Braak et al., 2022), science (e.g., Korpershoek et al., 2011), and 
other domain-general and socio-emotional skills (e.g., Romano 
et al., 2010). Furthermore, mathematical abilities have long-term 
repercussions on professional development, with individuals with 
poor mathematical skills presenting higher overall unemployment 
(Parsons and Bynner, 1997; Reyna and Brainerd, 2007) but higher 
employment in underpaid manual occupations. Thus, learning 
mathematics is a crucial goal for countries, schools, 
and individuals.

Mathematics learning begins long before formal 
instruction. The first mathematical knowledge is developed 
very early in infancy (Izard et al., 2009; Libertus and Brannon, 
2009). Particularly, the ability to estimate numerical 
magnitude information is believed to be the foundational skill 
of mathematical learning and depends on an innate preverbal 
system, the Approximate Number System (ANS; Feigenson 
et  al., 2004). Many studies have shown that individual 
differences in ANS are associated with individual differences 
in mathematical performance (e.g., Price et al., 2007; Mussolin 
et al., 2010; Mazzocco et al., 2011a). However, some have not 
found this concurrent relationship between ANS and 
mathematics (e.g., Iuculano et al., 2008; Holloway and Ansari, 
2009; Vanbinst et al., 2012). The scarce evidence of prospective 
longitudinal research is also mixed; some studies have shown 
that ANS acuity measured early in infancy predicts later math 
abilities (e.g., Mazzocco et  al., 2011b; Desoete et  al., 2012; 
Libertus et al., 2013; Starr et al., 2013), while others have not 
(Kolkman et al., 2013; Praet et al., 2013). Additionally, recent 
meta-analyses showing a significant relation between ANS and 
math (Chen and Li, 2014; Fazio et al., 2014; Schneider et al., 
2017) have reported small overall effects that vary substantially 
between studies. This phenomenon can be attributed to lack 
of power (Chen and Li, 2014) and differences in ANS tasks, 
some of which are not even reliable (Clayton et al., 2015, 2019).

In the last few years, a growing number of studies have 
been focused on the validity of the method to measure ANS 
(e.g., Gebuis and Reynvoet, 2011; Clayton et al., 2015; Smets 
et al., 2015; Gilmore et al., 2016; Norris et al., 2019). The most 
common task to measure ANS acuity is dot comparison (De 
Smedt et al., 2013). In this task, two sets of dots are presented, 
paired, sequentially, or with an intermixed design (Price et al., 
2012). The participants are asked to indicate the larger of two 
dot arrays without counting. The paired form is the most 
frequently used dot comparison task because it produces the 
best psychometric properties (Dietrich et al., 2015). However, 
even this form has been the focus of much controversy, given 
that the lack of control of dot arrays’ visual properties (e.g., 
convex hall, density, etc.) makes it difficult to isolate the effect 
of non-numerical continuous features from ANS acuity 
performance during the task (Gebuis and Reynvoet, 2011). 
Furthermore, performance during dot comparison seems to 
require additional cognitive processes, particularly inhibitory 
control, which might also interact with numerical ratio 
(Clayton and Gilmore, 2015). In the present study, we assessed 

to what extent non-numerical continuous features and 
inhibitory control skills predict dot comparison performance 
in young children.

1.1. The role of continuous magnitudes 
on dot comparison

The rationale behind a dot comparison task is that the 
difficulty of a trial depends on the ratio between sets of dots; that 
is, participants become less accurate and slower as differences 
between the arrays decrease (i.e., it is easier to perceive the 
difference between 8 vs. 4 than between 8 vs. 7; Piazza et al., 2004; 
Barth, 2008; Sasanguie et al., 2013; Halberda and Odic, 2015). 
Hence, measuring ANS acuity using a dot comparison task is 
constrained by Webber’s law (e.g., Dehaene, 1997; Piazza and 
Izard, 2009). For the last 10 years, however, researchers have been 
aware that performance in dot comparison tasks is not only 
influenced by numerosity ratio but also by the visual properties of 
the stimuli (Gebuis and Reynvoet, 2011).

