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Introduction 

Being skillful in single-digit arithmetic forms a major building block for future growth in 

more complex calculation skills (e.g., Kilpatrick, Swafford, & Findell, 2001). Previous studies have 

reported that there exists large subject-variability in the acquisition and use of arithmetic facts (e.g., 

Barrouillet, Mignon, & Thevenot, 2008; Dowker, 2005; Hanich & Kaplan, 2003). The current 

longitudinal study investigated children’s arithmetic fact development by applying for the first time a 

model-based clustering approach on different parameters of arithmetic fact mastery assessed at the 

start of three subsequent school years, i.e. third, fourth and fifth grade. Different from a theory-driven 

top-down approach with a priori cut-off criteria to define subgroups, we employed a data-driven 

bottom-up approach to delineate clusters or profiles of arithmetic fact development by using model-

based clustering (see Reeve, Reynolds, Humberstone, & Butterworth, 2012 for an example in the 

domain of numerical magnitude processing). This method additionally provides the opportunity to 

examine whether distinct profiles of arithmetic fact development also differ in terms of cognitive skills 

that have been associated with individual differences in single-digit arithmetic, such as numerical 

magnitude processing, working memory and phonological processing.  

Arithmetic fact development 

Numerous studies have described how children develop strategies to solve single-digit 

arithmetic (e.g., Bailey, Littlefield, & Geary, 2012; Siegler, 1996). Over time, children rely less on 

effortful and time-consuming procedural strategies, such as finger counting or decomposition, but they 

increasingly use direct and fast retrieval of arithmetic facts (e.g., Bailey et al., 2012; Barrouillet et al., 

2008; Geary, 2013; Siegler, 1996). Jordan, Hanich and Kaplan (2003) distinguished subgroups of 

arithmetic fact mastery based on children’s performance on a forced arithmetic fact retrieval task at 

the end of third grade by using a priori determined cut-off criteria. The subgroup of children with poor 

arithmetic fact mastery (i.e., children with a score below the 25th percentile) showed little growth over 

time compared to children with good arithmetic fact mastery (i.e., a score between the 51st and 75th 

percentile). These data suggested that difficulties in arithmetic fact mastery are highly persistent. One 

major issue in this study concerns the top-down categorization of children into subgroups based upon 
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predetermined cut-off criteria. It remains to be determined whether similar profiles can be identified 

when a data-driven bottom-up approach is used. The present study therefore aimed to investigate 

profiles of arithmetic fact development by means of cluster analysis and further examined whether 

these profiles differed in terms of cognitive skills that are known to contribute to individual 

differences in single-digit arithmetic, comprising numerical magnitude processing, working memory 

and phonological processing. This allowed us to provide a more precise description of the cognitive 

characteristics of different profiles of arithmetic fact development in children. 

Numerical magnitude processing 

Various studies have linked proficient numerical magnitude processing skills or people’s 

elementary intuitions about quantity and their ability to understand the meaning of symbolic numbers 

(i.e., that they represent quantity), to individual differences in higher-level mathematics achievement 

(see Chen & Li, 2014 and Fazio, Bailey, Thompson & Siegler, 2014, for a meta-analysis; see De 

Smedt, Noël, Gilmore, & Ansari, 2013, for a narrative review). Two recently conducted meta-analyses 

revealed that children’s nonsymbolic numerical magnitude processing skills were significantly 

associated with their mathematics achievement, although these associations were rather moderate 

(Chen & Li, 2014; Fazio et al., 2014). There exists, however, some debate on associations between 

nonsymbolic numerical magnitude processing and mathematics achievement (see De Smedt et al., 

2013; for a discussion), because some studies failed to find such (longitudinal) associations (e.g., 

Holloway & Ansari, 2009; Sasanguie, Van den Bussche & Reynvoet, 2012a; Vanbinst, Ghesquière & 

De Smedt, 2012; see De Smedt et al., 2013 for a narrative review). In contrast, it has been argued that 

the results for symbolic numerical magnitude processing are more consistent (e.g., Bugden & Ansari, 

2011; De Smedt, Verschaffel, & Ghesquière, 2009; Sasanguie, Van den Bussche, & Reynvoet, 2012b), 

as indicated by a narrative review by De Smedt et al. (2013). A meta-analysis examining the 

association between symbolic numerical magnitude processing and mathematics achievement has, 

unfortunately, to the best of our knowledge, not yet been conducted.  

While most of these previous studies have focused on associations between numerical 

magnitude processing and children’s general mathematics achievement, little attention has been paid 

to how variations in the ability to process numerical magnitudes might contribute to individual 
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differences in arithmetic fact mastery. There are however arguments to claim such a connection. For 

example, initially, children count all the numbers in a problem (e.g., 1, 2, 3, 4, 5, 6, 7 to solve 3 + 4), 

and they gradually move on to counting on from the larger number in a problem (4, 5, 6, 7 to solve 

3 + 4) (e.g., Siegler, 1996), which requires a decision on the larger number and therefore draws on the 

understanding of numerical magnitudes. Against this background, proficient numerical magnitude 

processing skills might induce this transition to the counting-on-larger strategy, which in turn might 

foster the memorization of problem-answer associations or the development of arithmetic facts (Booth 

& Siegler, 2008). Furthermore, it is possible that arithmetic facts are stored in long-term memory in a 

meaningful way, i.e. according to their magnitude (e.g., Butterworth, Zorzi, Girelli, & Jonckheere, 

2001; Robinson, Menchetti, & Torgesen, 2002). A cross-sectional study by Vanbinst et al. (2012) in 

third graders investigated the direct associations between numerical magnitude processing and 

individual differences in arithmetic strategy use. They found a significant association between 

symbolic numerical magnitude comparison and the frequency of arithmetic fact retrieval, which 

indicated that children who were more proficient in discriminating Arabic digits relied more 

frequently on arithmetic fact retrieval when solving single-digit additions and subtractions. No 

associations with nonsymbolic numerical magnitude processing were observed. In the present study, 

we intended to explore whether children with distinct profiles of arithmetic fact development differed 

in nonsymbolic and symbolic numerical magnitude processing. 

