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A B S T R A C T

Recent dual-process research shows that adults can generate correct responses intuitively, whereas younger 
reasoners rarely do so. Yet the nature of their lower intuitive accuracy remains unclear. Does it reflect a general 
deficit in intuitive (“System 1”) reasoning, or simply more limited task practice? We addressed this by manip
ulating task familiarity in two studies with 7th-grade adolescents (approximately 12 years old). We contrasted 
performance on numerical reasoning tasks involving well-practiced logico-mathematical principles for these 
students (Study 1: arithmetic word problems; Study 2: decimal comparison) with a task involving a less-practiced 
principle (the bat-and-ball problem). Using a two-response paradigm, participants first provided an answer under 
time pressure and cognitive load, followed by a final, unconstrained answer to distinguish intuitive from 
deliberate reasoning. Across both studies, correct responses on well-practiced tasks were predominantly intui
tive, whereas both intuitive and deliberative accuracies were low on the less-practiced task. This supports the 
view that correct intuitive reasoning depends on prior knowledge automatization and provides evidence against 
a generic “System 1” developmental deficit.

1. Introduction

Human reasoning is often described as biased. People frequently rely 
on quick, effortless impressions that can conflict with logical or proba
bilistic principles [1,2]. According to dual-process theories, such errors 
arise because two types of processes jointly shape reasoning: intuitive 
“System 1” processes, which are fast and automatic, and deliberative 
“System 2” processes, slower and more effortful [3]. In this framework, 
biases arise when an intuitive but incorrect response prevails and 
deliberation fails to correct it, so correct reasoning is typically attributed 
to the successful engagement of deliberate, analytical thinking.

While early dual-process theories portrayed intuition as a source of 
bias, an accumulating body of evidence shows that our intuitions are not 
inherently flawed; individuals often generate correct responses from the 
outset, without the need for further deliberation. In that respect, the 
two-response paradigm [4], which distinguishes between fast, intuitive 
answers and slower, deliberative ones, provides direct support for the 
effectiveness of intuition. In this paradigm, participants are asked to 
provide two answers to each problem: an initial response under time 
pressure and cognitive load (to constrain the engagement of 

deliberation), followed by a second, unconstrained response (to allow 
for deliberation [5]). Across a range of reasoning tasks, most correct 
final answers were already correct at the initial, intuitive stage [5–8]. 
These findings challenge the classical view that deliberation is required 
to override faulty intuitions and instead suggest that intuitive processes 
themselves can sometimes produce sound reasoning [4,9–12].

This raises two central questions for dual-process theories: under 
what conditions do correct logical intuitions emerge, and what mecha
nisms support their development? One influential proposal is that ac
curate intuitions emerge through automatization. Stanovich [13] 
described mindware as the rules, principles, and strategies that in
dividuals acquire through learning and practice. Building on this idea, 
and consistent with broader evidence that cumulative practice supports 
academic performance [14,15], De Neys and Pennycook [10] proposed 
that repeated engagement with logico-mathematical principles allows 
these principles to become instantiated—i.e., encoded as retrievable 
mindware—and, with sufficient practice, automatized—i.e., that enco
ded mindware is retrieved rapidly and with minimal effort. As a result, 
once-effortful reasoning principles can be retrieved and applied intui
tively, without deliberate reflection. When the necessary knowledge has 
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been well practiced, it can operate automatically and guide reasoning 
from the outset, yielding correct responses that are immediate and 
effortless.

Crucially, multiple intuitions can co-occur; therefore, different 
candidate responses may be activated in parallel, with the final output 
reflecting the one that is strongest or most accessible. When the relevant 
logico-mathematical knowledge is well entrenched, the logical intuition 
may be activated rapidly and with high accessibility, increasing its 
chances of dominating over competing incorrect intuitions. In contrast, 
when logico-mathematical knowledge is less entrenched, incorrect re
sponses should be more likely to prevail. Accordingly, the automatiza
tion account entails that correct intuitive responses should be more 
frequent when the underlying principles have been practiced exten
sively and can be retrieved automatically.

Preliminary evidence is consistent with this idea. Raoelison et al. 
[16] and Charbit et al. [17] found that older adolescents (French 
12th-grade students, approximately 17 years old) were more likely than 
early adolescents (French 7th graders, approximately 12 years old) to 
produce correct intuitive answers on classic reasoning problems such as 
the bat-and-ball task (“A bat and a ball together cost $1.10. The bat costs 
$1.00 more than the ball. How much does the ball cost?”; [18]). 
Together, these findings suggest that sound intuitive reasoning becomes 
more prevalent by the end of secondary education in late adolescence, 
potentially reflecting increased exposure and practice with the under
lying logico-mathematical principles [9,10].

At the same time, these results leave open whether age differences 
truly reflect the effect of automatization or a broader developmental 
limitation. That is, the precise nature of the less prevalent sound 
intuiting among young adolescents is not clear. One possibility is that in 
general, younger reasoners simply have a less efficient “System 1” and 
are overall less able to generate accurate intuitive responses. Alterna
tively, the poorer performance originates results from the nature of the 
tasks typically used in prior dual-process research. Many of the classic 
reasoning tasks—such as the bat-and-ball problem—draw on principles 
that are only introduced and practiced during secondary education (e.g., 
solving an equation with two unknowns, [19]). Younger students are 
therefore unlikely to have automatized these principles, making correct 
intuitive responses improbable. From this perspective, the develop
mental pattern may not indicate a lack of intuitive reasoning capacity 
but rather limited opportunity to acquire and automatize the relevant 
knowledge. Distinguishing between these explanations is crucial for 
understanding how logical intuitions develop. If automatization is the 
key mechanism, correct intuitions should appear even in younger 
students—provided the task relies on well-learned, highly practiced 
principles. Conversely, if a genuine developmental constraint limits the 
ability to generate correct intuitions, younger students should show poor 
intuitive performance regardless of how well the underlying principle 
has been practiced.

The present study tested whether differences in intuitive accuracy 
among adolescents reflect automatization or broader developmental 
limitations by focusing on early adolescents (French Grade 7 students, 
approximately 12 years old) and varying task familiarity—defined as 

how well the underlying logico-mathematical principle has been 
practiced—as a proxy for automatization1. Two studies used the two- 
response paradigm to measure both intuitive and deliberative 
reasoning. In both, we compared performance on a less-practiced task 
(the bat-and-ball problem, adopted from previous developmental work: 
[17,20]) with performance on a well-practiced numerical reasoning task 
that relies on principles extensively taught before the start of secondary 
education.

In Study 1, we used arithmetic word problems [21] as the 
well-practiced task. These problems require students to apply basic 
operations and interpret relational statements in verbal form—skills 
introduced and reinforced throughout primary school [22,23]. A 
typical bias occurs when children add rather than subtract, misled by the 
phrasing “more than.” For instance, in “Mary has 8 marbles. She has 5 
more marbles than John. How many marbles does John have?”; students 
often respond 13 instead of 3 ([21], as cited in [22]).

In Study 2, we assessed students’ understanding of decimal magni
tudes using a decimal comparison task which is typically also introduced 
and practiced during elementary education [24,25]. A well-documented 
bias here is the “whole number bias,” where students assume that 
numbers with more digits are larger. For example, they may judge 1.45 
to be greater than 1.5 simply because 45 is numerically greater than 5 
[26].

If the automatization hypothesis is correct, early adolescents should 
show higher accuracy on well-practiced tasks than on less practiced 
tasks at both the intuitive and deliberative stages. Crucially, correct 
responses should predominantly emerge at the intuitive stage, indi
cating that well-practiced principles can be applied automatically 
without deliberation. Conversely, if poorer performance reflects a gen
eral developmental limitation, intuitive accuracy should remain low 
across all tasks, regardless of prior practice.

