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Abstract

While several studies have shown that the performance on numerosity comparison tasks is related to individual differences in math
abilities, others have failed to find such a link. These inconsistencies could be due to variations in which math was assessed, different
stimulus generation protocols for the numerosity comparison task, or differences in inhibitory control. This within-subject study is a
conceptual replication tapping into the relation between numerosity comparison, math, and inhibition in adults (N = 122). Three
aspects of math ability were measured using standardized assessments: Arithmetic fluency, calculation, and applied problem solving
skills. Participants’ inhibitory skills were measured using Stroop and Go/No-Go tasks with numerical and non-numerical stimuli.
Finally, non-symbolic number sense was measured using two different versions of a numerosity comparison task that differed in the
stimulus generation protocols (Panamath; Halberda, Mazzocco & Feigenson, 2008, https://doi.org/10.1038/nature07246; G&R, Gebuis
& Reynvoet, 2011, https://doi.org/10.3758/s13428-011-0097-5). We find that performance on the Panamath task, but not the G&R task,
related to measures of calculation and applied problem solving but not arithmetic fluency, even when controlling for inhibitory
control. One possible explanation is that depending on the characteristics of the stimuli in the numerosity comparison task, the
reliance on numerical and non-numerical information may vary and only when performance relies more on numerical
representations, a relation with math achievement is found. Our findings help to explain prior mixed findings regarding the link
between non-symbolic number sense and math and highlight the need to carefully consider variations in numerosity comparison

tasks and math measures.
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Humans are born with an evolutionarily preserved intuitive sense of approximate, non-symbolic number, commonly
referred to as number sense (Dehaene, 2011)—that helps us to make important decisions without the need for exact
enumeration. This idea is supported by findings that animals (Agrillo, Miletto Petrazzini, & Bisazza, 2016; Viswanathan
& Nieder, 2015) and infants (Libertus & Brannon, 2010; Starr, Libertus, & Brannon, 2013; Xu, Spelke, & Goddard, 2005)
can discriminate numerosities. In older children and adults, number sense is typically assessed with a numerosity com-
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parison task in which participants are instructed to decide which of two presented numerosities is numerically larger
(i.e., contains the larger number of objects). Performance on numerosity comparison tasks is characterized by a ratio
effect: when the relative difference between both numerosities is small, decisions are harder and participants are less
accurate than when the relative differences are larger (e.g., Halberda, Ly, Wilmer, Naiman, & Germine, 2012; Libertus,
Odic, & Halberda, 2012; Sasanguie, G6bel, Moll, Smets, & Reynvoet, 2013). Performance on numerosity comparison tasks
improves throughout development into adulthood: older children can progressively discriminate smaller differences,
and this ability continues to develop into adulthood when people can discriminate, on average, an 8:9 ratio (Defever,
Reynvoet, & Gebuis, 2013; Halberda & Feigenson, 2008; Piazza, De Feo, Panzeri, & Dehaene, 2018).

In addition to this non-symbolic number sense, humans have a unique capacity to represent and perform oper-
ations on symbolic numbers that form the basis of more advanced mathematics, and some have suggested that
the understanding of symbolic number is built upon non-symbolic number sense. In the first study to suggest this
association, Halberda, Mazzocco, and Feigenson (2008) demonstrated that performance on a numerosity comparison
task in adolescence was retrospectively related to performance on a symbolic mathematics achievement test as early
as kindergarten. Since then, the relation between performance on numerosity comparison tasks and age-appropriate
measures of mathematics achievement has been replicated in several cross-sectional and longitudinal studies with
children and adults (e.g., Halberda et al., 2012; Libertus et al., 2012; Libertus, Feigenson, & Halberda, 2011; Nys &
Content, 2012; Piazza, Pica, Izard, Spelke, & Dehaene, 2013; Starr et al., 2013), suggesting that non-symbolic number
processing may be the basis of symbolic mathematics. In addition, children with dyscalculia also show lower levels
of performance on numerosity comparison tasks (Mazzocco, Feigenson, & Halberda, 2011; Piazza et al., 2010). Finally,
further support in favour of an association between numerosity comparison and mathematics achievement comes from
intervention studies demonstrating that training numerosity comparison results in significant gains on mathematics
achievement tests in both children and adults (Libertus, Odic, Feigenson, & Halberda, 2020; Park, Bermudez, Roberts, &
Brannon, 2016; Park & Brannon, 2013, 2014).

Despite the abundance of positive results, several other studies have called into question the claim that non-symbolic
number sense underlies understanding of symbolic number. A number of studies have reported null associations be-
tween performance on numerosity comparison tasks and mathematics achievement (e.g., Sasanguie, Defever, Maertens,
& Reynvoet, 2014; Sasanguie, De Smedt, & Reynvoet, 2017; Sasanguie et al., 2013), and given a bias toward publication
of significant results, this lack of association might be underrepresented. Meta-analyses in typical samples (Chen & Li,
2014; Fazio, Bailey, Thompson, & Siegler, 2014; Schneider et al., 2017) and in children with mathematical learning deficits
(Schwenk et al., 2017) suggest a weak to modest relation between numerosity comparison skills and math achievement.
More crucially, these meta-analyses describe substantial heterogeneity in the effect sizes across studies, but the sources
of this heterogeneity remain unclear.

One reason for these mixed findings may be the different ways that math achievement is measured and thus
the underlying math skills included in past studies. Previous studies have indeed used very different indices of math
achievement such as age-appropriate mathematical abilities tests (e.g., Halberda et al., 2008; Libertus, Odic, Feigenson,
& Halberda, 2016), arithmetic fluency tests (e.g., Brankaer, Ghesquiére, & De Smedt, 2014; Sasanguie et al., 2013), or
curriculum-based tests (e.g., Sasanguie, De Smedt, Defever, & Reynvoet, 2012). The impact which measure of math is
used in these studies was addressed in a meta-analysis by Schneider and colleagues (2017). Specifically, the largest effect
sizes were found in studies that tested early mathematical abilities or arithmetic fluency. When mathematics measures
focused on written arithmetic or a curriculum-based test, the effect sizes were smaller. However, even for adults the rela-
tion between numerosity comparison and math seems to be moderated by the type of math achievement test. Braham
and Libertus (2018) showed that the performance in a numerosity comparison task was related to arithmetic fluency and
applied word problem solving, but not to the performance on a procedural calculation test. Thus, it is possible that the
relation between numerosity comparison performance and math is stronger when the math achievement test measures
abilities that tap into numerosity processing (Schneider et al., 2017).

