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Abstract: In this paper, we used an EEG system to monitor and analyze the cortical activity of
children and adults at a sensor level during cognitive tasks in the form of a Schulte table. This
complex cognitive task simultaneously involves several cognitive processes and systems: visual
search, working memory, and mental arithmetic. We revealed that adults found numbers on average
two times faster than children in the beginning. However, this difference diminished at the end
of table completion to 1.8 times. In children, the EEG analysis revealed high parietal alpha-band
power at the end of the task. This indicates the shift from procedural strategy to less demanding
fact-retrieval. In adults, the frontal beta-band power increased at the end of the task. It reflects
enhanced reliance on the top–down mechanisms, cognitive control, or attentional modulation rather
than a change in arithmetic strategy. Finally, the alpha-band power of adults exceeded one of the
children in the left hemisphere, providing potential evidence for the fact-retrieval strategy. Since the
completion of the Schulte table involves a whole set of elementary cognitive functions, the obtained
results were essential for developing passive brain–computer interfaces for monitoring and adjusting
a human state in the process of learning and solving cognitive tasks of various types.
Keywords: Schulte table; EEG sensors; age differences; sensor-level analysis; attentional modulation;
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1. Introduction

published maps and institutional affil-

The nervous system develops through several processes, some of which are complete
before birth, while others continue throughout childhood and adolescence into adulthood
(see Refs. [1–3] for the literature review). White and gray matter show complex patterns of
change over the human lifespan [4]. The volume and integrity of white matter gradually
increases from childhood to adulthood in many cortical regions [5]. In contrast, gray matter
volume increases from infancy through childhood, peaking during adolescence in the
frontal, parietal, and temporal areas [6]. Changes in cognitive functions accompany the
ongoing development in white and gray matter, including improvements in the intelligence
quotient [7], memory [8], attention [9], and executive functions [10].
Neuropsychological and behavioral performance in daily activities mostly relies on
the interaction between different cognitive functions rather than their particular aspects.
Goal-directed behavior requires sensory information processing and decision making to
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give a reasonable behavioral response [11]. On the one hand, our decisions depend on the
quality of sensory input. On the other hand, they are affected by top–down mechanisms,
including context-related expectations and prior knowledge. Thus, substantial evidence
or high capacity of the top–down component reduces cognitive demands at the decisionmaking stage and facilitates the decisions. The evidence accumulation process involves
different cognitive functions. For instance, selective attention allows focusing on decisionrelevant features and tuning out unimportant details [12]. Cognitive control also aims at
the prioritization of relevant over irrelevant information. Working memory maintains these
priorities, so that processing resources are allocated with higher priority to the relevant
information [13]. Thus, the active involvement of the particular cognitive functions at the
earlier stages decreases the cognitive load on the other components at the latter stages.
Mechanisms of interaction between the cognitive processes during mental tasks change
with age. Uncovering the ways in which they change will substantially complement and
advance our knowledge about brain development.
To address this issue, we subjected children and adults to the Schulte table (ST)
with the simultaneous recording of their brain electrical signals with EEG sensors and
response time. Performing this task relies on several cognitive processes, including visual
search, working memory, and mental arithmetic, so the ST is appropriate for the stated
goals. Monitoring cortical activity during cognitive task completion with an EEG system
allows obtaining objective information about the brain’s functioning and the occurring
cognitive processes with a reasonable spatial and good time resolution [14–16]. At the same
time, electroencephalography is an easy-to-use and safe non-invasive technology that is
especially important when working with children.
The applied motivation of the present study is the development of fundamental basics
of functioning of passive brain–computer interfaces (BCIs) for monitoring and adjusting a
human state in the process of learning and solving cognitive tasks [17]. In this context, it is
crucial to reveal age-related changes in cognitive processes and their interactions, allowing
to calibrate and optimize BCIs for the corresponding age group. Such studies, in particular,
are in demand for neuroeducation [18,19].
2. Materials and Methods
2.1. Participants
Twenty conditionally healthy volunteers (no diagnosed diseases of the nervous system,
no prescribed drugs), non-smokers, right-handed, with normal or corrected-to-normal
visual acuity, who were also amateur practitioners of physical exercise participated in the
experiment. The volunteers never participated in neurophysiological experiments before.
There were two groups of participants: 12 children (9 males, 3 females, aged 7–8) and
10 adults (7 males, 3 females, aged 18–20). For 48 h before the experiment, all subjects were
asked to maintain a healthy lifestyle with 8 h of sleep, a limited consumption of alcohol
and caffeine, and mild physical activity. The data of two children were excluded from
further consideration since one of them misunderstood the task, and the EEG records of
the second were too noisy.
The age groups were selected based on the following considerations. Since we pay
special attention to the development of BCIs for education, it was essential to select
the contrast age groups relevant to the performed task (ST). The first group consisted
of second-grade schoolchildren; the task was difficult for them because they were just
beginning to master arithmetic operations. On the contrary, the volunteers from the second
group, consisting of 1st–2nd-year students of IT specialty from Innopolis University, could
efficiently complete the ST since their arithmetic skills were predominantly at a high level.
The participants (and their parents—for children) received instructions about the
experiment, including a description of the experimental design, its goals, methods, and
potential inconveniences caused by participation. They were able to ask any related
questions and were given appropriate answers and clarifications. Each participant filled
and signed informed voluntary consent before their participation in the experiment—the
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adults signed informed consent blank by themselves, while for children, informed consent
blank was signed by the parents. All experimental procedures were performed according
to the requirements of the Declaration of Helsinki. The design and methodology of the
experiment were approved by the Ethics Committee of Innopolis University.
2.2. Experimental Task and Related Discussions
The cognitive task was in the form of a Schulte table—a simplified version of the
Zahlen–Verbindung-test (ZVT). Similar to ZVT, the ST is the matrix of randomly arranged
elements—the size of the matrix is 5 × 5 in this case, and elements are represented with
numbers from “1” to “25” (Figure 1A). The main difference between the ZVT and the
ST is that in the latter case, accomplishing implies finding the numbers in descending
order, i.e., 25, 24, . . . , 2, 1 as quickly as possible. We supposed that performing this
task relied on several cognitive processes, including visual search, working memory, and
mental arithmetic.
Visual search involves an active scan of the visual environment for a particular object,
target, and among other objects, distractors. Accomplishing ST consists of a series of visual
search tasks where each number has to be found among the other numbers. The memory
task involves the presentation of a material that participants must recall after a certain
amount of time or use to reply to an exercise presented to them. To find a number in ST,
participants scan the table and memorize the locations of numbers. After several rounds
of scanning, they collect more numbers in memory. Thus, in the course of the task, the
accomplishing rate becomes dependent on the working memory capacity: the higher the
capacity, the higher the processing performance. Mental arithmetic comprises arithmetical
calculations using only the brain resources, with no help from supplies, such as pencil
and paper, or devices. One of the most robust phenomena in mental arithmetic is the
problem size effect, which indicates that the response time increases as the magnitude of
the operands in an arithmetic problem increases [20]. For single-digit problems, 2 + 3 or
8 + 7, the larger the product of the operation results, then the higher RT is necessary to
produce a correct answer [21]. We suppose that subjects perform arithmetical calculations
before finding numbers in the ST. For instance, to find numbers 24 and 4, they calculate
“25 − 1” and “5 − 1”, respectively. Thus, at the beginning of the ST accomplishment, the
result of this operation is a two-digit number, whereas at the end of ST, it becomes one-digit.
There is plentiful evidence that these cognitive processes change with age. For instance,
the ability to organize a visual search rapidly develops until age twelve [22]. Visual search
performance relies on top–down and bottom–up components. The former characterizes
the effect of prior knowledge about the target on the rate of its detection. A match between
the sensory input and a target determines the detection rate. A bottom–up component
represents a match between the local features (e.g., color, orientation) of the target item and
sensory input [23]. The 6-to-7-year-old children have a smaller capacity for both top–down
and bottom–up components. As a result, they are unable to guide the search appropriately.
Moreover, they cannot monitor across the multiple features of a salient target and instead
focus on the single local feature [23]. It evidences a development from middle-to-late
childhood in both the top–down and bottom–up components of attentional systems used
in visual search.
The working memory performance also depends on age. First, the working memory
capacity increases during childhood development [24]. Second, to retain the information
in working memory, distracting stimuli must be ignored. This critical ability to ignore the
distractors also improves during childhood [25]. Working memory capacity is low at a
young age, and children are more susceptible to interfering stimuli. In contrast, adults are
more accurate during the working memory task and less distractible than children.
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Figure 1. (A) An example of the Schulte table. The arrows show the accomplishment process.
(B) Illustration of the experimental setup. The subject uses a stylus to accomplish the Schulte table on
the tablet us screen. (C) Experimental design includes accomplishing the five different Schulte tables.
(D) The schematical illustration of the response time taken to find the number “22” as the time spent
between pointing number “22” and pointing the preceding number “23”.

