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Abstract

Introduction. Digital technologies have become an essential aspect of modern life, necessitating research
into their effects on children’s learning processes. Additionally, it is crucial to investigate other factors that
impact the successful completion of educational tasks. Brain functional connectivity has been shown
to correlate with intellectual abilities and the quality of cognitive task performance. Furthermore, changes
in connectivity patterns are associated with learning processes within the brain. Despite this, there is a paucity
of research examining functional connectivity metrics in the context of children’s learning. Inhibitory control
is another critical parameter that significantly influences learning outcomes. Therefore, this study investigates
whether the performance of an educational task utilizing web search is associated with various functional
connectivity metrics and inhibitory control.

Materials and Methods. Fifty children participated in the study. EEG was recorded at rest with eyes closed
to determine the metrics of functional connectivity in the EEG sensor space. The following connectivity
metrics were used for further analysis: global efficiency, modularity, and assortativity. The ReBOS method
(E. G. Vergunov) was used to study inhibitory control. Statistical processing was performed using the Python
programming language, and the data were analyzed using binary logistic regression and the non-parametric
Mann-Whitney U test.

Results. The variable of web information search related to an educational task is influenced by the number
of web links used by the participants, the average reaction time during the inhibitory control task, and the
modularity metric of functional connectivity in the EEG sensor space. The greater the number of web links
a child uses when searching for educational information, the shorter their reaction time during the inhibitory
control task, and the higher their modularity index, the more likely they are to successfully find an answer
to the educational task.

Conclusion. The success of educational web search depends on the level of inhibitory control and the
characteristics of EEG functional connectivity.

Keywords: digital technologies, functional connectivity, inhibitory control, EEG, children’s learning, web
search, cognitive tasks
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AnHomayus

Bsedenue. LInpoBble TEXHOAOT MM CTAAU Ba)KHBIM aCIIEKTOM COBPEMEHHOI )XUBHH, YTO TPEOYET MCCAEAOBAHNS
VX BAMSIHUS Ha TIpoliecchl oOyueHus aAeteit. Kpome Toro, KpaitHe Ba)KHO MICCAEAOBATb Apyrue (akTopsl,
BAMSIOIYE Ha YCIIEllIHOe BbIMTOAHEHJE 00pa3oBaTeAbHBIX 3aAad. DbIAO MOKa3aHO, YTO QYHKIMOHAAbHBIE
CBSI3/ MO3TI'a KOPPEAUPYIOT C MHTEAAEKTYAAbHBIMU CIIOCOOHOCTSIMM Y KQ4€CTBOM BBIITOAHEHVISI KOTHUTUBHBIX
3apad. BoAee TOro, M3MeHEHUSI B MOAEASIX TIOAKAIOYEHNsI CBSI3aHbI C MIPOLieccamMy 00y4eHNsI B MO3Te.
Hecmorpst Ha 9T0, CCAEAOBAHNIL, U3YYAIOIIMX [TOKA3aTeAN PYHKLIMOHAABHOIL CBSI3M B KOHTEKCTE 00yYeHVsI
AeTell, HeAOCTaTOUYHO. TOPMO3HOI KOHTPOADb — ellle OAVH Ba)KHBIN ITapaMeTp, KOTOPbIN CYIIeCTBEHHO
BAMSIET Ha Pe3yAbTaThl 00yyeHys1. Takum 06pa3oM, 5TO UCCAEAOBaHVE HAITPABAEHO Ha TO, YTOOBI BBISICHUTD,
CBSI3aHO AM BBIITOAHEHMe 00pa3oBaTeAbHOI 3aAa4M C MICTIOAb30BaHMEM BeO-TI0MCKa C PA3BAMYHBIMU METPUKAMU
(YHKLMOHAABHOV KOHHEKTUBHOCTU Y TOPMO3HBIM KOHTPOAEM.