Visual features like convex hull or surface area naturally 
correlate with numerosity (the more numerous a dot array, the 
larger the convex hull and the surface area), so these features 
could bias participants’ responses (e.g., Gebuis and Reynvoet, 
2012a; Clayton et  al., 2015; Smets et  al., 2015; DeWind and 
Brannon, 2016; Norris et al., 2019). To rule out the confound of 
visual properties, careful control of its effects must 
be  implemented. Generally, two types of trials are designed, 
congruent vs. incongruent. Visual features positively correlate 
with numerosity in the congruent trials, while in the incongruent 
trials, they are manipulated to correlate negatively with 
numerosity. In general, participants tend to be more accurate 
and faster on congruent than incongruent trials (e.g., Cappelletti 
et al., 2014), but this effect is not always significant (e.g., Odic 
et  al., 2013). Gilmore et  al. (2016) suggest that differences 
between congruent and incongruent trials can be  explained 
partly by the lack of control of the stimuli’s visual properties 
across studies since different algorithms have been used 
throughout the years.

Two of the most widespread algorithms are the Panamath 
software (Halberda et al., 2008) and Gebuis and Reynvoet (2011) 
method. Although both have been used to measure ANS, the 
results of the tasks created with these two methods show low 
correlations (Clayton et al., 2015; DeWind and Brannon, 2016), 
which indicates they are measuring different constructs. Recent 
studies also demonstrated that Gebuis and Reynvoet’s tasks 
showed better test–retest reliability than the Panamath task, 
which presented very low reliability (Clayton et  al., 2015). 
Furthermore, Reynvoet and Gebuis’s algorithm controls for both 
convex hull and surface area (Norris et al., 2019), which implies 
that average dot size and density are also controlled for because 
these two dimensions are highly correlated with surface area 
(Gebuis and Reynvoet, 2012b). Panamath software only controls 
for surface area (Clayton et al., 2015; Guillaume et al., 2020), so 
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participants’ responses in Panamath tasks can be influenced by 
convex hull cues available in incongruent trials and not only by 
the numerosity of dot arrays. In short, to properly measure ANS, 
it is crucial to ensure as much as possible that the continuous 
visual features of the stimuli do not interfere with numerosity 
during dot comparison. To this end, using the Gebuis and 
Reynvoet algorithm is a better approximation than the 
Panama protocol.

1.2. Influence of inhibitory control on dot 
comparison

Even when carefully controlling for all visual properties, 
individual differences in domain-general cognitive processing can 
influence dot comparison responses. In particular, congruency 
effects in dot comparison are thought to rely on inhibitory control 
(Hurewitz et al., 2006; Nys and Content, 2012; Gilmore et al., 
2013; Szucs et al., 2013; Clayton et al., 2015). The rationale is that 
dot comparison trials work as a Stroop task where participants 
must attend to relevant information (i.e., numerosity) for 
responding while ignoring task-irrelevant distractions (i.e., 
continuous visual features). Thus, participants tend to be  less 
accurate and slower on incongruent trials (ignoring visual features 
such as convex hull and surface area) than on congruent trials, 
which may indicate that the first requires additional cognitive 
demands to process numerical information (Nys and Content, 
2012). This implies that decision to dot comparison is not only 
influenced by numerosity and visual features but also by individual 
differences in inhibitory control skills. It is relevant to ask, then, to 
what extent inhibitory control is modulating responses during 
decisions to incongruent trials.

Up to date, only two studies have directly assessed the 
contribution of inhibitory control to dot comparison performance 
in the early stages of numerical skills acquisition (Fuhs et al., 
2018; Wilkey et  al., 2021). Fuhs et  al. (2018) showed that 
preschool children’s dot comparison performance, specifically in 
incongruent trial responses, was influenced by a combination of 
both inhibitory control and cognitive flexibility as indicators of 
executive function. However, in a second stage, they could not 
replicate these findings in a subsample of the children. Wilkey 
et al. (2021) studied the change from the middle to the end of first 
grade in children’s dot comparison performance and the 
contribution of executive function to this change. Executive 
function was measured with the Head, Toes, Knees, and 
Shoulders (HTKS) task, which requires inhibitory control, among 
other cognitive processes (e.g., flexibility, self-regulation). 
Children’s HTKS performance did not predict accuracy change 
either on congruent or incongruent trials. These two studies’ 
contradictory findings may result from differences in executive 
control tasks or statistical approaches. It is also worth noting that 
both studies used the Panamath protocol, so convex hull variation 
was not systematically controlled for, which could have affected 
the responses on incongruent trials. Additionally, both studies 

failed to isolate inhibitory control from other measures of 
executive function, so the contribution of inhibitory control 
alone remains to be tested. Finally, none of the studies added the 
contribution of numerical ratio as a predictor in the model, 
which would have allowed testing whether inhibitory control 
fully or partly explained dot comparison responses in the 
incongruent trials.