Working memory 

Previous studies extensively reported on how working memory plays a central role in 

individual differences in arithmetic fact mastery (see Friso-van den Bos, van der Ven, Kroesbergen, & 

van Luit, 2013, for a meta-analysis). Most of these studies have adopted Baddeley’s multi-component 

model of working memory as their theoretical framework (Baddeley, 1986). At the core of this model 

is the central executive, which is responsible for the attention-driven control, regulation and 

monitoring of complex cognitive processes. The model also encompasses two slave systems of limited 

capacity, which are used for the temporary storage of visual and spatial information (visuo-spatial 

sketchpad) as well as verbal information (phonological loop).  
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A recent meta-analysis by Friso-van den Bos and colleagues (2013) highlighted that in 

particular the central executive supports children’s arithmetic fact development. This component 

might help to store and remember (intermediate) answers during arithmetic problem solving (Bull, 

Johnston, & Roy, 1999; Barrouillet & Lépine, 2005; Hitch & McAuley, 1991; Imbo & 

Vandierendonck, 2007b). Geary, Hoard, Byrd-Craven and DeSoto (2004) further argued that a child 

with difficulties in this component may rely longer on finger counting and may commit more counting 

errors. 

Findings regarding the impact of the slave systems on arithmetic fact mastery are less clear 

(see Friso-van den Bos et al., 2013, for a meta-analysis). Whereas the visuo-spatial sketchpad and 

phonological loop have been found to be associated with strategy use in some studies (e.g., Bull & 

Johnston, 1997; De Smedt et al., 2009), others have reported only weak or no correlations (e.g., Wu et 

al., 2008). Children use a variety of strategies to solve single-digit arithmetic and this mix of strategies 

changes over time. Initially, (young) children rely heavily on (visuo-spatial) strategies, such as finger 

counting, which are assumed to depend on the functioning of the visuo-spatial sketchpad (e.g., 

McKenzie, Bull, & Gray, 2003; Rasmussen & Bisanz, 2005). The phonological loop might be 

involved in the process of accurately memorizing basic arithmetic facts (Bull & Johnston, 1997) and 

therefore the role of the phonological loop might become particularly important when children 

increasingly rely on more advanced solution strategies (e.g., Barrouillet & Lépine, 2005; De Smedt et 

al., 2009; Dowker, 2005; Geary, 2004; Geary, Hoard, Byrd-Craven, Nugent, & Numtee, 2007; Geary, 

Hoard, & Nugent, 2012; Imbo & Vandierendonck, 2007a). Against this background, we aimed to 

explore whether distinct profiles of arithmetic fact development differ on tasks that tap into the central 

executive, the visuo-spatial sketchpad and the phonological loop. 

Phonological processing 

Behavioral (e.g., De Smedt, Taylor, Archibald, & Ansari, 2010; Simmons & Singleton, 2008; 

Swanson & Sachse-Lee, 2001; Vukovic & Lesaux, 2013) and neuroimaging data (e.g., Dehaene, 

Piazza, Pinel, & Cohen, 2003) have suggested a specific association between phonological processing 

and arithmetic fact mastery. More precisely, it has been proposed that problem-answer associations, or 

arithmetic facts might be stored in long-term memory in a phonological way. Consequently, impaired 
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phonological processing skills may coincide with difficulties in storing and remembering these 

arithmetic facts (e.g., Koponen, Salmi, Eklund & Aro, 2013; Robinson et al., 2002; Swanson & 

Sachse-Lee, 2001; Vukovic & Lesaux, 2013). This fits the observation that children with learning 

difficulties in reading or dyslexia, who are marked by a phonological processing deficit, also 

experience difficulties in arithmetic fact mastery (e.g., Simmons & Singleton, 2008). The ability to 

form more distinct long-term phonological representations of arithmetic facts may foster an increase in 

children’s reliance on arithmetic fact retrieval and, hence, a decrease in the use of counting strategies 

when solving single-digit arithmetic (De Smedt et al., 2010). 

We distinguished the three classic areas of phonological processing (Wagner & Torgesen, 

1987), i.e. phonological working memory (analogous to the phonological loop of Baddeley’s working 

memory model), phonological awareness and rate of access to long-term memory, which all have been 

linked to individual differences in single-digit arithmetic (e.g., Fuchs et al., 2005). De Smedt and 

colleagues (2010) provided behavioral evidence that phonological awareness was associated with 

fourth and fifth graders arithmetic fact mastery, indicating that the quality of children’s long-term 

phonological representations might be a key factor for efficient arithmetic fact mastery. Several 

researchers have further argued that individual differences in children’s speed of retrieving arithmetic 

facts when solving single-digit arithmetic was influenced by their rate of accessing phonological 

representations from long-term memory, i.e., rapid automatized naming (Hecht, Torgesen, Wagner, & 

Rashotte, 2001; Koponen, Aunola, Ahonen, & Nurmi, 2007; Swanson & Kim, 2007). In light of these 

prior research findings, the current study sought to explore whether children with distinct profiles of 

arithmetic fact development also differed in phonological processing. 

The present study 

To date, a model-based clustering approach has rarely been used in research on mathematical 

cognition. Two previous studies applied this approach to investigate subtypes of mathematical 

learning difficulties (MLD) or dyscalculia (Bartelet, Ansari, Vaessen, & Blomert, 2014; von Aster, 

2000). Recently, Reeve and colleagues (2012) used cluster analysis to investigate children’s number 

development and they distinguished three clusters on the basis of children’s performance on dot 

enumeration and number comparison tasks. Extending the existing body of research, the present 
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longitudinal study is the first to investigate inter-subject variability in children’s arithmetic fact 

development by using a model-based clustering approach. This approach allows us to form subgroups 

based upon empirically derived differences in parameters of arithmetic fact mastery repeatedly 

assessed over developmental time. 

The present study assessed children’s arithmetic fact mastery at the start of third, fourth and 

fifth grades. We focused on this age group because we wanted to study the development of children 

who had already acquired a considerable number of arithmetic facts. Specifically, we administered a 

single-digit addition and subtraction task and simultaneously assessed strategy use with verbal 

protocols by asking children on a trial-by-trial basis which strategy they used (Siegler, 1996). In order 

to characterize children’s arithmetic fact mastery as precisely as possible, we derived three parameters 

from these arithmetic tasks. First, we used the verbal report data to determine the frequency with 

which children used fact retrieval. Second, we considered the efficiency with which children solved 

the arithmetic problems. Efficiency is typically operationalized in terms of solution speed and 

accuracy, but as all children had very high levels of accuracy on the arithmetic tasks we only 

considered mean reaction times. We reasoned that children who solve single-digit additions and 

subtractions particularly fast mainly rely on fast and efficient retrieval of arithmetic facts. On the other 

hand, children who performed slower probably used less efficient retrieval and/or more effortful and 

time-consuming procedural strategies, such as decomposition or even finger counting. Finally, we 

considered children’s variance of the reaction times as an index of the consistency with which children 

use different strategies. We reasoned that children with small variances in their reaction time would be 

more consistent in their application of strategies compared to those with large variances in their 

reaction time. These parameters were calculated at the start of third grade and subsequently fourth and 

fifth grade, to investigate how children’s arithmetic fact mastery evolves over time. By applying a 

clustering approach on the parameters of arithmetic fact mastery assessed across different time points, 

the current study attempted to capture different clusters or profiles of arithmetic fact development. In 

order to carefully characterize these profiles of arithmetic fact development, we further compared 

these profiles on various cognitive skills that have been associated with individual differences in 

single-digit arithmetic namely numerical magnitude processing, working memory and phonological 



9 

Running head: PROFILES OF ARITHMETIC FACT DEVELOPMENT 

processing. Against the background of the literature reviewed above, we expected that if different 

profiles of arithmetic fact development could be identified, these profiles would also differ on tasks 

that measure children’s numerical magnitude processing, working memory and phonological 

processing. 

