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OBLIAS XAPAKTEPUCTHUKA PABOTbI

AKTyaJqbHOCTh HcciaenoBanus. CoBpeMeHHBIE HCCIEAOBAaHUS B 00JaCTH KOTHUTHUBHOU
NICUXOJIOTUU TOKA3bIBAIOT, YTO YCIEUIHOCTh MO3HABATEIBHON NEATEIHHOCTH ONpENeseTcsl He
TOJILKO YPOBHEM pa3BUTHUA 0a30BBIX KOTHUTHBHBIX (DYHKIIMI, HO M CHOCOOHOCTHIO CyOBEKTa
OCYIIECTBIISITh MOHUTOPHHT W PETYJSIUI0 COOCTBEHHBIX MBICTUTENBHBIX TpoIieccoB. JlaHHbIE
(GYHKIMH peann3yloTcs B CHCTEME METAaKOTHUTHUBHBIX MPOILIECCOB, BKIIOYAIOIINX OCO3HAHUE X012
MBIIUJICHUS, OIEHKY CIIOKHOCTH 3a7a4, KOHTPOJb MPABUIBHOCTH PEIICHUS U PETYJISIHIO
pacrpeneieHnss KOTHUTUBHBIX PECypcoB. TeopeTHuecKrne OCHOBAHHS HM3YUYCHHS] METAKOTHHULIUU
ObuH 3anokeHbl B pabotax J. Flavell (1979), a B nanpHeieM nmoyiy4usiv pa3BUTHE B MOJEIAX
METaKOrHUTUBHOT'O KOHTPOJISI U MOHUTOPHUHTA, TipeaoxkeHHbIX Nelson u Narens (1996), a Takxe B
COBpPEMEHHBIX KOTHUTHBHBIX U HEUPOKOTHUTHUBHBIX HccienoBanusax (Fleming & Lau, 2014).

Oco0y10 pojib METAaKOTHUILIMM WrpaloT B cepe MaTeMaTHYeCKOro IO3HaHUs, KOTOpoe
OTHOCHUTCSI K YHCIy HamOoJiee CIIOKHBIX ()OPM HWHTEIUIEKTYalbHON MAEATEIbHOCTH. Pemenne
MaTeMaTHYEeCKUX 3aja4 TpeOyeT MHTEeTrpaliu pa3IuvHbIX KOTHUTUBHBIX IMPOLIECCOB: OIEpalii ¢
CUMBOJIMYECKON WH(pOpMAIMel, KOTUIeCTBEHHOTO aHajn3a, padodyeil maMsTH, UCIOTHUTEIEHOTO
KOHTPOJIS, a TAK)KE BRIOOpA CTPATETHH PEeIIeHHs. B 3THX yCIIOBUSIX METaKOTHUTUBHBI MOHUTOPUHT
MO3BOJISIET CYOBEKTY OIICHUBATh CTETIEHb TPYAHOCTH 3a7a4i, KOPPEKTHPOBATH CTPATETHH PELICHUS
U PEryJIupoBaTh 3aTpaThl yMcTBeHHOTO yeunusi. Kak nmokassiBatoT uccienoanus Garofalo u Lester
(1985), a Taxxke Mevarech (1995), MeTakOTHUTHBHBIE MPOLECCHl OKA3bIBAIOT CYIECTBEHHOE
BIMSIHME Ha YCHEIIHOCTh MaTeMaTHYeCKOW JEATEIbHOCTH YYAIIMXCS M BBICTYMAIOT BaKHBIM
(bakTOpOM pa3BUTHUS MATEMATUYECKOTO MBILIUICHHUS.

[ToBeneHveckne wucCIenOBaHUA YOCTUTETFHO IEMOHCTPHUPYIOT, YTO YPOBEHb Pa3BUTHUS
METaKOTHUTHBHBIX HAaBBIKOB SIBISIETCS OJHUM M3 HamOojee 3HAYMMBIX (DaKTOPOB YCHEIIHOCTH
oOyueHHs: MaTeMaTtuke. MeETaKOTHUTHBHBIC WHTEPBEHIMH TO3BOJSIOT Yy4aIlUMCS OCO3HABaTh
CTPYKTYPY 33/1a4il, KOHTPOJIMPOBAThH XOJI PACCYXJICHUI U CBOEBPEMEHHO OOHApYKHUBaTh OLIMOKH,
YTO CYLIECTBEHHO MOBBIMIAET 3(PPEKTUBHOCTH penieHuss MareMatuyeckux 3aaad (Desoete u np.,
2003; Pennequin u ap., 2010). bonee Toro, MeTakOrHUTUBHAS PEryJsLUs pacCMaTPUBAETCS Kak
KIIFOUEBOM MexaHu3M (OPMUPOBAHHUS CaMOCTOSTENHFHON TMO3HABATEIBHOW JAESITENILHOCTH U
pa3BUTHS CTPATETHI PEIICHUS 3a1ad.