Unlike the above studies, others have only indirectly 
analysed the relationship between performance in dot 
comparison and inhibitory control, using these two skills as 
predictors of math performance (Fuhs and Mcneil, 2013; 
Gilmore et al., 2013; Keller and Libertus, 2015; Cai et al., 2018). 
Findings from these studies have not shown a clear pattern; 
while some have reported significant correlations between dot 
comparison tasks and inhibitory control (Fuhs and Mcneil, 
2013; Gilmore et al., 2013), others have not or found mixed 
findings (Keller and Libertus, 2015; Cai et al., 2018). Fuhs and 
McNeil (2013) showed that low-SES preschool children’s dot 
comparison accuracy correlated with inhibitory control skills, 
and the correlation was higher between inhibitory control skills 
and incongruent trials than between inhibitory control skills 
and congruent trials. Gilmore et al. (2013) found similar results 
with older children (Age, M = 9.4, SD = 0.6 years), where dot 
comparison accuracy was found to share its predicted variance 
on mathematics with inhibitory control, indicating that both 
variables were related. Keller and Libertus (2015) conducted 
two experiments with young children (Age, M = 55 months, 
SD = 5 months). The first one did not find significant correlations 
between dot comparison accuracy and inhibitory control skills, 
but the second one did. The authors suggested that differences 
in inhibitory control tasks used in the two experiments could 
explain the different patterns. It is important to note that in this 
study, the strongest correlation was between inhibition and 
congruent trials, which differs from Fuhs and Mcneil (2013)‘s 
findings. Finally, Cai et al. (2018) found a significant correlation 
between dot comparison accuracy (as the overall score included 
congruent and incongruent trials) and inhibitory control in 
kindergarteners, but they did not in second and third-
grade children.

In synthesis, there is no consensus across studies; while some 
have found significant correlations between dot comparison 
performance and inhibitory control, others have not. Those that 
found overall correlations also diverged when data analysis was 
conducted separately by type of trial (congruent vs. incongruent). 
Some displayed a stronger correlation between inhibitory control 
and incongruent trials, while others found a stronger correlation 
between inhibitory control and congruent trials. It is important to 
note that most of these studies used Panamath software except 
Gilmore et al. (2013) which used Gebuis and Reynvoet algorithm. 
The latter, however, did not explore the effect of inhibitory control 
separately by type of trial. In sum, the inconsistency found across 
studies requires additional evidence to clearly understand the role 
of inhibitory control on ANS measures, particularly in the dot 
comparison task.

https://doi.org/10.3389/fpsyg.2022.1065600
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Rodríguez and Ferreira 10.3389/fpsyg.2022.1065600

Frontiers in Psychology 04 frontiersin.org

1.3. The current study

In the present study, we analysed the influence of inhibitory 
control, non-numerical continuous features, and numerical ratio 
on dot comparison performance of preschool children by using 
linear mixed effect models. To control for the effects of visual 
properties, we used the Gebuis and Reynvoet algorithm (Gebuis 
and Reynvoet, 2011) because it can successfully control for both 
convex hull and surface area, unlike the Panama software 
(Halberda et al., 2008), which can only control for surface area. 
Unlike Fuhs et al. (2018) and Wilkey et al. (2021), we included 
fully congruent and incongruent trials, as well as “surface area 
incongruent” trials, which have also demonstrated to trigger 
congruency effects in young children (Gilmore et  al., 2016). 
Finally, considering the low statistical power identified by Chen 
and Li (2014) in most studies in this field, we used a larger sample 
of children than in all previous studies.