A second reason for these inconsistent findings regarding the link between numerosity comparison and math ach-
ievement may stem from the fact that both skills are related to a third variable, specifically inhibition (Fuhs & McNeil,
2013; Gilmore et al., 2013). This suggestion in part goes back to a related debate in the field on the underlying processes
in numerosity comparison. Inhibition is broadly defined as overriding a prepotent or dominant response in favor of

Journal of Numerical Cognition
2021, Vol. 7(3), 308-327

GOLD
https://doi.org/10.5964/jnc.6059 B PsychOpen


https://www.psychopen.eu/

Making Sense of Number Sense 310

one that is less common or readily available. As mentioned above, the common interpretation of performance on a
numerosity comparison task is that it reflects an individual’s representations of non-symbolic numerical information
(Halberda et al., 2008; Piazza et al., 2018). However, visual sets of objects also have non-numerical features such as the
total surface and density of all objects that correlate with number in everyday life. For instance, eight oranges in a
bowl will have a larger volume (i.e., greater total surface) and will be more compact (i.e., denser) than four oranges
in the same bowl. Researchers are well aware of this natural correlation and many solutions have been proposed to
eliminate the influence of these non-numerical features in tasks that require numerosity processing by manipulating the
extent to which non-numerical cues vary across stimuli. Typically, the non-numerical features are positively correlated
with number on half of the trials (i.e., congruent trials), such that the numerically larger set also has larger values
on non-numerical dimensions, and negatively on the other half (i.e., incongruent trials), so the numerically larger set
actually has smaller values on non-numerical dimensions (see Figure 1).

Figure 1

Example Stimuli of Both Algorithms (Top: Panamath; Below: G&R)

Area congruent Area neutral Area incongruent

congruent incongruent

Even after such a manipulation, a numerical ratio effect is present and this is considered evidence that individuals are
basing their decisions on numerical information (Halberda et al., 2008; Piazza et al., 2018). However, in addition to a
ratio effect, a congruency effect is also observed in most studies: performance on incongruent trials is worse than on
congruent trials, indicating interference by non-numerical information (e.g., Clayton, Gilmore, & Inglis, 2015; Defever et
al., 2013; Fuhs & McNeil, 2013; Fuhs, McNeil, Kelley, O'Rear, & Villano, 2016; Gebuis & Reynvoet, 2012; Gilmore, Cragg,
Hogan, & Inglis, 2016; Leibovich & Henik, 2014; Norris, Clayton, Gilmore, Inglis, & Castronovo, 2019; Reynvoet, Vos, &
Henik, 2019; Sziics, Nobes, Devine, Gabriel, & Gebuis, 2013).

Developmental studies have shown that the interference from non-numerical features is stronger in young children
than in older children and adults, possibly due to the fact that their inhibitory functions are not yet as mature (e.g.,
Jonkman, 2006). In fact, children’s performance in a numerosity comparison task is sometimes better predicted by the
non-numerical features than by number itself (Rousselle & Noél, 2008). The influence of non-numerical features decrea-
ses across development (e.g., Defever et al., 2013) but remains present among adults in some studies (Clayton et al.,
2015; Gebuis & Reynvoet, 2012; Leibovich & Henik, 2014). This developmental pattern is consistent with developmental
changes in performance in conflict tasks like Stroop or Flanker tasks (for an overview see Diamond, 2013), which has
resulted in the assumption that increasing performance with age in numerosity comparison reflects—at least in part—
individuals’ increasing inhibitory control abilities (Defever et al., 2013; Sziics et al., 2013). As such, the relation between
the performance in a numerosity comparison task and math achievement may be attributable to individual differences
in inhibition, as suggested by Fuhs and McNeil (2013) and Gilmore et al. (2013). More specifically, Gilmore et al. (2013)
demonstrated that children’s performance on incongruent trials and not the performance on congruent trials was
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related to mathematics achievement. Furthermore, they found that the relation between numerosity comparison and
mathematics achievement was no longer significant when accounting for inhibitory ability, indexed by the difference
score between a block where children had to name the shape (circle/square) or direction (up/down) of arrows and an
inhibition block in which participants had to give the opposite response, e.g., say circle when a square is presented (i.e.,
NEPSY-II subtest, Davis & Matthews, 2010). However, other studies failed to find that variations in inhibition entirely
explain the association between numerosity comparison and math performance (Keller & Libertus, 2015; Odic, Hock, &
Halberda, 2014; Odic, Libertus, Feigenson, & Halberda, 2013). For instance, in contrast to Gilmore et al. (2013), Keller and
Libertus (2015) found that the same measure of inhibition could not explain the positive association between numerosity
comparison and mathematics achievement, at least in children from predominantly middle- and high-SES backgrounds.
No studies to date have addressed the relation between numerosity comparison, inhibition, and math in adults.

Finally, the contradictory findings of Gilmore et al. (2013) and Keller and Libertus (2015) open the possibility that
there are other reasons for the mixed findings. These studies used two different algorithms to create the visual displays
of numerosities shown in the numerosity comparison tasks (specifically, the task developed by Gebuis & Reynvoet,
2011, versus the “Panamath” task developed by Halberda et al., 2008; hereafter referred to as “G&R” and “Panamath”
respectively). Previous studies with mostly adult participants have indeed highlighted some important methodological
differences between these two very common algorithms that result in different performance (e.g., Clayton et al., 2015;
DeWind & Brannon, 2016; Gilmore, Attridge, de Smedt, & Inglis, 2014; Norris & Castronovo, 2016; Smets, Gebuis,
Defever, & Reynvoet, 2014; Smets, Moors, & Reynvoet, 2016). Despite purportedly measuring the same underlying
construct, a systematic analysis of numerical and non-numerical features by DeWind and Brannon (2016) found with-
in-person performance on G&R and Panamath were weakly correlated. They concluded that the different algorithms to
create the dot arrays induce differences in performance and also lead to different levels of reliance on non-numerical
features, as the Panamath algorithm induced a larger influence of spacing, a mathematically derived feature related to
convex hull and sparsity (i.e., the inverse of density), in the decisions of participants than the G&R algorithm. This
may be due to a larger positive correlation between the non-numerical features and number in the Panamath task. In
other words, inhibition is less likely to be recruited in order to override salient non-numerical features in the Panamath
protocol as in the G&R protocol because those features more frequently correspond to the correct numerical response.
As such, the moderating effect of inhibition in the relation between numerosity comparison and math achievement may
be dependent on the algorithm used to create the dot arrays.

