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A B S T R A C T

The cognitive mechanisms supporting arithmetic learning, in simple addition in particular, have 
long been debated. Whereas traditional models propose that counting strategies are gradually 
replaced by direct retrieval over development, the automatized counting theory suggests that 
expert performance on very small additions rather relies on rapid, unconscious one-by-one 
counting procedures. A central point of disagreement between these accounts concerns the 
interpretation of the problem-size effect, namely the increase in solution times for larger addition 
problems. Retrieval models attribute this effect to increased interference among arithmetic facts 
in memory, whereas the automatized counting theory posits that the effect reflects the larger 
number of counting steps required for larger problems. Nevertheless, recent findings showing that 
the size effect disappears for sums beyond 7 challenge the interference account, which would 
predict a monotonic increase in solution times with increasing problem size. Rather, these find
ings are consistent with the automatized counting theory, according to which problems involving 
operands greater than 4 fall outside the range of automatization. However, Andras and Macizo 
(2025) recently reported a failure to replicate this breakpoint at sum 7 in 6th graders and 
concluded that the monotonic increase of solution times they observe support retrieval-based 
accounts. Nonetheless, an examination of their data indicates that this conclusion is not empir
ically supported. In reality, Andras and Macizo (2025)’s results reveal a non-monotonic pattern, 
with a lack of problem size effect for problems with sums beyond 7, which is inconsistent with 
retrieval-based interference models and aligns with the automatized counting theory.

There has been a long-standing debate regarding the strategies used by expert solvers when faced with single-digit addition 
problems. Several decades ago, most researchers agreed that the counting procedures used by children in early stages of learning are 
gradually replaced by the direct retrieval of answers from long-term memory in adolescents and adults (Ashcraft, 1982; 1992; Ashcraft 
& Stazyk, 1981; Siegler & Shrager, 1984). However, it is also possible that arithmetic fluency in experts might instead, or at least also, 
rely on the automatization of numerical schemas, rules, and principles (Baroody, 1983; 1984; 1994). Baroody’s idea that procedures 
may become progressively automatized rather than supplanted by memory retrieval has been recently revitalized by the automatized 
counting theory, proposed by Thevenot and her collaborators (e.g., Fayol & Thevenot, 2012; Barrouillet & Thevenot, 2013; Thevenot 
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et al., 2016).
According to the automatized counting theory, experts solve small addition problems involving operands up to 4 by relying on very 

fast, one-by-one counting processes that occur automatically and outside conscious control (Uittenhove et al., 2016). This procedure 
would be triggered and executed to completion as soon as the problem is presented and even cued by the mere appearance of an 
arithmetic symbol such as a ‘+’ sign (e.g., Mathieu, Epinat-Duclos, Sigovan, et al., 2018). There is now substantial evidence for the 
automatized counting theory. Evidence comes from both brain imaging (e.g., Díaz-Barriga Yáñez et al., 2023; Mathieu, Epinat-Duclos, 
Léone, et al., 2018) and behavioral studies in adults and children, using cross-sectional and longitudinal designs across various 
experimental paradigms (e.g., see Chouteau et al., 2024 or Thevenot et al., 2020 for the use of an alphabet-arithmetic task; Díaz- 
Barriga Yáñez et al., 2020 or Mathieu et al., 2016 for the spatial manipulations of numbers; or Poletti et al., 2021 for a priming 
paradigm). However, because the automatized counting theory contradicts long-standing associationist views of arithmetic learning, it 
has quite naturally sparked intense debate within the scientific community (e.g., Baroody, 2018; Campbell et al., 2021; Chen & 
Campbell, 2017; Prado & Thevenot, 2021; Thevenot & Barrouillet, 2020).

