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ABSTRACT 

 A crucial skill underlying all facets of arithmetic knowledge is the ability to distinguish 

correct solutions from incorrect ones. For this reason, arithmetic verification tasks have been 

widely used to study numerical cognition. The experimental manipulation of problems and 

solutions using this experimental paradigm allows to probe the mechanisms participants use to 

solve these arithmetic problems. Results have reliably shown that verification of correct 

arithmetic solutions engages different cognitive processes than verification of incorrect solutions. 

Given how fundamental distinguishing between correct and incorrect arithmetic solutions is for 

mathematical development, understanding the neurocognitive processes involved in arithmetic 

verification can also help better understand why fractions are notoriously difficult to learn.  

Using behavioral, electrophysiological, and neuroimaging techniques, this dissertation 

aims to extend the current understanding of arithmetic and fraction processing by (a) showing 

how fraction processing shares similar neurocognitive mechanisms as arithmetic processing, (b) 

illustrating how fraction components can facilitate or interfere with magnitude verification, and 

(c) describing the neural correlates of arithmetic verification. The findings from three studies 

using the arithmetic verification paradigm are integrated under a predictive processing 

framework which grounds arithmetic verification in a neurobiological plausible functioning of 

the nervous system and provides a foundation for future work.  
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INTRODUCTION 

Educational neuroscience is an emerging field which shares the goals of understanding 

individual differences in learning as well as understanding the practices and contexts most suited 

for learning (Mareschal, Butterworth, & Tolmie, 2013). By integrating different levels of 

analysis (e.g., behavioral, cognitive, and neurobiological), educational neuroscience seeks to 

understand how biological mechanisms support learning and cognition (Han, Soylu, & Anchan, 

2019). One of the areas that has benefited from educational neuroscience’s interdisciplinary 

approach is mathematical cognition (Kwok & Ansari, 2019). Mathematical cognition is the study 

of the mental processes and brain structures involved in thinking about numbers and math, and in 

reasoning about arithmetic problems. Implementing methods traditionally used to study 

arithmetic learning (e.g., chronometric approach and additive factors method) and cognitive 

neuroscience methods such as electroencephalography (EEG) and functional magnetic resonance 

imaging (fMRI), educational neuroscience has expanded our knowledge of arithmetic reasoning 

by outlining the biological mechanisms at play in numerical and arithmetic learning (Butterworth 

& Varma, 2013) and by highlighting the important role that domain general abilities, like 

working memory and inhibitory control, play in mathematical development (De Haan, 2013). 

Educational neuroscience is still a relatively new field and there are still many questions 

to be explored. For example, while the study of arithmetic tasks has yielded a plausible model of 

how numerical information is processed in the brain (Dehaene & Cohen, 1995) supported by 

neuroimaging studies (Dehaene, Piazza, Pinel, & Cohen, 2003a; Delazer et al., 2003; Libertus, 
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Woldorff, & Brannon, 2007), further study is needed to understand how this model is formed 

across the years of development (Karmiloff-Smith, 2010). Arithmetic and mathematical 

development have key transitions before reaching the proficiency observed in adulthood 

(Rivera, Reiss, Eckert, & Menon, 2005) and understanding these developmental transitions is 

essential for finding effective teaching methods best suited for the developing mind (Menon, 

2015). Additionally, there are other topics (e.g., exponents, negative numbers, fractions) which 

have not yet been studied through the multimodal methods of educational neuroscience. One of 

these topics, fractions, has become a center of interest for research in numerical cognition  

(Siegler, Fazio, Bailey, & Zhou, 2013). How fractions are processed in the brain and what makes 

fractions difficult to learn, remain open questions.  

Despite the necessity of fractions and fraction knowledge in everyday life, fractions 

remain one of the least understood topics by elementary school students (National Mathematics 

Advisory Panel, 2008). Misconceptions about fractions are not resolved with more years of 

education but are in fact carried to high school and even college (Vosniadou & Vamvakoussi, 

2006). Given that fraction knowledge is predictive of mathematics achievement (Siegler et al., 

2012) and that fraction knowledge underlies comprehension of higher level mathematics such as 

algebra (Booth & Newton, 2012), understanding fraction processing has emerged as a research 

frontier in numerical cognition (Siegler et al., 2013). Educational neuroscience seems well 

positioned to advance our understanding of fractions by integrating fraction knowledge and 

fraction processing within the known mechanism of mathematical development.  

In this dissertation, three different methodologies are used to investigate the mechanisms 

underlying fraction and arithmetic verification. Arithmetic verification tasks provide a 

straightforward way to examine the engagement of multiple cognitive processes occurring 
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simultaneously during the verification of arithmetic problems (Avancini, Soltész, & Szucs, 

2015). Verification tasks have been used to study the organization of arithmetic facts (Galfano et 

al., 2009), arithmetic solutions strategies (Jasinski & Coch, 2012), and magnitude discrimination 

(Jost, Beinhoff, Hennighausen, & Rösler, 2004). This experimental paradigm has not yet been 

used in the study of fractions. Given how central the ability to distinguish correct from incorrect 

solutions to arithmetic problems, a key task of arithmetic verification, understanding the 

processes of verification can highlight the core neurocognitive mechanisms shared at play in 

mathematical operations.  

In the first study, an arithmetic verification EEG/ERP paradigm is used to investigate the 

source of processing costs induced by incongruence during fraction magnitude comparisons. The 

arithmetic verification paradigm had not been used to study fractions. The used of this paradigm 

using fractions provides an opportunity to examine the role that fraction components play in 

accessing the overall magnitude of the fraction. Additionally, the use of arithmetic verification 

with fractions allows to see the similarities and differences between the processing of arithmetic 

operations and fractions.  

In the second study, an online experiment is used to collect reaction time data to test the 

behavioral effects that incongruent fraction notation has on magnitude processing. Unlike the 

natural numbers, there are multiple way to express the magnitude of a single fraction (i.e., 

through equivalent fractions). It is unclear whether judging the numerical equivalence of two 

fractions is the same when those two fractions are represented in different equivalent fractions or 

whether different equivalent fractions are better or worse at priming the comparison.  

Behavioral and ERP studies had shown evidence of increasing reaction time and 

increased negative amplitudes during the processing of incorrect solutions compared to correct 
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ones. These results pointed to the fact that processing incorrect solutions required the recruitment 

of additional cognitive resources. However, the neural correlates of incorrect arithmetic 

processing had not been studied. In the third study, the neural sources of the incongruence are 

further explored through fMRI. The neural correlates of the verification of correct and incorrect 

multiplication problems are compared to highlight how processing correct solutions is different 

from processing incorrect solutions. 

Using an arithmetic verification task across the three studies allows the examination of 

similar cognitive operations through three different methodologies: behavioral, 

electrophysiological, and neurobiological. ERP results of study 1 showed trials with incongruent 

fraction magnitudes elicit an N270 component indicating incongruent magnitudes require 

additional cognitive resources to mediate interference. Behavioral results of study 2 highlight 

that different representations of the same fraction magnitude are validated differently and are 

also more susceptible to interference. fMRI results of study 3 shows that processing of incorrect 

multiplication solutions, compared to the processing of correct ones, requires additional 

processing for conflict resolution and interference mediation. Together these results point to a 

unified mechanism of verification which this dissertation argues is best understood through a 

predictive processing framework of the brain.  
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FIRST ARTICLE – SHARED COMPONENTS INTERFERE WITH FRACTION 
MAGNITUDE VERIFICATION: EVIDENCE FROM ERPS 

 
Research on the development of mathematical abilities has highlighted the understanding 

of fractions as a key component of mathematics achievement (Siegler et al., 2013). Fraction 

knowledge is predictive of overall mathematics achievement (Siegler et al., 2012) and might 

underlie the ability to develop understanding of concepts needed for higher level mathematics 

such as algebra (Booth & Newton, 2012). However, fractions remain one of the least understood 

topics by elementary school students (National Mathematics Advisory Panel, 2008). 

Furthermore, misconceptions about fractions are carried to high school and even college 

(Vosniadou & Vamvakoussi, 2006).   

The symbolic structure of fractions is an aspect that contributes to the observed 

difficulties with learning fractions. Understanding the bipartite representation of fractions in the 

quotient form a/b is crucial for accessing the numerical information of fractions. One study 

found that in college students, when conducting magnitude comparison tasks, this bipartite 

structure of fractions imposed a higher processing burden than similar magnitude comparisons 

with numbers such as decimals or 3-digit integers (DeWolf, Grounds, Bassok, & Holyoak, 

2014). The fact that this bipartite representation is not intuitive also accounts for errors that 

children make when learning fractions. One repeated difficulty children manifest is the inability 

to perceive fractions’ numerical magnitude and to fixate instead on the numerator or 

denominator components as separate whole numbers (Zhang, Fang, Gabriel, & Szűcs, 2014). 

The misapplication of whole number rules and procedures to fractions has been called the 
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“whole number bias” (Zhou & Ni, 2005).

Researchers have turned to study numerically fluent adults to understand how they 

overcome the whole number bias and whether they compare fractions by accessing the 

magnitude of the whole fraction (holistic processing) or by attending to the components 

separately (componential processing). A numerical distance effect (NDE), the increase of 

response time as the numerical distance between two numbers being compared decreases (Moyer 

& Landauer, 1967), has been a primary tool used in these fraction studies. The response time of a 

fraction matching task can reflect either a numerical distance between the magnitude of a 

fraction and a target or a numerical distance effect between components of the two fractions 

being compared, thus discerning whether a componential or holistic comparison has been made. 

One of the first studies to inquire into strategy use in fraction processing provided evidence of 

componential processing, instead of holistic magnitude, by showing a NDE between the 

denominators of unit fractions (those with a 1 as numerator) being compared to the target 1/5 

fraction (Bonato, Fabbri, Umiltà, & Zorzi, 2007a). However, more recent studies have 

highlighted how the nature of the stimuli, such as the presence of unit fractions, can influence 

whether a componential or holistic comparison strategy is used (Toomarian & Hubbard, 2017; 

Zhang et al., 2014).  

The many different ways fractions magnitudes can be represented makes controlling for 

the structure of the stimulus key to interpret experimental results. To better understand the effect 

various stimuli have on fraction comparison tasks, two studies structured stimulus to either share 

a numerator (2/5 vs. 2/7), a denominator (2/3 vs. 5/3), or have no common components (5/7 vs. 

2/9) (Meert, Grégoire, & Noël, 2010a, 2010b). These studies concluded that there was 

componential processing when the denominators were shared but holistic processing when the 
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numerators were shared, suggesting a “hybrid” strategy. A study by Sprute and Temple (2011) 

also limited componential strategies by restricting shared components across the fractions being 

compared and found a magnitude NDE, suggesting the magnitude of the whole fraction was 

being processed. 

Beyond using full componential or holistic processing strategies, adult participants have 

the option of using generalized strategies for processing fractions depending on task demands. 

Ganor-Stern et al., (2011) observed such context dependent use of either componential or holistic 

strategy in a fraction matching task. Another study looking at trial by trial strategy use in fraction 

magnitude comparisons also showed that the strategy used is dependent on stimuli, task, and 

level of expertise (Fazio, DeWolf, & Siegler, 2016). Understanding the domain-general abilities 

at play during these successful fraction comparison strategies is key for developing interventions 

that help children grasp fractions early on.  

One relevant domain-general capacity in processing fractions is inhibitory control. 

Studies using interference suppression and response inhibition indicate that children are more 

susceptible to interference than adults due to children’s developing executive functions (Bunge, 

Dudukovic, Thomason, Vaidya, & Gabrieli, 2002; Schroeter, Zysset, Wahl, & von Cramon, 

2004). Gómez et al. (2015) showed that in 5th, 6th, and 7th grade children, higher levels of 

inhibition predict fraction comparison proficiency and general math achievement. Another study 

found that 10 and 12 year-olds, like adults, were able to compare fractions through their 

magnitude (holistically) but they were susceptible (as seen in longer response times) to 

interference from shared components between the two fractions being compared (Meert et al., 

2010a). Inhibitory control has been shown is needed to compare fractions in both adolescents 

and adults (Rossi, Vidal, Letang, Houdé, & Borst, 2019). DeWolf and Vosniadou (2015) also 
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concluded that the componential aspects of fractions might interfere with accessing the overall 

magnitude of fractions when the fractions compared are small. This last study suggested there is 

an on-line magnitude calculation that emerges out of a ratio estimation of the fraction 

components rather than the retrieval of the magnitude from long-term memory.  

Electrophysiology measures can complement behavioral measures and are particularly 

suitable for exploring cognitive process such as interference of fraction components during 

fraction processing, with high temporal resolution. One EEG study by Zhang and colleagues 

(2012) found proportional P300 component amplitude to the numerical distance between unit 

fractions (e.g., 1/4, 1/9, etc.) and a 1/5 target (a simple condition). The authors concluded that 

this finding demonstrated evidence of componential processing. In the same study, a complex 

condition in which unit fractions and decimals were compared to the 1/5 target did not produce 

similar results. The complex condition also showed longer latency and more negative amplitude 

for the N2 component, over frontal electrodes, than the simple condition, suggesting a more 

taxing cognitive demand. However, the comparison of unit fractions to 1/5, another unit fraction, 

is likely to force a componential processing strategy or reliance on denominators alone, which 

does not necessitate processing the magnitudes of the whole fraction. Additionally, it is not clear 

whether the patterns observed in the complex condition come from the implementation of a 

different strategy or from the contextual interference of switching between fractions and 

decimals. Therefore, a different task structure is needed to evaluate the role that components play 

in making fraction comparisons.  