2. Study 1

2.1. Methods

2.1.1. Preregistration
The design and research questions were pre-registered on the 

AsPredicted website (https://aspredicted.org) and stored on the Open 
Science Framework (https://osf.io/6bgdp/overview?view_only=32f 
712aeef2843b29d05cfaa586a4703) where all data and material can 
be accessed. No specific statistical analyses were pre-registered.

2.1.2. Participants
In total, we recruited 100 French students in 7th grade (46 women 

and 10 non-binary, M age = 12.25 years, SD = 0.52 years). A sensitivity 
analysis indicated that our sample size would allow us to detect small to 
medium size accuracy differences (effect size dz = .36) between the tasks 
with 80% power. Data collection occurred in their classrooms after 
obtaining parental and participants informed consent, during which we 
explained the research objectives and assured confidentiality in data 
handling. The study complied with applicable laws and institutional 

1 Throughout the manuscript we use practice and task familiarity inter
changeably, although the two are not strictly identical: practice denotes 
repeated engagement with a principle, whereas familiarity denotes the sub
jective sense of recognition, and a problem format may feel familiar even when 
its underlying principle has been little practiced. In the present studies, how
ever, we have no measure of familiarity independent of practice: the tasks were 
selected on the basis of curricular practice level, such that the well-practiced 
tasks are also the more familiar ones. The two therefore coincide operation
ally here. Both remain distinct from automatization, the inferred change in 
retrieval dynamics that practice is presumed to produce. Although we do not 
measure automatization directly, practice offers an observable and theoretically 
grounded index of it: the more a principle has been practiced, the more likely it 
is to have become automatized.
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guidelines and with the Declaration of Helsinki, and was approved by 
the CER U-Paris (No. 2019-81).

2.1.3. Materials
Participants completed two types of problems in a randomized order: 

One involving a well-practiced task, the simple arithmetic word prob
lems, and one involving a less-practiced task, the bat-and-ball problem. 
All problems are provided in Supplementary Material Section A.

Arithmetic word problems. Participants were presented with 
French arithmetic word problems adapted from Lubin et al. [22]. Each 
problem was presented sequentially as a set of three sentences: (a) the 
number of objects of one protagonist (e.g., "Mary has 30 marbles''), (b) 
the number of objects one protagonist had in excess relative to the other 
protagonist (e.g., "She has 5 more marbles than John") and (c) the 
problem’s question (e.g., "How many marbles does John have?"). All the 
operations involved numbers that were all multiples of 5.

Participants had to select a response among four response choices 
consisting of (1) the correct response (i.e., "25") that consists of the 
subtraction of both number of objects, (2) the intuitively cued "heuristic" 
response (i.e., "35") that consists of the addition of both number of ob
jects, (3) a foil option which was the sum of correct and heuristic re
sponses (i.e., "60"), and (4) a second foil option which was the second 
greatest common divisor multiple of 5 (i.e., "5"). The four response 
choices appeared in a random order. For example, the arithmetic word 
problem stated: 

(a) Mary has 30 marbles.
(b) She has 5 more marbles than John.
(c) How many marbles does John have? 

○ 25
○ 35
○ 60
○ 5

Half of the problems were featured in their standard "conflict" 
version in which the intuitively cued "heuristic" response cues an answer 
that conflicts with the correct answer. To ensure that participants were 
engaged in the task, we also presented problems which were featured in 
their "no-conflict" version, and which were used as control problems. In 
these control problems, we changed the protagonist for whom the par
ticipants must count the marbles. Thus, for the no-conflict items, 
applying an addition cues the correct answer [27], for instance: 

(a) Mary has 30 marbles.
(b) John has 5 more marbles than her.
(c) How many marbles does John have? 

○ 35
○ 20
○ 55
○ 10

In this case the intuitively cued "35" answer is correct. The four 
response options for the no-conflict items were: (1) the correct response 
(“35”), based on the addition of the two quantities; (2) a first foil (“20”), 
corresponding to half the correct response, rounded to the nearest 
multiple of 5; (3) a second foil (“55”), obtained by summing the correct 
response and the first foil; and (4) a third foil (“10”), corresponding to 
the largest multiple of 5 shared by foils 1 and 2, excluding their values.

Overall, these control no-conflict problems should be easy to solve. If 
participants are paying minimal attention to the task and refrain from 
random guessing, they should show high accuracy.

Two sets of problems were used in order to counterbalance problem 
content: The conflict problems in one set were the no-conflict problems 
in the other, and vice-versa. The presentation order of the conflict and 
no-conflict problems was randomized in each set. Participants were 
randomly assigned to one of the two sets for each block and were 

presented in total with five conflict and five no-conflict items.
Bat-and-ball problems. Participants were also presented with bat- 

and-ball problems taken from Raoelison and De Neys [8], translated 
from English to French. They were modified versions of the original 
bat-and-ball problem (e.g., "In a company there are 150 men and women 
in total. There are 100 more men than women. How many women are 
there?"), which used quantities instead of prices [6–8]. Bat-and-ball 
problems were presented serially, with the sentences introduced from 
(a) to (c) in that order. Participants had to select the correct response 
among four response choices consisting of (1) the correct response (i.e., 
which would be "5 cents'' in the original bat-and-ball), (2) the intuitively 
cued "heuristic" response (i.e., "10 cents" in the original bat-and-ball), 
(3) a foil option which was the sum of correct and heuristic answers 
(i.e., "15 cents"), and (4) a second foil option which was the second 
greatest common divisor (i.e., "1 cent").

Mathematically speaking, the correct equation to solve the standard 
bat-and-ball problem is: "$1.00 + 2x = $1.10", instead, people are 
thought to be intuitively using the "$1.00 + x = $1.10" equation to 
determine their response [2]. The latter equation was used to determine 
the "heuristic" answer option, and the former to determine the correct 
answer option for this problem. The four response choices appeared in a 
random order. For instance: 

(a) In a company, there are 150 men and women in total.
(b) There are 100 more men than women.
(c) How many women are there? 

○ 25
○ 50
○ 75
○ 10

Half of the problems were featured in their standard "conflict" 
version and the other half in their no-conflict version. In these control 
no-conflict problems, we deleted the critical relational "more than" 
statement. The heuristic intuition thus cued the correct response [28,
29], for instance: 

(a) In a company, there are 150 men and women in total.
(b) There are 100 men.
(c) How many women are there in the office? 

○ 25
○ 50
○ 75
○ 10

In this case the intuitively cued "50" answer is also correct. We pre
sented the same four answer options as for a corresponding standard 
conflict version. We added three words to the control problem questions 
(e.g., "How many women are there in the office?") in order to equate the 
semantic length of the conflict and no-conflict (control) versions [8]. 
Two sets of problems were used in order to counterbalance problem 
content: The presentation order of the conflict and no-conflict problems 
was randomized in each set. Participants were randomly assigned to one 
of the two sets for each block and were presented in total with five 
conflict and five no-conflict items.

Two-response format. For both the arithmetic word and the bat- 
and-ball problems, participants responded to each problem using a 
two-response procedure, where they first provided a "fast" answer, 
directly followed by a second "slow" answer [4]. This method allowed us 
to capture both an initial "intuitive" response and then a final "delib
erate" one. To minimize the possibility that deliberation was involved in 
producing the initial "fast" response, participants had to provide their 
initial answer within a strict time limit while performing a concurrent 
cognitive load task (see [5,6,8]). The load task was based on the dot 
memorization task [30] given that it had been successfully used to 
burden executive resources during reasoning tasks [31,32]. Participants 
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had to memorize a complex visual pattern (i.e., 4 crosses in a 3 × 3 grid) 
presented briefly before each reasoning problem. After their initial 
(intuitive) response to the problem, participants were shown four 
different patterns and had to identify the one that they had memorized 
(see [6], for more details).

As in Bago and De Neys [6], a time limit of 5 seconds was chosen for 
the initial response of the bat-and-ball problems, based on pretesting 
that indicated it simply amounted to the time needed to read the pre
ambles, move the mouse, and select an answer among the four possi
bilities (see [6] for details).