One of the most contentious issues in this debate concerns how the problem-size effect observed with small addition problems (i.e., 
problems with sums up to 10) is interpreted in expert solvers. The problem-size effect refers to the finding that solution times increase 
with problem size. For example, 2 + 3 is typically solved faster than 4 + 3, which is also solved faster than 5 + 3 (e.g., LeFevre et al., 
1996). The problem-size effect is only observed for non-tie problems (i.e., problems with two different operands) and is among the 
most robust findings in the numerical cognition literature (Zbrodoff & Logan, 2005). The effect is easy to interpret when children still 
rely on conscious and slow counting strategies, since larger problems involve more counting steps and therefore longer solution times 
(Groen & Parkman, 1972). However, adults also show a problems size effect despite not using explicit counting procedures for these 
small problems with sums up to 10. According to the automated counting theory, which assumes that counting may be accelerated and 
become unconscious with expertise, the problem size effect would still be due to counting. In other words, it may still stem from an 
increase in counting steps in expert solvers (these steps would be so fast that they escape consciousness). Nonetheless, the problem-size 
effect is more difficult to reconcile with retrieval models, and proponents of this theory must invoke peculiarities of interconnected 
memory networks of arithmetic facts to account for it (Campbell, 1987). More specifically, within retrieval models, the problem-size 
effect is often thought to arise from interference among arithmetic facts within this type of network. As the number combinations 
increase in size, they tend to share more overlapping features or associations with other facts (e.g., similar operands or results), which 
would lead to greater competition during retrieval. This interference would slow down access to the correct answer, resulting in longer 
response times for larger than smaller problems (Campbell & Graham, 1985).

Because the problem-size effect can be explained by both the automated counting and retrieval theories, researchers face a 
challenge in using the effect to discriminate between the two accounts. Nevertheless, the discovery by Uittenhove et al. (2016) that the 
size effect was specific to problems with sums up to 7 and disappeared for sums of 8, 9, and 10 reignited the debate (see Fig. 1A), 
placing the problem-size effect once again at the center of discussions among researchers (Baroody, 2018; Chen & Campbell, 2021; 
Thevenot & Barrouillet, 2020). This plateau in solution times from sums of 8 to sums of 10, replicated several times across many 
experiments in different population of adults and children from the age of 7 (Bagnoud et al., 2025; 2021; Díaz-Barriga Yáñez et al., 
2023; Poletti et al., 2023; Thevenot et al., 2016), is a major challenge for retrieval models. Indeed, if the size effect for small problems is 

Fig. 1. Means RTs as a function of problem sum for non-tie problems from sum of 5 to sum of 10 in adults (from Uittenhove et al., 2016) (A) and 
6th-graders (from Andras and Macizo, 2025) (B).
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due to longer retrieval times due to interference, it should be expected that solution times increase monotonically across problems that 
are supposedly solved through retrieval. Any break in this progression necessarily challenges the interpretation of the size effect as 
reflecting greater difficulty in retrieving larger rather than smaller problems (because of increased interferences). On the contrary, this 
plateau provides additional support for the automated counting theory. This is because automated counting may only operate within 
the subitizing range, i.e., when quantities can be represented within a single focus of attention. There is extensive evidence that the 
upper limit of this range is four items (Cowan, 2001; Kaufman et al., 1949). Therefore, automatized counting may only operate when 
operands are smaller than (or equal to) 4. This predicts an increase in response time as problem size increases up to the sum of 7 (e.g., 4 
+ 3), due to an increase in counting steps. However, beyond that range (i.e., for problem with a sum of 8, such as 5 + 3) automatized 
counting may no longer operate, which would explain the plateau observed for problems with sums from 8 to 10 in previous studies.

However, in a recent study, Andras and Macizo (2025) raised doubts regarding the existence of a break point in addition solution 
times at the sum of 7, followed by a plateau from sum of 8 to sum of 10. As noted earlier, this pattern had previously been replicated 
across many experiments, including a longitudinal study tracking 51 children from Grade 3 to Grade 5 (Bagnoud et al., 2021). 
However, Andras and Macizo claimed that they do not find statistical evidence for the existence of a plateau from sums 8 to 10 in a 
population of 28 sixth graders. They therefore concluded that there is a monotonic increase of solution times for non-tie problems with 
sums from 5 to 10, which contradicts the automatized counting model and supports retrieval-based accounts. Andras and Macizo’s 
data are available in the Open Science Framework repository at https://osf.io/38kdz/overview.

There are nonetheless several reasons to question the conclusion from Andras and Macizo (2025). First, from an empirical 
perspective, a simple inspection of Andras and Macizo’s data in 6th-graders, reproduced here on Fig. 1B (thanks to the open dataset 
from the authors) only for non-tie problems from sum of 5 to sum of 10 (the original plot can be seen on Andras and Macizo’s own 
Fig. 1), reveals that Andras and Macizo’s claim may not be correct. Solution times in 6th-graders for sum of 3 to sum of 10 do not 
appear to follow a monotonic pattern. In fact, as is made clear by comparing Fig. 1B to Fig. 1A, the pattern Andras and Macizo obtained 
in 6th-graders is not unlike the pattern obtained by Uittenhove et al. (2016) with adults. That is, the increase in solution times from 
sum of 5 to sum of 10 is not monotonic, either in Uittenhove et al. (2016) or Andras and Macizo (2025). Rather, in both dataset, 
response times appear to increase from sum of 5 to sum of 7, after which a plateau is reached at least until sum of 9.