In this study, we attempt to disentangle seemingly contradictory findings from prior research using a direct and
conceptual replication of studies that examined the relation between non-symbolic number sense and symbolic math
skills in adults. We opted for an adult sample because we wanted to untangle the complex processes first before
exploring how these processes operate through development. This enabled us to examine 1) the possible impact of
the type of math abilities that were assessed, 2) the possible role that inhibition may have on the relation between
number sense and math, and 3) the stimulus generation algorithm used to construct the dot arrays for the numerosity
comparison task in a within-subject design where all participants were presented with a large number of tasks. More
concretely, in a sample of 122 adults we compared two non-symbolic number comparison tasks (stimuli were generated
with either the Panamath or the G&R software)' and their relations with different inhibition (Stroop and Go/No-Go
tasks) and math measures (arithmetic fluency, procedural calculation, and applied problem solving skills). These data
allow for the examination of whether numerosity comparison tasks relate to different math skills (arithmetic fluency,
procedural calculation, word problem solving) and whether different inhibitory control measures are a confounding
third variable in these relations.

1) There are several ways in which the stimuli can be created with each software. The details of the version that was used here can be found in the methods
section and the experimental scripts are available on OSF (see Supplementary Materials).
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Method

Participants

To determine sample size, an a priori power analysis was conducted using G*Power 3.1 (Faul, Erdfelder, Lang, &
Buchner, 2007). This analysis showed that a sample of 133 would be needed in order to detect an effect size of r = .24 (see
Schneider et al., 2017) with a = 0.05 and a power of 80%. In total, 141 adult participants recruited from a large university
in Belgium (university students; M,,. = 20.23 years; SD = 2.05; range = 17.89-29.40) were tested. Participants were
excluded from all analyses if any of their scores on one of the assessments was 3SD below or above the sample mean for
ge = 19.70 years; SD = 2.05). Unfortunately, due
to the removal of these outliers, the required sample size derived from our power analysis was not fully met.

that assessment (n = 19). The resulting sample consisted of 122 adults (M,

Procedure

All assessments took place in a single laboratory visit, and tasks were presented in a pseudo-randomized order. All
participants first completed a series of paper-and-pencil questionnaires and math tests (first Arithmetic Fluency, then
Arithmetic Skills). Then, both numerosity comparison tasks were administered in a counterbalanced order (half of the
participants started with Panamath, the other half with G&R). Finally, four inhibition tasks were administered of which
the order was counterbalanced according to a Latin square design. Numerosity comparison and inhibition tasks were
computerized and presented on a 15.4-inch laptop computer. In total, testing lasted about one hour.

Measures

Math Tests

Arithmetic fluency — To measure arithmetic fluency, the “Tempo Test Arithmetic” was used (“Tempo Test Rekenen,’
De Vos, 1992). This test is comprised of five separate columns: addition, subtraction, multiplication, division, and mixed
exercises with 40 items of increasing complexity in each column (e.g., 1 x 4 as first item of multiplication, 5 x 17 as last
item). As this test was developed for elementary school children, we reduced the time limit to 30 seconds per column
instead of one minute. Participants were instructed to answer as many items correctly as possible. One point was given
for each correct item. This assessment demonstrates adequate psychometric validity and reliability.

Arithmetic skills — Four subtests of the “Cognitive Skills Arithmetic, 5th grade” test (“Cognitieve Deelvaardigheden
Rekenen—5e graad’; Desoete & Roeyers, 2006) were used to measure participants’ procedural calculation skills and
abilities to solve applied word problems. Developers of the assessment have reported adequate internal consistency
for the overall assessment with all nine subtests (¢ = 0.75). The measure of procedural calculation was drawn from
two subtests; the procedural calculation subtest, which consisted of five items which required participants to complete
multi-step operations (e.g., 1263 + 861 + 73 + 445 = ?), and the mathematical reasoning subtest, which consisted of five
items which required participants to interpret and solve a procedural computation (e.g., 370.5 is 0.9 less than ...). The
measure of applied word problems was drawn from two other subtests; the word problems without distraction contained
five items with only item-relevant information (e.g., “Emily has 40 marbles. She gives away 2 marbles. How many
marbles does she have left?”), and the word problems with distraction contained five items with additional item-irrelevant
information (e.g., “Lisa has 2 marbles and 3 stickers. She gets 40 marbles. How many marbles does she have now?”).
Participants were given 15 minutes time to complete all 20 items.

Inhibitory Tasks

Participants completed four computer-based tasks designed to test inhibitory control: Two Stroop tasks, and two
Go/No-Go tasks in which one task of each kind used numerically relevant stimuli and the other used numerically
irrelevant stimuli. The four tasks were presented in a pseudo-random order counterbalanced across participants.

Stroop tasks — In the Stroop tasks, participants were instructed to respond to one piece of relevant information about
a stimulus while ignoring the other, often more salient, piece of information. Stroop tasks consisted of 16 practice trials
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with feedback? followed by 96 test trials. A fixation cross was presented for 500 ms on an otherwise blank screen, after
which the stimulus was presented for 90 ms, and participants had 750 ms to respond before the start of the next trial.
Half of the trials were congruent, and half were incongruent. During the Numerical Stroop task (e.g., Censabella & Noél,
2005), stimuli were digits (1 to 4). Participants were asked to indicate how many numbers they saw on the screen rather
than the value of the digit (e.g., if they saw 444, the correct answer was 3). The correct answer ranged from 1 to 4 across
trials, with responses counterbalanced so that each was correct for 25% of all trials. Participants could answer with the
keys f (for 1), g (for 2), h (for 3) and j (for 4). During the Animal Stroop task (e.g., Gilmore et al., 2015) two animal pictures
were simultaneously presented in the center of the screen. Participants were asked to indicate which animal is largest
in real life rather than the relative size on the screen. During half of the trials the image of the larger real-life animal
(elephant or bear) was larger than the smallest animal (butterfly or rabbit) (congruent trials). During the other half of
the trials, the image of largest real-life animal was presented smaller than the image of the smallest real-life animal
(incongruent trials). The physically larger image was always twice as high and twice as wide as the physically smaller
image. There were 16 different stimuli, each repeated six times. The correct answer was on the left side of the screen
during half of the trials, in the other half on the right side of the screen. Response keys were f (left side) and j (right
side). Inhibition was measured by an interference score for each task by subtracting the mean response time (RT) on
correct congruent trials from the mean RT on correct incongruent trials.