Note that these time and load constraints are intended to limit the 
contribution of slow, deliberate processing to the initial response. It 

remains possible, however, that some deliberation is rapid rather than 
slow; whether such fast processing should be classified as intuitive or as 
fast deliberation is a distinct, orthogonal question of definition [9,37]. 
We therefore treat the initial response as intuitive in an operational 
sense—defined by the time and load constraints—independently of this 
broader definitional debate.

Since the amount of information presented on screen is highly 
similar in the arithmetic word problems and bat-and-ball problems (i.e., 
same number of sentences and approximately the same number of 
words), we decided to use the same exact deadline for the initial 
response stage of the arithmetic word problems. Participants were thus 
asked to give their first intuitive response within a maximum of 5 

Fig. 1. Time course of a complete two-response trial for (A) arithmetic word problem in Study 1, (B) the bat-and-ball problem in Study 1 and 2, and (C) the decimal 
comparison problem in Study 2.
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seconds. It is worth noting that Lubin et al. [27] showed that 6th graders 
(approximately 11 years old) solve the arithmetic word problems in an 
average of 10 seconds, indicating that our 5-second deadline is highly 
challenging for 7th graders (approximately 12 years old).

In addition, participants are also under secondary task load when 
giving their initial response both for the arithmetic word and bat-and- 
ball tasks. Obviously, the time limit and cognitive load were applied 
only for the initial response, and not for the final one where participants 
were allowed to deliberate (see below).

Two-response format and development. The two-response para
digm can be demanding, particularly for younger participants. Early 
adolescents may struggle to read and process problems under time 
pressure and memory load. However, prior studies [16,17,20] have 
shown that this procedure can be reliably used with students as young as 
12 years old, using the same time constraints and memorization load to 
both younger (≈12 years old) and older adolescents (≈17 years old).

2.1.4. Procedure
The study was run individually on iPads. The participants were 

tested in their classrooms, in groups, under the supervision of at least 
one teacher. Participants were instructed that the study would take 
thirty minutes and that it demanded their full attention. The same 
procedure was applied regardless of whether participants started by one 
or the other task. For both problems, a general description of the task 
was presented in which participants were instructed that they would 
need to solve reasoning problems, for which they would have to provide 
two consecutive responses. They were told that we were interested in 
their very first, initial answer that comes to mind and that –after 
providing their initial response –they could reflect on the problem and 
take as much time as they needed to provide a final answer. In order to 
familiarize themselves with the two-response procedure, they first 
solved two unrelated practice problems. Next, they familiarized them
selves with the cognitive load procedure by solving two load trials and, 
finally, they solved two problems which included both cognitive load 
and the two-response procedure.

Fig. 1 shows a typical trial both for arithmetic word and bat-and-ball 
problems, which started with a fixation cross for 2000ms, followed by 
the first sentence of the problem (e.g., "In an office, there are 150 men 
and women in total" or "Mary has 30 marbles.") for 2000ms, and fol
lowed by the visual matrix for the cognitive-load task for 2000ms. Then 
the full problem was presented, at which point participants had 5000ms 
to select their initial answer among the four choices. After 3000ms the 
background of the screen turned yellow to warn participants that they 
only had a short amount of time left to answer. If they had not provided 
an answer before the time limit, they were given a reminder that it was 
important to provide an answer within the time limit on subsequent 
trials. Then, participants were presented with four visual matrices and 
had to choose the one that they had previously memorized. They 
received feedback as to whether their response was correct. If the answer 
was not correct, they were reminded that it was important to perform 
well on the memory task on subsequent trials. Finally, the same problem 
was presented again, and participants were asked to provide a final 
deliberate answer (with no time limit). Task order was randomized 
across participants. At the end of the study, participants were asked to 
complete a page with demographic questions.

Response times were recorded at both response stages. A detailed 
analysis of response times falls outside the scope of the present paper; 
mean final response times on conflict items, broken down by task and 
accuracy, are reported in the Supplementary Material Section B for the 
interested reader.

2.1.5. Trial exclusion
We discarded trials in which participants failed to provide their 

initial response before the deadline (7.9% of all trials of bat-and-ball 
problems and 17.9% of all trials of arithmetic word problems) or 
failed to pick the correct matrix in the load task (23% of the remaining 

trials of bat-and-ball problems and 27.8% of the remaining trials of the 
arithmetic word problems), and we analyzed the remaining 70.9% of all 
bat-and-ball trials and 59.3% of all arithmetic word trials. On average, 
for the arithmetic word problems, each participant contributed 3.27 
(SEM = 0.14) conflict trials, and 2.66 (SEM = 0.12) no-conflict trials out 
of 5. For the bat-and-ball trials, on average, each participant contributed 
to 3.37 (SEM = 0.13) conflict trials and 3.72 (SEM = 0.12) no-conflict 
trials out of 5. To ensure that trial exclusion did not drive our results, 
Supplementary Material Section C reports exclusion rates broken down 
by task and item type (i.e., conflict vs. no-conflict items), tests of 
whether exclusion differed across tasks, and two robustness checks—one 
retaining all excluded trials and coding them as incorrect, the other re- 
analyzing the data under a more lenient inclusion criterion that 
excluded only trials with a missed deadline. In every case the main 
pattern of results was unchanged across both studies, indicating that the 
task differences are not attributable to differential exclusion.

2.2. Results

Response accuracy. We first compared accuracy on the well- 
practiced arithmetic word task and the less-practiced bat-and-ball 
task, separately for initial and final responses on conflict trials.

For each response stage, we fitted a logistic mixed-effects model 
predicting accuracy from task type (arithmetic vs. bat-and-ball), with 
random intercepts for participants to account for repeated measures.

Fig. 2 shows the results. Final conflict accuracy was substantially 
lower for the less-practiced bat-and-ball task (M = 4.82%, SEM =
1.96%) than for the well-practiced arithmetic word task (M = 47.49%, 
SEM = 4.37%), OR = 143.96, 95% CI [54.28, 381.79], p < .001.

The same pattern emerged for initial intuitive responses. Accuracy 
was significantly higher for the well-practiced arithmetic word task (M 
= 46.70%, SEM = 3.94%) than for the less-practiced bat-and-ball task 
(M = 6.16%, SEM = 1.95%), OR = 31.12, 95% CI [15.64, 61.91], p <
.001. Together with the final response results, this supports the view that 
both intuitive and deliberative accuracy are affected by task practice.

As predicted, for the no-conflict control problems, we observed that 
performance was very high, both for the well-practiced arithmetic word 
task (M initial response = 69.68%, SEM = 3.67%, M final response =
88.80%, SEM = 2.63%) and for the less-practiced bat-and-ball task (M 
initial response = 91.16%, SEM = 2.53%, M final response = 94.50%, SEM 
= 2.00%). This high performance indicates that participants managed to 
process the problems and were not randomly guessing. If the initial 
response constraints prevented participants from reading the problems 
and processing the basic problem information, we should observe more 
random responses.

Direction of change. To better understand how participants 
changed (or did not change) their responses after deliberation, we per
formed a direction of change analysis for the conflict items [5]. Espe
cially, each trial consisted of two responses, the initial "intuitive" one 
(with time and load constraints) and the final "deliberate" one. Correct 
responses are labeled "1" and incorrect responses are labeled "0". Hence, 
each trial can result in one of these four different patterns: "00" pattern, 
incorrect response at both response stages; "11" pattern, correct response 
at both response stages; "01" pattern, initial incorrect and final correct 
responses; "10" pattern, initial correct and final incorrect responses. 
Fig. 3 shows the direction of change distribution for each task.