HecmoTpss Ha 3HAYMTENBbHOE KOJMMYECTBO paldOT, MOCBSIIEHHBIX METAKOTHHIIUU U
MaTeMaTUYECKOMY MBIIIICHHUIO, JJAHHBbIE HANpaBJICHHUS HCCIEIOBAHUNA B 3HAYUTEIBHOW CTEMEHU
pa3BUBAIMCh HE3aBUCUMO JPYT OT Apyra. B pamkax KOTHUTHBHOW TMCHUXOJIOTMH METAKOTHHUITUS
TPATUIIMOHHO HM3yYallach IMPEHMYIIECTBEHHO B KOHTEKCTE TMPOIIECCOB BOCHIPHUATHS, TMAMITH H
npunstus pemenuid (Fleming & Lau, 2014; Valk u np., 2016), Torma kak HCCII€IOBaHHS
MaTeMaTU4YEeCKOr0 TO3HAaHMA (OKYCHPOBAJIUCh HAa MEXaHW3Max 4YHCIOBOW  0OOpabOTKH,
KOJMYECTBEHHBIX MPEJICTaBIeHU U cuMBonueckux omnepanuii (Dehaene & Cohen; Gross, 2006; Li
& Kim, 2025). B pesynpraTre mpobiemMa B3aUMOJCHCTBUS METaKOTHUTHUBHOTO MOHHTOPWHTA H
IPOIIECCOB MAaTEMaTHYECKOT'O MBILIIEHUS! OCTAETCS HEAOCTATOYHO U3yUSHHOH.

Oco0pI1ii uHTEpEC MpeacTaBiseT HeHOMEH CyOBEeKTUBHOTO YMCTBEHHOTO YCHIINS, KOTOPBIT
MOJKET pacCMaTPUBATHCS KaK OMH M3 KIFOYEBBIX WHAMKATOPOB METAKOTHUTHBHOT'O MOHHTOPHHTA.
Ornenka 3aTpayeHHBIX YCHJIMH OTpaxaeT CyOBEKTUBHOE BOCIPHUSATHE CIOKHOCTH 337addl |
TEKYIIEro COCTOSHHUS KOTHUTHUBHBIX PECYpCOB, @ TaKXKe CIYXUT CUTHAJIOM JUIS PEeryJIsIuu
JanbHEHIIeH MO3HABATENBHOW AedaTeabHOCTH. COBpEMEHHBIC HCCICIOBAaHMS IMOKA3bIBAIOT, YTO
CyOBbEKTHBHAsI OILIEHKA YCWJIMS CBSi3aHA C IMPOIECCaMH KOTHUTHUBHOTO KOHTPOJISl, MOHUTOPWHTA
HeolpeneneHHocTy u pacupeaenerus pecypcoB (Khachouf u ap., 2017; Schnaubert & Schneider,
2022).

Pa3BuTe MeTo/10B HEeMpoBU3yaIn3allMy 3HAUUTEIBHO PACIIUPUIO BO3MOKHOCTH U3YUYEHHS
(GYHKIIMOHAIBHOM OpraHU3allid KOTHUTUBHBIX TporeccoB. Mcnosb3oBanue ¢GyHKIMOHAIBHON
MarHUTHO-PE30HAHCHON TOMOTpaduu MO3BOJIET UCCIEI0BATh TUHAMUKY MO3TOBOW aKTHBHOCTH B