Method 

Participants 

Participants were recruited from three elementary schools in Flanders (Belgium), resulting 

into a random sample of 75 third-graders (September 2011). One year later, at the start of fourth grade 

(September 2012) arithmetic data were available for 68 participants of the initial sample. At the start 

of fifth grade (September 2013) arithmetic data were available for 52 participants. We only included 

those participants whose arithmetic data were available at the three time points. School absence at one 

or more time points, due to illness or changing schools, led to missing data. This final sample (n = 52) 

comprised 31 girls and 21 boys. The mean age at the start of third grade was 8 years and 2 months 

(SD = 2 months). The participants came predominantly from middle- to upper middle-class families 

and their native language was Dutch. They had no history of intellectual disability, autism spectrum 

disorder or attention-deficit/hyperactivity disorder and none had repeated a grade. For all participants, 

written informed parental consent was obtained.  

Materials 

Materials consisted of standardized tests, paper-and-pencil-tasks and computer tasks designed 

with the E-prime 1.0 software (Schneider, Eschmann, & Zuccolotto, 2002). 

Single-digit arithmetic and fact retrieval use 

Children’s arithmetic competence and strategy use was assessed by means of a single-digit 

addition and subtraction task. Stimuli were selected from the so-called standard set of single-digit 

arithmetic problems (Lefevre, Sadesky, & Bisanz, 1996), which excludes tie problems (e.g., 6 + 6) and 

problems containing 0 or 1 as operand or answer. Only one of each pair of commutative problems was 

selected, resulting in a set of 28 problems per operation. The position of the largest operand was 

counterbalanced. Children were asked to perform both accurately and quickly. Responses were verbal. 
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A voice key registered the child’s reaction time, after which the experimenter recorded the answer. 

Children could use whatever strategy they wanted to. On a trial-by-trial basis, the experimenter asked 

the children to verbally report the strategy they used to solve the arithmetic problem. Similar to other 

studies in arithmetic (e.g., Imbo & Vandierendonck, 2007a; Torbeyns, Verschaffel, & Ghesquière, 

2004), strategies were classified into retrieval (i.e., if the child immediately knew the answer and there 

was no evidence of overt calculations), procedure (i.e., if the child indicated that he or she used 

counting or decomposed the problem into smaller sub-problems to arrive at the solution), or other (i.e., 

if the child did not know how he or she solved the problem). This classification method is a valid and 

reliable way of assessing children’s single-digit arithmetic strategy use (Siegler & Stern, 1998). Two 

practice trials were presented to familiarize children with task administration. 

Standardized tests 

Intellectual ability 

Raven’s Standard Progressive Matrices (Raven, Court, & Raven, 1992) was administered as a 

measure of intellectual ability. For each child, a standardized score (M = 100, SD = 15) was 

calculated. 

General mathematics achievement 

Children’s general mathematics achievement was assessed using a curriculum-based 

standardized mathematics achievement test from the Flemish Student Monitoring System (Dudal, 

2000). At the start of third grade the participants completed an untimed achievement test, the content 

of which corresponded to the mathematics curriculum until the onset of third grade. The test included 

various aspects of mathematics, such as number knowledge, understanding of operations, simple 

arithmetic, multi-digit calculation, word problem solving, measurement and geometry. For each child, 

a standardized score (M = 100, SD = 15) was calculated. 

Reading ability 

Reading ability was assessed by the standardized Dutch One-Minute-Test version B (Brus & 

Voeten, 1995). Children had to read a list of 116 single words of increasing difficulty as correctly and 

quickly as possible. This test combines speed and accuracy into one index score. The total score was 
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the number of words read correctly within one minute, which was converted into a standardized score 

(M = 10, SD = 3). 

Numerical magnitude processing 

Numerical magnitude comparison 

Children’s numerical magnitude processing skills were measured by means of symbolic and 

nonsymbolic numerical magnitude comparison tasks, consisting of Arabic digits and dot arrays, 

respectively. In these tasks children had to compare two simultaneously presented numerical 

magnitudes, one displayed on the left side of the computer screen, and one displayed on the right. 

Children had to indicate the larger of those two numerical magnitudes by pressing a key on the side of 

the larger one. The left response key was D; the right response key was K. They were instructed to 

perform both accurately and quickly. Stimuli comprised all combinations of numerosities 1 to 9, 

yielding 72 trials for each task. The position of the largest numerosity was counterbalanced. The 

nonsymbolic stimuli were generated with the MATLAB script provided by Piazza, Izard, Pinel, Le 

Bihan, and Dehaene (2004) and were controlled for non-numerical parameters, such as dot size, total 

occupied area, and density. On one half of the trials, dot size, array size, and density were positively 

correlated with number, and on the other half of the trials, dot size, array size, and density were 

negatively correlated. This was done to avoid that decisions were dependent on non-numerical cues or 

perceptual features. A trial started with a 200 ms fixation point in the center of the screen. After 

1000 ms, stimuli appeared and remained visible until the child responded, except for the nonsymbolic 

numerical magnitude comparison task, where the stimuli disappeared after 840 ms, to avoid counting 

the number of dots. Each trial was initiated by the experimenter with a control key. Reaction times and 

answers were registered by the computer. To familiarize children with the key assignments, three 

practice trials were included per task. 

Digit naming 

In order to investigate whether efficiently identifying Arabic digits rather than processing 

symbolic numerical magnitudes contributes to individual differences in arithmetic fact development, 

an additional measure of symbolic processing was administered, i.e. digit naming. In this task, each of 

the numbers 1 to 9 was successively presented twice on the computer screen. The child was asked to 
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name each digit. Reaction time was registered by a voice key, after which the answer was entered on 

the keyboard by the experimenter. There were two practice trials to make the child familiar with task 

administration.  