Go/no-go tasks — In the Go/No-Go tasks, participants were instructed to respond as quickly as possible to all stimuli
except for a specified stimulus, thus requiring them to develop and subsequently inhibit a prepotent response. The task
consisted of 10 practice trials followed by 100 test trials, in which the “Go” stimulus was presented for 75% of trials and
the “No-Go” stimulus was presented for the remaining 25%. A fixation cross was presented for 500 ms, the stimulus was
presented for 90 ms, and participants had 750 ms to respond before the start of the next trial. In the Number Go/No-Go
task, the “Go” cue was the Arabic numeral “1. while the “No-Go” cue was the Arabic numeral “6” In the Animal
Go/No-Go task, the “Go” cue was a picture of a horse, while the “No-Go” cue was a picture of a bird. The number of
commission errors (i.e., a response was given despite the No-Go stimulus) in each task was used a measure of inhibition.

Numerosity Comparison Tasks

Participants completed two numerosity comparison tasks for which stimuli were generated with different software
(Panamath and G&R). Both tasks started with six practice trials with auditory feedback, and a test phase of 144 trials
administered in a single block. Each trial began with the presentation of a fixation cross on an otherwise blank screen,
after which dot arrays (yellow and blue dots) were simultaneously presented on the left and right sides of the screen
for 500 ms. Participants were instructed to indicate which side contained more dots by pressing the “f” key (left hand)
or the “” key (right hand). Half of the trials featured the correct answer on the left side of the screen, the other half
on the right. Numerosities ranged from 10 to 40 and six ratios were used: 1.11, 1.14, 1.2, 1.25, 1.5 and 2. The two tasks
were completed sequentially, and the order was counterbalanced across participants. Accuracy scores were used for all

analyses (see also Gilmore et al., 2014). Example items from each task are presented in Figure 1.

Panamath — One numerosity comparison task was created and administered using the Panamath Software (downloa-
ded from the Panamath website; www.panamath.org). The version used here contained three trial types: area-congruent
trials (i.e., trials in which the dot array that contained more dots had the larger cumulative surface area), area-neutral
trials (i.e., trials in which both dot arrays had the same cumulative surface area), and area-incongruent trials (i.e., trials
in which the dot array that contained more dots had the smaller cumulative surface area. Note that in this case, the
cumulative perimeter between the dot arrays was equated).

Gebuis & Reynvoet — The other numerosity comparison task was an adapted version of the one used by Gebuis and
Reynvoet (2011) and was administered using E-prime 3.0. The stimuli can be found in the Supplementary Materials. In

2) Nine participants received only five practice trials due to a programming error; however, they were not excluded from analyses.
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this task, five visual cues were controlled for across trials: convex hull (i.e., the area subtended by each dot array), total
surface area (i.e., the aggregate surface area of all dots in one array), dot item size (i.e., the average diameter of the dots
presented in one array), total circumference (i.e., the aggregate circumference of all dots in one array), and density (i.e.,
surface area divided by convex hull). This task contained two trial types: fully congruent and fully incongruent, meaning
that all the visual cues were congruent during congruent trials and incongruent during incongruent trials.

Data Analysis Plan

Research questions, data collection, and a series of analyses for this investigation were preregistered on Open Science
Framework on February 19, 2018 (see Supplementary Materials). Analyses were aimed at better understanding mixed
results that have emerged from prior studies showing inconsistent relations between numerosity comparison and
math achievement. Specifically, we address two research questions: 1) The extent to which two different numerosity
comparison tasks are related to different math skills (arithmetic fluency, procedural calculation, word problem solving)
and 2) whether different inhibitory control measures were related to performance on either assessment of numerosity
comparison or mathematical skills.

We first presented a series of repeated measures analyses of variance (ANOVAs) to test for the effects of ratio
and trial type in both numerosity comparison tasks and for the presence of interference effects in the Stroop tasks.
Second, because the performance in both numerosity comparison tasks was affected by trial type, an Exploratory
Factor Analysis (EFA) was conducted to uncover the underlying structure of the different trial types. This EFA was not
preregistered but seemed a logical step in the data analysis given the strong effects of trial type. Finally, after computing
descriptive statistics and bivariate relations for variables of interest, we ran two path models with all math assessments
simultaneously regressed on each of the two number comparison tasks to address the first research question. To
address our second research question, we ran a series of path models to test whether inhibitory control measures
were independently related to performance on assessments of mathematical skill, and whether the relation between
numerosity comparison and mathematical skills operates indirectly through inhibitory control. All path analyses were
run in Mplus 8 (Muthén & Muthén, 2017).

Results

Within-Task Repeated Measures ANOVAs

Numerosity Comparison

Two repeated-measures ANOVAs modeled six within-subject levels (one for each ratio). Additionally, each test modeled
separate trial types (two levels for G&R: Congruent and incongruent; three levels for Panamath: area-congruent,
area-neutral, and area-incongruent). Results of both ANOVAs are shown in Figure 2.

In the G&R numerosity comparison task, there was a main effect of trial type, F(1, 121) = 371.76, p < .001. Accuracies
on congruent trials (M = 0.88, SD = 0.09) were higher than on incongruent trials (M = 0.46, SD = 0.17). There was also a
main effect of ratio, F(4.84,585.26) = 211.82, p < .001, such that participants performed more accurately when presented
with larger ratios. As expected, the interaction of ratio and congruency was also significant, F(4.81, 582.28) = 67.68, p
< .001, such that participants improved more on incongruent trials with increasing ratios than they did on congruent
trials. This is possibly due to particularly poor performance on low-ratio incongruent trials as compared to congruent
trials which might have seen a ceiling effect; for trials that used a 1.11 ratio, accuracy on incongruent trials was near
30% (below chance), whereas for the same ratio in congruent trials, accuracy was above 80%.
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Figure 2

Mean Accuracy on the Two Numerosity Comparison Tasks by Ratio and Trial Type
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For Panamath, there was also a main effect of trial type, F(1.85, 224.34) = 21.09, p < .001. Participants were more accurate
on area-congruent trials (M = 0.82, SD = 0.06) than on area-neutral trials (M = 0.80, SD = 0.07) and area-incongruent
trials (M = 0.78, SD = 0.08). Bonferroni post-hoc comparisons revealed that means of the three trial types were
significantly different from one another (all p-values < .01). There was also a main effect of ratio, F4.43, 535.66) =
289.13, p < .001, such that participants again performed worse on trials with smaller ratios. There was also a significant
interaction of ratio and congruency, F(8.19, 990.85) = 15.33, p < .001. This again appeared to be driven by the fact that
participants’ accuracy for area-incongruent trials improved sharply as the ratio increased; for trials that used a 1.11
ratio, accuracy on area-incongruent trials was below 60%, whereas for area-congruent and area-neutral trials, accuracy
was near 70%. Again, this might reflect a ceiling effect for easier trial types.