Based on the above information, we hypothesise a numerical 
ratio effect, due to the approximate nature of the dot comparison 
task, with children being less accurate as the ratio increases, in line 
with the large body of previous empirical evidence (e.g., Dehaene, 
1992; Cantlon and Brannon, 2006; Libertus et al., 2007; Soltész 
et al., 2010; Agrillo et al., 2013; Sasanguie et al., 2013). Secondly, 
given that differences in performance across trial types depend on 
the visual properties of the stimuli (Gebuis and Reynvoet, 
2012a,b), we expect children to be more accurate on trials that are 
congruent with the visual properties of the stimuli than on 
incongruent ones (e.g., Clayton et  al., 2015) and particularly 
inaccurate when all visual cues are negatively correlated with 
numerosity (e.g., Clayton et  al., 2019). Thirdly, provided that 
recent studies with adults suggest that the numerosity ratio effect 
is also influenced by the continuous visual properties of the 
stimuli (Braham et al., 2018; Reynvoet et al., 2021), we expect the 
numerosity ratio effect to be larger in incongruent trials than in 
congruent ones. As stated earlier, the congruency effect has been 
interpreted as the effort to suppress the response based on visual 
features to respond according to the numerosity of the arrays 
(Szucs et al., 2013), so we also predict that inhibitory control skills 
will influence performance in incongruent trials but not in 
congruent ones. As very few studies have included inhibitory 
control as a predictor of congruent and incongruent dot 
comparison accuracy, we  cannot formulate a clear hypothesis 
about the influence of ratio and inhibitory control across 
trial types.

2. Materials and methods

2.1. Participants

Participants included 517 preschool children (Age, 
M = 61.14  months, SD = 3.40  months), 268 girls (51.8%) who 
attended 13 urban schools located in Concepción (Chile). This is 
the first sample of a longitudinal study currently underway. 

Children came from heterogeneous socioeconomic backgrounds. 
The Chilean educational legislation assigns each school a school 
vulnerability index (SVI) published annually by the National 
Board of School Aid and Scholarships (JUNAEB). This index 
represents the percentage of students in each school categorised 
as a priority based on their poverty level and school failure risk. 
Using SVI data for 2019 and based on criteria defined by the 
Chilean Ministry of Education (Ministerio de Educación de Chile, 
2019), schools and students were distributed as follows: (a) 
High-SVI (more than 70% categorised as a priority), seven 
schools, 265 children (51%); Medium-SVI (30–70% categorised 
as a priority), four schools, 182 children (35%); and (c) low-SVI 
(below 35% categorised as a priority), two schools, 70 
children (13%).

2.2. Materials

All measures were administered using a 15′ touchscreen 
laptop. Participants and examiners were required to put on a set 
of headphones to listen to the instructions together. Children sat 
approximately 30 cm away from the laptop screen to begin 
the task.

2.2.1. Inhibitory control
Sun-moon Stroop task (Archibald and Kerns, 1999). This is a 

variant of the original day/night Stroop task (Gerstadt et  al., 
1994). Two sets of 24 pictures of suns and moons arranged 
randomly were displayed in 4 rows and six columns. In the first 
set/condition (congruent) children were asked to say “/sun/” [/
sol/] if they saw a picture of a sun, and “/moon/” [/luna/] if they 
saw a picture of a moon. In the second set/condition 
(incongruent), they were asked to say “/sun/” for a picture of a 
moon a “/moon/” for a picture of a sun. The children did some 
practice trials in each block (congruent and incongruent) to 
ensure that they understood the task. Children were asked to 
respond as quickly as possible in both conditions and had a 45-s 
time limit. The score used was the total number of correct test trial 
responses in the second set.

Grass–snow task (Carlson and Moses, 2001). In this task, 
children were required to touch one of two solid color patches 
(green and white) presented in the centre of the computer screen. 
Two sets of 20 pairs of green/white patches were presented 
simultaneously side-by-side. In the first set, children were asked 
to touch the white color patch when they heard “snow” (nieve) 
and to touch the green color patch when they heard “grass” 
(pasto). In the second set, children were required to touch the 
white color patch when they heard “grass” and to touch the green 
color patch when they heard “snow.” The score used was the total 
number of correct responses in the incongruent condition.