Regarding mental calculation, children perform longer operations than adults [26].
Moreover, the problem size affects children and adults in different ways. Usually, a response
to small problems is faster and more accurate than to larger ones due to the differences in
the strategy [27]. Small problems are solved using fact retrieval. Large problems engage
a time-consuming quantity-based procedural strategy, such as counting or decomposing
into smaller problems. Rivera et al. [28] reported that younger children recruited more
working memory and attentional resources during arithmetic to engage in procedural problem–solving strategies, even for the small addition and subtraction problems. Throughout
development, children develop an increasing reliance on fact retrieval and decreasing
reliance on procedural strategies [29]. Finally, the mental calculation requires a working
memory [30], and children’s mental arithmetic may be constrained by working memory
resources rather than their arithmetical competence [31].
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To dissociate the effects of different cognitive processes, we divided the ST accomplishment time into three conditions—each of which involved searching eight numbers.
We suggested that the arithmetical problem size was unchanged between the first and the
second conditions, but decreased in the third condition due to the reduced numerical size of
operands and answers. Then, we supposed that the working memory load enhanced in the
second condition in contrast to the first condition due to the growing number of items in the
memory set array. Finally, we assumed that the amount of distracting information remained
constant across conditions since every target was among the twenty-four distractors.
2.3. Experimental Procedure
The experimental procedures took place during the first half of the day in a well-lit
room. The subject was sitting in a comfortable chair while the Schulte tables were presented
on the tablet computer (Figure 1B). The ST had the 10 × 10 Sm dimensions, and the distance
between the table and the subject’s eyes varied in the range of 0.3–0.4 m. The subjects used a
stylus to point to the number, enabling us to record the time when each number was pointed.
The subjects were instructed not to connect the respective cells by drawing a line, but only
point out each found number with a stylus. All participants successively completed five
different tables (Figure 1C). During the experiment, a professional psychologist monitored
the whole process. The following table was presented 10 s after the previous table had
been finished. To characterize the behavioral performance, we introduced the response
j
times RTi taken to search for the i-th number in the j-th table. Here, j = 1 . . . 5 represented
1 reflected the time
the table i = 24 . . . 1 corresponded to the number in the table. Thus, RT22
spent between the pointing of number “23” and number “22” in the first table (Figure 1D).
j
We did not consider the RT25 since it included the subject’s preparation for the task and
exhibited large variation between the subjects.
2.4. EEG Recording and Processing
The EEG data were obtained using the electroencephalograph “actiCHamp” (Brain
Products, Germany) with the“ActiCap” active Ag/AgCl electrode sensors. Thirty-one EEG
channels were arranged on the scalp according to a “10–10” scheme. A ground electrode
was put at the forehead in the position of the “Fpz” EEG electrode—the reference electrode
situated on the right mastoid. Before electrode mounting, we applied abrasive gel to clean
the scalp skin and increase its conductivity. Then, we placed EEG electrodes with the
help of conductive gel. The impedances were monitored during the experiment, and their
values were <25 kΩ. EEG data were recorded with a sampling of 1000 Hz and filtered.
We used a band-pass filter with 0.016 Hz and 100 Hz cut-offs and a notch filter at 50 Hz.
EEG contamination caused by electrocardiogram (ECG) and electrooculogram (EOG) was
removed via the independent component analysis (ICA). We used the EEGLAB toolbox
for MATLAB to apply ICA for the recorded EEG data. Each EEG dataset of 31 channels
was decomposed into 31 independent components using the “runica” function. Then, we
found the component with the artifact by comparing initial EEG signals (segments with
artifacts) with each of the independent components. We removed the component with
artifacts by using the “Remove component” tool.
The EEG signals can also be affected by muscle artifacts. It is known that muscle
artifact contamination can obscure some important rhythms on EEG such as alpha or beta,
so advanced methods for recognizing and eliminating such artifacts were developed [32].
However, these methods commonly require additional biological signals to be recorded
along with EEG, such as electromyogram (EMG) or ECG. In the present study, we aimed to
obtain results that would help develop passive brain–computer interfaces, so we tried to
keep the experimental recording setup appropriate for such interfaces and as minimalistic
as possible. Additionally, muscle activity contamination is notoriously high during intense
physical activity such as sports exercises. In our experiment, the subject was sitting calmly
at the table in a primarily static pose, so we believe muscle artifacts should not be very pronounced. However, any trials with substantial muscle artifact contamination were rejected
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and completely removed from the dataset. Moreover, the conducted statistical analysis of
the obtained data significantly reduces the effect of artifacts on the revealed effects.
For the spectral analysis, we used the wavelet transform, which has proven itself
in the analysis of bioelectric signals and has an optimal ratio of temporal and frequency
resolution [33]. We calculated the wavelet power (WP) in the frequency band of 1–70 Hz
using the Morlet wavelet [33]. For wavelet analysis, we used the Fieldtrip toolbox [34]. To
compare the wavelet power between children and adults, we normalized the spectra on
the mean power in the 1–70 Hz frequency band.
2.5. Statistical Analysis
j