Stroop Interference

Error rates were 15.35 and 3.17% respectively for the numerical Stroop and the animal Stroop task. Repeated measures
ANOVAs were conducted for both Stroop tasks to examine the expected presence of an interference effect. Results are
presented in Figure 3. For the numerical Stroop task, there was a significant effect of congruency for RTs, F1,121) =
305.65, p < .001. Participants were faster during congruent trials (M = 487.32 ms, SD = 37.10) compared to incongruent
trials (M = 529.46 ms, SD = 37.30). The same was true for the animal Stroop task, F(1,121) = 178.99, p < .001, wherein
participants were faster during congruent trials (M = 351.55 ms, SD = 39.69) than incongruent trials (M = 380.49 ms, SD =
47.33). There was also a significant difference in accuracy between the two trial types in both number and animal Stroop
tasks, F(1,121) = 61.00, p < .001; F(1,121) = 233.15, p < .001, respectively. In both tasks, participants were more accurate in
congruent trials than in incongruent trials. However, only an interference score for RTs was computed and used for all
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subsequent analyses due to the likelihood of ceiling effects on the congruent trials, as the means for both Stroop tasks
were above 90%.

Figure 3

Mean Response Time by Task and Trial Type for the Two Stroop Tasks
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EFA for Numerosity Comparison Tasks

Because both analyses of the numerosity comparison tasks revealed an effect of trial type, an EFA was conducted to
determine the underlying factor structure of the different trials. Trial accuracy was aggregated to the ratio bin level
for each trial type in the two tasks. That is, a total of 30 variables were included, 12 representing accuracy on the
G&R incongruent or congruent trials in each of the six ratio bins and 18 representing accuracy on the three Panamath
trial types in each of the six ratio bins. These variables were submitted to an EFA with ROTATION = OBLIMIN.
A three-factor model fit the data significantly better than did a two-factor model, ¥%(28) = 50.399, p = .0058, and a
four-factor model did not fit the data better than did a three-factor model, x%(27) = 30.441, p = .2947, suggesting that a
three-factor model was most appropriate. However, this model still did not fit the data well according to conventional fit
statistics, x%(348) = 513.587, p < .0001, RMSEA = 0.062, 90% CI [0.051, 0.074], CFI = 0.836, SRMR = 0.059, suggesting that
the variance in these 30 variables could not be well reduced to a small set of factors, possibly due to extraneous error
in these composites created from a relatively low number of trials within each bin (eight trials per bin for Panamath,
12 trials per bin for G&R). As such, these latent factors were not used in structural models and instead the pattern
of item loadings was examined more descriptively. Item loadings onto the three factors are shown in Table 1. All
variables representing congruent trials from the G&R assessment loaded onto one factor, all variables representing
incongruent trials loaded onto another, and most variables representing trials from Panamath loaded onto a third. Thus,
for subsequent analyses we use three separate indices of performance on the numerosity comparison tasks: overall
Panamath accuracy, G&R congruent accuracy, and G&R incongruent accuracy.
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Table 1

Results of Exploratory Factor Analysis

Condition % Correct SD Factor 1 Factor 2 Factor 3
Panamath area correlated 1.11 70.33 13.87 0.087 -0.178 -0.048
Panamath area correlated 1.14 74.66 13.34 0.328 -0.150 0.055
Panamath area correlated 1.20 83.62 12.95 0.358" 0.013 -0.206
Panamath area correlated 1.25 77.99 12.55 0.361 0.245 0.269
Panamath area correlated 1.50 91.07 11.04 0.438" -0.064 0.204
Panamath area correlated 2.00 98.41 5.20 0.422 -0.019 0.079
Panamath area equal 1.11 68.77 17.71 0.099 0.070 0.128
Panamath area equal 1.14 71.43 16.12 0.249 -0.038 -0.129
Panamath area equal 1.20 71.50 15.75 0.299 0.199 0.129
Panamath area equal 1.25 84.55 12.77 0.367 -0.027 0.169
Panamath area equal 1.50 89.90 10.64 0.451* 0.102 0.135
Panamath area equal 2.00 96.52 6.58 0.416* 0.035 0.090
Panamath area anticorrelated 1.11 56.02 15.90 0.084 0.043 0.166
Panamath area anticorrelated 1.14 70.20 16.89 0.444* -0.029 -0.103
Panamath area anticorrelated 1.20 76.37 14.46 0.356* 0.106 -0.026
Panamath area anticorrelated 1.25 84.87 12.08 0.329 -0.018 -0.019
Panamath area anticorrelated 1.50 86.27 14.85 0.533* 0.002 -0.235"
Panamath area anticorrelated 2.00 93.14 12.14 0.299 0.155 -0.179
G&R congruent 1.11 82.98 14.13 -0.072 -0.263 0.550*
G&R congruent 1.14 83.83 13.94 0.012 -0.305 0.566*
G&R congruent 1.20 84.37 16.14 0.024 -0.229 0.533*
G&R congruent 1.25 87.32 12.05 -0.036 0.018 0.762*
G&R congruent 1.50 91.06 10.19 0.034 0.090 0.685*
G&R congruent 2.00 95.52 7.22 0.083 0.069 0.624*
G&R incongruent 1.11 31.68 20.02 0.038 0.640* -0.232
G&R incongruent 1.14 31.48 18.32 -0.181 0.840* 0.044
G&R incongruent 1.20 36.78 19.88 0.002 0.512* -0.360*
G&R incongruent 1.25 45.26 21.66 0.063 0.709* -0.054
G&R incongruent 1.50 58.57 22.80 0.048 0.829* -0.030
G&R incongruent 2.00 73.86 22.11 0.174 0.777* 0.080

Note. G&R—Gebuis & Reynvoet.
*Factor loading significant at p < .05.