Working memory 

Three tasks from the working memory test battery for children (Pickering & Gathercole, 

2001), which have been widely used in working memory research, were administered to tap the three 

components of Baddeley’s working memory model. We only selected non-numerical tasks to prevent 

task performance to be influenced by numerical processing.  

Central executive 

The listening span task, adapted to Dutch (e.g., De Smedt et al., 2009 for more elaborated task 

details), was used to measure the central executive component. In this non-numerical task, children 

were asked to judge the correctness of a series of recorded sentences (true vs. false). They were also 

instructed to memorize the last word in every sentence, and to recall those words in the presented 

order at the end of each trial. 

Visuo-spatial sketchpad 

The corsi block recall task was used to assess the visuo-spatial sketchpad (e.g., De Smedt et 

al., 2009 for task details). For each trial, the experimenter tapped out a sequence, at a rate of one block 

per second, on a board with nine blocks. The child was instructed to reproduce the sequence in the 

correct order. 

Phonological loop 

This component was measured by a Dutch adaptation (Scheltinga, 2003) of the nonword 

repetition test developed by Gathercole, Willis, Baddeley, and Emslie (1994). Each recorded nonword 

was presented once, and the child was asked to repeat it immediately after its presentation (e.g., De 

Smedt et al., 2009 for more elaborated task details).  

Phonological processing 

We selected different tasks to measure the three traditional domains of phonological 

processing (Hecht et al., 2001). These tasks all have been used in research on reading and arithmetic 
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(e.g., Koponen et al., 2013; Swanson & Sachse-Lee, 2001; for more elaborated task details, see Boets 

et al., 2010). 

Phonological working memory 

We used the nonword repetition task described above as a measure of phonological working 

memory.  

Phonological awareness 

A phoneme deletion task and a spoonerism task were administered to assess children’s 

phonological awareness. The phoneme deletion task, consisted of 28 one-syllable nonwords (an 

adaptation of de Jong & van der Leij, 2003). Each nonword was presented twice and the child was 

asked to delete a particular phoneme of the nonword. For the first 10 items, the deletion of the 

phoneme resulted in the disclosure of an existing word (e.g., DROOS without /d/). For the next 18 

items, the residual phonological string remained meaningless after phoneme deletion (e.g., WAPT 

without /t/). Each subtest was preceded by two practice items and each correctly produced word and 

nonword was rewarded with one point (maximum = 28). The spoonerism task consisted of 3 subtests 

of 10 items (maximum = 50). Each subtest was preceded by two practice items. For all subtests, the 

first 5 items resulted in the disclosure of existing words, and the remaining 5 items yielded nonwords. 

In the first subtest, children were required to replace the onset (single consonant or consonant cluster) 

of a word with another consonant in order to create a new word or nonword (e.g., LIP with /k/ 

becomes KIP). In the following subtests, 2 one-syllable words were given and the child was instructed 

to swap their consonant onset in order to reveal two new words or nonwords (e.g., Single consonant: 

SAAI-HOK becomes HAAI-SOK; Consonant cluster: PLANT-KRAS becomes KRANT-PLAS). 

Rate of access 

Rate of access to phonological information from long-term memory was evaluated with two 

classic rapid automatic naming tasks (van den Bos, Zijlstra, & van den Broeck, 2003), which involved 

the naming of colors (black, blue, red, yellow, and green) and letters (d, o, a, s and p). Each test card 

consisted of 50 stimuli (5 columns of 10 stimuli), with each stimulus appearing 10 times. Prior to 

testing, the child was required to name the stimuli in the last column of a test card in order to 
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determine whether the child was familiar with all the presented stimuli. The time to complete the card 

was recorded for each task. 

Procedure 

All participants completed the administered tasks individually in a quiet room at their own 

school, except for Raven’s matrices and the general mathematics achievement test, which were group-

based. The order of task administration was fixed for all participants. At each time point (Time 1: 

September 2011; Time 2: September 2012; Time 3: September 2013) the single-digit arithmetic task, 

the digit naming task and the numerical magnitude comparison tasks were administered. Standardized 

tests as well as tests measuring the working memory components and the different domains of 

phonological processing were only collected at the start of third grade (Time 1: September 2011).  

Results 

The first section of the results covers the cluster analysis and the descriptive statistics of each 

cluster. It is important to point out that, although we administered a single-digit addition and 

subtraction task separately, performance on these tasks was strongly correlated (all rs > .63). In order 

to improve clarity, the cluster analysis was applied on data averaged across operations. The subsequent 

sections discuss cluster differences in numerical magnitude processing, working memory and 

phonological processing. 

Cluster analysis 

Children’s performance on the single-digit addition and subtraction tasks was evaluated in 

terms of fact retrieval frequency, mean reaction times and variance of the reaction times. Trials with 

incorrect responses or with incorrect voice-key registrations (< 4% of all trials) were not included. For 

calculating the reaction time and reaction time variance variables, trials deviating more than 3SDs 

from the average participant’s reaction time as well as trials with a reaction time below 500ms (< 0.6% 

of all trials) were additionally excluded.  

Children’s arithmetic fact development was estimated by considering parameters of arithmetic 

fact mastery (i.e., fact retrieval frequency, mean reaction times and variance of the reaction times) at 

the start of three subsequent school years (i.e., third, fourth and fifth grade). We applied a model-based 

cluster analysis (Banfield & Raftery, 1993) on these parameters assessed at three time points by using 
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the MCLUST package of Fraley and Raftery (2007) that is implemented in R. Model-based clustering 

assumes that the distribution of the data is a mixture of, in this case, multivariate normal distributions. 

Each of the latter distributions defines a cluster. The clustering procedure estimates the means and the 

variance-covariance matrices of the clusters as well as their prior probabilities (i.e., the a priori 

probability that any person belongs to a particular cluster). Based on these parameters the posterior 

probabilities can be calculated, which reflect the probability that a specific person belongs to a 

particular cluster. By applying Bayes’ rule to the posterior probabilities, each person is assigned to a 

single cluster. Model–based clustering is often preferred above heuristic clustering methods as K-

means clustering and hierarchical cluster analysis, because it provides a principled statistical approach 

(Banfield & Raftery, 1993). 