Children’s scores in the two inhibitory control tasks were 
significantly correlated (r = 0.29**), so they were converted into 
z-scores and summed to create a composite inhibitory control 
measure for all analyses.

https://doi.org/10.3389/fpsyg.2022.1065600
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Rodríguez and Ferreira 10.3389/fpsyg.2022.1065600

Frontiers in Psychology 05 frontiersin.org

2.2.2. Dot comparison task
The present task consisted of 6 practice and 48 experimental trials. 

The ratio between dot arrays was 0.5, 0.6, 0.7 and 0.8. The number 
represented ranged from 5 to 28. The stimuli were generated following 
the algorithm of Gebuis and Reynvoet. Three sets of dots were created: 
(a) fully congruent, that is convex hull and surface area, together with 
other visual cues (total circumference, density, and dot size) positively 
correlated with numerosity; (b) fully incongruent, all visuals negatively 
correlated with numerosity, and; (c) surface area incongruent, the 
convex hull was positively correlated with numerosity and surface area 
negatively correlated with numerosity. To design de present study, 
Children were asked to sit comfortably in front of a touchscreen laptop 
computer. For each trial, children saw a fixation point on the screen 
for 1,000 ms followed by the dot arrays presented for 1,500 ms, and a 
blank screen until response. They were required to select the more 
numerous arrays by touching the arrays on the laptop screen as quickly 
as possible. Accuracy and RT were recorded. The score used in the 
present study was accuracy because it can reliably index the precision 
of the ANS (Inglis and Gilmore, 2014).

2.3. Procedure

The study received prior approval from the Ethics Committee 
of the Universidad Católica del Maule. Before the assessment, parent 
careers of all participants provided written informed consent for 
their child to take part. Children were asked if they wanted to 
participate before the first session in the presence of a teacher, if they 
agreed, the examiner would write down the child’s name in the 
child’s written consent. If the child were able to write their name by 
himself, they were allowed to. The present tasks were administered 
in a fixed order and were part of a larger battery of cognitive and 
numerical skills that extended over three sessions. The study took 
place in a quiet room within the school, but to ensure that the 
children heard the instructions loud and clear we required them to 
use headphones. At the same time, to ensure proper monitoring of 
each child throughout the tasks, the examiner was also required to 
wear headphones. Each session lasted approximately 20 min, and 
children had to complete four or five tasks. The tasks involved 
assessment of numerical processing, counting, working memory 
and inhibitory control and one standardized measure. The order of 
the tasks and their distribution across sessions was designed so that 
sessions were balanced in terms of time and effort; and within each 
session, so that more demanding tasks were interspersed with less 
demanding tasks.

3. Results

3.1. Data analysis

Different 2-level logistic mixed effects models were estimated to 
predict individual participants’ accuracy on each trial of the dot 
comparison task. At level 1 (or trial level), numerical ratio was entered 

as predictor and the three trial types serving as the comparison group. 
At level 2 (or participant-level), inhibitory control tasks were entered 
as predictors. Mean and standard deviation of the predictors at level 
1 and level 2 are presented in Table 1.

We conducted the analyses in two stages. First, we calculated 
one model with all level-1 and level-2 predictors entered without 
any interaction. Then, we  entered the interaction between all 
predictors (trial type, inhibitory control tasks and numerical ratio) 
to test whether children’s dot comparison task performance varied 
across trial type as a function of their inhibitory control skills. 
We also tested whether the expected negative relationship between 
dot comparison accuracy and ratio (as the ratio increased the 
comparisons become more difficult) varied according to trial type 
and children’s inhibitory control skills. Finally, we compared the two 
models in order to identify the model that best fit our data using the 
anova function in software R versión 3.3.5 (R Core Team, 2017) and 
ULLRToolbox (Hernández and Betancort, 2018). The numerical 
ratio was introduced as a continuous variable in the analyses, but 
for ease of visualization and interpretation, we split it into four bins, 
with the following numerical ratio: “easy” = 0.5; “medium” > 0.5 
and = <0.65; “hard” > 0.65 and < 0.75; “very hard” = > 0.75.