Path Analyses

Basic descriptive statistics of the variables of interest for the path analyses are presented in Table 2. Bivariate correla-

tions among all relevant variables are presented in Table 3.
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Table 2

Descriptive Statistics for Variables Included in Path Analyses

Variable M SD Minimum Maximum
Age 20.23 2.05 17.89 29.40
G&R congruent accuracy 0.88 0.09 0.63 1.00
G&R incongruent accuracy 0.46 0.17 0.10 0.85
Panamath total accuracy 0.80 0.05 0.67 0.91
Number go/no-go commission errors 6.87 3.60 1.00 16.00
Animal go/no-go commission errors 5.05 3.43 0.00 16.00
Number stroop interference RT score 42.14 26.62 -14.00 123.00
Animal stroop interference RT score 28.93 23.89 -13.00 108.50
Arithmetic fluency 104.86 17.45 66 151
Procedural calculation sum score 6.69 1.91 2 10
Applied mathematics sum score 5.89 1.91 1 10
Table 3

Bivariate Correlations Among Variables Included in Path Analyses

Variable 1 2 3 4 5 6 7 8 9 10 11
1. Age —

2. G&R congruent accuracy .06 —

3. G&R incongruent accuracy -.04  -.60™" —

4. Panamath total accuracy .05 .01 .25% —

5. Number go/no-go commission errors -.04 -11 -.09 -.21% —

6. Animal go/no-go commission errors -04 -.02 -.18 -.24™ .60 -

7. Number stroop interference RT score 12 -.07 -.00 197 -5 -11 —

8. Animal stroop interference RT score -.01 .07 -.16 -.07 -.03 .03 -.15 -

9. Arithmetic fluency a1 -3 .02 -.05 -.09 .00 .07 .19* —

10. Procedural calculation sum score A1 -.09 .10 17 -.07 -.09 .08 .01 46™ —

11. Applied mathematics sum score 14 .01 .08 19" 07 -.01 11 -.01 25" 247 -

*p<.05 " p<.01

Numerosity Comparison Tasks and Math Tests

To test whether numerosity comparison skills are related to mathematical skills, two separate path models were
conducted wherein the three math skills (arithmetic fluency, procedural calculation, and applied word problems) were
simultaneously regressed on each of the three measures of numerosity comparison skills by task (i.e., Panamath in
one model; G&R in the other). Covariances among all outcome variables were modeled such that all models were fully
identified so as to assess the unique contribution of numerosity comparison skills to each outcome measure net of
any similarity between different measures of mathematical skills. Results of both path models are shown in Figure
4. Accuracy on the Panamath task was related to relative success on both procedural calculation, f = 0.17, p = .039,
and word problems, B = 0.19, p = .026. In contrast, there was no relation between accuracy on either incongruent or
congruent trials on the G&R numerosity comparison task and any math skills. A sensitivity test in which all math skills
were regressed on both G&R congruent and G&R incongruent accuracy in separate models demonstrated that neither
alone was related to math skills either.
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Figure 4

Path Analyses Predicting Math Skills From Numerosity Comparison Tasks
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Note. All values represent standardized coefficients (a) Path model with math skills simultaneously regressed on Gebuis & Reynvoet numerosity
comparison task; (b) Path model with math skills simultaneously regressed on Panamath numerosity comparison task; (c) Path model with math skills
simultaneously regressed on both Gebuis & Reynvoet and Panamath numerosity comparison tasks.

Tp<.07."p< .05 p<.01. *p < .001.

To test whether associations between numerosity comparison and various mathematical skills differed depending on
the numerosity comparison task utilized (e.g., whether accuracy on the Panamath task was more strongly related to
arithmetic fluency than was accuracy on the G&R incongruent trials), we then conducted a multi-group path model
with each numerosity measure (i.e., Panamath, G&R incongruent, G&R congruent) representing a different group.
Parameters were tested for equality across the three groups; a Wald test confirmed parameters were not significantly
different across numerosity measures in predicting any of the three math outcomes, arithmetic fluency: x%(2) = 1.87,
p = .392; procedural calculation: ¥*2) = 5.71, p = .058; applied word problems: x*(2) = 2.85, p = .240. Due to the fact
that the analysis of parameter equality on procedural calculation neared conventional levels of statistical significance,
further post-hoc tests on group differences were performed. A comparison of G&R congruent and incongruent trials
revealed pathways predicting procedural calculation from the G&R conditions were not significantly different from
one another, x)(1) = 1.68, p = .195. However, pathways predicting procedural calculation from the Panamath task were
marginally different from the G&R congruent trials, x*(1) = 2.74, p = .098, and the G&R incongruent trials, x*(1) = 3.22,
p = .073, such that the magnitude of these associations was larger for the Panamath task than for the two G&R trial
types.

Lastly, to test whether there was a unique contribution of accuracy on the Panamath numerosity comparison
task net of any covariance shared with either congruent or incongruent trials from the G&R numerosity comparison
task, a single path model was conducted in which the three math assessments were simultaneously regressed on the
three numerosity comparison measures. Panamath continued to predict procedural calculation (§ = 0.17, p = .039) and
marginally predict applied word problems (B = 0.17, p = .068), whereas neither congruent nor incongruent trials from the
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G&R task were related to math outcomes, suggesting Panamath measures a construct that is uniquely related to certain
mathematical skills.

Inhibition, Numerosity Comparison, and Math Tests

Because of the strength of the correlation (r = .60) between the two Go/No-Go tasks, an aggregate was created to
represent the total number of commission errors. A path model was run with the three math skills simultaneously
regressed on the three inhibition scores (i.e., the Go/No-Go commission error composite, Number Stroop interference,
and Animal Stroop interference), results of which are shown in Figure 5A. Only the interference score from the
Animal Stroop task—but neither the Number Stroop nor total commission errors on Go/No-Go tasks—was related to
performance on any math measure. At that, performance on the Animal Stroop task was only related to performance on

the measure of arithmetic fluency, f§ = 0.20, p = .021.

Figure 5
Path Analyses Predicting Math Skills From Inhibitory Tasks
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Note. (a) Path model with math skills simultaneously regressed on all inhibition measures. (b) Path model with math skills simultaneously regressed on
significant predictors of math from prior models.
*p<.05. " p<.01."p<.001.