First, as Fig. 3 shows, early adolescents predominantly gave biased 
"00" responses on the less-practiced bat-and-ball task (M = 91.18%, SEM 
= 2.39%), but less so on the well-practiced arithmetic task (M = 50.86%, 
SEM = 4.34%). Critically, when participants answered correctly on the 
well-practiced arithmetic word task, they typically did so at the intuitive 
stage, as reflected by a higher proportion of “11” response patterns (M =
31.77%, SEM = 3.88%) compared to "01" response patterns (M = 9.18%, 
SEM = 1.81%). A logistic mixed-effects model restricted to the well- 
practiced task, contrasting “11” with “01” responses and including a 
random intercept by participant, showed a significant positive effect, OR 
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= 3.56, 95% CI [2.06, 6.15], p < .001. This suggests that correct re
sponses on the well-practiced task often emerged intuitively and did not 
depend on later correction.

For the less-practiced bat-and-ball task, correct responses were rare, 
and there was no significant difference between those given at the initial 
intuitive stage (M "11" response patterns = 2.58%, SEM = 1.45%) and 
those given only after deliberation (M "01" response patterns = 1.93%, 
SEM = 0.87), OR = 1.32, 95% CI [0.30, 5.75], p = .714. Overall, these 
findings suggest that correct responses on the well-practiced arithmetic 
word task were primarily driven by accurate intuition, whereas early 
adolescents struggled to solve the less-practiced bat-and-ball 
problem—even after deliberation.

3. Study 2

In Study 2, we aimed to generalize the effects of practice to a 

different type of task involving a different well-practiced logico-math
ematical principle: decimal magnitude comparison. Hence, early ado
lescents completed two types of tasks in randomized order: a well- 
practiced decimal comparison task and a less-practiced task, once 
again the bat-and-ball. In the decimal comparison task, participants had 
to judge which of two decimal numbers is greater. The bat-and-ball 
problems were similar to those used in Study 1. All problems are 
detailed in Supplementary Material Section A.

3.1. Methods

3.1.1. Preregistration
The design and research questions were pre-registered on the 

AsPredicted website (https://aspredicted.org) and stored on the Open 
Science Framework (https://osf.io/6bgdp/overview?view_only=32f 
712aeef2843b29d05cfaa586a4703) where all data and material can 
be accessed. No specific statistical analyses were pre-registered.

3.1.2. Participants
In total, we recruited 100 French students in 7th grade (56 women 

and 8 non-binary, M age = 12.34 years, SD = 0.55 years). Data collection 
occurred in their classrooms after obtaining parental and participants 
informed consent, during which we explained the research objectives 
and assured confidentiality in data handling. The study complied with 
applicable laws and institutional guidelines and with the Declaration of 
Helsinki, and was approved by the CER U-Paris (No. 2019-81).

3.1.3. Materials
Decimal comparison problems. Participants were presented with 

decimal comparison problems adapted from Roell et al. [33]. On each 
trial, a pair of decimal numbers was shown, and participants were asked 
to select the larger one. The smaller number always had more digits after 
the decimal point—for example, “0.453 vs. 0.6.” In such cases, the 
common heuristic error is to choose “0.453,” based on the incorrect 
belief that longer decimals represent larger values. However, the correct 
answer is “0.6.”

The decimal numbers included one, two, or three digits after the 
decimal point. Task difficulty was systematically varied by manipulating 
the numerical distance between the first digits following the decimal 
point, with distances ranging from 1 to 6.

Fig. 2. Mean initial and final accuracy on conflict problems in Study 1 (less-practiced bat-and-ball vs. well-practiced arithmetic word problems) and Study 2 (less- 
practiced bat-and-ball vs. well-practiced decimal comparison). Error bars represent standard errors of the mean (SEM).

Fig. 3. Proportion of each direction of change (i.e., “00,” “10,” “01” and “11” 
response patterns) for the conflict problems for Study 1 (less-practiced Bat-and- 
ball vs. well-practiced Arithmetic word tasks) and for Study 2 (the less- 
practiced Bat-and-ball vs. well-practiced Decimal comparison tasks). Error 
bars represent standard errors of the mean (SEM).
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Two sets of problems were used to counterbalance item content: 
conflict problems in one set served as no-conflict problems in the other, 
and vice versa. The order of conflict and no-conflict trials was ran
domized within each set. Participants were randomly assigned to one of 
the two sets per block and completed ten conflict and ten no-conflict 
items in total.

Two-response format (and development). As in Study 1, partici
pants completed the decimal comparison task using a two-response 
procedure: an initial fast, intuitive response followed by a final slow, 
deliberate response [4]. Given the different task format of the 
bat-and-ball and decimal task, the response deadline for the intuitive 
stage was set at 1.5 seconds, based on a pilot study with 33 French 
7th-grade students (M age = 12.19 years, SD = 0.47; 16 female, 4 
non-binary). In this pilot, students gave correct responses with an 
average response time of 1.53 seconds (SEM = 0.10) on conflict items. 
We decided to set the absolute deadline threshold to 1.5 seconds (and 
not lower) to create time-pressure while keeping the number of missed 
trials acceptable (see Trial Exclusions).

3.1.4. Procedure
The study was run individually on iPads. The participants were 

tested in their classrooms, in groups, under the supervision of at least 
one teacher. Participants were instructed that the study would take 
thirty minutes and that it demanded their full attention. For the decimal 
comparison tasks, participants were instructed to determine which of 
the two decimal numbers was the largest. First, a general description of 
the task was presented in which participants were instructed that they 
would need to solve decimal comparison problems, for which they 
would have to provide two consecutive responses. They were told that 
we were interested in their very first, initial answer that came to mind 
and that –after providing their initial response –they could reflect on the 
item and take as much time as they needed to provide a final answer. In 
order to familiarize themselves with the two-response procedure, they 
first solved two unrelated practice problems. Next, they familiarized 
themselves with the cognitive load procedure by solving two load trials 
and, finally, they solved two items which included both cognitive load 
and the two-response procedure.

Fig. 1 shows a typical trial for the decimal comparison task which 
started with a fixation cross for 2000ms, followed by the visual matrix 
for the cognitive-load task for 2000ms and followed by the pairs of 
decimals (e.g., "0.453 vs. 0.6") where participants had up to 1500 ms to 
select their initial response. If they had not provided an answer before 
the time limit, they were given a reminder that it was important to 
provide an answer within the time limit on subsequent trials. Then, 
participants were presented with four visual matrices and had to choose 
the one that they had previously memorized. They received feedback as 
to whether their response was correct. If the answer was not correct, 
they were reminded that it was important to perform well on the 
memory task on subsequent trials. Finally, the same reasoning problem 
was presented again, and participants were asked to provide a final 
deliberate answer (with no time limit). The bat-and-ball task was pre
sented as in Study 1. Task order was randomized across participants. At 
the end of the study, participants were asked to complete a page with 
demographic questions.

Response times were recorded at both response stages. A detailed 
analysis of response times falls outside the scope of the present paper; 
mean final response times on conflict items, broken down by task and 
accuracy, are reported in the Supplementary Material Section B for the 
interested reader.

3.1.5. Trial exclusion
We discarded trials in which participants failed to provide their 

initial response before the deadline (20.3% of all trials of decimal 
comparison problems and 6.9% of all trials of bat-and-ball problems) or 
failed to pick the correct matrix in the load task (17.6% of the remaining 
trials of decimal comparison problems and 21.6% of the remaining trials 

of the bat-and-ball problems), and we analyzed the remaining 65.2% of 
all decimal comparison trials and 73.0% of all bat-and-ball trials. On 
average, for the decimal comparison problems, each participant 
contributed 6.29 (SEM = 0.21) conflict trials, and 6.76 (SEM = 0.22) no- 
conflict trials out of 10. For the bat-and-ball trials, on average, each 
participant contributed to 3.48 (SEM = 0.11) conflict trials and 3.82 
(SEM = 0.11) no-conflict trials out of 5. As in Study 1, trial exclusion did 
not drive our results (see Supplementary Material Section C).