Mamepuarve u memoovi. B uccaepoBanuy npunsaso yyactue 50 aereil. AAsL OnpeaeAeHUs METPUK
(bYHKLMOHAABHOI KOHHEKTUBHOCTY B IPOCTPAHCTBE 3AeKTposHLedasorpaduu (93I') 6p1aa 3anmcana DT
B ITOKOE C 3aKPBITBIMU IAa3aMu. AAsI AAABHENIIEro aHaAM3a ObIAM MCIIOAB30BAHbI CAEAYIOLIVE METPUKY
KOHHEKTMBHOCTHU: TA0OaAbHas 3 HEKTUBHOCTD, MOAYASIPHOCTD 1 aCCOPTATUBHOCTD. AASI ICCAEAOBAHMUS
TOPMO3HOT'0 KOHTPOASI OblAa McTToAb3oBaHa MeToaMka ReBOS (E. I. BepryHos). Crarucruyeckast o6paborka
IIPOBOAMAACD C ICIOAB30BaHMEM sI3bIKa porpaMmupoBanus Python, oaHHbIe aHAAM3MPOBAANICD C TOMOLIBIO
OMHAPHOI AOTMCTUYECKON perpeccuy 1 HemapaMmeTpuyeckoro kputepus U MaHHa — YUTHM.
Pesyrvbmampt. [lepeMmeHHasi pe3yAbTaTMBHOCTY MOMCKa BeO-MHPOpMaLM, CBSI3aHHOTO C BBIITOAHEHUEM
y4eOHOro 3aAaHMs, 3aBUCUT OT KOAMYECTBA BeO-CChIAOK, ICTIOAb30BAHHBIX YYACTHUKAMMY, CPEAHETO BPEMEHN
peaxkuyy Ipy BBINIOAHEHMY 33Aa4/ Ha TOPMO3HOI KOHTPOAD, a TaKOKe OT NapaMeTpa «MOAYASPHOCTb»
(bYHKLMOHAABHO KOHHEKTMBHOCTH B TpocTpaHcTBe DI ceHcopos. UeM 60AbIIIe BeO-CCBIAOK VICIOAB3YET
pebeHOK Ipu TmoucKe yyeOHoI MHGOpMaLMM, YeM MeHbllle BpeMs €T0 peaKLuy NPy BHIIIOAHEHUY 3aAa4U
Ha TOpMOSHOI?I KOHTPOAD 1 Y€M BbIIIE NHAECKC MOAYASAPHOCTY, TEM BbILIE BEPOATHOCTDH TOT'0, YTO OH YyCII€IIITHO
HAlAET OTBeT Ha yueOHOe 3apaHIe.

3axaoHuerue. YCIIEUHOCTb yueOHOr0 BeO-I10VCKa 3aBUCUT OT YPOBHSI TOPMO3HOT'O KOHTPOASI 1 0COOEHHOCTEI
D3I PyHKIMOHAABHOV KOHHEKTUBHOCTL.

Karoueswee crosa: nudposbie TexHOAOTMH, QYHKIMOHAABHAS KOHHEKTYBHOCTD, TOPMO3HOI KOHTPOAD,
I3I, obyueHue AeTeir, BeO-IIONUCK, yuyeOHbIE 3aAaun

Introduction

Digital technologies are gaining momentum
in education. In the future, education will rely even
more on digital technologies, and future careers
will depend on digital skills (Qureshi et al. 2021).
Therefore, studying the use of digital technologies
in education is crucial. Web search makes a sig-
nificant contribution to the educational process
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(Nagel et al. 2020). Therefore, in this article, we
examine the relationship between web search
during the completion of an educational task, met-
rics of functional connectivity in the EEG sensor
space and inhibitory control.

Brain maturation can be studied using func-
tional connectivity, which represents the integration
and segregation of networks (Uchitel et al. 2022).
Functional connectivity can be explored through
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the perspective of graph theory. Functional con-
nectivity is a statistical relationship (a correlation)
between network nodes, in particular, between the
physiological time series of two regions. Nodes can
be voxels, different brain regions, or electrodes
(sensors). The statistical relationships between
nodes are referred to as edges. Using these funda-
mental units of a network, such as nodes and
edges, we can calculate various metrics (global
efficiency, modularity, etc.) that will characterize
a particular network. It is possible to assess the
segregation and integration parameters of networks
(Handiru et al. 2021).

In particular, small-world topology is charac-
terized by an optimal balance of segregation and
integration. The architecture of a small-world
network is characterized by a short path length
between nodes, typically consisting of only a few
edges, while the majority of nodes are not di-
rectly connected to each other (Yang et al. 2022).
On a global level, a highly integrated network with
many connections requires substantial maintenance
costs. Conversely, in a highly clustered (segre-
gated) network, information transmission is
slower. Therefore, small-world architecture
is considered optimal for information transfer
in brain networks. Small-worldness is characteri-
zed by modularity, since neighboring nodes are
grouped into clusters, and relatively short path
length (few edges), since clusters are connected
through hubs. In other words, the optimal com-
bination of functional integration and segregation
reflects the properties of a small-world network
(Akin et al. 2024).