The RTi were non-normally distributed in both age groups (children and adults)
j

according to the Shapiro–Wilk test. To analyze the RTi between the different tables and
within the table we used the repeated measures ANOVA with the Greenhouse–Geisser
correction. The post hoc analysis was performed via the nonparametric Wilcoxon signedrank test.
j
To compare the RTi between the age groups and between (or within) the tables,
we used the mixed-design ANOVA. The post hoc analysis was performed using the
nonparametric Mann–Whitney U test. To address the multiple comparison problem when
j
comparing RTi across numbers i = 24 . . . 1, tables j = 1 . . . 5, and three conditions, we used
the cluster-based correction with the randomization technique [35].
The values of RT averaged within the conditions were normally distributed across the
children and adults. We used the mixed-design ANOVA to analyze their change across
the conditions and between the age groups. The post hoc analysis was performed via an
independent-samples t-test. The equality of variances was tested via Levene’s test. The
mean values of the wavelet power in the different frequency bands were also normally
distributed across the subjects. Therefore, we used ANOVA to evaluate their change across
the conditions.
The topograms of WP were considered in the time-frequency-spatial domain and
compared for different experimental conditions with the help of a cluster-based permutation test to overcome the multiple comparisons problem [35]. In the pairwise comparison,
critical a α-level was set to 0.05, while in the cluster-level statistics, it was set to 0.025, which
corresponded to a 0.05 false alarm rate in a two-sided test. Finally, the minimal number
of the elements in the cluster was set to 2, and the number of permutations was equal to
2000 [35,36]. This number of permutations was sufficient since it was empirically found
that their increase does not change the results obtained for the considered problem. For
topogram comparison, we again used the FieldTrip toolbox [34].
Section 3 provides a description of the tests that we used and their parameters.
3. Results
3.1. Response Time
j