MPOLIECCE BBIMOJIHEHHUS IMO3HABATEIbHBIX 3a/lad U COIMOCTaBIISITH €€ C Pa3IMYHbIMU acleKTaMu
KOTHUTUBHOU JesTeabHOCTH. MccliemoBaHusl TMOKa3bIBalOT, YTO METAKOTHUTHBHBIE MPOIECCHI
ONMMpAIOTCI HA B3aMMOJCHUCTBHE pPACHPECICHHBIX CHUCTEM KOTHUTHUBHOTO KOHTPOJS U
camopedepentHoir 006padotku (Valk u np., 2016; Jiang u ap., 2022), Torna kak MaTeMaTH4eCKOe
MBIIIJICHHE CBSI3a8HO C AaKTUBAIMEd JOOHO-TEMEHHBIX CeTed, 00eCHeuMBaIOIIUX YHCIOBYIO
00paboTky u pemenue 3amgau (Gross, 2006; Li & Kim, 2025). OgHako OCHOBHOE 3HAYCHHE
MOJIOOHBIX HCCIIEIOBAaHUM 3aKIII0YaeTCs HE B OMHMCAHUM OTACIBbHBIX HEHPOHHBIX CTPYKTYp, a B
YTOYHEHUH (PYHKIIMOHATLHOW OpraHWU3allMi KOTHUTHBHBIX TPOIECCOB W MEXAHU3MOB HX
B3aMOJIEUCTBHUSI.

HecMmoTpss Ha 3HAYMTENBHBIA MPOTPECC B U3YYCHUM METAKOTHHIIMM M MaTeMaTUYECKOTO
MO3HAHMS, O HACTOSIIIETO BPEMEHU OTCYTCTBYIOT HCCJIEIOBAHUS, B KOTOPBIX JAHHBIE MPOIECCHI
paccMaTpuBaliuChb Obl B paMKax €IMHOM OSKCIIEPUMEHTAIbHOW MapaaurmMel. B wacTHOCTH,
HEJ0CTATOYHO M3YUY€HO, KaKUM 00pa3oM METaKOTHUTHBHAS OIEHKAa CyOBbEKTHBHOTO YMCTBEHHOTO
YCHJIUS COOTHOCHUTCSA C TMpOIlleCCaMU MaTeMaTHUecKoW oO0palOTKM M Kakue (yHKIIMOHAIbHbBIE
MEXaHU3MbI 00ECIIEYUBAIOT UX B3aUMO/ICHCTBUE.

TakuM 00pa3oM, aKTyaJlbHOCTh HACTOSIIETO UCCIEA0BAHUS ONpPEAEIIIeTCs HE0OX0IUMOCThIO
KOMIUIEKCHOTO aHaJIn3a B3aMMOJICHCTBUS METAKOTHUTUBHBIX MPOIIECCOB MOHUTOPUHTA U KOHTPOJIS C
KOTHUTHBHBIMA MEXaHU3MAMH MAaTEMAaTHYECKOTO MEBINUIeHUs. V3ydeHue maHHON TpoOJIeMbI
MO3BOJISICT YIIIyOUTh MMOHUMAHUE CTPYKTYPHI MO3HABATEIBbHON NESITEIHHOCTH YEJIOBEKA, YTOUYHUTH
pOJIb METAaKOTHUIIMM B PETYJSIMM MBIIUICHUS W BHECTH BKJIAJ B Pa3BUTHE COBPEMEHHBIX
KOTHUTUBHO-TICUXOJIOTUYECKUX MOJIENIeH MaTeMaTHYECKOTO TTO3HAHUSI.

Crenenb Hay4yHol paspaboraHHocTH mpodaembl. [Ipobiema B3auMoOJEHCTBUS
METaKOTHUIIMA ¥ MaTEMaTHYECKOTO TIO3HAHUS aKTUBHO OOCYXKIAeTCsl B COBPEMEHHOW KOTHUTUBHOMN
NCUXOJOTUM W KOTHUTHBHOW  HeWpoHayke. OmHAKO  CYIIECTBYIOIIME  HCCIIETOBAHUS
MPEUMYIIECTBEHHO Pa3BUBAIOTCS B paMKaX JBYX OTHOCUTEIBHO CAMOCTOSTENbHBIX HAMPABJICHUI:
W3Y4YeHUs KOTHUTHUBHBIX MEXaHW3MOB MATEMaTHYECKOTO0 MBIIUICHUS W aHalu3a MPOIECCOB
METaKOTHUTUBHOT'O MOHUTOPUHTA U KOHTPOJIS.