3.2. Results

Response accuracy. Fig. 2 presents the results. As in Study 1, final 
response accuracy was significantly higher for the well-practiced deci
mal comparison task (M = 76.61%, SEM = 3.62%) than for the less- 
practiced bat-and-ball task, where performance was notably low (M =
2.53%, SEM = 1.32%), OR = 11,764.072, 95% CI [2307.03, 59987.75], 
p < .001. The same pattern emerged for initial intuitive responses, with 
higher accuracy on the well-practiced decimal task (M = 66.94%, SEM =
3.49%) compared to the less-practiced bat-and-ball task (M = 3.06%, 
SEM = 1.32%), OR = 297.87, 95% CI [127.52, 695.79], p < .001. As in 
Study 1, participants performed substantially better on the well- 
practiced task, even at the intuitive stage.

No-conflict accuracies for both tasks and each response stage were 
very high for final responses (M well-practiced decimal comparison task 
= 92.61%, SEM = 2.53%; M less-practiced bat-and-ball task = 95.86%, 
SEM = 1.82%) and initial responses (M well-practiced decimal com
parison task = 88.93%, SEM = 2.56%; M less-practiced bat-and-ball task 
= 92.95%, SEM = 1.87%).

Direction of change. For the well-practiced decimal comparison 
task, participants most frequently provided correct responses at both the 
initial and final stages (“11” response patterns; M = 59.02%, SEM =
3.78%), while incorrect responses at both stages (“00” response pat
terns) were less common (M = 27.30%, SEM = 3.81%). Additionally, 
participants gave significantly more “11” responses compared to re
sponses that were only correct at the deliberative stage (“01” response 
patterns; M = 11.36%, SEM = 1.66%), OR = 6.86, 95% CI [4.44, 10.61], 
p < .001. This suggests that when participants respond correctly in the 
well-practiced decimal comparison task, they are able to do so intui
tively, without requiring further deliberation.

In contrast, for the less-practiced bat-and-ball task, participants 
predominantly gave incorrect responses at both stages (“00” response 
patterns; M = 95.73%, SEM = 1.81%). Correct responses were rare, 
whether at the intuitive stage (“11” patterns; M = 1.75%, SEM = 1.09%) 
or only after deliberation (“01” patterns; M = 1.13%, SEM = 0.68%), 
with no significant difference between the two, OR = 1.25, 95% CI 
[0.34, 4.65], p = .739. These findings confirm that early adolescents 
were more successful on the well-practiced task and that correct re
sponses primarily emerged at the intuitive stage.

4. Discussion

These two studies tested whether automatization could account for 
the emergence of (in)correct intuitive reasoning in early adolescence. By 
focusing on early adolescents and varying task familiarity, we found that 
they were highly accurate on well-practiced numerical tasks, with cor
rect responses predominantly given at the intuitive stage, whereas per
formance on less-practiced tasks remained poor even after deliberation. 
These findings are consistent with the automatization idea: when logico- 

2 Because accuracy on the less-practiced bat-and-ball task was near floor, the 
resulting odds ratios are extremely large and reflect a situation of near-complete 
separation in the model rather than a meaningful quantitative effect size. This 
does not weaken our conclusion, however, as it precisely reflects the massive 
performance gap between the well-practiced and the less-practiced tasks pre
dicted by our hypothesis.
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mathematical mindware has been instantiated and sufficiently autom
atized through repeated practice, it can be retrieved rapidly and guide 
sound reasoning from the outset. This pattern suggests that younger 
adolescents are not limited by a general deficit in intuitive “System 1” 
reasoning but by the extent to which relevant principles have been 
practiced and automatized. The emergence of sound intuitions therefore 
appears to arise from prior exposure and knowledge automatization, not 
from the gradual lifting of a general developmental constraint on intu
itive processing.

Inherently, our results also question the alleged role of deliberation 
in sound reasoning. They suggest that deliberation may not always be 
necessary—or even effective—in correcting intuitive errors, particularly 
when the underlying principles are already well practiced and autom
atized. These findings do not show deliberation to be generally inef
fective, however. On the less-practiced bat-and-ball task, unconstrained 
final responses did not substantially improve accuracy, which remained 
near floor at both stages. On the well-practiced tasks, deliberation did 
produce some additional correct responses—most notably on the deci
mal comparison task, where final accuracy exceeded descriptively initial 
accuracy—yet correct responses still emerged predominantly, though 
not exclusively, at the intuitive stage. In the present studies and with this 
population, deliberation was thus neither the main source of correct 
responding when the relevant principles were well practiced nor an 
effective remedy when they were not. Although our data do not directly 
address this, the pattern is consistent with emerging arguments [34–36] 
that deliberation may serve more to justify responses than to improve 
accuracy, functioning as a post-hoc rationalization rather than a genuine 
correction mechanism. From this perspective, and at least for the tasks 
studied here, repeated practice that supports automatization may be a 
more effective route to sound reasoning than the active engagement of 
deliberation. The precise role and functions of the deliberative system, 
however, remain unclear [37].

The role and functions of the deliberative system are rather impor
tant given that the cognitive control on which deliberation is presumed 
to depend operates under sharply limited resources. Musslick and Cohen 
[38] argue that this scarcity forces a trade-off: the controlled processes 
that allow us to commit fully to a single task cannot, at the same time, 
handle the multiple competing demands that we are consistently facing 
in our daily lives. Cognitive control thereby acts as a bottleneck on the 
system, and this bottleneck makes lighter, less costly processes not 
merely useful but necessary. Automatization, in this view, is not only an 
outcome of practice but a need of bypassing the constraints imposed by 
the limited cognitive control on which deliberation relies.

Yet if automatization is so central to reasoning, when and how it 
actually develops remains underexplored. Neither the amount of prac
tice nor the quality of the learning conditions required to bring it about 
is well established. Large-scale modeling of academic learning suggests 
that students typically need about seven practice opportunities per 
knowledge component to reach mastery (defined as 80% correctness), 
provided that practice is accompanied by immediate feedback on errors 
and contextual instruction [14]. Whether a comparable threshold 
characterizes the development of correct intuitive responding on con
flict reasoning tasks is itself an open question, but the route to autom
atization may depend at least as much on the qualitative structure of 
practice as on its sheer quantity. Identifying the conditions that favor 
automatization—and, in turn, the generation of correct intuitions in 
reasoning—is therefore an important direction for future research.

Nonetheless, several limitations must be acknowledged. First, our 
inference about automatization and practice is indirect. We do not 
directly measure automatization, but infer it from presumed curricular 
exposure. Although this inference is grounded in prior literature, future 
studies may want to include more direct testing of automatized pro
cessing (e.g., by observing the effects of extended in-lab training, [39]).

A related limitation concerns the comparability of the tasks them
selves. Practice level is not the only dimension on which the tasks vary, 
and we cannot fully rule out that some of the observed performance 

differences could reflect surface task properties or intrinsic differences 
in difficulty, rather than—or in addition to—differences in the degree of 
automatization. Indeed, the well-practiced and less-practiced tasks were 
not closely matched on all relevant dimensions: in Study 1, arithmetic 
word problems and bat-and-ball problems differ in relational wording 
and problem structure, and in Study 2, decimal comparison and bat-and- 
ball problems differ in representational format—one involving a nu
merical comparison, the other a verbal problem with a misleading 
relational statement. One might also worry that the bat-and-ball task is 
simply more difficult than the well-practiced tasks, independently of 
practice. From an automatization perspective, however, difficulty and 
practice are not fully separable: a task is cognitively demanding pre
cisely to the extent that the underlying principles have not been suffi
ciently practiced and automatized. This relation is central to the 
mindware framework on which we rely [13]. The greater difficulty of 
the bat-and-ball task may therefore be a consequence of its lower 
practice level rather than an independent dimension of variation. In any 
case, the no-conflict data provide some reassurance: performance was 
uniformly high on no-conflict versions of all tasks, including the 
bat-and-ball, suggesting that neither the structural properties nor the 
intrinsic difficulty of the less-practiced task in themselves prevent cor
rect responding. The performance gap therefore appears to be specific to 
conflict items, which is more consistent with a practice-based account 
than with a generic task-format or task-difficulty account. Future 
research should nonetheless aim to better match tasks on representa
tional demands, verbal complexity, and problem structure, so that 
practice level can be more cleanly isolated as the critical variable.