First, we performed a within-subject analysis of the response times, RTi , that the
subjects took to find the i-th number in the j-th Schulte table. We used a repeated measures
ANOVA with the number i = 24 . . . 1 and the table, j = 1 . . . 5 as two within-subject factors.
Children demonstrated a significant effect of the number: F (5.2, 46.8) = 4.38, p = 0.002
and an insignificant effect of the table: F (2.3, 21.1) = 1.5, p = 0.245. The interaction
effect, number × table, was insignificant: F (4.8, 43.1) = 4.38, p = 0.301. Adults demonstrated a significant effect of the number: F (5.7, 51.6) = 9.07, p < 0.001 and the table:
F (4, 36) = 5.38, p = 0.002. Similarly with the children, the interaction effect, number × table, was insignificant: F (6, 54) = 1.51, p = 0.191. Due to the insignificant interaction effect
in both groups, we concluded that each table was performed in a similar way. Therefore,
j
we further considered RTi as the averaged RTi across all tables for children and adults.
Then, we compared the response times, RT j (Figure 2A), taken to accomplish the j-th
Schulte table between the age groups, children vs. adults, via the mixed-design ANOVA
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with the table j = 1 . . . 5 as the within-subject factor. We found a significant effect of age:
F (1, 18) = 29.03, p < 0.001 evidenced that the adults took less time (M = 37.7 s, SD = 12.8)
to accomplish the table than the children (M = 72.3 s, SD = 20.1). We also observed the
insignificant effect of the table: F (2.6, 47) = 1.62, p = 0.201 and an insignificant interaction
effect, as the age group × RT: F (2.61, 47.03) = 1.41, p = 0.252. The obtained results
manifested that the adults performed all tables faster than children.
RT of children and adults for all tables
adults
children
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120
response time, RTj [s]

RT of children and adults for different numbers
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conditions

1

2
3
conditions

Figure 2. (A) The response times RT j of the j-th table accomplishment for the children and adults.
Data are shown as the mean ± SD and the individual values (∗ p < 0.05 via a mixed-design ANOVA
with the GreenHouse–Geisser correction). (B) the response time, RTi taken to find the i-th number in
the Schulte table. Data are shown as mean ± SE for children and adults. Accomplishment time is
divided into three intervals marked as condition1, condition2 and condition3. Each condition includes
searching for eight numbers. (C) The mean RT in three conditions for the children and adults
(∗ p < 0.05 via a mixed-design ANOVA).