Another path model (Figure 5B) was run to test whether Panamath continued to relate to math outcomes over and
above inhibitory skills that were related to math outcomes. That is arithmetic fluency, procedural calculation, and
applied word problems were simultaneously regressed on Panamath and the interference score on the Animal Stroop
task. Similar to the model without inhibitory skills, Panamath continued to relate to applied word problems, = 0.19,
p = .026, and procedural calculation, f = 0.17, p = .037. Inhibition continued to predict arithmetic fluency, B = 0.18,
p = .050. There were no indirect associations of numerosity comparison skills with math skills via inhibitory control
skills, which is not surprising given that Panamath and inhibitory control each related to different math skills.
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Finally, a last path model was run with all parameters simultaneously estimated (i.e., both inhibition scores and all
three ANS scores predicting all three math outcome measures) to test specificity and robustness of effects. With this
more saturated model, we find only one significant association between RT on the Animal Stroop task and the test of
arithmetic fluency, p = 0.20, p = .022, consistent with other models. Panamath remained marginally related to applied
word problems, f = 0.15, p = .084, and procedural calculation, f = 0.15, p = .077. Neither G&R nor any of the other
inhibition tasks was related to any outcome measure, ps > .163. This general lack of other findings potentially reflects an
issue of low power or limited variance when all parameters are estimated simultaneously.

Discussion

The relation between numerosity comparison and math achievement has been the topic of intense debate. The discus-
sion has been complicated by the fact that studies have used different math assessments and numerosity comparison
tasks that used different stimulus generation algorithms. These tasks may pose greater or lesser demands on inhibition,
which has been measured in past work in a variety of ways as well. Here, we examine the influence of the stimulus
generation algorithm used in different numerosity comparison tasks, the type of math assessment, and the role that
inhibition plays on the relation between numerosity comparison and math. More specifically, we compared two of the
most commonly utilized algorithms (Panamath; Halberda et al., 2008; G&R, Gebuis & Reynvoet, 2011) and their relation
with arithmetic fluency, procedural calculation, and applied word problem solving skills and whether different forms of
inhibition (measured via Stroop and Go/No-Go tasks) influence the relation between numerosity comparison tasks and
math skills. Before going into the main results of our study, we want to repeat that, due to the removal of some outliers,
our final sample (n = 122) was a bit smaller than the number required based on our a-priori power analyses (n = 133),
which may have had a minor impact on some of the results. Nevertheless, our results suggest that the two numerosity
tasks measure different cognitive processes which relate differently to math and to inhibition. We discuss each of these
results in greater detail below.

First, correlations between performance on the two numerosity comparison tasks are dependent on trial type. There
is a weak but significant correlation between Panamath and the G&R incongruent trials (r = .25), but no correlation
between Panamath and the G&R congruent trials (r = .01). If both trials types of the G&R tasks are aggregated, the
correlation with the Panamath version is r = .33, an effect size that is very similar to those observed in previous studies
by Clayton et al. (2015) and DeWind and Brannon (2016). The strongest correlation that was observed between trial
types, although negative, was observed between G&R congruent and G&R incongruent trials (r = -.60), indicating that
there is a trade-off between both trials of the same task: better performance on congruent trials is associated with
worse performance on incongruent trials. Interestingly, our EFA confirmed that the cognitive processes indexed by the
Panamath task that consisted of area-congruent, area-neutral, and area-incongruent trials were more closely related to
each other than to those indexed by the G&R incongruent and congruent trials. These findings suggest that the stimulus
generation algorithms have a major impact on the performance in numerosity comparison tasks; however, further study
is needed with larger pools of items to better understand the underlying structure of tasks.

To arrive at a possible explanation for these observations, we first want to reiterate some details of both stimulus
generation algorithms. As mentioned before, we used three different trial types in the Panamath numerosity comparison
task: trials wherein the cumulative surface area of all dots in an array and number was positively correlated, trials
wherein they were equated, and trials wherein they were negatively correlated and cumulative perimeter was in turn
equated. While most studies using Panamath only use two trial types (i.e., area-congruent and area-neutral trials), we
also included area-incongruent trials because previous work has found that some participants may use total perimeter
as a non-numerical cue to solve non-symbolic number comparison tasks (DeWind, Adams, Platt, & Brannon, 2015).
The G&R version that was used in this study contains two different trials types: fully congruent and fully incongruent,
in which all non-numerical cues (convex hull, total surface area, dot item size, total circumference, and density) were
respectively congruent or incongruent with number (see Figure 1 for examples of these trial types). Many studies have
confirmed that participants’ numerosity comparisons are biased by non-numerical information present in the dot arrays,
as evidenced by the congruency effects (e.g., Clayton et al., 2015; Defever et al., 2013; Fuhs & McNeil, 2013; Leibovich
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& Henik, 2014; Norris et al., 2019; Reynvoet et al., 2019). The present results are in line with this pattern of findings
and reveal congruency effects in both numerosity comparison tasks. Remarkably, the congruency effect is much larger
in the G&R version of the task than in the Panamath version. More specifically, in the G&R numerosity comparison
task, participants’ accuracy is below chance on incongruent trials with difficult ratios, whereas average performance on
congruent trials does not fall below .80 for any ratio. This is an indication that in the G&R task, participants’ decisions
are strongly influenced by non-numerical information.

A possible explanation as to why participants rely more on non-numerical cues in some cases than others is offered
by the signal clarity account (Cantrell, Boyer, Cordes, & Smith, 2015; see also Leibovich et al., 2017). This account
posits that dimensions which contain a lot of variance (i.e., a salient dimension) are more easily extracted and used in
decisions. DeWind and Brannon (2016; Table 1) systematically analyzed all non-numerical cues of both stimulus genera-
tion algorithms and found that, although non-numerical cues correlate less with number in the G&R algorithm than in
the Panamath algorithm (i.e., convex hull/spacing is not controlled in this task, Dewind & Brannon, 2016), the variance
of the non-numerical cues in the G&R algorithm is much larger than in Panamath, making these non-numerical cues
more salient and as a consequence, more influential in numerical decisions. In other words, non-numerical dimensions
may have had a greater impact on decisions in the G&R numerosity comparison task than in the Panamath version, at
the cost of the impact of the number dimension.