The order of presentation (simultaneous or sequential) as well as the structure of 

numerical stimuli (e.g., double digits, quotient form, decimal, etc.) can influence both behavioral 

and ERP results. Behavioral studies requiring the comparison of two-digit numbers have shown a 
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unit-decade compatibility effect, where the compatibility of tens and units across simultaneously 

presented number pairs interfere with overall processing (e.g., it is harder to compare 27 and 63, 

than 23 and 67) (Nuerk, Weger, & Willmes, 2001). Presenting numbers serially, instead of 

simultaneously, can reduce the unit-decade compatibility effect (Zhou, Chen, Chen, & Dong, 

2008). Serial presentation also helps to process numbers holistically (Ganor-Stern, Pinhas, & 

Tzelgov, 2009) and limit potential eye movements that would arise from looking at numerators 

and denominators across two simultaneously presented fractions. Thus, serial presentation of 

similar numbers guarantees that the comparison between a probe and a target is done on the basis 

of magnitude alone. A well-established ERP paradigm in the study of arithmetic with this 

structure is the arithmetic verification task.  

ERP arithmetic verification studies have observed amplitude differences around 400ms 

when the evoked potential of incongruous trials (e.g., 7 x 4 = 26) is compared to congruent ones 

(e.g., 7 x 4 = 28) (Niedeggen, Rösler, & Jost 1999; Niedeggen, & Rösler, 1999). In these studies, 

correct solutions elicit ERPs with higher amplitude positivity than incorrect solutions around 

200-400ms. This evoked potential difference was interpreted and named the arithmetic N400 

(Jost, Hennighausen, & Rösler, 2004). More recent studies have argued that the ERP pattern 

observed in arithmetic verification tasks is functionally and morphologically different than a 

N400 response (see, e.g., Dickson et al., 2018; Dickson & Federmeier, 2017; Dickson & Wicha, 

2019; Jasinski & Coch, 2012; Wicha, Dickson, & Martinez-Lincoln, 2018). Instead, the observed 

effect is interpreted as the amalgamation of an early frontal negative component (N270) to 

mismatching responses (Jasinski & Coch, 2012) and a later parietal positive component 

(P300/LPC) to matching responses (Dickson & Wicha, 2019). Rather than the incorrect answer 

eliciting a negative amplitude around 300-400ms, the ERP studies discussed above interpreted 
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the ERP effects around 300-400ms as a P300 component driven by the identification of the 

correct target answer.  

Other studies have also used the N270 and P300 components to explore processing 

differences in arithmetic verification. Multiple studies have observed the N270 when processing 

incorrect solutions in addition verification tasks (Núñez-Peña & Escera, 2007; Núñez-Peña & 

Honrubia-Serrano, 2004; Núñez-Peña & Suárez-Pellicioni, 2012; Szűcs & Csépe, 2005; Szűcs & 

Csépe, 2004). Additionally, analysis of different incorrect solutions has shown that more 

obviously incorrect solutions, those that are more easily categorized as incorrect, elicit a larger 

P300 amplitude than solutions requiring additional steps to be categorized as incorrect. This 

effect has been observed in table-relatedness (Dickson & Federmeier, 2017), decade-consistency 

(Domahs et al., 2007), problem-size (Jost, Hennighausen, & Rösler, 2004), and in numerical split 

effects (Núñez-Peña & Escera, 2007). Such P300 effects are consistent with the general 

interpretation of the P300 component in numerical studies as reflecting difficulty in categorizing 

stimuli, the easier the categorization the larger the P300 (Dickson & Wicha, 2019). Furthermore, 

these P300 effects are sometimes observed in conjunction with the late positive component 

(LPC) and studied as an LPC/P3b component (Núñez-Peña & Suárez-Pellicioni, 2012; Wang, 

Kong, Tang, Zhuang, & Li, 2000). Verification paradigms focusing on N270 and P300/LPC, 

although prevalent in studies of addition and multiplication, have not yet been applied to the 

study of fraction processing. Given these studies of numerical processing, the N270 and P300 are 

relevant tools to study how shared components in fractions affect the processing of fraction 

magnitudes.   

In the present study, we investigated 1) whether a fraction magnitude equivalence 

verification task would show N270 and P300 effects, similar to arithmetic verification tasks in 
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the literature and, 2) whether processing costs induced by comparisons that involve shared 

components between the two fractions are reflected in the N270, P300, and LPC components. 

Participants judged the magnitude equivalence of two sequentially presented fractions (a probe 

and a target) during EEG recording. We focused our analysis on the N270 and P300 components. 

The LPC component was also investigated independently of the P300 in the shared component 

analysis. Following the discussion above, more negative amplitudes in the N270 time-window 

are predicted for mismatching fractions. An N270 component in mismatching fractions would 

highlight that fraction magnitude incongruence elicits conflict processing which would be 

accompanied by increased response times. More positive amplitudes in the P300 time-window 

are also predicted for matching fractions. The presence of a P300 across matching fractions 

would mean that verifying sequentially presented fractions is done by accessing the magnitude of 

the probe fraction whether this is done by reduction, calculation, or retrieval. Comparing 

mismatching trials with shared and non-shared components allows to see if fractions’ 

components play a role in validating a fraction. A difference in N270 and P300 components 

between shared and non-shared trials would highlight that it is not just magnitude driving the 

comparison but that fractions components can affect processing. It is expected that mismatching 

fractions with shared components will not differ from mismatching fractions without shared 

component in the N270 but will elicit larger P300 and larger LPC components. As discussed 

above, a larger P300 would indicate the incorrect target is easier to categorize and thus a larger 

P300 to non-shared fractions would mean that non-shared fractions are easier to categorize as 

incorrect than those that share a component.   
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METHOD 

Participants 

The research was approved by the Institutional Review Board of The University of 

Alabama (IRB # 15-OR-314-R2). 25 right-handed, native English-speaking undergraduate 

students (15 female, M = 20.7 years, SD = 5.31) with no history of neurological disorders, brain 

injuries, or developmental disabilities were recruited from the University of Alabama to 

participate in this experiment. 1 participant was excluded due to a problem with the EEG system. 

A sample size of 24 participants is sufficient to detect a statistically significant within-group 

amplitude difference of 4 microvolts at p = .05 with at least 45 trials per condition (Boudewyn, 

Luck, Farrens, & Kappenman, 2018). Sampling undergraduate university students participants 

allows to generalize findings to numerically proficient adults. All eligible subjects had normal or 

corrected-to-normal vision. Written informed consent was obtained from the participants of the 

study.  

 

Experimental Procedures and Stimuli 

Participants judged whether an initial fraction (the probe) presented on the screen had the 

same numerical value (magnitude) as a subsequent fraction (the target) (Fig. 1). Participants 

indicated whether the target fraction was a “match” or a “mismatch”—“match” indicating 

fraction equivalence—by pressing either the right or left buttons (counterbalanced across 

participants), on a Logitech F310 gamepad controller. All stimuli were presented on a 15-inch 

LCD monitor with a 70 Hz refresh rate. Stimuli were presented on white color over a black 

background in Times New Roman font size 96 at a viewing distance of approximately 90 cm and 

a viewing angle of 3.75°.   

Fractions were presented serially. The probe fraction was randomly selected from an 
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array of the first five multiples of the unit fractions 1/2, 1/3, and 1/4. Given the range of possible 

strategies that college students can use to compare fractions (Fazio, Dewolf, & Siegler, 2016), 

including a range of fraction multiples for each of the three unit fractions used was expected to 

make it more likely that ERP averages capture magnitude comparisons. There were 15 possible 

probe fractions (see Table 1). The target fractions were limited to unit fractions 1/2, 1/3, and 1/4 

for both the match and mismatch trials. Each of the three targets appeared equally frequent (33% 

of the time), half of the time as a match and half the time as a mismatch for the two other 

magnitudes. Mismatching probes that shared one component with the target, other than 1 (e.g., 

probe: 3/6, target: 1/3), were included in the shared group while those that didn’t share 

components (e.g., probe: 3/6, target: 1/4) formed the non-shared group (see Table 2). 

Table 1 Fraction stimuli per congruence condition. 

Probe Fraction Target Congruence 

2/4, 3/6, 4/8, 5/10, & 6/12 
1/2 Match 

1/3 or 1/4 Mismatch 

2/6, 3/9, 4/12, 5/15, & 6/18 1/3 Match 
1/2 or 1/4 Mismatch 

2/8, 3/12, 4/16, 5/20, & 6/24 1/4 Match 
1/2 or 1/3 Mismatch 

 

Table 2 Probes included in the shared and non-shared groups. 

 
Magnitude Shared Non-shared 

Half 2/4, 3/6, 4/8 5/10, 6/12 

Third 2/6, 4/12 3/9, 5/15, 6/18 

Fourth 2/8, 3/12 4/16, 5/20, 6/24 

 

Trials began with a fixation line centered on the screen, overlapping with the fraction bar 
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to minimize the amount of visual difference between rest and task stimuli. Following, there was 

an inter trial interval (ITI) of 1100 millisecond plus a random jitter between 1 and 300 

milliseconds. Immediately after, the probe was presented for 1000 milliseconds followed by an 

inter stimulus interval (ISI) of 500 milliseconds. Finally, the target fraction was presented for 

1500 milliseconds or until a response was detected (see Figure 1). ERPs with a time window of 

0-800ms were time-locked to the onset of the target fraction presentation. Trials where no 

response was given during target fraction presentation were excluded from the analysis (3%). 

Participants completed 60 randomized trials per block where each of the 15 probe fractions was 

repeated four times, two in matching trials and two in mismatching trials. There was a total of 10 

blocks, with a total of 600 trials.  

 
 

Figure 1  
Experimental progression. The inter trial interval (ITI) is shown for 1100ms plus a 0-300ms 
jitter, the probe shown for 1 second, inter stimulus presentation (ISI) shown for 500ms, and 
target presented for 1.5 seconds. 
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Statistical Analysis 

A magnitude (1/2, 1/3, 1/4) x congruence (match, mismatch) repeated measures ANOVA 

was conducted separately for average accuracy rates and response times (RT). An α level of .05 

was used to determine significance. Trials with RT outside two standard deviations of the mean 

were excluded, resulting in the removal of 5.1% of the trials. Huyn-Feldt corrections were used 

whenever there were violations of sphericity. Post-hoc pairwise comparisons using Bonferroni p-

value corrections were used to determine significant differences between groups.  

 
 EEG Acquisition and Analysis 

The experiment took place in a sound attenuated experiment room. Neurobs Presentation 

(www.neurobs.com) was used for presenting the stimulus. A Logitech F310 game controller was 

used as the input device. Participants used their right and left index fingers to provide responses. 

EEG Data was collected using a BrainVision 32 Channel ActiChamp system 

(www.brainvision.com), with Easy Cap recording caps using Ag/AgCl electrodes. The 32 

electrodes were attached according to the international 10-20 system and referenced to Cz. 

BrianVision Recorder was used to record data (electrode impedance < 20 kΩ, 0.5-70 Hz, 500 

samples/sec). Data was downsampled to 256 Hz using a boxcar filter. A custom MATLAB script 

using ERPLAB (erpinfo.org/erplab/) and EEGLAB (sccn.ucsd.edu/eeglab) functions were used 

to analyze data. Inferential statistics were conducted with JASP (JASP Team 2020, version 

0.11.1, Amsterdam, The Netherlands).  

During the analysis, the continuous EEG data was re-referenced to the average of left 

(TP9) and right (TP10) mastoid electrodes, high-pass filtered with 0.1 Hz half-amplitude cutoff 

and low pass filtered with 30 Hz half-amplitude cutoff (IIR-Butterworth, 24 dB/octave). 200ms 
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pre-stimulus period was used for baseline. Epochs were -200ms to 800ms. All epochs were 

corrected to baseline. A moving window peak-to-peak threshold algorithm (for eye movements: 

threshold 50μV, window size 200ms, window step 100ms) was implemented in all electrodes to 

remove artifacts. 13% of trials were rejected.  Only the epochs that preceded a correct response 

were included in the subject-level averaged ERPs (94% of trials).  

Repeated measures ANOVAs were performed on the ERP mean amplitudes and latencies 

of the N270 (200-300ms) and P300 (300-450ms) components. In order to increase the power of 

the analysis, the three levels of magnitude (1/2, 1/3, and 1/4) were collapsed across match and 

mismatch. Similar to a previous ERP study looking at the N270 and P300 components in 

arithmetic tasks, the analysis focused on nine electrodes (F3, Fz, F4, C3, Cz, C4, P3, Pz and P4) 

(Núñez-Peña & Suárez-Pellicioni, 2012). These electrodes were grouped into three regions of 

frontality: frontal (F3, Fz, F4), central (C3, Cz, C4), and parietal (P3, Pz, P4). Latency was 

calculated by computing the fractional area latency on the specified time-window. Significance 

was determined at an α level of .05. Huyn-Feldt corrections were used whenever there were 

violations of sphericity.  

 

Data Availability 

The raw EEG and behavioral data, and the analysis scripts are publicly available in the 

Harvard Dataverse (https://dataverse.harvard.edu/privateurl.xhtml?token=65ebd994-5c61-4e75-

84b1-75daa93e7674).  

RESULTS 

Behavioral Results  

For accuracy, there was only a significant effect of magnitude, [F(2, 46) = 9.4, p = .031, η2 
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= .14], and no effect of congruence, [F(2, 46) = .15, p = .69, η2 = .00]. There was no significant 

interaction, [F(2, 46) = 1.11, p = .33, η2 = .04]. Post-hoc pairwise comparisons to explore the effect 

of magnitude showed significant differences between 1/2 and 1/4, (t(23) = 2.98, p = .02, d = .61) 

only; 1/2 and 1/3, (t(23) = 1.7, p = .3, d = .34), and 1/3 and 1/4, (t(23) = .96, p = 1, d = .19), were 

not significant. Although mean accuracy decreases as the magnitude of the probe decreases 

(from 1/2 to 1/4; see Figure 2), only the mean accuracy between 1/2 and 1/4 are significantly 

different. 