Finally, we compared the response times, RTi (Figure 2B), taken to find the i-th number
in the Schulte table between the age groups via the mixed-design ANOVA with the number,
i = 24 . . . 1, as the within-subject factor. We observed a significant effect of the age:
F (1, 18) = 25.83, p < 0.001 and the number: F (23, 41) = 8.0, p < 0.001. We also found
a significant interaction effect, age group × RT: F (23, 41) = 1.705, p = 0.023. Thus, we
reported the different ways of accomplishing the table for children and adults.
The mean RT in three conditions were compared between the age groups via a mixeddesign ANOVA (Figure 2C). We found a significant effect of the condition: F (2, 36) = 39.98,
p < 0.0001 and a significant interaction effect, condition × age group: F (2, 36) = 8.2,
p = 0.001. The post hoc analysis with a paired-samples t-test revealed that children’s RT
in condition1 (M = 3.2 s, SD = 0.96) and condition2 (M = 3.6 s, SD = 1.06) did not differ:
t(9) = 2.25, p = 0.05, but their RT in the condition3 (M = 2.21 s, SD = 0.69) was lower than
in condition2: t(9) = −5.5, p < 0.0001. Adults’ RT in the condition1 (M = 1.68 s, SD = 0.36)
and condition2 (M = 1.77 s, SD = 0.45) did not differ: t(9) = 1.07, p = 0.312; however,
similarly to children, their RT in the condition3 (M = 1.26 s, SD = 0.27) was lower than
in condition2: t(9) = −7.2, p < 0.0001. Finally, the children’s RT exceeded the adults’ RT
under all conditions (p < 0.002).
We analyzed how the RT changed within the conditions by contrasting it at the
beginning and the end of each condition. In the condition1 (Figure 3A), the effect of the
time-moment (begin vs. end) was insignificant: F (1, 18) = 0.041, p = 0.843. The interaction
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effect, time-moment × age group was also insignificant: F (1, 18) = 0.015, p = 0.904. For
the condition2 (Figure 3B), the effect of the time moment was insignificant: F (1, 18) = 1.280,
p = 0.273, as well as the interaction effect: F (1, 18) = 0.283, p = 0.601. For condition3
(Figure 3C), we found a significant effect of the time moment: F (1, 18) = 18.0, p < 0.001,
and a significant interaction effect: F (1, 18) = 18.0, p = 0.008. The post hoc analysis with
the paired samples t-test revealed that children decreased their RT from 3.89 s (SD = 2.19) to
1.02 s (SD = 0.33): t(9) = 4.01, p = 0.003. The adults’ RT decreased from 1.47 s (SD = 0.29)
to 0.76 s (SD = 0.16): t(9) = 7.49, p < 0.001. The analysis of the pairwise differences
showed that all subjects followed the group tendency in both age groups. Finally, the
Mann–Whitney U-test revealed that children demonstrated greater RT change (M = 2.86 s,
SD = 2.25) than the adults (M = 0.7 s, SD = 0.29): Z = 2.79, p = 0.004 (Figure 3C).
3.2. Brain Activity
First, we compared the wavelet power (WP) of children and adults between the
three conditions. For both the children and adults, no differences were found between
condition1 and condition2. On the contrary, when contrasting children’s WP in condition3
and condition2, we found a significant positive cluster with p = 0.037 in the frequency band
of 11.25–13.5 Hz. For this frequency band, we averaged the WP and contrasted it between
the conditions. As a result, we observed a significant cluster with p = 0.006, including
EEG sensors in the parietal (P3, P4, Pz) and parieto-central (CP5, CP1, CP2, CP6) regions.
The analysis of the pairwise differences revealed that the WP in this cluster was higher
under condition 3 in all children (Figure 4A). Regarding the adults, a significant positive
cluster with p = 0.037 was observed in the frequency band of 31.75–32.75 Hz. Testing the
averaged WP in this band, we observed a significant cluster ( p = 0.003), including EEG
sensors in the frontal (F3, F4, Fz), central (C3, C4, Cz) and fronto-central (FC5, FC1, FC2,
FC6) areas. An analysis of the pairwise differences revealed that the WP in this cluster was
higher under condition3 in 10/12 adults (Figure 4B). These results evidenced that neither
children nor adults exhibited changes in the WP between condition1 and condition2. Thus,
for the further analysis, we averaged WP across these conditions.
The WP of adults was contrasted to that of children under conditions1,2 and condition3.
The children demonstrated a higher WP across all frequencies and conditions due to the
higher amplitude of EEG signals. Thus, we compared the normalized wavelet power
(NWP) in children and adults (see methods). Under conditions1,2, we found two positive
clusters with p = 0.007 and p = 0.0182 in the frequency ranges of 8.5–20.75 Hz and
56.25–70 Hz. Based on the obtained results, we defined the frequency bands of interest as
α: 8.25–12 Hz, β 1 : 12–21.5 Hz, and γ: 56.25–70 Hz. The mean NWP in these bands was
compared between the adults and children. In the α-band, a significant cluster (p = 0.0002)
included occipital (O1,O2, Oz), left-lateralized parietal (P7, P3, P4, Pz), sensorimotor (CP5,
CP1, CP2, C3, Cz, FC5, FC1, FC2), as well as left temporal (TP9, T7, FT9), and frontal
midline (Fz) EEG sensors. The NWP of this α-cluster in adults (M = 1.48, SD = 0.2) was
higher than in children (M = 0.96, SD = 0.25) (Figure 5A). In the β-band, a significant
cluster (p = 0.0019) included the left-lateralized parietal (P7, P3, Pz) and parieto-central
(CP5, CP1, Cp2) sensors, as well as the bilateral central (C3, C4, Cz) and fronto-central (FC1,
FC2) sensors, left temporal (TP9) and right-lateralized frontal (F4, Fz) sensors. The NWP
of this β-cluster in adults (M = 0.97, SD = 0.18) was higher than in children (M = 0.64,
SD = 0.23) (Figure 5B). In the γ-band, a significant cluster (p = 0.006) included EEG
sensors in the right-lateralized sensorimotor (P4, CP6, C4, FC6) and frontal (F4) areas.
The NWP of this γ-cluster in adults (M = 0.49, SD = 0.14) was higher than in children
(M = 0.27, SD = 0.14) (Figure 5C). Under condition3, we only found one positive cluster
with p = 0.0302 the frequency range of 9.25–12.25 Hz. Testing the averaged NWP in this
band, we observed a significant cluster (p = 0.0002) including the left-lateralized parietal
(P7, P3, Pz), sensorimotor (CP5, CP1, CP2, C3, Cz, FC5, FC1), the frontal (F7, Fz), and the
left temporal (TP9, T7, FT9) EEG sensors. The NWP of this α-cluster in adults (M = 1.32,
SD = 0.18) was higher than in children (M = 0.92, SD = 0.26) (Figure 5D).
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Figure 3. The RT of children and adults under condition1 (A), condition2 (B), and condition3 (C). The
left column reflects the RT taken to find each number within the condition. The individual scores
of children and adults are shown with their mean values (colored circles). Linear approximation
illustrates the way that the mean RT changes within the condition. The middle column shows the
individual RTs of children and adults taken to find the first and the last number within the condition.
The right column demonstrates the difference between the RT taken to find the last and the first
number. Data are shown as the mean ± SD and the individual values for the children and adults
(∗ p > 0.05 via the Mann–Whitney U-test).
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determine the positions of the clusters in the frequency domain.
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Figure 5. (A–D) Significant clusters reflect the difference between the adults’ NWP and children’s
NWP in the α-, β-, and γ-bands for conditions1,2, and in the α-band for condition3. Topograms
illustrate t-values. The NWP in these clusters is also shown as the mean ± SD and individual scores
for children and adults.