B wuccrienoBaHUSX MaTeMaTHYECKOTO IIO3HAHMS TOKa3aHO, 4YTo 00paboTka YMCIOBOU
uHpOpMallUM U peuieHue apudMeTHUecKuX 3aJad  ONHparTcs Ha (YHKIMOHHUPOBAHUE
pacnpeeIeHHON JIOOHO-TEMEHHOM CeTH MO3Ta, KIIOYEBYIO POJIb B KOTOPOU UTpaeT BHYTPUTEMEHHAs
o6opozna (IPS), cBsi3aHHas ¢ TPENCTAaBICHUEM KOJUYECTBEHHBIX BEJIMYMH U BBITIOJHEHUEM
BEIUMCIHUTENbHBIX omepamuii (Gross, 2006; Li & Kim, 2025). Psax wuccrnemoBanmii Takxke
JEMOHCTPUPYET ydYacTHUE JaTepalbHBIX JIOOHBIX 00JacTell W BHUCOYHBIX OTAECIOB KOPBI,
o0ecreynBaroMX CHMBOJIMYECKYIO TMepepaboTKy 4YHCIOBOW HWHGOpMAlMd ¥ W3BJICUYCHUE
apudmeTuyeckux $pakToB u3 goarospemennoit namaru (Ozcan & Giimiis, 2019; Jia u ap., 2021).

B pamkax wuccinemoBaHui METaKOTHHIIMM 0C000O€ BHHMMaHUE YJEISeTCs Tpolieccam
MOHHTOPHHTAa HEONPENEJICHHOCTH, OICHKE MPaBWIBHOCTH pEHICHHH ©  (OPMUPOBAHHIO
cyOBekTuBHON yBepeHHOCTH. Pabotel Jiang u mp. (2022) u Li u ap. (2022) mokasplBalOT, 4TO
KJIFOUYEBYIO POJIb B METAKOTHUTUBHOM MOHUTOPHUHIE UTPAOT MEAHAIBHBIC H JIaTepaIbHbIE OTAEIIbI
npeQpoHTAIBHON KOpBI, BKJIIOYas JIOPCAIBHYIO TMEPEAHIOI0 MOACHYIO KOpPY, JOPCOMEIHATBHYIO
npeQpoHTAIBHYI0O KOpPYy H JaTepajbHYI0 (POHTOMOJSPHYIO 00JacTb. OTH  CTPYKTYPHI
paccMaTpuBarOTCS KaK Ba)KHBIE 3JIEMEHTHI CHUCTEMbl KOTHUTHBHOTO KOHTPOJIS, 0OECIIeUnBAOIICH
OIICHKY COOCTBEHHBIX KOTHUTHBHBIX MPOIIECCOB U PETYIIAIUIO MOBEACHUS.

CoBpeMeHHBIC HEUPOBU3YAIHM3AIMOHHBIE HWCCIICIOBAHUS JEMOHCTPUPYIOT, UYTO TIpHU
BKJIFOUCHUN METAaKOTHUTHUBHBIX OIICHOK (HAIpPUMEpP, YBEPEHHOCTH WU BEPOSTHOCTH OINUOKH) B
MaTeMaTHYeCKWe ©  JIOTUYECKHE  3aJaud  HaONIoJaeTCs  JIOMOJIHUTENIbHAs  aKTUBAIIHS
METaKOTHUTUBHBIX CHUCTEM, YTO YKa3blBaeT Ha (PYHKIMOHAJIBHOE B3aWMOJCIHCTBHE MPOLIECCOB
BbIUHCIEHUST M1 MOoHUTOpHHTA (Jiang u ap., 2022; Li & Kim, 2025). OgHako 1aHHBIE MPOIIECCH YaIle
BCET0 aHAIM3UPYIOTCA PA3/IeNbHO, YTO 3aTPYAHSET BBISBICHUE UX CUCTEMHOM B3aUMOCBSI3H.