 
Figure 2 
Average accuracy for magnitudes 1/2, 1/3, and 1/4. Error bars represent the standard errors of 
means. 

 

Results for the RT analysis showed there were significant effects of magnitude, [F(2, 46) = 

7.563 p = .001, η2 = .24], and congruence, [F(1, 23) = 78.78, p < .001, η2 = .774]. There was also a 

significant magnitude x congruence interaction, [F(2, 46) = 15.21, p < .001, η2 = .39]. To unfold 

this interaction, paired comparisons were conducted on match and mismatch RTs. Post-hoc 

match and mismatch pairwise comparisons across the three magnitudes were all significant; 1/2, 

(t(23) = -9.07, p < .001, d = -1.85), 1/3, (t(23) = -9.34, p < .001, d = -1.92), and 1/4, (t(23) = 5.84, p < 

.001, d = -1.19). However, there is a decrease in effect sizes from 1/2 and 1/3 to 1/4 (see Table 
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3). These results show a decrease in RT difference between match and mismatch as magnitude 

decreases from 1/2 and 1/3 to 1/4 (see Figure 3).  

 

Figure 3 
Average match and mismatch RT for magnitudes 1/2, 1/3, and 1/4. Error bars represent the 
standard errors of means. 

 
Overall, both accuracy and response time results show lower performance for trials with 

1/4 as the target fraction compared to 1/2. RT results show similar response times for mismatch 

across all magnitudes while average response times for match significantly increases as the 

numerical magnitude decreases from 1/2 to 1/4. 

Shared Component Analysis 

Magnitude (1/2, 1/3, 1/4) x shared component (shared, non-shared) repeated measures 

ANOVAs were conducted (only for the incongruent trials) separately on average accuracy rates 

and response times (RT). Accuracy results showed an effect of shared component, [F(1, 23) = 

15.95, p  < .001, η2 = .067], and no effect of magnitude, [F(2, 46) = .135, p = .7, η2 = .004]. There 



 

19 
 

was no significant interaction between shared component and magnitude, [F(2, 46) = .936, p = .4, 

η2 = .01] (see Figure 4). 

 

Figure 4 
Average accuracy for shared and non-shared mismatch conditions. Error bars represent the 
standard errors of means. 
 

RT analysis results also showed a significant effect of shared component, [F(1, 24) = 58.04, 

p < .001, η2 = .032], but no main effect of magnitude, [F(2, 48) = 2.09, p = .13, η2 = .002]. The 

shared component x magnitude interaction was not significant, [F(2, 46) = 1.2, p = .31, η2 = .001] 

(see Figure 5).  
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Figure 5 
Average RT in millisecond (ms) for shared components (shared, non-shared) across the three 
magnitudes. Error bars represent the standard errors of means. 
 
EEG Results 

N270 

Repeated measures ANOVAs with congruence (match, mismatch) and frontality (frontal, 

central, parietal) factors were conducted on N270 amplitude and latency. Amplitude results 

showed a significant main effect of congruence, [F(1, 23) = 20.05, p < .001, η2 = .042]. Frontality 

was not significant, [F(1.16, 26.68) = 1.2, p = .291, η2 = .01]. There was a significant congruence x 

frontality interaction, [F(1.28, 29.62) = 18.83, p < .001, η2 = .004](see Figure 6). Post-hoc pairwise 

comparisons to investigate the congruence x frontality interaction indicated significant 

differences across match and mismatch on the three levels of frontality, frontal (t(23) = 5.4, p < 

.001, d = 1.1), central (t(23) = 4.5, p < .001, d = .92), and parietal (t(23) = 2.73, p = .01, d = .55) (see 

Table 3). Effect sizes indicate that match and mismatch differences in N270 amplitudes are 

greater over frontal electrodes (see Figure 8). 
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Figure 6 
 N270 amplitudes. Average amplitudes in the N270 (200-300ms) time window for congruence 
(match, mismatch) across the three levels of frontality (frontal, central, parietal). 
 

N270 latency analysis revealed a significant main effect of congruence, [F(1, 23) = 5.39, p 

= .029, η2 = .048]. Frontality was also significant, [F(1.22,28.19) = 5.98, p = .016, η2 = .05]. There 

was a significant congruence x frontality interaction, [F(2, 46) = 3.47, p = .03, η2 = .024] (see 

Figure 7). Post-hoc pairwise comparisons to investigate the congruence x frontality interaction 

indicated significant differences across match and mismatch on central areas only (t(23) = 2.84, p 

= .009, d = .58), and not on frontal (t(23) = .28, p = .78, d = .05) or parietal (t(23) = 1.94, p = .06, d 

= .39) (see Table 3).  
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Figure 7 
N270 latency. Latency for congruence (match, mismatch) across the three levels of frontality 
(frontal, central, parietal). 
 
Table 3 Match and mismatch amplitude mean amplitude (microvolts) and latency values (RT) 
and standard deviations for the N270 and P300 time windows. 
 

Component Measure Frontality Match 
Mean (SD) 

Mismatch 
Mean (SD) 

N270 window (200-300ms) 

Amplitude 
Frontal 5.98 (4.22) 3.04 (4.26) 
Central 6.5 (3.4) 3.87 (3.27) 
Parietal 6.2 (4) 4.12 (3.6) 

Latency 
Frontal 247.504 (12.99) 246.582 (13.93) 
Central 257.704 (12.36) 246.636 (13.06) 
Parietal 257.595 (11.88) 252.116 (11.7) 

P300 window (300-450ms) 

Amplitude 
Frontal 7.11 (5.45) 4.8 (4.26) 
Central 10.04 (5.03) 6.65 (3.43) 
Parietal 11.15 (5.05) 7.62 (4) 

Latency 
Frontal 370.98 (10.17) 386.83 (14.64) 
Central 373.8 (11.37) 388.51 (10.47) 
Parietal 375.32 (11.59) 383.25 (9.81) 
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Figure 8 
Scalp distribution for the match-mismatch difference wave in the N270 (200-300ms) time 
window. 

 

P300 

Like with the N270 component, congruence (match, mismatch) x frontality (frontal, 

central, parietal) repeated measures ANOVAs were conducted on P300 amplitude and latency. 

P300 amplitude results indicated significant main effects of congruence, [F(1, 23) = 23.18, p < 

.001, η2 = .097], frontality, [F(1.22, 28.05) = 17.19, p < .001, η2 = .085], and a significant congruence 

x frontality interaction, [F(1.32, 30.37) = 13.96, p < .001, η2 = .003] (see Figure 9). Post-hoc pairwise 

comparisons to investigate the congruence x frontality interaction indicated significant match 

and mismatch differences at the three levels of frontality, frontal (t(23) = 3.42, p < .002, d = .069), 

central (t(23) = 5.15 p < .001, d = 1.05), and parietal (t(23) = 5.54, p < .001, d = 1.13) (see Table 3). 

Effect sizes of post-hoc comparison indicates the match and mismatch differences in P300 are 

greatest over parietal areas (see Figure 11).  
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Figure 9 
Average amplitudes in the P300 (300-450ms) time window for congruence (match, mismatch) 
across the three levels of frontality (frontal, central, parietal). 

 

P300 latency results showed significant main effects of congruence, [F(1, 23) = 24.7, p < 

.001, η2 = .24]. Frontality was not significant, [F(1.14, 34.24) = .93, p = .37, η2 = .006]. There were 

no significant congruence x frontality interaction, [F(1.55, 35.77) = 3.52, p = .051, η2 = .018] (see 

Figure 10).  
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Figure 10 
P300 (300-450ms) latency for congruence (match, mismatch) across the three levels of frontality 
(frontal, central, parietal). 
 
 

 

Figure 11 
Scalp distribution for match-mismatch difference waves in the P300 (300-450ms) time window. 

 

Overall ERP results highlight the presence of a frontal N270 component in the 200-

300ms time window in the mismatch condition and a larger P300 for match condition in the 300-

450ms time window (see Figure 12).  
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Figure 12 
Grand average ERPs for match and mismatch for electrodes in frontal (F3, Fz, F4), central (C3, 
Cz, C4), and parietal (P3, Pz, P4) areas. 
 

Shared Component Analysis  

N270 

To investigate the role of the presence of shared components, repeated measures ANOVAs 

with shared component (shared, non-shared) and frontality (frontal, central, parietal) as factors 

were conducted on N270 amplitude and latency. Only incongruent trials were included in this 

analysis. N270 amplitude analysis showed there was a significant main effect of shared 

component, [F(1, 23) = 8.53, p = .008, η2 = .028], but not frontality, [F(1.22, 10.44) = 3.59, p = .59, η2 

= .002] (see Table 4). The shared component x frontality interaction was not significant, [F(1.08, 

24.83) = .545, p = .48, η2 = .001] (see Figure 13).  
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There were no significant latency main effects of shared component, [F(1, 23) = .71 p = .4, η2 = 

.003], or frontality, [F(2, 46) = 1.82, p = .17, η2 = .03], and no significant shared component x 

frontality interaction, [F(2, 46) = .27, p = .75, η2 = .001]. 

 

Figure 13 
Average N270 amplitudes for shared component (shared, non-shared) across the three levels of 
frontality (frontal, central, parietal). 

 

P300 

Repeated measures ANOVAs with factors shared component (shared, non-shared) and 

frontality (frontal, central, parietal) were conducted for P300 amplitude and latency. P300 

amplitude results revealed a significant main effect of shared component, [F(1, 23) = 23.117, p < 

.001, η2 = .097] and frontality, [F(1.22, 28.05) = 17.192, p < .001, η2 = .086], along with a significant 

shared component x frontality interaction, [F(1.32, 30.37) = 13.961, p < .001, η2 = .003] (see Figure 

14). Post-hoc pairwise comparisons to investigate the shared component x frontality interaction 

indicated significant differences between shared and non-shared across the three areas of 

frontality; frontal, (t(23) = 3.42, p = .002, d = .69), central, (t(23) = 5.15, p < .001, d = 1.05), and 
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parietal, (t(23) = 5.54, p < .001, d = 1.13) (see Table 4). Effect sizes show shared and non-shared 

amplitude differences are highest over parietal electrodes (see Figure 14).  

 

Figure 14 
Average P300 amplitude for shared component (shared, non-shared) across the three levels of 
frontality (frontal, central, parietal). 

 

P300 latency analysis showed no significant main effects of shared component, [F(1, 23) = .05, 

p = .81, η2 = .001]. frontality, [F(2, 46) = 1.82, p = .41, η2 = .009], or shared component x frontality 

interaction, [F(2, 46) = .71, p = .49, η2 = .007].  

LPC 

A shared component (shared, non-shared) x frontality (frontal, central, parietal) repeated 

measures ANOVA was conducted on LPC amplitude. Main effect of congruence was not 

significant, [F(1, 23) = 2.9, p = .102, η2 = .021]. Frontality was significant, [F(1.45, 33.42) = 18.525, p 

< .001, η2 = .161]. There were no significant shared component x frontality interaction, [F(1.21, 

27.79) = 3.744, p < .056, η2 = .003]. Post-hoc pairwise comparison on frontality across shared and 

non-shared indicated a significant difference across parietal areas only, (t(23) = 2.97, p = .007, d = 
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.6), but not frontal, (t(23) = -.51, p = .62, d = -.1), or central areas, (t(23) = 1.62, p = .12, d = .33). 

 

Table 4 Mean amplitude (microvolts) and latency values and standard deviations for the N270, 
P300, and LPC time windows for shared component levels shared and non-shared. 
 

  Frontality Shared Non-shared 

N270 window  
(200-300ms) 

Amplitude 
Frontal 3.88 (4) 3.14 (4.68) 
Central 5.01 (3.72) 3.9 (3.53) 
Parietal 5.36 (3.7) 4.12 (3.91) 

Latency 
Frontal 249.19 (13.62) 247.23 (14.81) 
Central 249.1 (11.77) 246.96 (11.49) 
Parietal 252.93 (9.99) 252.66 (11.75) 

P300 window  
(300-450ms) 

Amplitude 
Frontal 7.11 (5.45) 4.8 (4.01) 
Central 10.04 (5.03) 6.65 (3.43) 
Parietal 11.15 (5.05) 7.62 (4) 

Latency 
Frontal 386.1 (18.07) 384.71 (15.93) 
Central 385.52 (12.35) 388.13 (10.62) 
Parietal 384.93 (9.25) 382.6 (11.24) 

LPC window  
(450-600ms) 

Amplitude 
Frontal 4.27 (3.35) 3.76 (3.6) 
Central 7.58 (3.45) 6.46 (2.6) 
Parietal 7.83 (3.48) 6.34 (3.11) 

Latency 
Frontal 511.5 (18.54) 513.13 (19.12) 
Central 516 (13.12) 513.18 (12.9) 
Parietal 515.95 (12.64) 511 (13.59) 

 

 

 

Figure 15 
Grand average ERPs for shared and non-shared mismatch groups for electrodes in frontal (F3, 
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Fz, F4), central (C3, Cz, C4), and parietal (P3, Pz, P4) areas. 
 

DISCUSSION 

The aim of this study was to investigate how adult participants access fraction 

magnitudes in real time through ERPs and to assess the role that shared components play in this 

processing. The present behavioral results suggest processing differences between magnitudes 

with more effortful processing as the magnitude of the fraction decreases from 1/2 to 1/4. ERPs 

results show lower amplitudes in the 200-300ms time window to mismatching fractions and 

higher amplitudes in the 300-450ms time window for matching fractions. Additionally, ERP 

results suggest that the presence of shared components across mismatch comparisons elicits 

additional positive amplitudes than mismatch trials without shared components.   