Our second main finding was that performance on the two numerosity comparison tasks was differentially related
to our math assessments. Performance on the G&R numerosity comparison task was unrelated to any aspect of math,
whereas performance on the Panamath numerosity comparison task related to measures of procedural calculations and
applied word problem solving but not arithmetic fluency, supporting prior findings (e.g., Schneider et al., 2017). One
possible explanation for why Panamath and not the G&R task is related to math outcomes is that because of the larger
diversity in the trials types (area-congruent, area-neutral, area-incongruent) stimuli in the Panamath task, number is
a more prominent feature in the Panamath task than in the G&R task. These numerical representations may in turn
be of particular importance for procedural calculation and word problem solving because these aspects of math rely
much more on numerical representations than arithmetic fluency which relies most heavily on memory retrieval. An
alternative explanation for why Panamath may be related to math outcomes is that both Panamath and the math
tests require some degree of cognitive flexibility. The Panamath task can indeed be accurately performed by flexibly
switching between different decision strategies (e.g., Roquet & Lemaire, 2019). For instance, in area-congruent trials, a
correct decision can be derived on the basis of area. In area-neutral trials, the array with the smaller dots is the more
numerous one and as a consequence, the correct response can be derived on the basis of individual dot size. Finally, in
area-incongruent trials, participants may be able to use the same strategy as on area-congruent trials but reverse their
response. Thus, participants who are more flexible at switching between these strategies may perform better on the task
overall. Also for most math tests, cognitive flexibility is a requirement as participants need to be able to switch between
different strategies or algorithms to solve the task successfully (e.g., Hodzik & Lemaire, 2011). However, we think that
it is unlikely that a shared need for cognitive flexibility may explain the link between Panamath performance and
math ability because the type of cognitive flexibility involved is different in both tasks (i.e., flexibly changing between
perceptual inputs vs. flexibly adapting strategies/algorithms in math). A recent meta-analysis on far-transfer effects
of training components of children’s executive functions skills (including cognitive flexibility) found no convincing
evidence for such far-transfer effects (Kasai, Futo, Demetrovics, & Takacs, 2019). Thus, it seems unlikely that variations
in the use of cognitive flexibility on the Panamath task would relate to cognitive flexibility on the math assessment.
However, to completely rule out this alternative possibility future studies should include a task measuring cognitive
flexibility as an additional control task. If cognitive flexibility indeed explains the relation between Panamath and math
outcomes, the relation should no longer be significant when cognitive flexibility is controlled for.

Our findings may explain the contradicting findings from previous studies that examined the relation between
numerosity comparison and mathematics achievement (e.g., Halberda et al., 2012; Libertus et al., 2011, 2012; Sasanguie
et al., 2013, 2014) and the large heterogeneity observed in meta-analyses on this relation (Chen & Li, 2014; Schneider
et al., 2017). Apparently, the relation between numerosity comparison and math achievement is influenced by the way
in which stimuli for the numerosity comparison task are constructed and by the way math achievement is measured.
These findings partially replicate previous findings by Braham and Libertus (2018), who showed that performance
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on a numerosity comparison task using stimuli created with the Panamath algorithm correlated with applied word
problem solving. However, Braham and Libertus found a significant association between numerosity comparison and
math fluency but not calculation, whereas in these analyses we observed that numerosity comparison was related
to calculation but not math fluency. These differences may in part be due to slight variations between the math
fluency and calculation measures used. For example, the math fluency measure used by Braham and Libertus mixes
arithmetic operations while the majority of problems on the math fluency measure used in the present study are
blocked by arithmetic operation. Another potential explanation is that in the current study, the fluency measure was
based on relatively more fact retrieval problems than in the study by Braham and Libertus because the first items
in the present arithmetic fluency task are predominantly fact retrieval problems. In addition, the calculation measure
used by Braham and Libertus includes more advanced concepts such as fractions, algebra, geometry, trigonometry, and
factorials. Alternatively, Braham and Libertus showed that math anxiety moderated the relation between numerosity
comparison and applied word problem solving performance, suggesting that other characteristics of the participants and
the sample as a whole may explain contradicting findings in the literature. In that respect, it is important to emphasize
again that our sample was rather homogeneous and consisted of university students and that these results might be
slightly different in more heterogeneous populations.

Our third main finding was that the two numerosity comparison tasks related differently to our four inhibition
measures. Performance on the Panamath task was significantly correlated with the commission errors made in both
the Number and Animal Go/No-Go task and with the interference effect observed in the Number Stroop task. In
contrast, the G&R numerosity comparison task was not correlated with any of the inhibition measures. One possible
explanation is that participants were not actively trying to inhibit non-numerical information in the G&R task, while the
Panamath task may have triggered a greater reliance on inhibitory control to extract the numerical information needed
to complete the task. Importantly, inhibition was not responsible for the correlation between the Panamath numerosity
comparison task and math achievement as the associations between these two variables remained significant when
controlling for inhibition. This result is in line with the findings of Keller and Libertus (2015) in young children but
contradicts findings of Gilmore et al. (2013) and Fuhs and McNeil (2013). Finally, even when controlling for performance
on the G&R numerosity comparison task, individual differences in accuracy on the Panamath numerosity comparison
task continue to predict math achievement, specifically procedural calculation.

In conclusion, this study replicates and extends much of the prior research regarding the relations between non-sym-
bolic number sense and symbolic number understanding and provides some further clarity to seemingly inconsistent
findings. This study is the first to systematically examine the impact of variations in math assessment, stimulus
generation algorithms to assess numerosity comparison skills, and inhibition for the link between numerosity compar-
ison and math achievement. Our results suggest that variations in the stimulus generation protocols for numerosity
comparison tasks result in different reliance on non-numerical cues and non-symbolic number representations. Possibly,
non-symbolic number is processed more prominently in the Panamath task because of the larger variance in trial types
that are presented during its administration, while the large variation in non-numerical cues in the G&R algorithm
results in decisions heavily influenced by non-numerical cues. However, alternative explanations underlying the relation
between Panamath and math tests such as cognitive flexibility need to be examined further. This explanation fits with
our findings that performance on the Panamath task but not the G&R task was correlated with math achievement
and that these results held even when controlling for inhibition. In sum, our findings with adults explain prior mixed
findings regarding the link between non-symbolic number sense and math and highlight the need to carefully consider
the stimulus generation protocols used for numerosity comparison tasks and the choice of math measures. Future
studies should explore how these factors impact the link between non-symbolic number sense and math through
development.
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