JU1 n3y4eHHst METAaKOTHUTUBHBIX ITPOLIECCOB UCMOJIb3YIOTCS pa3InuHbIE METOJ0JIOTHUECKHE
noaxonapl. OnuH W3 Hauboiee pacHpoCTPaHEHHBIX 3aKIIOYAETCS B IMPUMEHEHUM 3aJaHui C
MOCIEAYIONIeN OLIEHKOW YBEPEHHOCTH WJIM BEPOSTHOCTH OIIMOKH, YTO TMO3BOJSET aHATU3UPOBATh
U3MEHEHHUS KOTHUTUMBHOM aKTUBHOCTH B 3aBHCHMOCTHM OT TOYHOCTH pELIEHUS U CyOBEKTHBHOMU
ornieHku pesynbTata (Gross, 2006; Jiang u ap., 2022). dpyroil moaxoJ CBsi3aH C HUCIOJIb30BaHUEM
BBIYHUCITUTENIBHBIX MOJIEJIe METaKOTHUTUBHOM YyBCTBUTEIBHOCTH U 3(PPEKTUBHOCTH, OCHOBAHHBIX
Ha TEOpUU OOHAPYKEHMsI CUTHAJa U JUHAMUYECKUX MOJENSIX HaKorieHus qokazarenbcTB (Bellon u
1p., 2020). Kpome TOro, akTHBHO pa3BUBAIOTCS UCCIIEIOBAHUS, 00bEIUHSIONINE JaHHBIE Pa3TUYHBIX
METOJIOB HEWpOBU3yalIM3alUU JUIsl aHaIM3a CTPYKTYPHOW M (PYHKIMOHAIBHOW OpraHU3aluu
KOTHUTUBHBIX TporieccoB (Jia u ap., 2021; Li & Kim, 2025).

B nocnegHue TrOoApl 3HAYMTENBHOE BHHUMAHME YJEISETCS TaKKE€ MEKJIOMEHHBIM
UCCIIEIOBAaHUSAM  MeTakorHMUMHU.  CpaBHUTEIbHBIE  HUCCIEIOBAaHUS  IOKA3bIBAIOT,  4YTO
METaKOTHUTUBHBIH MOHHUTOPHHI MOXET 00JajaTh Kak JOMEHHO-OOLIMMHU, TaK U JIOMEHHO-
crenuduiaeckumu xapakrepuctukamu. Tak, Bellon u ap. (2020) neMOHCTpUPYIOT, YTO B MpOIECce
Pa3BUTHSI METAKOTHUTUBHBIE CIOCOOHOCTH TOCTENEHHO NpUOOpeTaroT 0ojiee YHHBEPCATBHBIM
XapaKkTep M HAYMHAIOT PacHpOCTPaHATHCS Ha Pa3MyHble KOTHUTHBHBIE oOnacTh. B To ke Bpems
uccinenoBanus Jiang u np. (2022) u Li u ap. (2022) noka3pIBarOT CyIIeCTBOBAHUE PA3TUYNI MEXKITY
npoueccaMu  caMopeIeKCMBHOIO METANO3HAHUS W MEXaHW3MaMH IOHUMaHUS IMCHUXUYECKUX
cocTossHUM Jpyrux Jojed (mentalizing), 4YTO MOAYEPKUBAET CIOKHYIO HEPaAPXUUYECKYIO
OpraHU3alUI0 METAKOTHUTUBHBIX MPOLIECCOB.

OTtnenbHOE HANPABICHUE UCCIIEIOBAHMI CBSA3aHO C aHAJIM30M UHIUBUAYAIBHBIX Pa3IMuni B
METaKOTHUTUBHOW TOYHOCTH M MX CBSI3HM C SMOLMOHATBLHBIMU U KOTHUTUBHBIMH (paKTOpaMU, TAKUMHU
KaK MaTeMaTU4ecKasi TPeBOKHOCTh M OCOOEHHOCTH KOrHUTUBHOTO KOHTposst (WeolAe u np., 2007;
Ozcan & Giimiis, 2019; Jia u ap., 2021).

HecMoTps Ha 3HauMTeNbHbII 00BEM HAKOIJIEHHBIX JaHHBIX, COBPEMEHHOE COCTOSHUE
UCCIIEIOBAaHUIN XapaKTepU3yeTcs psaJioM orpaHuueHuil. Bo-nepBbix, OOJBIIMHCTBO CYLIECTBYOLINX
paboT aHATM3UPYIOT METAKOTHUTUBHBIE MPOIIECCHI MPEUMYIIIECTBEHHO B IEPIIETITUBHBIX 3a/1a4aX WA
3ajja4ax MaMsTH, TOTJa KaK UX POJb B CIOXKHBIX (pOpMaxX WHTEIUIEKTYaIbHOU JESITEIbHOCTH, TAKUX
KaK MaTeMaTUYeCKOE MbIIIEHNE, OCTAETCS HEIOCTATOYHO M3YYeHHOU. BO-BTOPBIX, HCTIOIb3yEMBIE B
UCCIIEIOBAHUAX IOKA3aTe€IM METAKOTHUIMM CYIIECTBEHHO pa3iau4aroTcsl (OLIEHKH YBEPEHHOCTH,
noKa3aTenu KaTuOpOBKH, METPUKU TEOPHH OOHAPYKEHHsI CUTHAJIA), YTO 3aTPYyIHSET COMOCTABICHHE
pe3ynbTaToB pasanmuHbX uccaenopanmii (Ozcan & Giimiis, 2019; Bellon u ap., 2020). Hakoser,
3HAUUTENbHAS YaCTh CYIIECTBYIOIINX JAHHBIX HOCUT KOPPENIALIMOHHBIN XapaKkTep, YTO OTPAaHUYMBAET
BO3MOXXHOCTM  MHTEPIPETALMM  NPUYMHHO-CIEICTBEHHBIX  MEXaHU3MOB  B3aUMOJECHCTBUS
METaKOTHUTUBHBIX M KOTHUTUBHBIX TiporieccoB (Jia u ap., 2021; Jiang u ap., 2022).