 

Effects of Congruence on Performance 

The accuracy analysis shows an effect of magnitude, where accuracy was higher for the 

trials where 1/2 was the target, compared to those with 1/4 as the target. The accuracy for 1/3 did 

not significantly differ from 1/2 and 1/4, but the average accuracy fell between 1/2 and 1/4. This 

seems to show a trend where performance decreases as the magnitude of the target fraction 

decreases, suggesting increasing task difficulty.  

The mismatch condition, having significantly higher RT across all three magnitudes, 

shows a clear trend of processing costs for incongruous information. This pattern is seen in 

similar arithmetic tasks when incongruous stimulus is processed (Niedeggen & Rösler, 1999; 

Niedeggen, Rösler, & Jost, 1999). Lack of significant differences in average response times 

across the three mismatch conditions (i.e., 1/2, 1/3, 1/4), points to a general magnitude 

disambiguation process not affected by magnitude. This is similar to a previous arithmetic ERP 
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study, where no performance differences were found for mismatch conditions across operations 

with different magnitudes (Avancini, Galfano, & Szűcs, 2014). This uniformity of performance 

across magnitudes was not present across the match conditions. The fact that RT increases from 

1/2 to 1/4, for the match conditions, while RTs are not significantly different across the three 

magnitudes for the mismatch conditions, suggests higher processing costs to compare smaller 

magnitudes, for example for 1/4 compared to 1/2 or 1/3. This is concordant with the pattern seen 

in the accuracy analysis. 

One possible interpretation of the magnitude processing cost between 1/2 and 1/4 is 

different magnitudes eliciting alternative strategies. Because multiples of 1/2 are more familiar 

fractions, they are more likely to automatically prime the activation of the associated unit 

fraction, which is 1/2. Additionally, even if the unit fraction magnitude for multiples of 1/2 were 

purposefully calculated or reduced, multiples of 1/2 contain more single digit components, which 

would be processed faster and more automatically than the multiples of 1/4 (Ischebeck et al., 

2008; Szűcs, Soltész, Jármi, & Csépe, 2007). Concordantly, the higher complexity of the 

multiples of 1/4, for example 6/24, can incur additional processing costs, like those seen in 

processing two-digit numbers (Ganor-Stern, Tzelgov, & Ellenbogen, 2007; Nuerk, et al., 2001) 

and might require a more effortful procedure, such as calculation or estimation. Future studies 

incorporating a broader range of fractions could further elucidate this distinction. 

Both the RT and the accuracy data show that the performance decreased as the magnitude 

of the unit fraction decreased. This might indicate a pattern where, as we go from 1/2 to 1/3, and 

to 1/4, the familiarity with the unit fraction and its multiples decreases, leading to a gradual 

change in strategy. As the magnitude of the unit fraction and its multiples become less familiar, 

less fact retrieval is used and instead the magnitudes of the fractions are estimated by an online 
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calculation derived from numerators and denominators of the probe fraction. Not only are 1/2 

and its multiples more familiar, but these are composed of more single digit numbers than the 

multiples of 1/3 and 1/4. As the values of the numerator and the denominator increase, the 

problem-size effect could exert a toll in processing, requiring additional reliance on calculation. 

It seems possible that less familiar fractions such as the multiples of 1/4 might be less dependent 

on fact retrieval and elicit a magnitude estimation or calculation strategy instead. Such a pattern 

was observed in the comparison of large to small multiplication problem-sizes, where 

multiplication of large numbers evoked magnitude estimation routines (Jost, Beinhoff, 

Hennighausen, & Rösler, 2004).  

 

Effects of Shared Components on Performance 

  The presence of similar numerical components across probe and target fractions (e.g., 

probe: 3/12, target: 1/3) leads to increased response times and decreased accuracy as compared 

to trials without shared components. This pattern was stable across the three magnitudes (e.g., 

1/2, 1/3, 1/4). These results point to additional processing costs when shared components are 

present, a pattern observed in previous studies (Meert, Grégoire, & Noël, 2010a, 2010b). Shared 

components across two fractions with different magnitudes could prime a match response within 

the mismatching trial. It is important to highlight that the experimental design only allowed for a 

limited set of fraction stimuli to be included. Further studies with a broader set of fractions with 

shared and non-shared components are needed to better understand the role that components play 

in processing and whether shared components could facilitate processing under a different task 

or experimental design.  
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Effects of Congruence on ERPs 

 ERP results show more negative N270 amplitudes over frontal electrodes in mismatch 

trials compared to match. The N270 component has been recorded in arithmetic verification 

tasks after the onset of a false or incorrect answer to a preceding mental calculation (Núñez-Peña 

& Suárez-Pellicioni, 2012; Szűcs & Csépe, 2005). More generally, the N270 is observed during 

the processing of conflicting information (Jasinski & Coch, 2012; Kong et al., 2000; Lu, Tong, & 

Wang, 2002; Wang et al., 2000). The presence of this N270 component when judging the 

equivalence of two sequentially presented fractions shows that the information from 

mismatching fractions begins to be processed as early as 246ms as indicated by latency 

differences between match and mismatch. This difference in N270 latency was greater over 

central areas suggesting a fronto-central source. Additionally, the presence of this component 

requires the magnitude of the probe is successfully accessed and that it generates an expectation 

that is not met by the target. However, the N270 component could be more indicative of 

perceptual conflict processing between the expectation and the presented target rather than 

conflict due to semantics (magnitude incongruence). Further experiments are needed to ascertain 

the nature of the N270 in numerical processing.  

 There was also a P300 component over parietal electrodes when the match condition was 

compared to mismatch. P300 appeared earlier to match than to mismatch trials as shown in the 

latency differences between match and mismatch conditions. This delayed is likely due to the 

N270 component appearing when the conflicting information of mismatching trials is processed 

and can help explain the increase in RT when processing incongruous answers. This pattern of 

the N270 had been previously observed in arithmetic verification studies (Wang et al., 2000). 

This result goes along with recent interpretation of the selection of correct arithmetic answers as 
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targets in a categorical decision (Dickson et al., 2018; Dickson & Federmeier, 2017; Dickson & 

Wicha, 2019; Jasinski & Coch, 2012). In order for participants to make the correct categorical 

decision, to indicate whether the target fraction is a match or a mismatch, they first need to 

access the magnitude of the target fraction. This suggests that the magnitude of the target fraction 

is accessed and compared to the probe by 450ms. Furthermore, the presence of the P300 

component in fraction matching shows similar processing at the ERP level than the processing of 

arithmetic operations such as addition and multiplication (Jasinski & Coch, 2012). 

 Similar to previous arithmetic verification studies (Jasinski & Coch, 2012; Núñez-Peña & 

Suárez-Pellicioni, 2012), we observed distinct N270 and P300 effects. In early ERP studies 

focusing on arithmetic processing, these effects were lumped together as a combined N400 

effect, which lead to a controversy in more recent studies on whether the observed effect was 

indeed an N400 effect, tied to a cohesive neural source, or distinct N270 and P300 effects, 

showing separate latency and distribution characteristics (Dickson & Federmeier, 2017; Dickson 

& Wicha, 2019; Jasinski & Coch, 2012). In our study, we observed a distinct frontal N270 

component when mismatch trials were compared to match, and a parietal P300 component when 

match trials were compared to mismatch, similar to recent arithmetic processing studies (Jasinski 

& Coch, 2012; Núñez-Peña & Suárez-Pellicioni, 2012). 

 

Effects of Shared Components on ERPs 

Shared components across fraction comparisons also showed effects on the recorded 

ERPs. The shared and non-shared comparison showed less negativity for the shared condition in 

the N270 time interval. This result complements the behavioral results, showing that shared 

components between the two fractions interfere with the recognition of a mismatch, in terms of 

numerical magnitude. 
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Shared components analysis results showed there were differences between shared and 

non-shared mismatching trials in the N270 time-window with non-shared components having 

lower amplitude. This was contrary to our predictions. Also contrary to our prediction that non-

shared components would be easier to categorize and would show higher P300 amplitude, 

mismatching trials with shared components had higher P300 amplitude. However, mismatch 

trials with shared components showed higher response times than non-shared mismatch trials 

indicating they were indeed harder to categorize. One way to account for such results is to 

consider the potential role that matching components can have in processing. A matching 

component can function as a prime that generates a prediction that is met in the middle of a 

mismatch task. This might function as a Stroop-like effect where the components match but the 

magnitudes do not. Therefore, the observed higher P300 in mismatching trials with shared 

components might be due to the matching component which does not elicit conflict processing as 

much as the non-shared conditions, as observed on the N270 amplitude differences, which will 

result the higher response times observed. The higher amplitude P300 response to mismatch 

trials with shared components, compared to mismatch trials with non-shared components, 

suggest that despite being a mismatch trial, shared components across two fractions elicit a target 

response, similar to a match trial. This is in contrast to previous arithmetic studies finding higher 

P300 amplitudes to more obviously incorrect answers (Dickson & Federmeier, 2017) and in 

problems with increased problem-sizes (Jost, Hennighausen, & Rösler, 2004). Instead, the results 

suggest that the presence of shared components across two fractions with different magnitudes, 

partially, leads to the categorization of mismatching fractions as targets. This categorization then 

needs to be inhibited to respond correctly.  

Interestingly, there were no LPC differences between shared and non-shared mismatch 
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conditions. Perhaps the LPC effects observed across different incorrect arithmetic solutions in 

previous studies were due to the definition of a wider time window that includes the P300 as in 

the study by Núñez-Peña and Suárez-Pellicioni (2012). We observed that, in spite of a difference 

between shared on non-shared in the P300 time window, there was no difference in the LPC time 

window.  

The above ERP findings help account for the decrease in accuracy and increase in RT 

observed in the behavioral results of fraction magnitude verification trials with shared 

components. The automatic identification of shared components requires use of executive and 

attentional resources that might interfere with the magnitude verification task, leading to 

decreased performance. This automatic processing points to how inhibition might be key for the 

resolution of conflicting information (i.e., identifying targets with shared components as 

mismatches) and the successful verification of fractions magnitudes. Conflicting associations 

between fraction components have to be inhibited to access the relevant magnitude information 

needed to complete the task. The more salient shared components seem, and the weaker the 

ability to inhibit those peripheral associations, the more difficult it might be to access the 

magnitude of the fractions. This conclusion aligns with previous studies showing that inhibition 

predicts mathematical performance (Bull & Scerif, 2001; Espy et al., 2004) and the studies 

showing how developing inhibitory control in children (Meert et al., 2010a) and adolescents 

(Rossi et al., 2019) account for their age-related increase in arithmetic performance.  

Previous studies have shown that the automatic processing of numbers, whether they are 

task-irrelevant or part of two-digit numbers, interferes with tasks. In studies requiring participant 

to make size judgments of numerical stimuli, behavioral results reliably shown that numbers are 

represented automatically (Ganor-Stern, Tzelgov, & Ellenbogen, 2007; Girelli, Lucangeli, & 
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Butterworth, 2000; Tzelgov, Meyer, & Henik, 1992). There are also examples of implicit 

processing of task-irrelevant information affecting numerical performance. A semantic priming 

study showed that numerical comparison judgments (larger or smaller than) are unconsciously 

applied to masked numbers and can decrease response time if congruent with the target (priming) 

or increase it if incongruent (interference) (Koechlin, Naccache, Block, & Dehaene, 1999). As 

already mentioned above, the magnitude comparison of two-digit numbers also shows the unit-

decade compatibility effect across the tens and units digits interferes with processing the 

magnitude of the whole number (Nuerk, et al., 2001). The findings in the present study provide 

evidence of similar componential interference when processing the magnitude of fractions.  

 

CONCLUSION 

Given the many ways to represent a fraction magnitude through its multiples, 

understanding strategies to access the magnitude of a fraction becomes key for successful 

fraction processing. In accordance with the integrated theory of numerical development proposed 

by Siegler and colleagues (2014), which describes numerical development being marked by 

broadening the set of numbers whose magnitude can be represented, it seems likely that fractions 

would not be integrated into the mental number line until the strategies to access their 

magnitudes are mastered. Thus, the many ways fractions can be represented and processed pose 

a unique problem for children mastering fractions and to educators seeking to develop 

interventions for improving outcomes in mathematics performance. Understanding the role that 

components play in magnitude processing, the cognitive mechanisms needed to access a 

fraction’s magnitude, such as inhibition, and the ways to successfully develop effective 

processing strategies, is therefore key for improving math performance. The present study 
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contributes to the efforts of improving our understanding of fraction processing by highlighting 

how fraction magnitude verification shows similar ERP components than other arithmetic tasks 

and by showing that shared components can interference with fraction magnitude verification.  
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SECOND ARTICLE - EQUIVALENT BUT NOT THE SAME: MAGNITUDE ACCESS 
DIFFERS ACROSS EQUIVALENT FRACTIONS 

 
Understanding how the magnitude of a fraction is derived from its symbolic 

representation is key for improving difficulties with learning fractions. Magnitude access is 

argued to be the central ability that allows the integration of fraction knowledge within the rest of 

arithmetic knowledge (Siegler & Lortie-Forgues, 2014). Research into the processing of 

fractions has highlighted holistic and componential models to describe fraction magnitude 

access. Participants using holistic strategies are said to make fraction comparisons by grasping 

the numerical magnitude as a whole (Ganor-Stern et al., 2011) while those participants using 

componential strategies are said to rely on numerators and denominators to compare two 

fractions and do not access the holistic magnitude of fractions (Bonato, Fabbri, Umiltà, & Zorzi, 

2007b). However, there is evidence that both strategies are available to participants comparing 

fractions and that they can switch strategies depending on the task (Meert et al., 2010b). 

Sensibility to experimental design, task, and stimuli used is important to generalize 

findings from fraction studies. Tasks where participants judge which of two fractions is 

numerically larger might be limited in what they can say about how the magnitude of a fraction 

is derived given that two fractions can be compared without access to their magnitudes. 