3.2. Prediction of dot comparison 
accuracy

Performance on the dot comparison tasks was quantified as 
the percentage of correct responses. Children were more accurate 

TABLE 1 Mean and standard deviation of accuracy (percentage) in the 
dot comparison task.

Level 1 predictors

Trial Type Ratio M SD

Fully congruent Easy 0.86 0.35

Medium 0.86 0.35

Hard 0.81 0.39

Very hard 0.82 0.38

Surface area 

incongruent

Easy 0.68 0.47

Medium 0.66 0.47

Hard 0.63 0.48

Very hard 0.54 0.5

Fully incongruent Easy 0.63 0.48

Medium 0.51 0.5

Hard 0.44 0.5

Very hard 0.39 0.49

Level 2 predictors

Inhibitory control tasks M SD

Sun-Moon Stroop incongruent (accuracy) 16.56 6.66

Grass-Snow incongruent (accuracy) 12.7 6.15

Inhibition (composite score) 0.02 1.59
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in the fully congruent trials (around 85%) than in the incongruent 
ones (fully and surface area incongruent), irrespective of the 
numerical ratio. In general terms, children were more accurate on 
smaller ratios (easy or medium) than on larger ratios (hard or very 
hard). In the fully incongruent trials, children responded above 
chance only in the comparison with the smallest ratio or easiest 
comparison. Accuracy to surface-area incongruent trials was 
above chance except for trials that used the largest ratio (very hard 
trials; see Table 1).

The results of the two 2-level logistic mixed effects model 
comparisons showed significant differences (see Table 2). The 
likelihood-ratio test indicated that the model with 
interactions provided a better fit to the data than the model 
without interactions. We also examined Akaike Information 
Criterion (AIC) and the Bayesian Information Criterion 
(BIC), which are complementary fit indexes. Overall, lower 
AIC and BIC values indicate better model fit. Model 2 had 
lower AIC but higher BIC than model 1. However, given that 
BIC penalizes adding complexity to models more than AIC 
(Sober, 2002) and that the likelihood-ratio test showed model 
2 improved prediction, model 2 was selected for report over 
model 1.

In model 1, all level-1 and level-2 predictors made significant 
contributions to accuracy; however, in model 2, all the main 
effects were involved in double and triple interactions (see 
Table 3). The first double interaction between ratio and the type 
of trial (Ratio: Fully incongruent) revealed that the relationship 
between ratio and dot comparison accuracy depends on trial 
type. The coefficient was negative, indicating a diminishing effect, 
which implies that as the ratio increased (became harder to 
solve), dot comparison accuracy decreased, with this relationship 
being significantly stronger for fully incongruent trials than for 
other trial types. The second double interaction between 
inhibitory control and type of trial (Fully incongruent: Inhibition) 
showed that the relationship between inhibition and dot 
comparison accuracy depends on trial type. The coefficient was 
positive, indicating an enhancing effect, which means that as 
accuracy in the inhibition tasks increased, so did dot comparison 
accuracy, and the relationship became stronger for fully 
incongruent trials. Next, we  examined the triple interaction 
between ratio, type of trial, and inhibitory control (Ratio: Fully 
incongruent: Inhibition). The relationship between dot 
comparison accuracy and inhibitory control decreased as the 
ratio increased for fully incongruent trials. There was no change 
as a function of ratio in the relationship between accuracy and 
inhibitory control tasks in fully congruent and surface area 
incongruent trials (see Figure 1).

4. Discussion

In the current study, we  analysed the contribution of 
inhibitory control, non-numerical continuous features, and 
numerical ratio on the dot comparison performance of preschool 
children. ANS has been the focus of numerous studies due to its 
possible role in the development of numerical and mathematical 
skills and even as a deficit in the case of atypical development 
(specific learning disabilities in math). The rationale in the present 
study was that dot comparison was the most used experimental 
task to measure ANS, although it could be influenced by aspects 
that go beyond estimation precision. Therefore, it was important 
to find out whether the relationship between dot comparison and 
mathematical performance was not confounded with inhibitory 
control and non-numerical features processing.