A further potential concern, specific to Study 2, bears on the source 
of systematic error in the decimal comparison task. In Study 2, we 
treated the whole-number bias—the tendency to judge decimals with 
more digits as larger—as the primary heuristic driving incorrect re
sponses, consistent with the established literature [24–26]. Following a 
reviewer's suggestion, we also examined two alternative strategies that 
students could in principle use: comparing the rightmost digit across the 
two decimals, or comparing the largest individual digit appearing in 
each decimal. We reclassified each item pair as conflict or no-conflict 
separately for each candidate strategy and recomputed accuracy at 
both response stages (full details are reported in the Supplementary 
Material Section D). The rationale is straightforward: if students rely on 
a given heuristic, accuracy should be higher on no-conflict 
items—where the heuristic points to the correct response—than on 
conflict items, where it is misleading. The size of the gap between 
no-conflict and conflict accuracy can therefore be taken as an index of 
how strongly a given heuristic shapes responses, with a larger gap 
indicating that students are more likely to rely on that heuristic when 
they err. Under the rightmost-digit classification, accuracy did not differ 
between conflict and no-conflict items, indicating no detectable reliance 
on this strategy. The largest-digit classification did produce a conflict 
effect—accuracy was lower on conflict than on no-conflict items—but 
the gap was markedly smaller than the one obtained under the 
whole-number bias. The two classifications are not fully 
independent—items counted as conflict under the largest-digit strategy 
form a subset of whole-number-bias conflict items—so we cannot 
determine whether this residual effect reflects genuine reliance on a 
largest-digit strategy or merely the underlying whole-number bias. This 
ambiguity, however, does not affect our interpretation. The 
whole-number bias yields a more pronounced conflict effect than any 
alternative classification, indicating that it is the heuristic that best 
captures students' systematic errors—consistent with its prominence in 
the literature. Whether students rely on the whole-number bias or, more 
weakly, on a largest-digit strategy, our conclusions are not inflated by 
the choice of classification: the heuristic we treat as primary is also the 
one whose impact on responses is most clearly visible in the data. 
Final-response accuracy on the well-practiced decimal task remained 
substantially higher than initial accuracy and correct responses emerged 
predominantly intuitively under either reading.
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A broader limitation applies to both studies: we did not measure 
participants' prior knowledge and abilities directly. We did not collect 
measures of prior mathematical achievement, classroom exposure, or 
pretest knowledge of the relevant principles, and our characterization of 
arithmetic word problems and decimal comparison as well-practiced, 
and of the bat-and-ball principle as less-practiced, rests on curricular 
considerations [22–25] rather than on measured exposure. Although 
this curricular argument is grounded in prior work, direct measures of 
achievement and exposure would provide stronger evidence and 
represent a valuable addition for future research. In their absence, our 
data cannot determine the extent to which the individual differences in 
intuitive accuracy we observe reflect automatization specifically, as 
opposed to general mathematical ability, working memory, reading 
comprehension, or prior instruction. Importantly, these factors are un
likely to be independent of practice: they may shape intuitive accuracy 
in part through their effect on how readily the relevant principles 
become instantiated and automatized. Our design therefore does not 
allow us to isolate their respective contributions, and we treat them as 
candidate mechanisms operating alongside—or through—automatiza
tion rather than as clean alternatives to it.

These individual differences are all the more apparent given that, 
even on well-practiced tasks, accuracy was far from ceiling. This sug
gests that automatization is not an all-or-nothing process but a gradual 
one. Among adolescents, some students may have reached a level of 
automatization that enables accurate intuitive responding, while others 
still rely on effortful reasoning or default to misleading heuristics. In 
other words, some students may have achieved full automatization, 
while others have not. These gaps likely reflect variability in how 
quickly principles can be instantiated and automatized. While our data 
do not directly address these mechanisms, prior research points to 
several plausible candidates—most notably, cognitive abilities and 
dispositional factors. One possibility is that people with higher cognitive 
ability are better able to detect regularities, abstract principles, and 
consolidate them into stable representations. On this view, cognitive 
ability may contribute not only to deliberate reasoning but also to the 
automatization of relevant principles. Supporting this, Charbit et al. 
[17] found that cognitive ability predicted deliberative performance on 
the bat-and-ball task among older adolescents (i.e., 12th graders, 
approximately 17 years old), but not in early adolescents (i.e., 7th 
graders, approximately 12 years old). Similarly, in adults, cognitive 
ability mainly predicts intuitive accuracy on the same task [40]. These 
findings suggest that the link between cognitive ability and 
reasoning—both intuitive and deliberative—emerges progressively as 
principles become automatized. Future research should test this directly 
by manipulating both task automatization and individual cognitive 
ability.

Dispositional factors may also influence how effectively logico- 
mathematical principles become automatized. Traits such as actively 
open-minded thinking have been linked to greater intuitive accuracy 
and greater responsiveness to debiasing interventions [41]. Although 
the mechanisms remain to be clarified, such dispositions may promote 
greater attention to normatively relevant features during learning, 
increasing the likelihood that correct principles are instantiated and 
applied automatically. Taken together, these considerations suggest that 
intuitive accuracy reflects not only the amount of exposure to a principle 
but also the cognitive and dispositional abilities that shape how effec
tively that exposure leads to automatization. This possibility remains 
largely untested and should be a focus for future research.

At the same time, individual variability in intuitive accuracy may not 
only result from cognitive abilities or dispositions, but also from the 
quantity and quality of prior practice opportunities. Recent evidence 
suggests that students learn at remarkably similar rates per practice 
opportunity but differ substantially in their starting points—that is, in 
how much of a given knowledge they have already mastered when a new 
learning episode begins [14]. On this view, the variability observed even 
on well-practiced tasks may reflect less a difference in how efficiently 

students can automatize a given principle than a difference in how many 
opportunities to practice that principle they have already 
encountered—opportunities that depend on educational backgrounds 
and access to structured learning experiences. Disentangling these 
contributions from those of cognitive ability and disposition is a task for 
future research.

Another limitation concerns the focus on early adolescents of around 
12 years old and a narrow range of tasks which limit the broader 
applicability of these findings. Future research should expand to include 
a wider range of age groups and developmental stages to explore how 
automatization evolves over time. Additionally, while the tasks in this 
study targeted key logico-mathematical principles, they do not cover the 
full spectrum of reasoning challenges students encounter. Extending this 
research to areas such as algebra, probabilistic reasoning, or real-world 
problem-solving could offer a more comprehensive understanding of 
how automatization influences reasoning across different domains.

Finally, while our findings provide support for the automatization 
hypothesis, they do not resolve ongoing debates about the underlying 
nature of the intuitions themselves. Some theorists have argued that 
correct intuitive responses may not reflect genuine sensitivity to formal 
logico-mathematical principles or structure, but rather the activation of 
heuristic cues that simply happen to align with the correct answer (e.g., 
[42–46]). Our study does not allow us to adjudicate between these two 
views. However, it does suggest that the reliability of 
intuition—whatever its underlying source—is shaped by prior exposure 
and familiarity with relevant problem features. Whether the correct 
intuitive response reflects genuine logico-mathematical principles or a 
domain-specific heuristic proxy remains an open empirical question. Yet 
in both cases, the conclusion is the same: intuition reflects the knowl
edge structures and response patterns that prior experience has made 
readily accessible.

In sum, our findings suggest that developing reasoners are not con
strained by a general “System 1” deficit but by the extent to which 
relevant principles have been learned and automatized. Sound intuitions 
emerge when knowledge has been sufficiently practiced to guide 
reasoning effortlessly, supporting an automatization account of dual- 
process development and highlighting knowledge automatization as a 
key driver of reasoning accuracy.
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Supplementary Materials 

A. Material 

Study 1 : Arithmetic Word problems  

The items presented here are translated into English. For the original French version, please 
reach out.  