Additionally, the way two numbers are presented can influence whether holistic or componential 

strategies are used. One study found that when two-digit numbers are presented simultaneously, 

the comparison is done componentially but holistically when the same two numbers are 

presented sequentially (Zhou, Chen, Chen, & Dong, 2008b). Presenting numbers sequentially 
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can guarantee that the first number is represented in memory before the second number is 

processed. Using a paradigm that presents numbers sequentially might be more suited to study 

magnitude access.  

The arithmetic verification paradigm is used widely to study mathematical cognition 

(Avancini et al., 2015; Galfano, Mazza, Angrilli, & Umiltà, 2004b; Jasinski & Coch, 2012; 

Michael Niedeggen, Rösler, & Jost, 1999; Núñez-Peña, Cortiñas, & Escera, 2006). On a typical 

trial the first stimulus (the “prime”) is presented followed by a second stimulus (the “target”). 

Participants are instructed to respond to the target based on whether it is related to the prime. 

This relation between prime and target is then experimentally manipulated. For example, 

participants can be asked to respond to whether the product of a prime (e.g., 7 x 4 =) is the target 

(e.g., 28 or 32). A common finding is that the response time is shorter for solutions unrelated to 

the primes (e.g., 3 x 8 = 28) than for those which are associated with the primes (e.g., 3 x 8 = 

24). Such results from the arithmetic verification task are a form of semantic priming, the 

operands prime the response, the prime can either facilitate processing if prime and target are 

semantically congruent (e.g., 4 x 8 = followed by 32) or interfere with processing if incongruent 

(e.g., 4 x 8 = followed by 28) (Michael Niedeggen & Rösler, 1999b; Michael Niedeggen et al., 

1999). This task allows to directly examine magnitude processing given that the numerical 

distance effects observed (e.g., differences between sets of prime-target stimuli) are said to be 

directly related to mental representation of numbers (Van Opstal & Verguts, 2011). 

Only one study has made use of the arithmetic verification paradigm to study magnitude 

access in fractions. In one of the two reported experiments, Gabriel and colleagues (2013) had 

participants judge whether fractions had the same magnitude in a numerical matching task where 

the fractions were either identical (e.g., 1/2_1/2), equivalent (e.g., 1/2_2/4), or different (e.g., 
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1/2_3/5). Results indicated performance varied between conditions: identical < different < 

equivalent. Mixed-effect models to assess whether holistic or componential numerical distances 

affected performance across different pairs of fractions showed holistic numerical distance 

effects between primes and targets. Some questions still remain regarding magnitude access in 

this study. For example, processing strategies across the three conditions might be different. 

Identical fractions might not represent numerical processing given that participants can simply 

respond to repeating stimuli. The study also didn’t specify what the pairs of fractions were in the 

different condition but simply reported means for holistic and componential distances for pairs. 

Knowing the fractions used is important to identify if shared components play a role in 

processing. To better understand fraction magnitude processing using arithmetic verification, a 

more controlled set of stimuli is needed.  

Using equivalent fractions can provide more experimental control by holding numerical 

distance constant across sets of prime and target comparisons. Magnitude processing has not 

been studied across equivalent fractions. Equivalent fractions, having different numerators and 

denominators but the same magnitude (e.g., 1/2, 2/4, 3/6), provide an opportunity to observe how 

different numerators and denominators affect processing while holding numerical distance 

constant. Comparing equivalent fractions to the same target (e.g., comparing 1/2_1/3, 2/4_1/3, 

3/6_1/3) would reveal the differences incurred by different representation of the same 

magnitude. Assuming adult participants process fractions holistically, validating if 1/2 and 2/4 or 

if 2/4 and 3/6 have the same magnitude would have similar response times. On the contrary, if 

the format of the fraction matters, then one would expect differences, say, faster reaction times 

for validating if 1/2 and 2/4 have the same magnitude than for validating 2/4 and 3/6. 

Additionally, it would be expected that if there is holistic processing, validating identical 
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fractions (e.g., 1/2_1/2, or 3/6_3/6) would not be different than validating other equivalent 

fractions (e.g., 1/2_2/4 or 3/6_4/8). They all have the same magnitude. However, if the format 

matters, there will be differences. Furthermore, holistic processing would also predict similar 

reaction times in validating different mismatching fractions, for example, validating 1/2_1/3, 

2/4_1/3, and 3/6_1/3 should all show similar response times. These overall expectations, either 

holistic or componential, should hold across other fraction magnitudes such as 1/3, 1/4 and 1/6. It 

is predicted that processing equivalent fractions will not show uniform response times (holistic 

processing), but that performance will vary across the equivalent fractions used. Differences in 

validating equivalent fractions would provide evidence that magnitude is not grasped holistically 

but, rather, that it is derived from the components of fractions. 

 

METHOD 

Participants 

The research was approved by the Institutional Review Board of The University of 

Alabama (IRB # 19-OR-004-R1). 128 participants (87% female, M = 21 years, SD = 5.3) were 

recruited from the University of Alabama to participate in the study. The number of participants 

was determined based on a sample size calculation (Westfall, Kenny, & Judd, 2014) to observe 

an effect size of d = .4 with traditional frequentist statistics (p <.05) for a design with 36 different 

targets and power of .8. The total number of participants in the power analysis was 115. Written 

informed consent was obtained from the participants of the study. 

 
Experimental Procedures and Stimuli 

All data was collected online using Qualtrics surveys. The survey contained a number of 

demographic questions and an embedded fraction verification task allowing the participants to 



 

48 
 

respond using their keyboard.  

 In the fraction magnitude verification task, participants observed an initial fraction 

presented on the screen (the prime) followed by a second fraction (the target). Participants were 

instructed to indicate, as fast and accurately as possible, if the probe and the target fractions had 

the same numerical magnitude. Responses were given using the “F” and “J” keys. The probe 

fraction appeared for 1000ms followed by an inter stimulus interval of 500ms and then by the 

target fraction which remained on the screen for 1500ms or after a response was recorded (see 

Figure 14).  

 

Figure 14 
Experimental progression of a matching trial (left) and mismatching trial (right). 
 

Ordinal numbers are used to refer to the order of equivalent fractions used as primes (first 

primes: 1/2, 1/3, 1/4, and 1/6, second primes: 2/4, 3/6, 4/8, and 2/12, and third primes: 3/6, 3/9, 

3/12, and 3/18). Natural numbers are used to refer to the different targets used for each 

magnitude (e.g., targets 1-3 for half match are: 1/2, 2/4 and 3/6). Half of the trials presented were 

match and half were mismatch. In matching trials, the target was one of the three equivalent 

fractions of the same magnitude (see Table 1). In mismatching trials, the target was always one 
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of the first equivalent fractions of the nonequivalent fractions (see Table 2). For each of the 12 

primes 6 possible targets were used yielding a total of 72 trials. Participants completed 2 blocks 

of 72 trials.  

Table 5 Fraction stimuli used for matching trials 
  Targets 
Magnitudes Primes 1 2 3 

 First 1/2 1/2 2/4 3/6 
Half Second 2/4 1/2 2/4 3/6 
 Third 3/6 1/2 2/4 3/6 
 First 1/3 1/3 2/6 3/9 
Third Second 2/6 1/3 2/6 3/9 
 Third 3/9 1/3 2/6 3/9 
 First 1/4 1/4 2/8 3/12 
Fourth Second 2/8 1/4 2/8 3/12 
 Third 3/12 1/4 2/8 3/12 
 First 1/6 1/6 2/12 3/18 
Sixth Second 2/12 1/6 2/12 3/18 
 Third 3/18 1/6 2/12 3/18 

 

Table 6 Fraction stimuli used for mismatch trials 
  Targets 
Magnitudes Primes 1 2 3 

 First 1/2 1/3 1/4 1/6 
Half Second 2/4 1/3 1/4 1/6 
 Third 3/6 1/3 1/4 1/6 
 First 1/3 1/2 1/4 1/6 
Third Second 2/6 1/2 1/4 1/6 
 Third 3/9 1/2 1/4 1/6 
 First 1/4 1/2 1/3 1/6 
Fourth Second 2/8 1/2 1/3 1/6 
 Third 3/12 1/2 1/3 1/6 
 First 1/6 1/2 1/3 1/4 
Sixth Second 2/12 1/2 1/3 1/4 
 Third 3/18 1/2 1/3 1/4 
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Statistical Analysis 

Statistical analysis was performed using a linear mixed model effects analysis 

implemented in jamovi (The jamovi project, 2021) using the GAMLj general linear model 

module (Galluci, 2019). Matching and mismatching trials were analyzed separately. Prime, 

target, and magnitude, as well the two-way and three-way interactions were entered as fixed 

effects and subjects were entered as random effects. Matching trials were averaged across the 4 

magnitudes to increase the statistical power of the analysis. For mismatching trials, since the 

targets are different for each magnitude, some having bigger or smaller magnitudes, a separate 

analysis was used for each magnitude. The interpretation of results from the linear mixed effect 

model was done by looking at the p values of the omnibus test first, then moving to the p values 

of the interactions if significant, and finally to the p values of the post-hoc comparisons when 

interactions were significant.  

 

RESULTS 

Matching Trials 

The linear mixed effect model’s fixed effect omnibus test for matching trials showed 

significance for prime, [F(2, 2847) = 3.48, p = .031] and target, [F(2, 2848) = 103.15, p < .001]. There 

was also a significant prime x target interaction, [F(4, 2857) = 152.79, p < .001]. Post-hoc tests 

showed that repeated fractions are responded to faster, validation of the first prime by target 1 

(e.g., 1/2_1/2) was done faster than validation of target 2, (t(2864) = 15.79, pbonferroni < .001), and 

target 3, (t(2864) = 16.6, pbonferroni < .001). The same was true for validation of the second prime by 

target 2 (e.g., 2/6_2/6) which was faster than validating this prime by target 1, (t(2865) = 5.165, 

pbonferroni < .001), and target 3, (t(2872) = -13.3, pbonferroni < .001). Finally, the same pattern was 

present for validating the third prime with target 3 (e.g., 3/12_3/12) which was faster than 
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validating this prime by target 1, (t(2864) = 5.07, pbonferroni < .001), or target 2, (t(2872) = 15.36, 

pbonferroni < .001).  

Differences between the non-repeating equivalent fractions were not significant for the 

first prime (e.g., 1/2_2/4 and 1/2_ 3/6), (t(2857) = -1.02, pbonferroni = 1), but were significant in the 

second prime (e.g., 2/4_1/2 and 2/4_ 3/6), (t(2866) = -8.71, pbonferroni < .001), and third prime (e.g., 

3/6_1/2 and 3/6_ 2/4), (t(2860) = -10.56, pbonferroni < .001) (see Figure 15). These results show that 

across the averaged magnitudes 1/2, 1/3, 1/4, and 1/6, the equivalent target fractions are 

responded to differently depending on which prime is presented.  

 
Figure 15 
Response time results for matching trials. Prime is represented on the x-axis and response time in 
milliseconds on the y-axis. Error bars represent standard error of the mean. Asterisks next to the 
markers indicate a significant difference from the rest while those in between markers indicate 
significant differences between those two markers only.   
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Mismatching Trials 
The fixed effect omnibus test for mismatching trials of one half showed significance for 

prime, [F(2, 764) = 3.4, p = .034], but not target, [F(2, 762) = .9, p = .4]. There was no significant 

prime x target interaction, [F(4, 764) = 1.71, p = .14]. Post-hoc comparisons of primes show 

significant differences between 1/2 and 3/6, (t(775) = -2.58, pbonferroni = .03), but not 1/2 and 2/4, 

(t(779) = -.86, pbonferroni = 1), or 2/4 and 3/6, (t(778) = -1.74, pbonferroni = .25) (see Figure 16). 

 

Figure 16 
Response time results for 1/2 mismatching trials. Error bars represent standard error of the mean. 
Asterisks indicate a significant difference between the two conditions denoted by the ends of the 
black line.   

 

Fixed effect omnibus test for third mismatching trials showed significance for prime, [F(2, 

756) = 8.95, p <.001], and target, [F(2, 756) = 4.88, p = .008]. There was a significant prime x target 

interaction, [F(4, 756) = 2.38, p = .05]. Post-hoc comparisons to disentangle the interaction show 

significant differences between targets 1/2 and 1/6 for the first prime (i.e., 1/3), (t(764) = -3.8, 
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pbonferroni = .006), as well as between targets 1/4 and 1/6, (t(765) = -3.5, pbonferroni = .015). For the 

second prime, 2/6, there were no differences between targets 1/2 and 1/6, (t(763) = .09, pbonferroni = 

1), or between targets 1/4 and 1/6, (t(765) = -0.1, pbonferroni = 1). Neither were there differences 

when 3/9 was the prime, between targets 1/2 and 1/6, (t(769) = -1.12, pbonferroni = 1), or between 

targets 1/4 and 1/6, (t(764) = -0.1, pbonferroni = 1) (see Figure 17). These results highlight that the 

same target 1/6 elicits slower responses than the other targets only when the prime is 1/3 and not 

when the prime is 2/6 or 3/9. 

 

Figure 17 
Response time results for 1/3 mismatching trials. Error bars represent standard error of the mean. 
Asterisks next to the markers indicate a significant difference from the rest 

 

The fixed effect omnibus test for mismatching trials with magnitude one fourth showed 

significance for prime, [F(2, 732) = 1794, p <.001], but not target, [F(2, 729) = .9, p = .4]. There was 

no significant prime x target interaction, [F(4, 729) = 5.99, p = .58]. Post-hoc comparisons to 
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examine effects of prime show significant differences between 1/4 and 2/8, (t(736) = -3.42, 

pbonferroni = .002), as well as between 1/4 and 3/12, (t(741) = -5.93, pbonferroni < .001), and also 

between 2/8 and 3/12, (t(740) = -2.63, pbonferroni = .02) (see Figure 18). These results also show 

differences by prime regardless of numerical magnitude between prime and target.  