To decide how many clusters were needed to adequately describe the data, we used the 

Bayesian Information Criterion (BIC), which weighs model fit and model complexity. An inspection 

of the BIC-values of the solutions with 1 up to 9 clusters revealed that a solution with three clusters 

had the lowest BIC value (i.e., -8685.537), and hence should be retained. The selected model is of the 

VVI type, which implies that the variance-covariance matrices of the multivariate normal distributions 

that underlie the three clusters are all diagonal, but that the diagonal elements (i.e., the variances of the 

nine variables) and the ratio’s thereof are allowed to differ across the three clusters. Table 1 displays 

for each identified cluster the corresponding developmental profile of arithmetic fact mastery. Based 

on these different profiles of arithmetic fact development, the clusters were labeled as slow and 

variable (n = 8), average (n = 24) and efficient (n = 20). 

A 3 × 3 repeated measures analysis on the frequency of fact retrieval with grade (grade 3 vs. 

grade 4 vs. grade 5) as within-subject factor and cluster (slow and variable vs. average vs. efficient) as 

between-subjects factor revealed a significant main effect of cluster, F(2, 49) = 3.29, p = .046, 

η²p = .12. Post-hoc t-tests demonstrated that only the slow and variable and the efficient cluster 

differed significantly from each other (p = .01; other ps > .09). There was no main effect of grade, 

F(2, 49) = 1.59, p = .209, and no Grade × Cluster interaction, F(4, 49) = 0.60, p = .666.  
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Table 1. Profiles of arithmetic fact development per cluster. 

 Slow and variable Average Efficient 

Fact retrieval frequency   

Grade 3 23.38 (10.00) 27.75 (10.96) 31.35 (10.66) 

Grade 4 23.38 (7.50) 25.33 (5.89) 28.50 (6.94) 

Grade 5 23.63 (11.17) 30.75 (6.95) 31.10 (8.32) 

Mean reaction times   

Grade 3 6642.61 (1104.49) 4475.99 (1009.11) 2424.14 (567.73) 

Grade 4 4118.49 (1088.79) 2590.57 (534.56) 1649.28 (267.25) 

Grade 5 3527.24 (1608.82) 2088.89 (335.59) 1405.03 (221.28) 

Variance of the reaction times   

Grade 3 372.52+10
5 
(167.87+10

5
) 101.08+10

5 
(74.23+10

5
) 18.69+10

5 
(13.27+10

5
) 

Grade 4 124.91+10
5 
(88.40+10

5
) 23.60+10

5
 (16.90+10

5
) 6.37+10

5 
(4.02+10

5
) 

Grade 5 71.90+10
5 
(92.59+10

5
) 13.44+10

5 
(7.55+10

5
)

 
4.43+10

5 
(2.53+10

5
) 

Note. Standard deviations are presented between parentheses.. 

On the mean reaction times and the reaction time variances for solving single-digit arithmetic, 

we calculated a 3 × 3 repeated measures ANOVA with grade (grade 3 vs. grade 4 vs. grade 5) as 

within-subject factor and cluster (slow and variable vs. average vs. efficient) as between-subjects 

factor. The analysis of the reaction times revealed a main effect of grade, F(2, 49) = 154.61, p < .001, 

η²p = .76, demonstrating that the three clusters improved over developmental time (all ps < .001). As 

expected there was a main effect of cluster, F(2, 49) = 91.28, p < .001, η²p = .79: The slow and 

variable cluster was systematically slower than the average cluster (p < .001) and the efficient cluster 

(p < .001). In turn the average cluster was significantly slower than the efficient cluster (p < .001). 

Grade interacted with cluster, F(4, 49) = 13.19, p < .001, η²p = .35: Cluster differences became smaller 

over time but remained significant at the start of each grade (all ps < .001). The analysis of the 

reaction time variances revealed main effects of grade, F(2, 49) = 77.22, p < .001, η²p = .61, and 

cluster, F(2, 49) = 78.12, p < .001, η²p = .76: Children’s reaction time variance decreased over 
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developmental time (all ps < .001), and the clusters differed significantly from each other (all 

ps < .001). Cluster membership interacted with grade, F(4, 49) = 23.93, p < .001, η²p = .49, indicating 

that the slow and variable cluster differed at the start of each school year from the average cluster 

(p < .001) and the efficient cluster (p < .001). The average cluster and the efficient cluster differed at 

the start of third grade (p < .001), but did not differ at the start of fourth and fifth grade (both ps > .12). 

Table 2 presents the detailed descriptive statistics of the three clusters. This table illustrates 

that the clusters did not differ in terms of age, F(2, 51) = 1.39, p = .259, sex, χ²(1) = 3.06, p = .217, 

socioeconomic status, χ²(1) = 0.68, p = .954, and intellectual ability, F(2, 50) = 0.76, p = .472. The 

three clusters differed significantly in terms of their performance on the general standardized 

mathematics achievement test, F(2, 51) = 13.03, p < .001, η²p = .35. Post-hoc t-tests demonstrated that 

the slow and variable cluster performed significantly lower on this achievement test than the average 

cluster, t(30) = -3.06, p < .001, d = -1.29, and the efficient cluster, t(26) = -5.17, p < .001, d = -2.24. In 

turn, the average cluster performed significantly lower on this test than the efficient cluster, 

t(42) = -2.79, p = .008, d = -0.86.  

Table 2. Descriptive statistics of the identified clusters. 

 Slow and variable Average Efficient 

Ageᵃ 8.13 (0.31) 8.27 (0.28) 8.33 (0.27) 

Sex 2 boys, 6 girls 8 boys, 16 girls 11 boys, 9 girls 

Intellectual abilityᵇ 105.63 (12.25) 108.62 (11.27) 111.16 (9.912) 

General mathᵇ 82.89 (9.29) 97.11 (11.94) 107.15 (11.86) 

Reading abilityᶜ 8.00 (1.93) 10.71 (3.03) 11.65 (1.79) 

Note. Standard deviations are presented between parentheses. ᵃ Mean age in years at the start of third grade. ᵇ IQ-score on 

Raven’s Standard Progressive Matrices and a general mathematics achievement test. ᶜ Standardizes scores (M = 10, SD = 3). 