Takxum oOpa3zom, HeCMOTps Ha yOeAUTENbHbIE TaHHBIE O POJIM METAKOIHUTUBHBIX MPOILIECCOB
B PETYJISIIIUU TMO3HABATENIbHON JAESITENIHbHOCTH U 3HAYUTEIbHBIN MPOrpecc B U3YUYEHUU HEHPOHHBIX
OCHOB MaTE€MaTUYECKOTO0 MBbIIUICHUS, B3aUMOJCHCTBUE METAaKOTHUTUBHOTO MOHHUTOPUHTA U
MPOLECCOB MATEMATUYECKOT0 TIO3HAHUS OCTAETCsl HEJOCTATOYHO HcclieqoBaHHBIM. Ha ceronusamHuit
JI€Hb OTCYTCTBYIOT AMIIUPHUUECKHE MCCIEAOBaHMs, B KOTOPHIX JaHHBIE MPOIECCHl CUCTEMATUYECKU
aHAJM3UPOBATNCH OBl B paMKax €AMHOM OSKCIEPUMEHTAIbHON TMapaJurMbl, TO3BOJISIONICH
COIIOCTaBUTh MEXaHU3MbI MATEMaTHIECKO 00paOOTKN M METAaKOTHUTUBHOM OIICHKH.

BrIsiBJICHHBIN TEOPETUYECKUI M YMIOUPUYECKUN MPOOEN OompeaessieT HayuyHYI MpoosiemMy
HACTOSILEr0 MCCIEOBAaHUS, HAIMPABICHHOIO HA M3yYEHUE B3aMMOJAECHCTBUS METAaKOTHUTHUBHOTO
MOHMTOPHHIa YMCTBEHHOI'O YCHJIMSI M ITPOLIECCOB MaTEMAaTUYECKOT 0 TIO3HAHUS.

Heap mcciaeqoBanusi — BBIABUTh M 3MIIMPUYECKHM OOOCHOBATH XapaKTep B3aWMOAECHCTBUS
METAaKOTHUTHUBHBIX IPOLECCOB MOHHMTOPUHIA W KOHTPOJIS C MPOLECCaMM MaTeMaTHUYeCKOro
MBILUICHUS, & TAKXKE ONPENeIUTh X (PYHKIMOHATBHYIO OpPTraHU3alUI0 C UCTIOJIb30BaHUEM METOI0B
HEHPOBU3YAIU3ALUH.



O0BeKT uccne0BaHusl — METAIIO3HAHUE U MATEMAaTUYECKOE MTO3HAHUE.

IIpeameT ucclie0BaHUs - KOTHUTUBHBIE MEXaHU3Mbl B3aUMOJICUCTBUSI METAKOTHUTUBHOTO
MOHUTOPHUHTA (OIEHKHM YMCTBEHHOT'O YCHWJIHS) M TIPOIIECCOB MaTEMaTHYECKOTO TO3HAHHS IIPH
penieHnr apupMETHICCKUX 3a]1a4 Pa3TUIHON CII0KHOCTH.