4. Discussion
4.1. Behavioral Results
We demonstrated that adults accomplished ST faster than children. Children and
adults took, respectively, 3.5 s and 1.75 s to find numbers 24–17 as well as numbers 16–9. In
contrast, finding the remaining numbers, 8–1, took less time for both children (2.2 s) and
adults (1.2 s). Finally, we reported that children rapidly enhanced their search speed at the
end of the task. For the last eight numbers, the search time decreased by 70% for children
and 40% for adults. As we hypothesized in the Introduction, ST completion relies on
memory, arithmetic, and visual search abilities. The reaction time analysis reveals that the
memory component may not change through the task. If the subjects gradually memorized
the locations of numbers when scanning the table, they would increase their search speed
for numbers 16–9 compared to the numbers 24–17. In contrast, we reported a similar
search speed for 16–9 and 24–17. Additionally, a famous work by Horowitz and Wolfe [37]
reported that search efficiency is not impaired even if the scene is continually shuffled
while the observer is trying to search through it. Switching from two-digit to one-digit
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numbers might also affect visual search performance. While the number of distractors was
constant throughout the task, the low-level features of the target changed. The single-digit
numbers differed from the two-digit ones in terms of physical size and structure. Thus,
they better captured the bottom–up attention, decreasing the search time for children and
adults. When the numbers became one-digit, the children reduced the search time by
70%, which was significantly higher than in adults. We hypothesized that the arithmetical
problem size was the main factor limiting the completion speed of children.
4.2. Results of EEG Analysis and Brain Activity
In both children and adults, EEG power remained similar for numbers 24–17 and 16–9.
For numbers 8–1, the adults demonstrated higher frontal β-band power, and the children
showed higher parietal α-band power. Adults exhibited higher α-band power than children
in the left hemisphere, with the maximal difference achieved at the left temporal electrodes
through the task. We supposed that the observed behavioral and electrophysiological signs
together reflected the arithmetical strategy changes under the decreasing problem size. At
the beginning of the task, the subjects performed a subtraction from a two-digit number
resulting in a two-digit answer. In contrast, at the end of the task, the operands and the
results became single-digit. Using various strategies in problems of various sizes can be
seen as a major contributing factor to the problem size effect [38,39]. For small problem
solutions, fact retrieval is usually enough. However, for large problems, procedural
strategies are more appropriate. According to the review [40], different arithmetic strategies
are associated with different electrophysiological signatures. The works [41,42] showed
that retrieval strategies are tied to the more extensive synchronization of the θ-rhythm
(4–8 Hz) in the left hemisphere. Moreover, the procedural strategies were associated with
desynchronizing the lower α-rhythm (8–10 Hz) in the parieto-occipital area.
The recent work [43] suggests that the cortical network responsible for arithmetic
processing involves the frontal and parietal regions. Frontal gyri are tied to cognitive
activity, used in mental calculation, such as working memory and planning. There are
three significant parietal regions: the intraparietal sulcus (IPS), which is associated with
magnitude processing of numerals; the superior parietal lobule (SPL), which supports
attention processes in the general domain; and the left angular gyrus (AG), which is tied to
verbal processing in the general domain and long-term memory information retrieval.
Thus, high parietal α-band power at the end of the task may reflect the increased reliance of children on the fact-retrieval strategy when the problem size is small. Event-related
desynchronization (ERD) in the α-band tends to generally increase with task difficulty.
Given the strong correlation between the α-band ERD and task difficulty, we assume the
α-band ERD would be more pronounced for procedural problems than retrieval problems.
In their work [44], De Shedt et al. reported that procedural problems were tied to more
pronounced alpha ERD across all cortex, with the most noticeable difference observed
bilaterally in parietooccipital regions. The authors concluded that the present α-band
ERD result suggests that procedural problems are more demanding than simple retrieval
problems and thus require higher cortical activation. They also mentioned that earlier
fMRI studies showed more pronounced bilateral parietal activation in complex (vs. simple)
arithmetic problems as well as in procedural (vs. retrieval) problems (see Ref. [44]). In contrast, high frontal β-band power in adults might reflect enhanced reliance on the top–down
mechanisms, e.g., cognitive control [45] or attentional modulation [46] rather than a change
of arithmetical strategy.
Finally, the adults demonstrated high EEG power over the left hemisphere through the
task. According to Ref. [41], it is an EEG-biomarker of the retrieval strategy. The maximal
difference between the adults and children was observed at the left parieto-temporal
electrodes, possibly reflecting the left AG, a core area of the fact-retrieval strategy.
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4.3. Educational Aspects
Thus, we suggested that the arithmetical problem size affected children more than
adults. On the one hand, this effect may be a result of internal mechanisms of brain
development. On the other hand, educational aspects may influence the arithmetic skills of
children. The child’s thinking undergoes vital changes during the primary school age: from