 
Figure 18 
Response time results for mismatching trials of magnitude 1/4. Error bars represent standard 
error of the mean. Asterisks indicate a significant difference between the two conditions denoted 
by the ends of the black line.   

 

The fixed effect omnibus test for mismatching trials with one sixth magnitude showed 

significance for prime, [F(2, 726) = 11.09, p <.001], and target, [F(2, 723) = 3.81, p = .022]. There 

was no significant prime x target interaction, [F(4, 722) = 2.08, p = .08]. Post-hoc comparisons to 

examine effects of prime show significant differences between 1/6 and 2/12, (t(729) = -4.24, 

pbonferroni < .001), as well as between 1/6 and 3/18, (t(731) = -3.74, pbonferroni < .001), but not 

between 2/12 and 3/18, (t(729) = 0.45, pbonferroni = 1). Post-hoc comparisons to examine effects of 
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target show significant differences between targets 1/3 and 1/4 only, (t(726) = 2.65, pbonferroni = 

.024), and not between 1/2 and 1/4, (t(727) = 1.99, pbonferroni = .14), or between 1/2 and 1/3, (t(726) = 

-0.74, pbonferroni = 1) (see Figure 19). These results are consistent with the rest of the mismatch 

analysis highlighting differences across primes. 

 

Figure 19 
Response time results for mismatching trials of magnitude 1/6. Error bars represent standard 
error of the mean. Asterisks indicate a significant difference between the two conditions denoted 
by the ends of the black line.   

 

DISCUSSION 

In the present study participants validated whether two sequentially presented fractions 

had the same numerical magnitude. Across three different equivalent fractions used as primes, 

response times to the same targets varied in both the match and mismatch conditions. Although 

validations in matching trials had the same numerical magnitude, differences depended on which 

of three equivalent fractions was used as the prime. This result is not compatible with an 
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assumption that there is holistic magnitude access independent of the composition of a fraction. 

Rather, there were processing costs depending on which prime was used. Similarly, mismatch 

results show there were differences in response times between trials comparing the exact same 

numerical magnitude. These results indicated that it is not numerical magnitude between the 

prime and target that affects response time, but that response times vary across fraction 

comparisons with the exact same numerical distance, but different equivalent fractions used as 

primes.  

  In the matching condition trials where the prime and target were identical (e.g., 1/2_1/2, 

3/9_3/9) were validated the fastest. There is a question of whether these repeating stimuli 

represent numerical processing given that participants could have respond correctly without 

accessing the magnitude of the fraction but based simply on the perception of similarity. 

However, due to the random presentation of primes and targets, participants had to process each 

prime in similar fashion because the upcoming target was never known. Thus, the processing 

benefit of repeating stimuli is manifested in addition to magnitude processing and not without it.  

 The main finding in the match condition is that across the four magnitudes used in the 

study, non-repeating validations (e.g., 1/2_2/4 and 1/2_ 3/6), which had the exact same 

numerical magnitudes, varied across the primes and differed for the second and third prime but 

not the first (see Figure 15). This effect was likely due to faster processing for the first target 

which included the unit fractions 1/2, 1/3, 1/4, and 1/6. Therefore, the effect of the unit fractions 

is observed both in the faster responses for validating repeating unit fractions compared with the 

rest, and in faster responses for validating comparisons with unit fractions compared with the 

remaining equivalent fractions. This can reflect the use of a reducing strategy where participants, 

upon observing a prime not in unit form, proceed to reduce the fractions to arrive at a unit 
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fraction. Therefore, presenting a unit fraction as a prime reduces this additional step. It is 

important to note that participants were not told to use this strategy but rather that it emerged in 

the task.  While this is a straightforward interpretation of the results, it does reveal something 

interesting about accessing the magnitude of fractions. All participants were adults proficient in 

arithmetic, yet they resorted to simplification as a means of representing the magnitude. Because 

carrying out this simplification step might require additional cognitive resources, there is the 

potential that non unit fractions can incur more interference and be more prone to error. Such 

process would be even more challenging for children learning fractions.  

 One alternative explanation for the observed effect is that response differences across 

primes are not driven by processing benefits of validating target unit fractions but by the 

processing costs of deriving the magnitudes from fractions with increasing numerator and 

denominator sizes. The problem-size effect, the observed increase in response time when the 

operands of an arithmetic operation increase in size (Zbrodoff & Logan, 2005), can be 

responsible for such effect. As the numerators and denominators increase from the first to the 

third prime (e.g., from 1/6 to 2/12 to 3/18), an operation such as dividing the numerator and 

denominator by a common number would lead to higher response times for primes with larger 

numbers. Although the effects of problem-size cannot be ruled out in the study, some targets 

with different sizes of numerators and denominators appeared to be validated equally fast such as 

in the case of the first prime where both the non-repeating targets had similar response times. 

Therefore, a different experimental design is needed to isolate such effects if present.   

  The mismatching condition also showed targets with a given magnitude elicited different 

responses across equivalent fractions. Such a result is surprising under the assumption that 

response time is driven by the numerical distance between probe and target, which in these 
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particular trials, was kept the same. Across magnitudes 1/2, 1/3, 1/4, and 1/6, there was a 

significant effect of prime. The first prime was validated significantly faster than the rest. Since 

the targets were the same for all three primes, differences must be due to the structure of the 

different primes. Like with the matching trials, these differences across primes might be due to 

participants simplifying non unit fractions, thus engaging an additional cognitive process, and 

requiring more time. Fractions in their unit form might be ready to be compared to the targets 

which were all also presented in unit form.  

The observed results lead to the conclusion that equivalent fractions do not prime numerical 

magnitude equally in adult participants. In fact, some fractions might be better representations of 

numerical magnitude than others. Even though they are mathematically equivalent. This is not 

surprising when considering the role that familiarity might play in developing an association 

between a given fraction representations such as 1/2 or 3/6 and the specific numerical magnitude 

(i.e., .5). Unlike the natural numbers where the magnitude of five units is only represented with 

the symbol “5”, fractions can represent the magnitude of one half in unlimited ways. However, 

the numerical magnitude of one half is represented with “1/2” more frequently than with “2/4” 

and even more frequently than with “3/6”. This could lead to stronger association between the .5 

magnitude and “1/2” than between .5 and “3/6”. The same pattern would hold for the 

representations of other magnitudes with stronger association between .166 and “1/6” than for 

.166 and “3/18”. If this is the case, one salient question is why isn’t there a clearer graded pattern 

in response times such as 1/6 < 2/12 < 3/18. From the data it seems there might be a performance 

celling for adult participants regardless of how unfamiliar the given fraction might be. After all 

participants do not need to derive the exact magnitude of the target but simply determine whether 

it is the same as the probe. Further experiments looking at participants with developing fraction 
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knowledge could illuminate further test this theory.  

CONCLUSION 

The goal of the present study was to examine processing differences across equivalent 

fractions (having the same numerical magnitude) in a verification task. Equivalent fractions 

varied in how they were validated by both matching and mismatching target fractions. These 

results indicate that different representations of the same fraction magnitude prime numerical 

magnitude differently. This conclusion is at odds with a holistic account of fraction processing 

that would have predicted similar priming across the three different equivalent fractions. 

The most striking finding for the discussion of fraction magnitude access is the fact that 

magnitude access doesn’t show uniformity across equivalent fractions. It is difficult to reconcile 

this result with a holistic account of fraction processing. This means that results across 

magnitudes 1/2, 1/3, 1/4, and 1/6, are not driven by the numerical distance between prime and 

target but by the equivalent fraction used and perhaps by how familiar those fractions are. This 

suggests equivalent fractions vary in how well they prime magnitude. Alternative representations 

of the same numerical magnitude can lead to a weaker or stronger priming of that numerical 

magnitude. Concordantly, unit fractions are better at priming numerical magnitude. It is possible 

that fractions that lead to weaker representation of magnitude might be more susceptible to 

interference from shared components, parity, problem-size effect, etc. This poses a unique 

problem for learning fractions. Unlike the natural numbers whose magnitude pairs to a single 

symbol, the multiple representations of fractions might pose a high barrier entry to mastering the 

connection between a magnitude and a symbol. As learners conduct operations with weaker 

representations of fraction magnitudes, they might be more susceptible to errors and 

misapplication of rules.  
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Unlike learning the association between operands and products in multiplication, there is 

no way to become familiar with all fraction representations given the unlimited ways any one 

fraction can be represented. It’s possible that when a particular fraction problem is presented 

(e.g., 3/7 + 3/5) there is no direct access to those fractions’ magnitudes. In fact, it might be the 

first time those particular representations are seen. Knowledge of the procedures to transform 

fractions into decimals or fractions with common denominators would be necessary to solve such 

problems. The additional procedural knowledge would also require executive function 

throughout the operation in order to hold the information in memory, inhibit the application of 

inappropriate rules, remember the correct rule for deriving shared denominators, carry the 

operation, and show the result. This highlights that accessing the magnitude of a fraction could 

depend on knowing rules and procedures to transform those fractions into known 

representations.  

The present study provides evidence that equivalent fractions do not prime numerical 

magnitude equally in proficient adults. In fact, results point to some fractions being better at 

priming magnitude than others. These findings contribute to the efforts of understanding fraction 

processing by moving the discussion beyond the debate of holistic versus componential 

processing and bringing attention to how familiarity with the representation of fractions can 

facilitate or interfere with accessing the numerical magnitude.   
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THIRD ARTICLE - THE NEURAL CORRELATES OF INCORRECT ARITHMETIC 
PROCESSING 

 
The ability to distinguish between correct and incorrect arithmetic equations (e.g., 2 + 2 = 

4 vs. 2 + 2 = 5) is a key aspect of arithmetic reasoning and it is often used as a marker for 

whether a person understands the meaning of an equation or an arithmetic process like addition 

or multiplication. A common paradigm used to investigate the processing of arithmetic 

operations is the delayed answer arithmetic verification task where arithmetic equations (e.g., 9 x 

6 =) are presented and participants must indicate whether candidate solutions (e.g., 36 or 54), are 

correct or incorrect. Research focusing on the brain mechanisms underlying mathematical 

processing using these verification tasks has mainly concentrated on studying processing of 

correct solutions while processes underlying incorrect solutions are treated as variables of no 

interest or are averaged across with the correct solutions. However, understanding the 

mechanisms responsible for identifying incorrect solutions can be just as informative about 

mathematical processing as understanding the mechanisms generating correct solutions. 

Particularly, the neural correlates of incorrect solution identification can be informative in 

understanding the development of general mathematical ability across different operations such 

as addition and multiplication and across different numerical notations like fractions and 

decimals. Given how generalizable the identification of incorrect responses must be, its neural 

correlates could also explain differences in mathematics achievement, making them potentially 

useful predictors of future performance. The present study aims to identify the neural correlates 
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of incorrect solution processing in a multiplication verification task in children and to investigate 

whether these correlates are associated with children’s differences in math performance.  

Studies using delayed answer arithmetic verification tasks to investigate how individuals 

process arithmetic equations (e.g., 3 x 8 = ) have found that reaction time (RT) decreases as the 

numerical distance between the (expected) correct solution (e.g., 24) and that of an (unexpected) 

incorrect proposed solution (e.g., 28) increases (Ashcraft & Stazyk, 1981). These results suggest 

that the processing of incorrect solutions is subject to a numerical distance effect from the 

expected solution, the smaller the numerical distance between the two numbers the slower the 

comparison (Moyer & Landauer, 1967). Such processing costs show incorrect solutions are 

judged systematically in relation to the correct solution. In fact, the processing cost of an 

incorrect solution might depend on the strength of the expectation between an arithmetic 

equation and its correct solution. However, it is hard to identify the cognitive source of this 

processing cost observed during the verification of incorrect solution based only on response 

time measures. The high temporal resolution of event-related potentials (ERP) is better adapted 

to understand where the processing cost arises.  

Delayed answer arithmetic verification tasks have also been adapted for studies using 

ERPs. ERPs help to identify which stage in processing (e.g., stimulus identification, semantic 

processing, or response execution) is contributing to the observed RT effects. In addition to 

showing increased processing times for incorrect proposed solutions, ERP studies using 

arithmetic verification tasks time-locked to the onset of the proposed solution have shown 

incorrect solutions elicit negative amplitudes around 400 ms when compared to correct ones 

(Michael Niedeggen & Rösler, 1999a; Michael Niedeggen et al., 1999). These ERP differences 

have been interpreted as an “arithmetic N400” effect related to the semantic violation of an 
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expected correct solution by the proposed incorrect solution. These N400 effects have been 

observed in both addition (Szucs & Csepe, 2005) and multiplication problems (Jost, 

Hennighausen, & Rosler, 2004). Although interpreted as a N270 rather than a N400, an 

additional ERP study found similarities in the processing of incorrect solutions in the 250-450 

ms time-window across addition, subtraction, multiplication, and division problems implying 

shared general processes across all four operations (Jasinski & Coch, 2012d). If processing 

incorrect solutions reflects a general mechanism mediating interference between expected and 

presented solutions across arithmetic operations, such general mechanism could be predictive of 

math fluency. Therefore, identifying the neural correlates of such mechanism can help 

understand how brain development interacts with the development of arithmetic knowledge.  

The semantic N400 effect is more typically observed during target-processing in 

linguistic studies using semantic-priming (e.g., ‘coffee-tea’ or ‘chair-tea’) and semantic-anomaly 

paradigms (e.g., ‘I like my coffee with cream and sugar/socks’) (Kutas & Federmeier, 2010). A 

review of multiple language N400 fMRI and MEG studies, aiming to identify its generators, 

attributed the N400 effect to contextually facilitated access of stored lexical or conceptual 

representations in the middle temporal gyrus (MTG) and to mediation of highly activated 

candidate representations in the inferior frontal gyrus (IFG) (Lau, Phillips, & Poeppel, 2008). 