Practice items 

Marc has 10 euros in his pocket. 

Marc gives 5 to his friend Thomas.  

How much money does he have left in his pocket? 

- 15 
- 10 
- 5 
- 1 

Pauline has 12 euros in her pocket. 

Pauline gives 6 to her friend Emilie. 

How much money does she have left in her pocket? 

- 6 
- 18 
- 24 
- 3 

 

Set A:  

o Conflict items: 

 



Agathe has 30 books.  

She has 20 books more than Ines.
 How many books does Ines 
have? 

- 10 
- 50 
- 60 
- 5 

Alice has 45 flowers. 

She has 25 flowers more than Chloe.
 How many flowers does Chloe 
have? 

- 20 
- 70 
- 90 
- 10 

Antoine has 45 olives.  

He has 20 olives more than Victor.
 How many olives does Victor 
have? 

- 25 
- 65 
- 90 
- 5 

Arthur has 35 boxes.  

He has 5 boxes more than Pierre.
 How many boxes does Pierre 
have? 

- 30 
- 40 
- 70 
- 10 



Axel has 30 stamps. 

He has 10 stamps more than Thomas. 

How many stamps does Thomas 
have? 

- 20 
- 40 
- 60 
- 10 

 

o No-conflict items: 

 

Lola has 40 markers.  

Emma has 10 markers more than 
Lola. How many markers does 
Emma have? 

- 50 
- 25 
- 75 
- 5 

Louis has 30 marbles.  

Charles has 15 marbles more than 
Louis. 

How many marbles does Charles 
have? 

- 45 
- 25 
- 70 
- 5 

Raphael has 45 coins.  

Maxime has 5 coins more than 
Raphael. How many coins does 
Maxime have? 

- 50 
- 25 
- 75 
- 5 

Lucas has 30 candies.  



Lola has 40 markers.  

Emma has 10 markers more than 
Lola. How many markers does 
Emma have? 

- 50 
- 25 
- 75 
- 5 

Paul has 5 candies more than Lucas.
 How many candies does Paul 
have?  

- 35 
- 20 
- 55 
- 5 

Lucie has 40 pencils.  

Sarah has 25 pencils more than 
Lucie. How many pencils does Sarah 
have? 

- 65 
- 35 
- 100 
- 5 

 

Set B:  

- Conflict items: 

 



Elise has 50 photos.  

She has 15 photos more than Jade.
 How many photos does Jade 
have? 

- 35 
- 65 
- 100 
- 5 

Tom has 40 matches.  

He has 5 matches more than Alan.
 How many matches does Alan 
have? 

(a) 35 
(b) 45 
(c) 80 
(d) 5 

Eva has 30 bottles.  

She has 25 bottles more than Lea.
 How many bottles does Lea 
have? 

- 5 
- 55 
- 60 
- 1 

Robin has 50 newspapers.  

He has 20 newspapers more than 
Hugo. How many newspapers does 
Hugo have? 

- 30 
- 70 
- 100 
- 10 



Jules has 50 notebooks.  

He has 10 notebooks more than 
Nathan. 

How many notebooks does Nathan 
have? 

- 40 
- 60 
- 100 
- 20 

 

 

- No-conflict items 

 



Zoe has 35 candles.  

Manon has 25 candles more than 
Zoe. How many candles does 
Manon have?  

- 60 
- 30 
- 90 
- 15 

Julia has 40 apples.  

Marie has 20 apples more than Julia.
 How many apples does Marie 
have? 

- 60 
- 30 
- 90 
- 15 

Laura has 45 cards.  

Celia has 10 cards more than Laura.
 How many cards does Celia 
have? 

- 55 
- 30 
- 85 
- 5 

Lena has 35 plants.  

Julie has 10 plants more than Lena.
 How many plants does Julie 
have? 

- 45 
- 25 
- 70 
- 5 



Leon has 35 paintbrushes.  

Theo has 15 paintbrushes more than 
Leon. 

How many paintbrushes does Theo 
have? 

- 50 
- 25 
- 75 
- 5 

 

 

Study 2 : Decimal comparison items 

Practice items 

Left number Right number 

0.2 0.789 

0.975 0.83 

 

Set A:  

o Conflict items: 1 to 10;   

o No-conflict items: 11 to 20.  

 

Set B:  

o Conflict items: 11 to 20; 

o No-conflict items: 1 to 10. 

 

 

 

 

 



Table S1. Decimal comparison items. 

Item number Conflict version (C) No-conflict version (NC) 

 Left number Right number Left number Right number 

1 0.67 0.9 0.6 0.97 

2 0.8 0.36 0.86 0.3 

3 0.232 0.3 0.2 0.332 

4 0.7 0.613 0.713 0.6 

5 0.184 0.82 0.18 0.824 

6 0.41 0.295 0.415 0.29 

7 0.548 0.8 0.5 0.848 

8 0.2 0.177 0.277 0.1 

9 0.35 0.6 0.3 0.65 

10 0.5 0.24 0.54 0.2 

11 0.9 0.42 0.92 0.4 

12 0.81 0.9 0.8 0.91 

13 0.3 0.231 0.331 0.2 

14 0.326 0.6 0.3 0.626 

15 0.48 0.191 0.481 0.19 

16 0.528 0.74 0.52 0.748 

17 0.8 0.745 0.845 0.7 



18 0.175 0.3 0.1 0.375 

19 0.5 0.34 0.54 0.3 

20 0.24 0.8 0.2 0.84 

 

 

B. Response times at the final response stage 
Response times were recorded at both the initial and the final response stages. We 

focus here on final-response times on conflict items. Means and SEM were computed on log-
transformed values and back-transformed for readability.  

 

Table S2. Mean final response times (in seconds) on conflict items, broken down by task and 
response accuracy. Values are means with SEM in parentheses, computed on log-transformed 
response times and back-transformed. 

Study  Task Correct responses Incorrect responses 

Study 1 Arithmetic word (well-practiced task) 6.64 (0.64) 4.94 (0.39) 

Bat-and-ball (less-practiced task) 8.45 (3.23) 4.34 (0.34) 

Study 2 Decimal comparison (well-practiced task) 1.61 (0.10) 1.46 (0.12) 

Bat-and-ball (less-practiced task) 5.75 (1.91) 5.87 (0.51) 

 
 

C. Trial exclusion analyses 
Across both studies, an initial-response trial was excluded if the participant either missed 

the response deadline or failed the concurrent load task. To verify that these exclusions did not 
drive the observed task differences, we examined whether exclusion rates varied systematically 
across tasks and item types, and whether our conclusions held under alternative ways of 
handling excluded trials. 

In Study 1, the proportion of excluded trials was 34.6% for arithmetic conflict items, 
46.8% for arithmetic no-conflict items, 32.6% for bat-and-ball conflict items, and 25.6% for bat-
and-ball no-conflict items. In Study 2, it was 37.1% for decimal conflict items, 32.4% for decimal 
no-conflict items, 30.4% for bat-and-ball conflict items, and 23.6% for bat-and-ball no-conflict 
items. We tested these differences by modeling trial exclusion (excluded vs. retained) as a 



function of task, fitting separate logistic mixed-effects models to conflict and no-conflict items 
with a by-participant random intercept. In Study 1, exclusion on the conflict items—those 
underlying our key analyses—did not differ between tasks (arithmetic vs. bat-and-ball: OR = 
1.11, 95% CI [0.84, 1.47], p = .468); a task difference emerged only on the no-conflict control 
items (OR = 2.83, 95% CI [2.13, 3.77], p < .001). In Study 2, the well-practiced decimal task was 
excluded somewhat more than the bat-and-ball task on both conflict (OR = 1.38, 95% CI [1.09, 
1.75], p = .008) and no-conflict items (OR = 1.62, 95% CI [1.25, 2.09], p < .001), reflecting the 
tighter 1.5-s deadline.  