the visual-effective to the visual-figurative and further to the verbal-logical form. Studying
mathematics contributes to the development of thinking by forming abilities of abstract
representation of the surrounding world. When studying mathematics, children meet the
concept of numbers and learn to solve arithmetic problems [47]. This part, traditionally
called arithmetic, forms the basis for studying mathematics in primary school.
Halberda et al. [48] emphasized the importance of the sense of the number for the
formation and development of mathematical thinking that may become a critical background to grow formal mathematical abilities. Moreover, the association between success
in processing numbers and broader mathematical competence may also be moderated by
participant age [49]. The main goal of studying arithmetic in primary school is developing
computational skills and abilities in children usually brought to automatism. These skills
and abilities develop when mastering specific computing techniques that allow a child
to consistently perform a system of operations leading to a calculated result. Having
computational skills means knowing operations and their order that guaranty the correct
and quick solution of arithmetical problem [50].
When accomplishing the Schulte table task, adults operate with two-digit numbers
using fact-retrieval. This is an appropriate brought to automatism technique to effectively
solve this problem. We hypothesized that the children participating in the experiment
do not fully master the appropriate skill to operate with numbers greater than 10. In
other words, they used a demanding procedural strategy instead of fact-retrieval. We
assume two reasons for this effect. First, children of primary school age barely have enough
experience with two-digit numbers, and the corresponding skills have not yet been brought
to automatism. Moreover, the Schulte table task is unusual for them. As a result, children
utilize high mental efforts for its successful solution. The second possible explanation
lies in the differences between teaching two-digit numbers to modern schoolchildren and
representatives of the older generation. The adult participants learned arithmetic using
the abstract concept of numbers and the corresponding arithmetic operations with them.
In contrast, modern educational techniques in primary school used the visual perception
of information. Facing two-digit numbers, pupils in Russia are usually offered pictures
with objects located ten in each row. Moving to the perception of a two-digit number as a
number with digits, pupils begin to operate with ten as a counting unit using the specially
designed illustrations. It is believed that this model is visual and easy to understand.
However, such clarity can likely slow down the perception of two-digit numbers at the
level of abstraction. Consideration of these issues requires further research and analysis
with younger schoolchildren.
The main limitation of this study is that we are considering two age groups (albeit
representative ones). This limits our findings on age-related changes in cognitive processes
to the age range from 7 to 20 years old. Nevertheless, we believe that this period of human
life is the most important for improving many cognitive skills. Considering a more diverse
set of age groups is significant research that we plan to conduct in the future.
5. Conclusions
On the behavioral level, we observed that adults performed the Schulte table faster
than children. For both children and adults, the mean RT in the second condition was equal
to one in the first condition. Finally, both children and adults reduced their RT within the
third condition, but this effect was more significant in children.
On the neural level, we revealed in children the shift from a procedural strategy
to a less demanding fact-retrieval in the third condition when operating with one-digit
numbers. This conclusion is supported by higher parietal α-band power in the third
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condition discovered in a within-subject analysis of the EEG spectral power of children.
Adults predominantly relied on the top–down mechanisms, cognitive control, or attentional
modulation rather than a change in arithmetic strategy in Schulte table performance. This
is supported by higher frontal β-band power in the third condition in adults.
Finally, based on the results of a between-subject analysis, we concluded that adults
mostly use the fact-retrieval strategy during the whole experiment. The higher leftlateralized α-band power in adults compared to children during all conditions confirms it.
We suppose that children experienced difficulties at the beginning when operating with
two-digit numbers. For the one-digit numbers, their performance increased and reached
adults’ scores.
The obtained fundamental results are essential for advancing our knowledge about
brain development, including age-related changes in cognitive processes during mental
tasks. Since the completion of the Schulte table involves a whole set of elementary cognitive functions, the revealed effects are essential for developing passive brain–computer
interfaces [17,51] for monitoring and adjusting a human state in the process of learning
and solving cognitive tasks of various types during educational process. In particular, the
identified patterns of neural activity (biomarkers) associated with different strategies for
solving tasks are important for developing algorithms that underlie the functioning of
BCIs, which adapt to different age groups.
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The following abbreviations are used in this manuscript:
EEG
ANOVA
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Event-related desynchronization
Functional magnetic resonance imaging
Intraparietal sulcus
Superior parietal lobule
Angular gyrus