The results of our study partially confirmed the hypothesis 
about the numerical ratio effect given the approximate nature of 
the dot comparison task. Performance on dot comparison tasks is 
characterized by a ratio effect (e.g., Halberda and Feigenson, 2008; 
Price et al., 2012; Agrillo et al., 2013; Sasanguie et al., 2013), that 
is, as the differences between two numerosities becomes smaller 
(more difficult comparisons), participants are less accurate than 
when the differences are larger (easier comparisons). In the 
present study, we found that the ratio effect was moderated by trial 
type, as expected. There was a ratio effect on accuracy for fully 
incongruent trials, but not for congruent ones. A similar 
interaction between ratio and congruency was found in recent 
studies with adults (e.g., Braham et  al., 2018; Reynvoet et  al., 
2021). As in Reynvoet et  al.’s study, the present finding may 
be explained by a ceiling effect in fully congruent trials and the 
low accuracy in incongruent trials, especially in fully incongruent 
ones. High accuracy in fully congruent trials has been reported 
previously in other studies (e.g., Gilmore et al., 2013; Wilkey et al., 
2021). Braham et al. (2018) suggested that when trials are difficult 
due to the ratio being high (small differences between the two 
quantities), children may use other cues to solve the comparison. 
In the fully incongruent trials, this strategy decreased accuracy. 
The lack of a significant ratio effect on congruent trials suggests 
that when continuous properties of stimuli and numerosities 
correlate, selecting the correct dot array is triggered by continuous 
properties rather than by numerosities.

Our second hypothesis stating that children would perform 
better in congruent than incongruent trials was confirmed. 
Children answered fully congruent trials significantly more 
accurately than incongruent trials. They were particularly 
inaccurate in fully incongruent trials, with performance falling 
below chance level across all trials except for those that were 

TABLE 2 Models’ comparison with anova function.

df AIC BIC log-Likelihood χ2 dfχ
2 p

Model 1 8 29,171 29,236 −14,577

Model 2 15 29,121 29,243 −14,546 63.55 7 <0.001
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TABLE 3 Results of the two-level logistic mixed models predicting dot’s comparison accuracy.

Estimate SE t p

Model 1 

Intercept 1.138 0.062 18.24 <0.001

Ratio −0.461 0.092 −5.01 <0.001

Fully incongruent −0.346 0.024 −14.16 <0.001

Surface incongruent −0.210 0.024 −8.60 <0.001

Inhibition 0.019 0.003 5.99 <0.001

Model 2 

Intercept 0.935 0.096 9.74 0.001

Ratio −0.149 0.146 −1.02 0.312

Fully incongruent 0.084 0.136 0.62 0.537

Surface incongruent −0.034 0.136 −0.25 0.800

Inhibition 0.014 0.018 0.75 0.452

Ratio: Fully incongruent −0.663 0.206 −3.22 <0.01

Ratio: Surface incongruent −0.271 0.206 −1.32 0.195

Ratio: Inhibition −0.001 0.028 −0.049 0.961

Fully incongruent: Inhibition 0.085 0.026 3.24 <0.01

Surf incongruent: Inhibition −0.001 0.026 −0.050 0.961

Ratio: Fully incongruent: Inhibition −0.131 0.040 −3.31 <0.01

Ratio: Surf incongruent: Inhibition 0.032 0.039 0.83 0.408

Surf_incong = surface-incongruent trials; Fully_incong = Fully-incongruent trials.

FIGURE 1

Interaction effect between Inhibitory control, type of trial, and ratio on accuracy.
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categorised as the easiest according to their ratio. These findings 
suggest that children do not process numerical information 
independently of the continuous features of dot arrays in line 
with previous studies (e.g., Gebuis and Reynvoet, 2012a,b; 
Clayton et  al., 2019). Although some studies have failed to 
replicate this effect in children (e.g., Odic et al., 2013; Odic, 2018), 
they did not control for convex hull, so children could use this 
cue to solve the task. In the present study, we created the stimuli 
using Gebuis and Reynvoet (2011) algorithm, which controls for 
both convex hull and surface area, including surface-incongruent 
trials in which convex hull correlates positively with numerosity. 
Accuracy in surface-incongruent trials was lower than in fully 
congruent trials but higher than in fully incongruent ones. This 
finding suggests that children used convex hull information to 
decide which dot array had the most dots, unlike in incongruent 
trials, where they were unable to use any continuous features 
during item selection. Wilkey et al. (2021) suggested that the 
predictive weight of continuous magnitudes decreases with age, 
while the weight of numerical information increases, so it is 
expected that preschool children rely more on continuous 
magnitudes than on numerosity.