Functional integration is the ability to rapidly
connect multiple distinct regions (modules) with
each other. Functional integration is often defined
in terms of path length; the shorter the path length
between nodes, the higher the functional integra-
tion. Global efficiency can be used as an indicator
of functional integration, as it represents the
average shortest path length between all pairs
of nodes (in this study — electrodes or sensors)
(Conti et al. 2022). Another network metric —
modularity — reflects the extent to which a network
can be divided into distinct, relatively autonomous
groups or clusters (Kang et al. 2024). In addition,
assortativity is a metric that indicates the likeli-
hood of nodes with a similar number of connec-
tions (edges) to connect with each other (Ismail,
Karwowski 2020). A network is considered disas-
sortative if nodes with a higher number of edges
tend to connect with nodes with fewer edges.
Conversely, a network is assortative if nodes with
many connections tend to link with other highly
connected nodes. Assortative networks with nu-
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merous connections are generally more stable,
whereas disassortative networks, such as bio-
logical networks, are typically less stable (Conti
etal. 2022). Global efficiency is considered as a mea-
sure of the functional integration of a network.
A parameter such as modularity is considered
as a measure of the functional segregation of the
network. Additionally, assortativity is considered
as an indicator of network stability (Massullo
et al. 2022).

It has been shown that the state of brain net-
works is associated with cognitive abilities (Uchi-
tel et al. 2022). For example, a more integrated
state is associated with faster and more accurate
performance on cognitive tasks (Menon, D’Esposito
2022). In children, switches between different
network configurations occur less frequently, with
one network state being maintained for longer
periods (Ryali et al. 2016). As the brain matures,
intermodular connections become weaker, while
intramodular connections become stronger, lea-
ding to an increase in modularity. This increase
in the independence of modules results in greater
specialization of brain functions. During adoles-
cence, there is an enhancement in cognitive
functions and an increase in the independence
of modules (Xuan 2020). Relatively high network
modularity can be an indicator of brain plasticity
as a result of learning. Furthermore, modular
networks increase ability to better learn new skills
(Gallen, D’Esposito 2019). However, the relation-
ship between functional connectivity and Internet
use is more often studied in the context of addic-
tion rather than education (Lee et al. 2022).

Another characteristic important in learning
is an executive function known as inhibitory control.
Executive functions can be defined as the ‘top-down’
or intentional control that an individual exerts over
their thoughts and actions to achieve a specific goal
or outcome (Zelazo 2020). Inhibitory control is the
ability to suppress a dominant (attractive or learned)
response in favor of a response or action that is
more appropriate to the current task or goal (Che-
valier et al. 2012). Executive functions in childhood
are important predictors of academic achievement
and future learning problems. Executive function
deficits impact school performance, which in turn
has a profound impact on subsequent development
at all levels: education, employment, and social life.
Increased inhibitory abilities in children have been
associated with better reading skills (Johann et al.
2020) and mathematics performance (Chamandar
et al. 2019; Diamond 2013). Executive functions
affect an individual’s ability to master complex skills,
acquire new knowledge and concentrate on school
tasks (Diamond 2013).
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Materials and Methods

The study involved 50 adolescents (age: 13.360 +
2.136 years; including 30 girls). Of these, 23 indi-
viduals found the answer to an educational question
using an Internet search.

Data collection of electroencephalographic (EEG)
recordings was conducted using an Italian BE Plus
LTM EEG amplifier from the EBNeuro family.
Resting-state EEG with closed eyes was recorded
immediately after the participants searched for
answers to an educational question on the Internet.
The recording was made using 62 electrodes ar-
ranged according to the 10-20 system and lasted
for three minutes. During the preprocessing stage,
artifacts were manually removed using the Matlab-
based EEG LAB software. The EEG recording
sampling rate was 256 Hz. Filters from 1 to 45 Hz
were applied, and data re-referencing was performed.
Independent Component Analysis (ICA) was then
conducted, and components containing artifacts
were removed. Further processing was performed
using the Python programming language with the
MNE and NetworkX modules. Continuous data
were segmented into epochs of 5 seconds each. The
NetworkX module was used to construct the adja-
cency matrixes of connectivity in the electrode space.
The study focused on the alpha activity spectrum
(8—13 Hz). The connectivity pattern was assessed
using the phase lag index (PLI) with a threshold
of 0.5 (Hasan, Al-Sharqi 2023; Imperatori et al. 2019).
Network metrics such as global efficiency, modula-
rity, and assortativity were measured.

Additionally, the children performed computeri-
zed reflexometry with biofeedback (ReBOS). It was
developed by E. G. Vergunov (Nikolaeva, Meren-
kova 2017) to study inhibitory control. In the first
session, the child was required to press the space
bar in response to all circles that sequentially ap-
peared and disappeared on the screen at varying
frequencies. In the second session, the task was
to refrain from pressing the space bar when red
circles appeared, which required inhibitory control.
In this method, omissions refer to instances when
the respondent fails to press the button in response
to a stimulus that should be pressed, and errors
refer to instances when the respondent presses the
button in response to a red circle, which should
be avoided.