References
1.
2.
3.
4.

5.

6.

7.
8.
9.
10.
11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

Lenroot, R.K.; Giedd, J.N. Brain development in children and adolescents: Insights from anatomical magnetic resonance imaging.
Neurosci. Biobehav. Rev. 2006, 30, 718–729. [CrossRef]
Blakemore, S.J. Imaging brain development: The adolescent brain. Neuroimage 2012, 61, 397–406. [CrossRef] [PubMed]
Fuhrmann, D.; Knoll, L.J.; Blakemore, S.J. Adolescence as a sensitive period of brain development. Trends Cogn. Sci. 2015,
19, 558–566. [CrossRef]
Tamnes, C.K.; Østby, Y.; Fjell, A.M.; Westlye, L.T.; Due-Tønnessen, P.; Walhovd, K.B. Brain maturation in adolescence and young
adulthood: Regional age-related changes in cortical thickness and white matter volume and microstructure. Cereb. Cortex 2010,
20, 534–548. [CrossRef] [PubMed]
Tamnes, C.K.; Walhovd, K.B.; Dale, A.M.; Østby, Y.; Grydeland, H.; Richardson, G.; Westlye, L.T.; Roddey, J.C.; Hagler, D.J., Jr.;
Due-Tønnessen, P.; et al. Brain development and aging: Overlapping and unique patterns of change. Neuroimage 2013, 68, 63–74.
[CrossRef] [PubMed]
Pfefferbaum, A.; Rohlfing, T.; Rosenbloom, M.J.; Chu, W.; Colrain, I.M.; Sullivan, E.V. Variation in longitudinal trajectories
of regional brain volumes of healthy men and women (ages 10 to 85 years) measured with atlas-based parcellation of MRI.
Neuroimage 2013, 65, 176–193. [CrossRef] [PubMed]
Schmithorst, V.J.; Wilke, M.; Dardzinski, B.J.; Holland, S.K. Cognitive functions correlate with white matter architecture in a
normal pediatric population: A diffusion tensor MRI study. Hum. Brain Mapp. 2005, 26, 139–147. [CrossRef] [PubMed]
Tamnes, C.K.; Walhovd, K.B.; Grydeland, H.; Holland, D.; Østby, Y.; Dale, A.M.; Fjell, A.M. Longitudinal working memory
development is related to structural maturation of frontal and parietal cortices. J. Cogn. Neurosci. 2013, 25, 1611–1623. [CrossRef]
Mulder, H.; Pitchford, N.J.; Hagger, M.S.; Marlow, N. Development of executive function and attention in preterm children:
A systematic review. Dev. Neuropsychol. 2009, 34, 393–421. [CrossRef]
Squeglia, L.M.; Jacobus, J.; Sorg, S.F.; Jernigan, T.L.; Tapert, S.F. Early adolescent cortical thinning is related to better neuropsychological performance. J. Int. Neuropsychol. Soc. 2013, 19, 962–970. [CrossRef]
Maksimenko, V.A.; Frolov, N.S.; Hramov, A.E.; Runnova, A.E.; Grubov, V.V.; Kurths, J.; Pisarchik, A.N. Neural Interactions in a
Spatially-Distributed Cortical Network during Perceptual Decision-Making. Front. Behav. Neurosci. 2019, 13, 220. [CrossRef]
[PubMed]
Knudsen, E.I. Neural circuits that mediate selective attention: A comparative perspective. Trends Neurosci. 2018, 41, 789–805.
[CrossRef] [PubMed]
Konstantinou, N.; Beal, E.; King, J.R.; Lavie, N. Working memory load and distraction: Dissociable effects of visual maintenance
and cognitive control. Atten. Percept. Psychophys. 2014, 76, 1985–1997. [CrossRef] [PubMed]
Michel, C.M.; Murray, M.M. Towards the utilization of EEG as a brain imaging tool. Neuroimage 2012, 61, 371–385. [CrossRef]
[PubMed]
Xu, J.; Zhong, B. Review on portable EEG technology in educational research. Comput. Hum. Behav. 2018, 81, 340–349. [CrossRef]
Kannathal, N.; Acharya, U.R.; Lim, C.M.; Sadasivan, P. Characterization of EEG—A comparative study. Comput. Methods
Programs Biomed. 2005, 80, 17–23. [CrossRef]
Hramov, A.E.; Maksimenko, V.A.; Pisarchik, A.N. Physical principles of brain–computer interfaces and their applications for
rehabilitation, robotics and control of human brain states. Phys. Rep. 2021, 918, 1–133. [CrossRef]
Jamil, N.; Belkacem, A.N.; Ouhbi, S.; Lakas, A. Noninvasive Electroencephalography Equipment for Assistive, Adaptive, and
Rehabilitative Brain–Computer Interfaces: A Systematic Literature Review. Sensors 2021, 21, 4754. [CrossRef]
Park, S.; Han, C.H.; Im, C.H. Design of wearable EEG devices specialized for passive brain–computer interface applications.
Sensors 2020, 20, 4572. [CrossRef]
Ashcraft, M.H.; Guillaume, M.M. Mathematical cognition and the problem size effect. Psychol. Learn. Motiv. 2009, 51, 121–151.
Pauli, P.; Lutzenberger, W.; Rau, H.; Birbaumer, N.; Rickard, T.C.; Yaroush, R.A.; Bourne, L.E., Jr. Brain potentials during mental
arithmetic: Effects of extensive practice and problem difficulty. Cogn. Brain Res. 1994, 2, 21–29. [CrossRef]
Woods, A.J.; Göksun, T.; Chatterjee, A.; Zelonis, S.; Mehta, A.; Smith, S.E. The development of organized visual search.
Acta Psychol. 2013, 143, 191–199. [CrossRef] [PubMed]
Donnelly, N.; Cave, K.; Greenway, R.; Hadwin, J.A.; Stevenson, J.; Sonuga-Barke, E. Visual search in children and adults:
Top-down and bottom-up mechanisms. Q. J. Exp. Psychol. 2007, 60, 120–136. [CrossRef] [PubMed]
Luna, B.; Garver, K.E.; Urban, T.A.; Lazar, N.A.; Sweeney, J.A. Maturation of cognitive processes from late childhood to adulthood.
Child Dev. 2004, 75, 1357–1372. [CrossRef] [PubMed]

Sensors 2021, 21, 6021

25.
26.

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.

15 of 15

Olesen, P.J.; Macoveanu, J.; Tegnér, J.; Klingberg, T. Brain activity related to working memory and distraction in children and
adults. Cereb. Cortex 2007, 17, 1047–1054. [CrossRef] [PubMed]
Kawashima, R.; Taira, M.; Okita, K.; Inoue, K.; Tajima, N.; Yoshida, H.; Sasaki, T.; Sugiura, M.; Watanabe, J.; Fukuda, H. A
functional MRI study of simple arithmetic—A comparison between children and adults. Cogn. Brain Res. 2004, 18, 227–233.
[CrossRef]
Campbell, J.I. What Everyone Finds: The Problem-Size Effect. In The Handbook of Mathematical Cognition; Psychology Press:
New York, NY, USA, 2005; pp. 349–364.
Rivera, S.M.; Reiss, A.; Eckert, M.A.; Menon, V. Developmental changes in mental arithmetic: Evidence for increased functional
specialization in the left inferior parietal cortex. Cereb. Cortex 2005, 15, 1779–1790. [CrossRef]
De Smedt, B.; Holloway, I.D.; Ansari, D. Effects of problem size and arithmetic operation on brain activation during calculation in
children with varying levels of arithmetical fluency. Neuroimage 2011, 57, 771–781. [CrossRef] [PubMed]
DeStefano, D.; LeFevre, J.A. The role of working memory in mental arithmetic. Eur. J. Cogn. Psychol. 2004, 16, 353–386. [CrossRef]
Adams, J.W.; Hitch, G.J. Working memory and children’s mental addition. J. Exp. Child Psychol. 1997, 67, 21–38. [CrossRef]
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