In our third hypothesis, we expected a significant influence 
of inhibitory control skills on accuracy for incongruent trials 
given that the congruency effect in dot comparison tasks is 
interpreted as the cost of inhibiting information of continuous 
properties to process discrete quantities (Nys and Content, 2012; 
Fuhs and Mcneil, 2013; Gilmore et al., 2013; Szucs et al., 2013). 
The current findings supported our hypothesis. This means that 
as the inhibitory control skills increased, accuracy in incongruent 
trials also increased. The three-way interaction found between 
inhibitory control, accuracy, and ratio suggests the relationship 
between inhibitory control and dot comparison accuracy is 
moderated by ratio. The relationship between inhibitory control 
and accuracy decreases as the ratio increases (comparison 
becomes more challenging). When trials were “easy” or 
“medium,” the relationship between inhibitory control and 
accuracy was positive, however, when trials were “hard” or “very 
hard” the relationship declined. The explanation for this result 
may be linked to the fact that children tend to use continuous 
cues more than numerosity when the ratios are large. Numerosity 
in this trial type is much less prominent than continuous 
properties, which yields more robust representations. Children 
could mainly use continuous properties (dominant response) due 
to the difficulty of extracting quantitative information, which 
implies that they would not need to use inhibitory control skills. 
However, this interpretation has to be taken with caution, since 
children’s performance in fully incongruent trials was below 
chance in the hardest trials.

The present findings converge with those of Fuhs et al. (2018) 
and diverge from those of Wilkey et al. (2021). Fuhs et al. found 
a significant relationship between dots comparison accuracy for 
incongruent trials and a composite measure of inhibitory control 
and flexibility. While Wilkey et al. found no significant influence 
of inhibitory control on the accuracy of congruent or incongruent 

dots comparison. Our results are more comparable to those of 
Fuhs et al.’s than to those of Wilkey et al.’s because the former 
conducted the study with children of a similar age to our 
participants and with similar inhibitory control tasks; these 
included the Day-Night task (Gerstadt et  al., 1994) and the 
Dimensional Change Card Sort (DCCS; Zelazo, 2006). By 
contrast, in the study by Wilkey et al., children were older (first 
graders) than our participants and had already received formal 
mathematical instruction. It is shown that the interference from 
the continuous visual properties is stronger in younger than in 
older children (Clayton et al., 2019), and this could be related to 
the development of inhibitory control skills across ages (Morton, 
2010; Petersen et al., 2016). Thus, the lack of relationship between 
inhibitory control and dot comparison accuracy could 
be explained partially because of children’s developmental stage. 
On top of that, they used HTKS as a measure of inhibitory 
control, which involves many other cognitive processes in 
addition to inhibitory control.

There are some limitations in the current study. Children 
displayed a very low success rate in the fully incongruent 
condition, which we attributed to their age. Future work should 
look into this condition in older children in order to better 
understand the role of continuous magnitudes and inhibitory 
control in fully incongruent trials. Finally, this study was cross-
sectional, so it does not inform of children’s trajectories. 
Subsequent studies should incorporate longitudinal measures to 
better understand the relationship among the above factors.

5. Conclusion

The results of this study show that preschool children rely 
more on continuous magnitudes than numerosity in dot 
comparison tasks. They cannot make a reliable estimation when 
continuous properties of dots arrays are all incongruent with 
numerosity. When not all continuous magnitudes are 
incongruent with numerosities, like in surface area incongruent 
trials, children use the congruent continuous properties 
simultaneously with numerosity to respond correctly. The 
greater children’s inhibitory control, the more able they are to 
respond based on numerosity in fully incongruent trials, except 
in those with higher ratios (hard to solve). In these trial types, 
children are not able to extract numerical information, so they 
simply use the most salient information, which happens to 
be  continuous properties. The above support the competing 
processes account given that our findings suggest that both ANS 
and inhibitory control skills influence performance in dot 
comparison tasks.
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