We conducted a logistic regression analysis
because research data did not follow a normal
distribution. To do so, we turned to Maximum
Likelihood Estimation (MLE) method with Newton-
Raphson optimization algorithm. Both of them have
been considered effective in relevant applications
(Smita 2021). In order to perform logistic regres-
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sion, we employed the Logit function from the
StatsModels Python library.

The dependent variable has two possible values:
0 — ‘Do not answer the question, 1 — ‘Answer’
Logistic regression gives the opportunity to con-
sider the relationship between the binary dependent
variable and several independent variables (Pathak
etal. 2020). Log-likelihood value relates to the null
model value as —20.280 and —34.497. This means
that our model is better suited for the data because
the log-likelihood is closer to 0 than that of the null
model. Furthermore, Likelihood Ratio Test (LLR)
p-value = 0.002, which is less than 0.05. Hence, our
model better describes the data than the null
model (Moscarelli 2023). In addition, the func-
tional connectivity metrics and inhibitory control
of the participants were also analyzed based on their
web search task performance using the Mann-
Whitney U test.

Results and discussion

As is shown in Table 1, significant differences
are observed in the variable ‘Number of web links
viewed’ (U = 423.000; p = 0.017). Children who
completed the educational task (answered the ques-
tion correctly) used significantly more web links
during their information search compared to those
who did not answer the question. Additionally,
significant differences were found in the variable
‘Average reaction time’ (U = 196.000; p = 0.026),
which was assessed during the inhibitory control
task. Adolescents who answered the educational
question exhibited significantly faster average reac-
tion times when responding to the correct visual
stimuli. It is important to note that in the inhibi-
tory control task, some stimuli require a response,
while the others must be ignored.

Binary logistic regression analysis was performed.
According to McFadden’s Pseudo R-square = 0.412,
we can assume that the logistic regression model
explains about 41.4 % of the variance (Ewing, Park
2020). The regression model accounts for the influ-
ence of sex and age. As is shown in Table 2, the
independent variable ‘Number of web links viewed’
(p = 0.050) significantly affects the dependent
binary variable ‘Do not answer the question (0)/
Answer (1). A greater number of viewed links
positively influences the binary variable of web
search, increasing the likelihood of providing the
correct answer. The confidence interval for ‘Num-
ber of web links viewed’ predictor ranges from
—0.001 to 1.901. Since the interval includes zero,
it indicates that the effect of the number of web
links viewed is on the borderline of statistical
significance (p = 0.050).

https://www.doi.org/10.33910/2686-9527-2024-6-3-259-266
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Table 1. Differences in inhibitory control and EEG functional connectivity metrics between groups
that completed and did not complete the educational task using web search

. Answer Do not answer bk Bl
Vil Ee the question the question l\JVh itney e
statistic
The use of the Internet for educational 4.130 + 1.714 3.222 + 1.601 403.000 0.068
purposes (years)
Computer skills self-assessment 6.200 + 1.600 6.600 + 2.000 265.000 0.374
Number of requests 1.609 + 1.270 1.519 + 1.252 354.000 0.298
Number of web links viewed 2435 +1.472 1.778 + 1.625 423.000 0.017
Inhibitory control: average reaction 294.774 + 28.891 | 312.719 * 29.902 196.000 0.026
time (ms)
Inhibitory control: number of omissions 1.870 + 2.160 1.852 +1.812 294.500 0.757
Inhibitory control: number of errors 9.261 + 4.634 9.815 + 5.526 293.500 0.747
Modularity (Alpha) 0.062 £ 0.052 0.060 £ 0.035 277.500 0.527
Global Efficiency (Alpha) 0.855 + 0.102 0.846 + 0.077 353.500 0.408
Assortativity (Alpha) —-0.120 + 0.099 —-0.163 + 0.095 394.500 0.104
Table 2. Binary logistic regression results: Impact of various factors on the success
of educational task completion using web search