The present group differences could be explained by the fact that the slow and variable cluster 

mainly included a subgroup of children with MLD. We verified this possibility by determining in each 

cluster the number of children that performed below the 10
th
 percentile on the general standardized 

mathematics achievement test, which is a common approach to identify children with MLD (e.g., 
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Dirks, Spyer, van Lieshout, & de Sonneville, 2008; Geary, Hoard, & Bailey, 2012). In our sample, 

only two children met this restricted criterion for MLD: One child was included in the slow and 

variable cluster and one in the average cluster. As a result, the current group differences cannot be 

explained by an overrepresentation of children with MLD in the slow and variable cluster. Significant 

cluster differences were also observed for reading ability, F(2, 51) = 6.28, p = .004, η²p = .20. Post-hoc 

t-tests revealed that the slow and variable cluster performed significantly lower on the reading test 

than the average cluster, t(30) = -2.24, p = .010, d = -0.95, and the efficient cluster, t(26) = -3.95, 

p < .001, d = -1.71, but the average cluster and the efficient cluster did not differ, t(42) = -1.35, 

p = .184. To rule out the possibility that this difference reflected an overrepresentation of children with 

reading difficulties in the slow and variable cluster, we verified the number of children that performed 

below the 10
th
 percentile on the reading test (e.g., Dirks et al., 2008). This analysis revealed that two 

children in the slow and variable cluster and two children in the average cluster met this criterion. As 

a result, the current group differences cannot be explained by an overrepresentation of children with 

reading difficulties in the slow and variable cluster. 

Numerical magnitude processing 

Numerical magnitude comparison 

The mean reaction time and accuracy on the numerical magnitude comparison tasks are 

displayed in Figure 1 for each cluster per grade. We calculated a 3 × 3 repeated measures ANOVA 

with grade (grade 3 vs. grade 4 vs. grade 5) as within-subject factor and cluster (slow and variable vs. 

average vs. efficient) as between-subjects factor on the reaction time and accuracy for each 

comparison task separately. 

Nonsymbolic numerical magnitude comparison 

With regard to reaction time, there was a main effect of grade, F(2, 96) = 84.36, p < .001, 

η²p = .64: The three clusters became faster across grades (all ps < .001). There was no main effect of 

cluster, F(2, 48) = 1.51, p = .232, and grade did not interact with cluster membership, F(4, 96) = 0.19, 

p = .945. The analysis of accuracy on the nonsymbolic numerical magnitude comparison task showed 

a marginally significant main effect of grade, F(2, 96) = 3.05, p = .052, η²p = .06, but not of cluster, 

F(2, 48) = 2.01, p = .145. Post-hoc t-tests indicated that the three clusters became more accurate over 
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time (all ps < .05). Grade interacted with cluster, F(4, 96) = 3.63, p = .008, η²p = .13. Post-hoc t-tests 

showed that only at the start of third grade the slow and variable cluster differed significantly from the 

average cluster, t(30) = -2.94, p = .006, d = -1.24, and the efficient cluster, t(26) = -2.65, p = .014, 

d = -1.15. Further, no significant cluster differences emerged (all ps > .12). After general mathematics 

achievement and reading ability, F(2, 46) = 0.58, p = .561, η²p = .03, were additionally taken into 

account, cluster differences at the start of third grade no longer occurred.  

Figure 1. Mean reaction time and error rate (% incorrectly solved problems) by cluster per numerical 

magnitude comparison task. Lines represent reaction time on the left y-axis and bars depict error rates 

on the right y-axis. Error bars represent 1SE of the mean. 

 

Symbolic numerical magnitude comparison 

The analysis of the symbolic reaction time revealed a main effect of grade, F(2, 96) = 161.74, 

p < .001, η²p = .77, indicating that the three clusters improved over developmental time (all ps < .001). 

There was a main effect of cluster, F(2, 48) = 18.57, p < .001, η²p = .44, pointing out that cluster 

differences were significant at the start of each school year (all ps < .05). Grade interacted with cluster, 

F(4, 96) = 5.03, p = .001, η²p = .17. Post-hoc t-tests showed that the slow and variable cluster differed 

from the average cluster and the efficient cluster at the start of each school year, but that these 

differences became smaller over time (all ps < .001). Differences between the average cluster and the 
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efficient cluster remained stable over time. Cluster differences in symbolic reaction time remained 

when general mathematics achievement and reading ability were additionally controlled for (all 

ps < .05). With regard to accuracy, there were no main effects of grade, F(2, 96) = 1.78, p = .175, or 

cluster, F(2, 48) = 0.30, p = .744, and no Grade × Cluster interaction, F(4, 96) = 1.71, p = .154. 

Digit naming 

Figure 2 displays the mean reaction time and accuracy on the digit naming task per cluster 

across grades.  

Figure 2. Mean reaction time and error rate (% incorrectly solved problems) per cluster on the digit 

naming task at the start of each grade. Lines represent reaction time on the left y-axis and bars depict 

error rates on the right y-axis. Error bars represent 1SE of the mean. 

 

A 3 × 3 repeated measures ANOVA with grade (grade 3 vs. grade 4 vs. grade 5) as within-

subject factor and cluster (slow and variable vs. average vs. efficient) as between-subjects factor was 

conducted on reaction time and accuracy. The analysis of the reaction time revealed a main effect of 

grade, F(2, 96) = 12.74, p < .001, η²p = .21. Post-hoc t-tests demonstrated that children’s reaction time 

of naming digits decreased significantly from third to fourth grade (p < .001), but not from fourth to 

fifth grade (p = .61). There was no main effect of cluster, F(2, 48) = 1.56, p = .221, and no Grade × 

Cluster interaction, F(4, 96) = 0.83, p = .509. With regard to accuracy, main effects of grade, F(2, 
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96) = 0.02, p = .984, or cluster, F(2, 48) = 0.51, p = .605, were not observed and grade did not interact 

with cluster, F(4, 96) = 0.28, p = .893. 

Working memory 

The descriptive statistics of the administered working memory tasks are displayed in Table 3. 

This table indicates that no cluster differences emerged on these tasks. 

Table 3. Descriptive statistics on the administered working memory tasks. 

Task 

Slow and 

variable 

Average Efficient Maximum 

possible 

F η²p 

 M (SD) M (SD) M (SD) 

Central executive       

Listening span 5.50 (1.51) 6.29 (1.65) 5.70 (1.30) 15 1.25 .05 

Visuo-spatial sketchpad       

Block recall 9.00 (2.33) 10.38 (1.66) 9.90 (2.94) 27 1.07 .04 

Phonological loop       

Nonword repetition 28.13 (8.86) 30.92 (5.40) 30.50 (5.95) 48 0.62 .03 

Note.  All ps > .300 

Phonological processing 

Table 4 presents the descriptive statistics on the administered phonological processing tasks. 