However, it is still unknown to what degree the processing of arithmetic operations is similar to 

language processing and whether the N400 effects observed in arithmetic processing could be 

attributed to the same generators as those of language processing. To the best of our knowledge, 

only one study has investigated the neural correlates of incorrect solutions verification using 

fMRI.  
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Menon and colleagues (2002) used fMRI to investigate the neural substrates of 

processing of incorrect addition and subtraction equations in adults. They found greater 

activation in executive brain areas involved in working memory and interference processing 

when processing incorrect equations (e.g., 2 + 2 = 5) compared to correct ones (e.g., 2 + 2 = 4). 

Activation foci were localized to the middle and inferior frontal gyri encompassing the left 

dorsolateral prefrontal cortex (DLPFC) and the left ventrolateral prefrontal cortex (VLPFC). 

While the DLPFC also showed activation during processing of correct equations, the VLPFC 

was activated only during the differential processing of incorrect equations. Consistent with the 

behavioral and ERP results discussed above, these fMRI results indicate that processing incorrect 

equations involves executive function in the detection of an incorrect solution and the resolution 

of the interference between an internal expectation and the external stimuli. This study was also 

the first to propose that the observed brain areas contribute to the arithmetic N400 effect 

observed in ERP studies.    

While the results of Menon and colleagues (2002) provide initial evidence for certain 

brain areas contributing to incorrect arithmetic solution processing in adults, further studies with 

developmental populations are needed to understand arithmetic processing in the developing 

brain (Karmiloff-Smith, 2010). Adults are said to have mature networks for arithmetic 

processing that school-aged children are still developing (Rivera et al., 2005). Additionally, there 

is debate on whether adults solve arithmetic operations through retrieval (Butterworth, Zorzi, 

Girelli, & Jonckheere, 2001) or through automatic calculations (Uittenhove, Thevenot, & 

Barrouillet, 2016). These differences in strategy might exceedingly affect children’s performance 

as they might require additional recruitment of executive functions.  
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Given that multiplication problems are reliably solved through fact retrieval as opposed 

to calculation (Siegler, 1988), studying multiplication verification might offer an opportunity to 

study how executive mechanisms contribute to arithmetic processing across development 

separately from magnitude processing areas. In an fMRI study with children by Prado and 

colleagues (2014), solving multiplications was associated with grade-related increase of activity 

in the left MTG and the IFG. However, whereas grade-related increases of activity in the MTG 

were taken to reflect increase in the strength of semantic associations between problems and 

solutions, grade-related decrease in activity in the IFG were said to reflect decreasing demands 

of executive control as children age. This study not only links activity in both the MTG and IFG 

to the processing of multiplications in children, but it shows differential activity in these areas to 

be related with increased proficiency due to age. Therefore, it remains to be determined if (1) 

children show activation differences between processing correct and incorrect multiplication 

solutions, as adults do, and (2) whether the strength of activation during the processing of 

incorrect solutions correlates with children’s math fluency scores. This leads to the formulation 

of two hypotheses for the present study: first, in line with the N400 effects discussed above (Lau 

et al., 2008) and the results of Menon and colleagues (2002), compared to the processing of 

correct multiplication solutions, processing incorrect multiplication solutions will require 

executive control and will elicit greater activity in the IFG and MTG. Secondly, it would be 

expected that activation of executive function brain areas during the verification of incorrect 

solutions, as compared to correct ones, will be negatively correlated with gains in math fluency 

scores. Verification of incorrect answers requires the mediation of interference between the 

expected and the presented answers. High skilled participants would be better at resolving this 
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interference than those with lower skills due to better representation of correct solutions in 

temporal areas and less reliance on executive function. 

To test these hypotheses the present study used a public fMRI dataset which includes 

behavioral and fMRI data from 8-to-15 year old children while they verified multiplication 

equations inside the scanner (Suárez-Pellicioni, Lytle, Younger, & Booth, 2019).  

 

METHOD 

Participants 

The full data set includes data from 132 participants from schools in the Chicago 

metropolitan area ages 8 to 15 years old at timepoint one (T1) (Suárez-Pellicioni et al., 2019). A 

subset of the participants returned 2 years later and completed a scan and behavioral measures a 

second time (T2). Summary of the sample data is found in Table 7.  

Table 7 Sample characteristics. Mean and standard deviation (SD) for age and standardized 
scores of the multiplication subset of the Comprehensive Mathematical Abilities Test (CMAT). 

 
 Whole sample 

(n=132) 
Sex 70% Female 

Handedness 90% Right-handed 

Age 10.09 (1.52) 

Mult CMAT 10.85 (5.46) 

 

Math Ability Measure 

 Participants complete the Comprehensive Mathematical Abilities Test (CMAT; Hresko, 

Schlieve, Herron, Swain, & Sherbenau, 2003). This test is an untimed assessment which includes 

a range of multiplication problems in both symbolic and nonsymbolic forms from single to triple 



 

69 
 

digit multiplications. The CMAT has shown evidence of reliability and validity in psychometric 

evaluations (Hall-Lande, 2006). Participants completed the CMAT in a paper-and-pencil format 

at both time points (T1 and T2).  

 
fMRI Data Acquisition 

BOLD signal was measured with a susceptibility weighted single-shot echo planar 

imaging (EPI) sequence. A high-resolution T1 weighted 3D structural image was collected for 

each participant. The scanner parameters: TR = 2300 ms, TE = 3.36 ms, matrix size = 256 × 256, 

field of view = 240 mm, slice thickness = 1 mm, number of slices = 160. Full voxel size was 1 × 

1 × 1. The following parameters were used for T2 weighted images: TE = 20 ms, flip angle = 

80°, matrix size = 128 × 120, field of view = 220 × 206.25 mm, slice thickness = 3 mm (0.48 

mm gap), number of slices = 32, TR = 2000 ms. Full voxel size was 1.7 × 1.7 × 3.  

 

Task Solved Inside the Scanner 

 Although participants completed four different tasks inside the scanner (For more details 

see Suarez-Pellicioni et al., 2019), in the present study, the study only focused on the data from 

single-digit multiplication verification task.  

 

Single-digit Multiplication Task 

 Participants were presented with 24 single-digit multiplication problems (prime) 

followed by a proposed solution (target). The problems were repeated twice with a correct 

proposed solution and once with an incorrect one. Incorrect problems had a response which 

would result if 1 was added or subtracted from one of the operands. Half of the problems having 

two operands less or equal to 5 were classified as “easy” and the other half having operands 
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larger than 5 were classified as “hard”. Four conditions were created “Etrue”, easy problems with 

a correct solution; “Efalse” easy problems with incorrect solutions; “Htrue”, hard problems with 

a correct solution, and “Hfalse”, hard problems with an incorrect solution. Tie multiplication 

problems (e.g., 3 x 3) and multiplications involving 1 and 0 were not included. 24 control trials 

were included where a blue square was presented for 800 ms following a red fixation square 

presented 2200-3000 ms. The total number of trials was 96. All behavioral responses were 

recorded using a two-button keypad below the right hand. Participants responded with their 

index finger if the solution to the problem was correct and with their middle finger if the solution 

was incorrect. The multiplication problem and proposed solution were presented on a white 

background for 800 ms. A 200 ms interstimulus interval was used between the prime and the 

target. The target stimulus was followed by a red fixation square lasting 2200, 2600 or 3000 ms. 

Participants’ task was to respond with their index finger when the blue square turned red.  

 

fMRI Data Analysis  

fMRI Pre-processing 

Data analysis was performed using SPM12 (www.fil.ion.ucl.ac.uk/spm). Functional 

images were corrected for slice acquisition delays, realign to reference slice number 15, and 

spatially smoothed with a Gaussian filter equal to twice the voxel size (4 x 4 x 8 mm3 full width 

at half maximum). ArtRepair (Mazaika, Hoeft, Glover, & Reiss, 2009; http://cibsr.standford.edu/ 

tools/ArtRepair/ArtRepair.htm) was used to identify volumes with significant artifacts. Volumes 

showing rapid scan-to-scan movements greater than 1.5 mm in any direction were excluded via 

interpolation of the 2 nearest non-repaired volumes. Functional volumes were coregistered with 
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segmented anatomical image and normalized to the adult standard T1 Montreal Neurological 

Institute (MNI) template volume (normalized voxel size, 2 x 2 x 4 mm3). 

fMRI Processing 

Event-related statistical analysis was performed according to the general linear model 

(GLM). Activation was modeled with onsets time-locked to personalized onset times. Epochs 

were convolved with a canonical hemodynamic response function. The time series data was 

high-pass filtered (1/128 HZ). Easy and hard problems for both true and false answers were 

combined to increase power for the False vs. True comparison.  

ROI analysis  

A region of interest (ROI) analysis was performed. The areas previously identified in 

processing arithmetic operation, left inferior frontal gyrus (IFG), left middle temporal gurys 

(MTG), and the left superior temporal gyrus (STG), were included in the analysis (see Table 8). 

These ROIs were defined on the basis of the AAL atlas (Tzourio-Mazoyer et al., 2002) using the 

SPM Wake Forest University Pickatlas toolbox (WFU Pickatlas) 

(http://www.fmri.wfubmc.edu/cms/software, version 3.0.5) (Maldjian, Laurienti, Kraft, & 

Burdette, 2003). 3dClustSim was used to calculate cluster size threshold for significance for the 

anatomically defined mask (Cox, Chen, Glen, Reynolds, & Taylor, 2017). For fMRI results, a 

cluster was considered significant if it was greater than the cluster size threshold calculated with 

3dClustSim at cluster-wise threshold 0.05 and voxel-wise threshold 0.001. Based on the 

calculations above, a cluster size of 287 voxels was needed for significance. 

Table 8 Brain areas included in the mask for the analysis. Volume and local maxima MNI 
coordinates are reported for each brain cluster. 

Brain Area Broadman 
areas 

Left inferior frontal gyrus  44, 45, 47 
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Left superior temporal gyrus 22, 41, 42 

Left middle temporal gyrus 21 
 

RESULTS 

fMRI Results 

 The study aimed to study whether the parametric manipulation False vs. True 

multiplication trials elicited differences in brain activation. A paired sample t test comparing 

brain activation between False and True multiplication trials was ran. Significant brain activation 

to False, compared to True, multiplication solutions was observed in only one brain area, the left 

inferior frontal gyrus (IFG) (see Table 9). Areas in both the MTG and STG showed no 

significant activation.  

Table 9 Brain areas showing significant cluster activation. False > True comparison in the 
executive function ROIs. 
 

Brain Area ~BA k MNI coordinates Z Value 
   X Y Z  
       
L inferior frontal 
gyrus, triangular part 

47 1546 -46 40 8 4.68 

Note. Cluster size (k), MNI coordinates of the peaks, Z values and approximate Broadman areas (~BA) 
for the brain areas identified for the False > True comparison of multiplication trials. 
 

Correlation with standardized measures of math achievement 

To examine the relation between brain activation and math achievement, beta values 

from the significant cluster was extracted for each participant. These beta values were then 

correlated with participants’ improvement scores in the standardized multiplication subset of the 

CMAT. The improvement scores were determined by subtracting the score at the first time point 
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from the score at the second time point. The correlation between CMAT score gains was 

significant for the left IFG cluster (r = -.005, p = 0.048) (see Figure 20).  

 

Figure 20  
Scatterplots showing the association between score gains and the significant cluster in the IFG. 
Scores show multiplication subset of the CMAT (score at T2 minus score at T1). 

 

DISCUSSION 

 This is the first brain imaging study to investigate brain areas involved in the differential 

processing of correct (true) and incorrect (false) arithmetic problems in children. Using event-

related fMRI analyses, greater activation was found within areas in the left inferior frontal gyrus 

(IFG) when processing incorrect solutions than when processing correct solutions. This result 

shows similar findings that had been observed in adults doing a similar numerical task (Menon et 

al., 2002). Additionally, this result is in line with both behavioral and ERP findings which have 

found that processing incorrect solutions results in larger response times (Ashcraft & Stazyk, 

1981) and larger electrophysiological signals (Michael Niedeggen et al., 1999).  
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 Increased activation during the processing of incorrect multiplication solutions was 

localized to the left inferior frontal gyrus. Previous studies had implicated this area with 

arithmetic processing (Menon, Rivera, White, Glover, & Reiss, 2000). This activation seems to 

be related to cognitive interference processing. When participants are presented with a 

multiplication problem, they must generate an answer by retrieving from memory or calculating 

the result and comparing the answer with the target presented on the screen. At this point, 

cognitive mechanisms aiding with the identification and processing of the incorrect answer and 

the resolution of the interference between the expected answer and the presented incorrect 

answer must be activated. Areas of the dorsolateral prefrontal cortex have been shown to be 

involved in interference resolution (Jonides, Smith, Marshuetz, Koeppe, & Reuter-Lorenz, 

1998). Additionally, activation in the left IFG has been associated with semantic control for 

resolving interference during the retrieval of multiplication facts (Heidekum, Grabner, De Smedt, 

De Visscher, & Vogel, 2019). All this points to the activation in the IFG being related to the 

cognitive effort to mediate competing responses triggered by the processing of the incorrect 

answer.  

Activation in the IFG is a relevant finding for the identification of general executive 

function mechanisms that aid identification and processing of incorrect solutions. This finding 

might appear less significant considering multiplication knowledge. Since multiplication facts 

are learned by rote memory, retrieving the solution after the presentation of a particular problem 

seems direct and straightforward. However, other types of arithmetic problems such as fractions 

do not have this direct relation between a problem and a solution and might be more susceptible 

to interference from competing answers or representations. For example, in learning that bigger 

numerators denote smaller numerical magnitudes in fractions, children need to learn to inhibit 
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the perception of denominators as whole numbers. But unlike multiplications problems where 

the link between a problem and a solution is practiced and mastered as a student repeatedly 

encounters that problem, the multiple representation of fractions might reduce the strength of the 

association between a given numerical magnitude and its symbolic representation. 