Variables Coef | Std err z P>|z| [0.025 | 0.975]
The use of the Internet for educational purposes (years) | 0.330 0.300 1.101 0.271 | -0.258 | 0.918
Computer skills self-assessment -0.418 | 0.252 | -1.660 | 0.097 | -0.911 | 0.076
Number of requests -0.906 | 0.607 | -1.492 | 0.136 | -2.096 | 0.284
Number of web links viewed 0.950 | 0.485 1.958 | 0.050 | -0.001 | 1.901
Age 0.229 0.243 0.944 0.345 -0.247 0.705
Sex 2.043 1.074 1.903 0.057 -0.061 4.147
Inhibitory control: Average reaction time -0.034 | 0.017 | -2.038 | 0.042 | -0.067 | —0.001
Inhibitory control: number of omissions 0.073 0.252 0.289 0.773 | -0.421 | 0.566
Inhibitory control: number of errors —-0.027 | 0.089 | -0.305 | 0.760 | -0.203 | 0.148
Modularity (Alpha) 37.604 | 18.623 | 2.019 0.043 1.103 | 74.105
Global Efficiency (Alpha) 7.305 7.130 1.025 0.306 | —6.669 | 21.279
Assortativity (Alpha) 11.624 6.249 1.860 0.063 -0.622 | 23.871

‘Inhibitory control: Average reaction time’
(p = 0.042) negatively affects web search perfor-
mance. Slower average reaction time is associated
with a decrease in the outcome measure (Figure 1
and Table 2). Thus, the child does not find the an-
swer to the question on the Internet. The confidence
interval for this predictor ranges from —0.067
to —0.001. As the interval does not include zero,
it signifies a statistically significant negative effect
on the outcome variable (p = 0.042).

Finally, the variable ‘Modularity’ (p = 0.043)
in the Alpha band range, as is shown in Table 2,
significantly influences Internet search performance.
Greater network modularity in the Alpha fre-
quency range is associated with successful informa-
tion retrieval for educational tasks. Despite the
Mann-Whitney analysis not finding significant

Icuxoroeus yeroseka B 06paszosanuu, 2024, m. 6, Ne 3

differences between the groups for this parameter,
the results of the binary regression indicate that
the confidence interval for ‘Modularity (Alpha)’
ranges from 1.103 to 74.105. This wide interval does
not include zero, indicating a statistically significant
positive effect on the outcome variable.
According to the analysis, a higher number
of web links used during the completion of an edu-
cational task is a significant predictor of task success.
This result is predictable and consistent with pre-
vious findings, which indicate that the number
of web links viewed for completing educational
tasks positively correlates with academic perfor-
mance (Macfadyen, Dawson 2010). Additionally,
only the average reaction time in the inhibito-
ry control task significantly influences whether
an adolescent finds the correct answer using web
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Fig. 1. Differences in the number of web links viewed and inhibitory control parameter
(average reaction time) based on web search performance

resources. It has been shown that a reduction
in reaction time is associated with a higher level
of inhibitory control (Invernizzi et al. 2022). There-
fore, it can be inferred that enhanced inhibitory
control is a predictor of successful web searches for
educational purposes.

Another finding of this study is that a higher
modularity score in the Alpha wave range posi-
tively influences web search outcomes. Moreover,
as is shown in Figure 2, the group of children who
successfully completed the web search task exhibi-
ted higher small-world properties, characterized

by higher modularity and global efficiency scores.
However, no significant effect of global efficiency
on the successful completion of educational tasks
was identified.

Networks with small-world properties transmit
information more efficiently (Akin et al. 2024).
In addition, higher network modularity scores cor-
relate with higher levels of cognitive function and
enhanced learning abilities (Gallen, D’Esposito 2019;
Xuan 2020). Our study exhibits that, specifically,
modularity in the Alpha-band frequency is asso-
ciated with the variable of web information search.

Web search
-A‘ @ Do not answer the question
S A A Answer
A *(p < .05)

0.9 -
©
=,
=< 0.8
&
&
2
w
5
G 07

0.6 -

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Modularity (Alpha) *
Fig. 2. Relationship between modularity and global efficiency in the Alpha band
according to web search task performance
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Conclusions

The conducted study leads to the following
conclusions:

e The number of web links used during the com-
pletion of an educational task is a significant
predictor of task success. The more web links
a child uses, the higher the likelihood of suc-
cessfully completing the task.

e The average reaction time during the inhibitory
control task significantly influences the success
of web searches. Faster reaction times are as-
sociated with higher levels of inhibitory control,
which increases the probability of finding the
correct answer.

o The modularity metric of functional connectivity
in the Alpha-band positively influences web
search outcomes. High network modularity
correlates with successful information retrieval
for educational purposes.

e The group of children who successfully com-
pleted the web search task exhibited higher
small-world network properties, characterized
by higher modularity and global efficiency scores,
although global efficiency did not have a sig-

nificant effect on task success. Small-world
organization of a network is associated with
more efficient information transmission.
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