Significant cluster differences emerged on the phoneme deletion task and the color naming task. With 

regard to the phoneme deletion task, post-hoc t-tests revealed that the slow and variable cluster 

performed significantly lower on this task than the average cluster, t(30) = -3.24, p = .003, d = -1.37, 

and the efficient cluster, t(26) = -2.94, p = .007, d = -1.28, who in turn did not differ, t(42) = 0.11, 

p = .911. Post-hoc t-tests concerning the color naming task indicated that the slow and variable cluster 

performed significantly slower on the color naming task than the average cluster, t(29) = 2.91, 

p = .007, d = 1.23, and the efficient cluster, t(26) = 3.18, p = .004, d = 1.38. No differences were 

observed between the average and efficient cluster, t(41) = 0.20, p = .839.  
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Cluster differences on the phoneme deletion task, F(2, 51) = 1.98, p = .152, and the color 

naming task, F(2, 50) = 2.27, p = .123, disappeared when reading ability was additionally controlled 

for. 

Table 4. Descriptive statistics on the administered phonological processing tasks.  

Task Slow and 

variable 

Average Efficient Maximum 

possible 

F η²p 

M (SD) M (SD) M (SD) 

Phonological working memory       

Nonword repetition 28.13 (8.86) 30.92 (5.40) 30.50 (5.95) 48 0.62 .03 

Phonological awareness       

Phoneme deletion 12.00 (5.24) 19.92 (6.19) 19.70 (6.59) 28 5.35ᵃ .18 

Spoonerism 29.00 (6.11) 33.19 (11.01) 34.59 (11.22) 50 0.70 .03 

Rate of access       

Color naming (s) 61.88 (11.54) 48.61 (10.99) 47.95 (10.05)  5.44ᵇ .19 

Letter naming (s) 38.50 (8.73) 35.88 (9.61) 32.20 (7.34)  1.81 .07 

Note.  ᵃ p = .008; ᵇ p = .007. 

Discussion 

The current longitudinal study tried to identify profiles of individual differences in 

children’s arithmetic fact development in a random sample. To probe this question, we applied a 

model-based clustering approach on parameters of arithmetic fact mastery (i.e., fact retrieval 

frequency, mean reaction times and variance of the reaction times) assessed at the start of three 

subsequent school years (i.e., third, fourth and fifth grade). The cluster-analysis revealed three 

clusters or profiles of arithmetic fact development, which were labeled as slow and variable 

(cluster 1), average (cluster 2) and efficient (cluster 3). These profiles did not differ in terms of age, 

sex, socioeconomic status and intellectual ability. We additionally explored whether these profiles 

differed in terms of cognitive skills that have been associated with individual differences in single-

digit arithmetic. The three profiles differed in nonsymbolic and symbolic numerical magnitude 
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processing as well as phonological processing, but not in digit naming or working memory. 

Profiles of arithmetic fact development 

We used a model-based clustering approach (Banfield & Raftery, 1993) to delineate profiles 

of arithmetic fact development, based upon empirically derived differences in parameters of arithmetic 

fact mastery repeatedly assessed over time. This bottom-up approach represents an alternative to the 

top-down approach because the categorization of children into subgroups is no longer based upon 

predetermined cut-off criteria. The cluster analysis revealed three profiles – slow and variable, 

average or efficient  – that were marked by differences in children’s development in arithmetic fact 

mastery from third to fifth grade. Our results support prior studies, which signaled large individual 

differences in the use of arithmetic solution strategies (e.g., Barrouillet et al., 2008; Dowker, 2005; 

Imbo & Vandierendonck, 2007a). At all three time points, children with a slow and variable profile 

relied less frequently on arithmetic fact retrieval than efficient children. With progressing time, all 

participants improved in terms of speed as well as speed variability when solving single-digit 

arithmetic. Although these improvements narrowed the initial learning gap, children with a slow and 

variable profile solved arithmetic problems always slower and with larger reaction time variances than 

the average or efficient children. Importantly, the poor arithmetic fact mastery of children with a slow 

and variable profile appeared highly tenacious, which is in agreement with previous work by Jordan 

and colleagues (2003). Our data further showed that average children solved additions and 

subtractions systematically slower than efficient children, though differences in reaction time variances 

disappeared over the years.  

It is interesting to note that the three profiles also differed in terms of general mathematics 

achievement. Children with a slow and variable profile performed lower on a general mathematics 

achievement test than the average and efficient children. In turn, average children performed lower on 

this achievement test than efficient children. Importantly, the slow and variable profile did not reflect 

an overrepresentation of children with MLD. 

Numerical magnitude processing 

The current study revealed that children with a slow and variable profile were less accurate on 

the nonsymbolic numerical magnitude comparison task than average and efficient children. These 
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differences were observed at the start of third grade but were no longer apparent at the start of fourth 

and fifth grade. Two recently conducted meta-analyses reported that the association between 

nonsymbolic numerical magnitude processing and mathematics achievement is significant but 

moderate in both cross-sectional and longitudinal data (Chen & Li, 2014; Fazio et al., 2014). Chen and 

Li (2014) further added that nonsymbolic numerical magnitude processing skills contribute less to 

children’s mathematics achievement than math anxiety or socioeconomic status. It is therefore not 

surprising that, in our data set, differences between profiles in nonsymbolic numerical magnitude 

processing were no longer observed after children’s general mathematics achievement were 

additionally controlled for.  

Another important finding was that the three profiles differed in terms of children’s symbolic 

numerical magnitude processing skills. This finding matches with the results of Vanbinst and 

colleagues (2012) who demonstrated that third-graders who were more proficient in processing 

symbolic numerical magnitudes retrieved more arithmetic facts from their memory and executed fact 

retrieval faster and more accurately. Further, the current data appear consistent with previous research 

that showed robust correlations between symbolic numerical magnitude processing and children’s 

mathematics achievement (e.g., Bugden & Ansari, 2011; De Smedt et al., 2009; Sasanguie et al., 

2012b; also see De Smedt et al., 2013; for a narrative review). Our data go beyond the previous ones 

by showing that the differences between profiles in symbolic numerical magnitude processing were 

present not only at the start of third grade, but also in the subsequent years. These differences were not 

attributable to differences in age, sex, socioeconomic status, intellectual ability, general mathematics 

achievement or reading ability.  

In order to investigate whether efficiently identifying Arabic digits rather than processing 

symbolic numerical magnitudes contributes to individual differences in arithmetic fact development, 

an additional measure of symbolic processing was administered, i.e. digit naming. We did not observe 

differences in digit naming between profiles, which suggest that merely identifying Arabic digits 

without explicitly processing their magnitude is not sufficient to explain individual differences in 

arithmetic fact development. In conclusion, our results indicate that symbolic, and to a lesser extent 

nonsymbolic, numerical magnitude processing skills might support children’s development in 
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arithmetic fact mastery. 