Second, to quantify the patterns they obtain, Andras and Macizo rightly split their problems with a sum up to 10 between those in 
which operands are smaller than (or equal to) 4 (which they term ‘very-small problems’) and problems in which operands are larger 
than 4 (which they term ‘medium-small problems’). This is appropriate for testing the automatized counting model because, according 
to that model, only very-small problems are candidate for procedural automatization and therefore should show a problem size effect 
in 6th graders. As is clear from Fig. 2 (generated thanks to the open dataset from the authors) both categories of problems show a clear 

Fig. 2. Means RTs as a function of problem sum for non-tie problems, split by category (very-small and medium-small) for 1st-graders and 6th- 
graders (from Andras and Macizo, 2025).
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problems size effect in 1st graders, which is expected given that young children use explicit counting procedures. However, solution 
times for medium small problems do not increase to the same extent as for small problems in 6th graders. In fact, Andras and Macizo 
themselves report in 6th-graders (i) a larger problem-size effect for very-small problems (slope = 0.13 log(ms)) than for medium-small 
problems (slope = 0.05 log(ms)) and (ii) a non-significant increase in solution times for medium-small problems (t(29.07) = 1.88, p =
.07) whereas the effect is highly significant for very small problems (t(28.26) = 4.89, p < .001) (Andras and Macizo, 2025, p. 9 and p. 
10). In other words, Andras and Macizo’s own statistics are not consistent with their conclusion that “non-tie problems always pre
sented a problem-size effect […] in the sixth-grade children” (Andras and Macizo, 2025, p. 1).

To provide deeper insight into the pattern actually measured in 6th-graders, we extracted from Andras and Macizo’s open dataset 
the response times for each problem category and sum in 6th-graders. In very-small problems, paired t-tests revealed that problems 
with a sum of 5 were faster than problems with a sum of 6 (t(27) = − 2.09, p = .046), which were in turn faster than sum of 7 problems 
(t(27) = − 2.84, p = .009). In other words, a clear problem-size effect is observed in this problem category. In medium-small problems, 
problems with a sum of 7 were faster than problems with a sum of 8 (t(27) = − 2.89, p = .007). However, no difference was observed 
between problems with a sum of 8 and problems with a sum of 9 (t(27) = .02, p = .982) and between problems with a sum of 9 and 
problems with a sum of 10 (t(27) = − 1.61, p = .119). In other words, there was a plateau from problems with a sum of 8 to problems 
with a sum of 10 in medium-small problems, exactly as reported in Uittenhove et al. (2016) and contrary to Andras and Macizo’s 
interpretation. It is also interesting to observe that, in their dataset, problems with a sum of 7 are solved faster when they belong to the 
medium-small than to the very-small category (t(27) = 3.46, p = .002) (see Fig. 2). This difference is simply impossible to explain with 
a model that places interferences at the source of the problem size effect, as both types of problems should have the same level of 
interference. Overall, this difference and the much weaker (or absent) size effects for the medium-small than the very-small category 
make the conclusion drawn by Andras and Macizo not supported by their data.

To conclude, and as already discussed in several articles reporting the existence of a plateau from sums 7 (Bagnoud et al., 2025, 
2021; Díaz-Barriga Yáñez et al., 2023; Poletti et al., 2023; Thevenot et al., 2016; Uittenhove et al., 2016), Andras and Macizo (2025)’s 
results do appear to be consistent with the automatized counting theory. As noted above, automatized counting is assumed to operate 
only for problems in which both operands are smaller than (or equal to) 4. These problems are therefore particularly susceptible to a 
pronounced size effect, reflecting one-by-one counting steps. In contrast, other small problems beyond this range, previously referred 
to as medium problems and referred to as medium-small problems, could be immune to size effects because they cannot be solved 
through automatized counting and are instead likely solved via retrieval from long-term memory.
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