As highlighted by Menon and colleagues (2002) regions of the DLPFC might contribute 

to the observed scalp recorded N400 effect observed in arithmetic tasks by Niedeggen and Rosler 

(1999). The findings by Niedeggen and Rosler had a centro-frontal topography, however, it is 

difficult to specify the exact source of the dipole from ERP data. Nevertheless, the use of an 

arithmetic verification task in both Niedeggen et al. (1999) and the present study can allow for 

parallel interpretations. This link between the current findings and general mechanism of 

dissociation of arithmetic information such as the arithmetic N400 highlight a potential role of 

the IFG in long term math achievement outcomes such as the CMAT. Although the correlation 

between left IFG and improvement in CMAT scores 2 years later was significant, it is too weak 

to highlight a possible relation. Given how thoroughly the CMAT tests basic arithmetic ability, it 

still seems possible that a general mechanism that contributes to mediating interference would 

also contribute to overall math performance. One possible explanation is that IFG activity is 

more crucial during time-pressured problem-solving and that such area might not be as crucial 

under the lack of time constraints as during the CMAT. This is a hypothesis that could be tested 

by future analysis of the present dataset.  

CONCLUSION 

In summary, the present results indicate that executive function is involved in processing 

incorrect, as opposed to correct, multiplication solutions. This result suggest that processing 

incorrect multiplication solutions requires executive function for the resolution of interference 
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effects that verification of a correct solution does not. This finding is in accordance with 

behavioral studies that had found greater response times to process incorrect answers and with 

ERP studies that had shown more negative activity during semantic processing of incongruent 

responses. However, the present study localizes those previously observed processing costs as 

the mediation of interference in specific brain areas. The activation of the IFG during the 

processing of incorrect solutions links executive function during multiplication verification to 

mediation of interference from incorrect solutions. Although mediation of interference is a 

general mechanism which might contribute to overall arithmetic fluency, there was no strong 

correlation between activation in these areas and math fluency scores 2 years later. These 

findings help advance the understanding of mathematical development by highlight the role that 

the executive functions mediating interference play in the cognitive process of arithmetic 

verification.   
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OVERALL CONCLUSION 

The arithmetic verification paradigm has been used to study different topics in 

mathematical cognition for many years (Ashcraft, 1992; Ashcraft & Stazyk, 1981). Some of 

these topics include the organization of arithmetic facts (Galfano et al., 2009), arithmetic solution 

strategies (Jasinski & Coch, 2012c), split effects (Núñez-Peña & Suárez-Pellicioni, 2012), and 

magnitude discrimination processes (Jost, Hennighausen, & Rosler, 2004; Szucs & Csepe, 2005). 

This dissertation presented data from three studies with separate methodologies using an 

arithmetic verification paradigm. The three studies shared the structure of stimulus presentation: 

a stimulus was initially presented (the probe), followed by a second stimulus (the target), which 

was either a mathematical derivation of the first, or a distractor. Participants then had to decide 

by pressing a button, whether the probe and target were mathematically equivalent. The results 

from these studies show similarities in the neurocognitive processes underlying arithmetic 

verification and highlight a link between behavioral, electrophysiological, and neuroimaging 

findings. The results from study 1 shows that the same ERP components observed during the 

verification of arithmetic operations are present in the verification of fraction magnitudes. Study 

2 shows that there is a graded behavioral response to validate fraction magnitudes depending on 

familiarity with the equivalent fraction and that more familiar fractions (unit fractions) are better 

at priming fraction magnitude. Finally, study 3 revealed the neural correlates of arithmetic 

verification include executive function areas which aid the resolution of interference. Together 

these results present a consistent picture of arithmetic verification. 
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As highlighted in study 1 and study 2, the design of numerical cognition studies, 

especially the way that stimuli are presented, is key for interpreting results and theorizing general 

processes of numerical cognition. Since previous arithmetic verification studies had included 

mostly arithmetic operations (i.e., addition, subtraction, multiplication, and division) as well as 

non-symbolic magnitude verification using dot arrays and the natural numbers, the interpretation 

of the underlying cognitive mechanisms was argued to be a combination of calculation and 

recall. However, the picture becomes more complicated when fractions are introduced. Unlike 

the association of a multiplication problem with its solution, it is not possible to form an 

association between a fraction magnitude and all of the ways that particular magnitude can be 

represented in fraction form. Fraction representations are not only relative in that their numerical 

value is derived from the ratio of two other numbers, but they might also be more subject to 

interference; while 1/6 might be able to trigger the recall of the magnitude .166, 3/18 might be 

slower to do so. A new language for understanding graded recall and interference is needed. 

Therefore, a new framework for explaining the neurocognitive mechanisms of arithmetic 

verification is needed. Predictive processing is a framework that can ground the observed 

neurocognitive mechanisms of arithmetic verification, of both arithmetic operations and 

fractions, in the neurobiological functioning of the nervous system.  

PREDICTIVE PROCESSING 

The brain had been theorized as a somewhat passive system which builds representations 

over time through its accumulation of evidence from bottom-up stimulation. More recently, the 

emergence of the predictive processing framework has presented the alternative view of the brain 

as an active organ which predicts its sensory signals through top-down expectations and acts in 

the world to fulfill its predictions (Clark, 2013; Friston, 2005). 
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The predictive-processing framework (PPF) has been proposed as a general working 

principle of the human brain. Predictive processing describes the brain as an engine of 

prediction. Using Bayesian inference, the brain forms hierarchically organized statistical 

estimates of what is likely to cause its perceived sensations. The brain uses these representations 

to predict new sensory input and their sources. Mismatches between predictions and current 

sensory inputs update the hierarchy of predictions in order to minimize the prediction error of 

future sensation and perceptions (Wiese & Metzinger, 2017). Predictive coding is the structure 

for understanding redundancy reduction and efficient coding in the nervous system and it is said 

to be the most plausible neurobiological candidate of the implementation of predictive 

processing (Rao & Ballard, 1999). This framework posits that the nervous system reduces 

redundancy by only transmitting the unpredicted portion of incoming sensory signals (Huang & 

Rao, 2011).  

The PPF has been used to account for a vast range of cognitive and behavioral 

phenomena: from face and emotion processing in infant development (Köster, Kayhan, 

Langeloh, & Hoehl, 2020; Pereira, Barbosa, de Haan, & Ferreira-Santos, 2019), to perception in 

the visual cortex (Walsh, McGovern, Clark, & O’Connell, 2020), to autism spectrum disorder 

(Lawson, Rees, & Friston, 2014). In EEG research, PPF accounts for general mechanisms of 

event-related potentials such as repetition suppression, mismatch negativity (MMN), and the 

P300 (Friston, 2005). More specifically, PPF has been used to explain observed ERPs in auditory 

research (e.g., N1 attenuation in fulfilled predictions and mismatch negativity during violated 

predictions) (Bendixen, SanMiguel, & Schröger, 2012). In language processing, the N400 

component has also been linked to predictive processes (Cheimariou, Farmer, & Gordon, 2018; 

Federmeier, 2021). Despite its explanatory power, the PPF has not yet been applied to explain 
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observed phenomena in numerical cognition. As discussed below, the PPF is well suited to 

provide a model of arithmetic processing. It is particularly suited to provide a description of the 

cognitive mechanisms of arithmetic verification and to account for the results of the three studies 

discussed in this dissertation.  

It is important to note that the PPF is only being used to describe findings of the 

arithmetic verification paradigm and not of numerical processing in general. While it is possible 

that predictive processing might underlie broad aspects of numerical cognition, future work 

would have to validate such a claim. It is possible that other studies investigating arithmetic 

operations and fractions through different experimental paradigms might not appeal to the PPF 

language. The claim defended here is the PPF is a parsimonious explanatory framework linking 

the results derived from the arithmetic verification paradigm across the three different studies.  

The results of study 1 show the similarities in processing between fractions magnitude 

verification and the four arithmetic operations. These results point to a shared neurocognitive 

mechanism underlying this particular type of numerical processing. Multiplication operation can 

be learned by rote memorization in which a problem (e.g., 7 x 4) is paired with its specific 

solution (i.e., 28). In terms of PPF, every instance in which a multiplication problem is paired 

with its correct solution would reinforce their link. Through practice, perceiving the problem 

would prime the expectation of the solution. When this association is tested through the 

arithmetic verification paradigm while recording EEGs, it would lead to a P300 (i.e., target 

response) when the matching solution is presented or to the N270 (i.e., conflicting processing) 

when a mismatching stimulus doesn’t fulfill the expectation. Such an association is also built 

between one representation of the magnitude of a fraction (e.g., 1/2) with its equivalent values 

(i.e., 2/4) which would lead to P300 and N270 effects during the ERP verification paradigm. 
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However, this representation is weaker given the infinite way to represent fractions. Because of 

this, more practiced representation of fractions such as 1/2 would be better at priming a fraction 

magnitude than 2/4. These were the results observed in study 2.   

The behavioral results from study 2 highlight that there isn’t one exact response based on 

the numerical distance between two fractions, but that such responses can be faster if more 

familiar representations are used (those that generate stronger predictions) or slower if less 

familiar representations are used (those generating weaker predictions). These results point to the 

fact that fraction verification isn’t done through some exact estimate of numerical magnitude 

between the two stimuli, but instead the verification is derived approximately from the 

magnitudes primed by the stimuli. PPF would predict 1/6 is a better prime of the magnitude .166 

than 3/18. By being a weaker prime of a numerical magnitude, a symbolic representation like 

3/18 would be more subject to interference, errors, and lead to higher response times when 

validating it. It would also lead to smaller prediction error. When validating if 1/4 is the same 

magnitude as 1/6, the fact that 1/6 is a more canonical representation than 3/18 would lead to a 

bigger prediction of the magnitude .166. Processing 1/4 would then yield a prediction error. 

However, when validating 1/4 after 3/18, 3/18 would lead to a smaller prediction of the 

magnitude .166 and thus a smaller prediction error when contrasted with the mismatching value 

of 1/4. Once again, the numerical distance between 1/6 and 1/4 or 3/18 and 1/4 is the same, 

however, arithmetic verification using these two representations shows behavioral differences. 

PPF would predict that in an arithmetic verification using ERPs, compared to 1/6, 3/18 would 

lead to lower P300 amplitudes during matching validation and lower N270 amplitudes during 

mismatch validation. These predictions could be tested in further experiments using ERPs and an 

arithmetic verification paradigm using fractions. Overcoming such interference would then 
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require the development of additional cognitive resources, such as executive function, which can 

aid processing. Those weaker representations of fraction magnitudes would be more taxing on 

executive systems.  

The results from study 3 show that the verification of correct and incorrect 

multiplications correlate with activation in different brain areas. Incorrect addition operations 

lead to the recruitment of areas associated with executive function in children. This observation 

is in line with the PPF. During the validation of correct answers, the presentation of the probe 

(the single digit multiplication problem) primes the answer and when this prediction is validated, 

there is no prediction error. No additional cognitive processing is needed. However, during the 

validation of incorrect answers, when the prediction doesn’t match the target, there is a 

prediction error and additional cognitive processing is needed. This additional processing is 

similar to the conflict processing captured by the N270 reported by Jasinski and Coch (2012) 

during the processing of mismatching answers to multiplication problems. Of particular 

importance is the involvement of the left inferior frontal gyrus (IFG) in the processing of 

incorrect solutions. In language processing, the IFG has been implicated in the suppression of 

semantic distractors (Novick, Trueswell, & Thompson‐Schill, 2010). One fMRI study found that 

under conditions of high versus low predictive validity, the left IFG mediates the suppression of 

unfulfilled semantic predictions and lexico-semantic processing of inconsistent targets within 

predictions (Weber, Lau, Stillerman, & Kuperberg, 2016). It seems possible that the IFG is 

involved in the mediation of prediction error derived from unfulfilled predictions in semantic 

processing of words.  

Given that the mediation of prediction error is a general cognitive mechanism, it might 

also play a role in the processing of numbers. After the presentation of a prime (e.g., 7 x 4), the 
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presentation of an incorrect arithmetic target (e.g., 32) might activate associations to that answer 

(e.g., 8 x 4) which are irrelevant to the task and need to be inhibited. This is where executive 

function areas of the brain, particularly the IFG, would play a key role mediating this 

interference. The stronger a prime such as 7 x 4 generates a prediction for 28, the more of 

prediction error would be generated when 32 is presented. However, if 7 x 4 doesn’t generate a 

strong prediction for 28, then 32 might appear as a viable option. In the case of fractions, a prime 

like 1/2 might generate a stronger prediction of the magnitude .5 than 3/6. When a mismatching 

target like 1/3 is presented, not only has 3/6 generated a smaller expectation than 1/2 but the fact 

that the mismatching targets shares a component with the prime would lead to higher response 

times, and graded mismatching ERP such as the N270. This is what was observed in study 1. If 

this is a patter observed in adults proficient with fractions, a stronger effect would be predicted 

for children who are learning fractions. Furthermore, the development of inhibition would 

strongly support fraction learning. This is a trend also present in the literature.  

Together these conclusions illustrate the functional role that the PPF can play in 

describing the mechanisms underlying the observed results in the arithmetic verification studies. 

The present work links converging behavioral, electrophysiological, and neuroimaging findings 

in arithmetic verification and provides a model of the neurocognitive processes underlying 

arithmetic verification based on the predictive processing framework. By being rooted in 

plausible neurobiological coding in the nervous system, such a model of arithmetic verification 

offers to unify distinct findings across numerical cognition and provides a solid starting point 

from which to study new aspects of arithmetic processing. If validated by future empirical work, 

this model has the potential to inform educational practices. 
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