Because the analyses above showed that trial loss was, in some cases, higher for the 
well-practiced task—which could in principle inflate its retained accuracy—we further verified 
that our conclusions hold under two alternative treatments of the excluded trials. In each case 
we fitted a logistic mixed-effects model predicting accuracy on conflict items from task, with a 
by-participant random intercept, separately for the initial and final response stages. 

First, we retained all excluded trials and coded them as incorrect (Table S2). Under this 
conservative coding, the well-practiced task remained substantially more accurate than the bat-
and-ball task at both stages in both studies (Study 1: initial OR = 15.79, 95% CI [9.01, 27.67]; 
final OR = 45.44 [21.51, 96.03]; Study 2: initial OR = 50.46 [26.46, 96.22]; final OR = 129.89), all 
p < .001, and correct responses continued to emerge predominantly at the initial stage. For the 
Study 2 final-stage model, the near-floor bat-and-ball accuracy produced quasi-complete 
separation; the confidence interval for this odds ratio is therefore unstable and is not reported, 
although the effect remained highly significant (p < .001). 

Second, we applied a more lenient criterion that excluded only missed-deadline trials 
and retained load-task failures (Table S3). The well-practiced advantage again held at both 
stages in both studies (Study 1: initial OR = 27.98, 95% CI [15.66, 49.99]; final OR = 65.30 
[32.69, 130.41]; Study 2: initial OR = 122.84 [67.71, 222.86]; final OR = 4686.14 [1418.02, 
15486.32]; all p < .001; the very large Study 2 final-stage odds ratio reflects near-floor bat-and-
ball accuracy). 

Together, these analyses indicate that the task differences we report are not attributable 
to differential trial exclusion. 

 

Table S3. Accuracy on conflict items and direction-of-change patterns, with all excluded trials 
retained and coded as incorrect. Values are mean accuracy (%) for the initial and final response 
stages, and mean proportion (%) of each direction-of-change pattern. "11" = correct at both 
stages; "01" = correct only after deliberation; "10" = correct only intuitively; "00" = incorrect at 
both stages. Standard errors of the mean (SEM) are reported in parentheses. 

Study Task Accuracy Direction of change 

  Initial 
response 
accuracy 

Final 
response 
accuracy 

"11" 
pattern 

"01" 
pattern 

"00" 
pattern 

"10" 
pattern 

 

 



Study 
1 

Arithmetic 
word (well-
practiced task) 

29.8 (2.8) 32.6 (3.3) 14.4 (2.1) 4.8 (0.9) 77.1 (2.5) 3.7 (0.7) 

Bat-and-ball 
(less-practiced 
task) 

4.0 (1.3) 3.0 (1.3) 1.9 (1.2) 1.3 (0.6) 94.8 (1.6) 2.1 (0.7) 

Study 
2 

Decimal 
comparison 
(well-practiced 
task) 

42.1 (2.7) 48.6 (3.0) 28.0 (2.0) 6.0 (0.9) 64.8 (2.3) 1.3 (0.3) 

Bat-and-ball 
(less-practiced 
task) 

2.2 (1.0) 1.8 (1.0) 1.2 (0.9) 0.5 (0.3) 97.7 (1.1) 0.5 (0.9) 

 

 
Table S4. Accuracy on conflict items and direction-of-change patterns under a more lenient 

inclusion criterion that excluded only missed-deadline trials and retained load-task failures. Values 

are mean accuracy (%) for the initial and final response stages, and mean proportion (%) of each 

direction-of-change pattern. "11" = correct at both stages; "01" = correct only after deliberation; 

"10" = correct only intuitively; "00" = incorrect at both stages. Standard errors of the mean (SEM) 

are reported in parentheses. 

Study Task Accuracy Direction of change 

  Initial 
response 
accuracy 

Final 
response 
accuracy 

"11" 
pattern 

"01" 
pattern 

"00" 
pattern 

"10" 
pattern 

 

 

Study 
1 

Arithmetic 
word (well-
practiced task) 

44.3 (3.6) 45.7 (4.1) 28.6 (3.4) 8.6 (1.7) 55.4 (4.1) 7.4 (1.6) 

Bat-and-ball 
(less-practiced 
task) 

5.4 (1.6) 5.0 (1.7) 2.3 (1.4) 2.4 (0.8) 92.1 (2.0) 3.4 (1.0) 

Study 
2 

Decimal 
comparison 
(well-practiced 
task) 

64.0 (3.4) 75.7 (3.6) 54.8 (3.6) 13.1 (1.6) 29.1 (3.7) 3.0 (0.7) 



Bat-and-ball 
(less-practiced 
task) 

3.9 (1.4) 2.6 (1.3) 1.7 (1.1) 1.0 (0.5) 95.5 (1.6) 1.8 (0.7) 

 

 

D. Alternative error strategies in decimal comparison 
 

Following a reviewer's suggestion, we examined whether the systematic errors observed 
in the decimal comparison task could be attributed to heuristics other than the whole-number 
bias. The literature on decimal comparison has consistently identified the whole-number bias as 
the primary source of systematic error: students treat decimals with more digits after the decimal 
point as larger. We considered two alternative strategies students could in principle apply: 

- Rightmost-digit strategy. Comparing the rightmost digit of each decimal and selecting the 

number with the larger one. For example, in 0.184 vs. 0.82, the rightmost digit of 0.184 (4) 

is larger than the rightmost digit of 0.82 (2), so this strategy points to 0.184 — yet 0.184 < 

0.82. 

- Largest-digit strategy. Comparing the largest individual digit appearing in each decimal 

and selecting the number containing the larger one. For example, in 0.295 vs. 0.41, the 

largest digit in 0.295 (9) is larger than the largest digit in 0.41 (4), so this strategy points 

to 0.295 — yet 0.295 < 0.41. 

 

For each strategy, we reclassified every item pair as a conflict or a no-conflict item 
depending on whether applying the strategy would yield the incorrect or the correct response. 
Items can therefore be classified differently across strategies. The pair 0.67 vs. 0.9, for instance, 
is a conflict item under the whole-number bias (0.67 has more digits but is smaller), but a no-
conflict item under both the rightmost-digit strategy (0.9 has the larger rightmost digit, which is 
the correct answer) and the largest-digit strategy (0.9 contains the larger individual digit, which 
is also the correct answer). We then computed mean accuracy on conflict and no-conflict items 
separately for each strategy at both response stages. The rationale is straightforward: if a 
strategy genuinely drives systematic errors, accuracy should be higher on no-conflict items—
where the strategy points to the correct response—than on conflict items, where it is misleading. 
The size of the resulting gap can be taken as an index of how strongly a given heuristic shapes 
responses. 

Figure S1 displays the results. Under the whole-number bias classification, accuracy 
was substantially lower on conflict than on no-conflict items at both stages. Under the largest-
digit classification, a conflict effect was also present but markedly smaller. Under the rightmost-
digit classification, no conflict effect was detectable: conflict and no-conflict accuracy were 
nearly identical at both stages. 

 



 

Figure S1. Mean accuracy on conflict and no-conflict items in the decimal comparison task, 
separately for each candidate heuristic (whole-number bias, largest-digit, rightmost-digit) and 
response stage (initial, final).  Error bars represent standard errors of the mean (SEM). 

 

For completeness, Figure S2 displays mean accuracy on each individual item pair, 
separately for the initial and final response stages, with conflict and no-conflict item accuracies 
according to the whole-number bias classification. 



 

Figure S2. Mean accuracy on each item pair of the decimal comparison task, for initial and final 
response stages. Conflict items are pairs for which the whole-number bias points to the 
incorrect response; no-conflict items are pairs for which it points to the correct response. Error 
bars represent standard errors of the mean (SEM). 
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