Working memory 

We did not observe significant differences between profiles on the components of Baddeley’s 

working memory model. These results differ from previous work, which highlighted that working 

memory resources have a crucial impact on children’s growth in single-digit arithmetic (e.g., 

Andersson & Lyxell, 2007; Bull, Espy, & Wiebe, 2008; Krajewski & Schneider, 2009; Mazzocco & 

Kover, 2007), but they are consistent with other published studies (e.g., St Clair-Thompson & 

Gathercole, 2006; Andersson, 2008; Rasmussen & Bisanz, 2005).  

It is possible that our focus on a restricted developmental period, i.e. third to fifth grade, might 

account for the absence of significant differences between profiles with respect to working memory, 

because single-digit arithmetic may not place a heavy load on working memory in this age group. 

More specifically, it has been argued that the role of working memory varies across arithmetic 

strategies. Working memory resources may be particularly important when children start to learn 

arithmetic and mainly rely on effortful procedural strategies to arrive at the solution (Geary et al., 

2004; Imbo & Vandierendonck, 2007b). Through the course of primary school, problem-answer 

associations become stronger, more efficient arithmetic fact retrieval arises and thus working memory 

load decreases. Consequently, a diminished reliance on working memory during arithmetical problem 

solving might be observed in older children (De Smedt et al., 2009; Geary, Hoard, & Nugent, 2012), 

such as the sample of third- to fifth-graders in our study. This view is supported by the meta-analysis 

of Friso-van den Bos and colleagues (2013) who reported that the association between working 

memory and arithmetic is moderated by age. Further work is, however, required to determine how 

working memory relates to individual differences in the early developmental stages of learning single-

digit arithmetic or how working memory is related to more complex multi-digit arithmetic. 

Phonological processing  

Average and efficient children outperformed children with a slow and variable profile on a 

phoneme deletion task and a rapid color naming task. Average and efficient children did not differ in 

phonological processing. This matches with previous research findings, which have reported that 

poorer phonological processing skills coincide with poorer arithmetic fact mastery (e.g., De Smedt et 
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al., 2010; Swanson & Sachse-Lee, 2001; Vukovic & Lesaux, 2013).  

It is, however, important to emphasize that children with a slow and variable profile 

performed significantly lower on a reading test than average and efficient children, who in turn did not 

differ. Follow-up analyses revealed that the observed differences between profiles in phonological 

processing no longer emerged after reading ability was additionally controlled for. This is not 

unexpected given that numerous studies have found strong associations between phonological 

processing and reading (e.g., Boets et al., 2010; Snowling, 2001) as well as between reading and 

arithmetic (e.g., Fuchs et al., 2005; Fuchs et al., 2006; Hecht et al., 2001; Jordan et al., 2003). It also 

accords with data from neuroimaging studies, which suggest a neural overlap between these skills in 

the left temporo-parietal cortex, such as the left angular and supramarginal gyri (e.g., Dehaene et al., 

2003; Schlaggar & McCandliss, 2007). Moreover, strong genetic correlations between reading and 

arithmetic have been consistently reported (Kovas et al., 2007; Mascheretti et al., 2014). It is important 

to clarify that the children with a slow and variable profile of arithmetic fact development did not 

reflect a subgroup of children with reading difficulties. 

Limitations and directions for future research 

When evaluating the current findings, it is important to note that they were based on a rather 

small sample size, which is due to the fact that we only included those participants we could follow 

over the entire period of three years. It would therefore be important to replicate this study with a 

larger sample size. In addition, the current conclusions apply to the specific developmental period 

under investigation, i.e. children’s development in arithmetic fact mastery from third to fifth grade. It 

would be interesting for future research to distinguish profiles of children’s arithmetic fact 

development over the entire primary school. This research should preferably start before children 

receive formal mathematics instruction as it can be expected that subject-variability is particularly 

striking in the early stages of learning single-digit arithmetic. 

Further work is also required to establish whether specific cognitive skills, different from 

those incorporated in our study, might contribute to variability in children’s acquisition of arithmetic 

facts. Future investigations could, for example, explore how deficient inhibition skills might be related 

to difficulties in learning arithmetic facts (e.g., Geary, 2004). Inhibition skills have been linked to 
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mathematics achievement (e.g., Blair & Razza, 2007; St Clair-Thompson & Gathercole, 2006; Szucs, 

Devine, Soltesz, Nobes, & Gabriel, 2013) and it has also been suggested that inhibition of incorrect 

answers from long-term memory might be particularly important for successful arithmetic fact 

development (e.g., Verguts & Fias, 2005; Jackson & Coney, 2007). Another factor that might explain 

individual differences in arithmetic fact mastery is hypersensitivity-to-interference in memory (De 

Visscher & Noël, 2014). More specifically, when children memorize associations, such as arithmetic 

problems and their answers, this storage process might be hindered through interference of similar 

problem-answer associations. Recent developmental data by De Visscher and Noël (2014) indeed 

indicate that children with higher sensitivity to interference have difficulties in storing arithmetic facts.  

Finally, non-cognitive correlates, such as math anxiety, should also be considered in future 

research, as there is evidence to suggest that the impact of math anxiety on children’s general 

mathematics achievement is more pronounced in children who rely heavily on procedural strategies 

rather than direct memory retrieval (e.g., Ashcraft & Krause, 2007).  

Conclusion 

The present longitudinal study investigated children’s arithmetic fact development by 

applying, for the first time, a model-based clustering approach on parameters of arithmetic fact 

mastery, i.e., fact retrieval frequency, mean reaction times and variance of the reaction times. These 

parameters were assessed at the start of three subsequent school years, i.e., third, fourth and fifth 

grade. The cluster analysis revealed three profiles – slow and variable, average and efficient ‒ that 

were marked by differences in children’s development in arithmetic fact mastery from third to fifth 

grade. These profiles did not differ in terms of age, sex, socioeconomic status and intellectual ability. 

The three profiles differed in nonsymbolic and symbolic numerical magnitude processing as well as 

phonological processing, but not in digit naming or working memory. After cluster differences in 

general mathematics achievement and reading ability were additionally controlled for, only differences 

in symbolic numerical magnitude processing remained significant. The current data highlight that the 

model-based clustering approach can be successfully applied to answer questions in the field of 

mathematical cognition. In particular, our longitudinal data reveal that especially symbolic numerical 

magnitude processing represents an important variable that contributes to subject variability in 
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children’s acquisition of arithmetic facts. 
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