I'mnore3sbl UcCIeI0BAHUA:

Oo0wmas runoresa:

1. MeTakOrHUTUBHBI MOHUTOPUHT YMCTBEHHOTO YCHUJIUSI M TIPOIECCHl MATEMATUYECKOTO
MO3HAHMS TIPEACTABIAIOT COOOM B3aMMOCBSI3aHHBIC, HO (YHKIIMOHAIBHO pa3IMYMMbBIE YPOBHHU
KOTHUTUBHOW OpraHU3alNy JesTeIbHOCTH. MaTeMaTH4eCKre BRIUUCIICHUS PEAIM3yI0TCS HAa YPOBHE
00BEKTHBIX KOTHUTHBHBIX IPOIIECCOB, TOT/Aa KaK METAaKOTHUTHBHBIE MEXaHHM3MbI OOECIICUHBAIOT
MOHUTOPHUHT, OLIEHKY CJI0KHOCTH U PETYJISIUIO BBIITOJTHEHUS 3a/1a4H.

YacTHble rUNOTE3bI:

I. MeTakOorHUTUBHBIA MOHHUTOPUHI M MAaTEMaTUYECKOE TO3HAHUE ONUPAIOTCA Ha
YaCTUYHO TEPEKPHIBAIOIINECS MEXaHU3Mbl KOTHUTHUBHOTO KOHTpoJsa. IIpeamonaraercs, 4Tto
MPOIIECCHl OLIEHKM YMCTBEHHOTO YCHJIMS M PEIICHUS MAaTeMaTHYECKHX 3a7ad BOBJIEKAIOT OOIIne
CHUCTEMBbl MOHUTOPUHTA U PETYJISLIUA KOTHUTUBHOM JESITEIHHOCTH.

2. MareMaTnueckoe MO3HAHHUE XapaKTepU3yeTCs HaJUIHeM JOMEHHO-CHEIU(PUIeCKUX
MEXaHHU3MOB 00paboTkm WHpoOpMaluu. PemieHrne MaTeMaTHYeCKHWX 3ajad, MOMHUMO BOBJICUCHHS
CHUCTEM KOTHUTHUBHOTO KOHTpOJS, TpeOyeT aKTUBAallUM CIECIHAIU3UPOBAHHBIX MEXaHHU3MOB
00pabOTKH KOJTMYECTBEHHONW U CUMBOJIMYECKON MH(OPMALIHH.

3. YpoBeHb CI0KHOCTH MaTEMaTUUECKUX 3aJ1a4 OKa3bIBAET MapaMeTPUUECKOE BIMSHUE Ha
BOBJICYEHHOCTh METAKOTHUTHUBHBIX MEXaHW3MOB MOHUTOpHHTA. [Ipeamnonaraercs, yTo yBeIu4eHUE
0OBEKTUBHOM CJIOKHOCTH 3a/a4 COMPOBOXKJIAETCS YCHUJICHHEM aKTUBHOCTU CHUCTEM KOTHUTHBHOTO
KOHTPOJIS ¥ CYOBEKTHBHOM OIICHKH YMCTBEHHOTO YCHIIHS.

4. Pa3nmuuHble THUIBI apU(METHUYCCKUX OINEpalMil XapaKTEePU3YIOTCS Pa3TuIHBIMH
KOTHUTUBHBIMHU CTpaTerusiMu o0paboTku HHGOpMAIMU. DTO JOJKHO MPOSBISATHCS B Pa3IUUUAX
(GYHKIIMOHAIBHOW  OpTaHW3allMk  TPOLIECCOB MAaTEMaTUYECKOTO TIO3HAHHS TIPU  BBITIOJIHCHUH
omnepalui CJI0KEeHUS, BBIYUTAHUS, YMHOKECHUS U JICJICHHUS.

5.  Marematudyeckoe TO3HAHHE M METAKOTHUTHUBHAS OILIEHKAa YMCTBEHHOTO YCHIIHUS
XapaKTEePU3YIOTCAd  pa3jIMYHOM  MEXIOJyIllapHo  opranusauuei. IIpeanmomaraercs,  4rto
MaTreMaTtudeckas o0paboTka OyaeT JIeMOHCTPHUPOBaTh 0OoJiee BBIPAKEHHYIO JICBOIOIYIIAPHYIO
CIIeIIMAIN3aIMI0, TOT/Ia KaK METAaKOTHUTUBHBIM MOHUTOPUHT OYyJIeT HOCUTH Oojiee OwmiiatepaibHbIN

XapaxTep.
JlocTrkeHne MOCTaBICHHOM 1eIM TPeOyeT pelieHUs] CAeAyIOIUX 3a/a4:
1. TIlpoBecTn  TEOpETHYECKUW  aHAJIU3  COBPEMEHHBIX  ICHUXOJIOTUYECKHUX U

HEHPOKOTHUTHBHBIX MOJICICH METAaKOTHHIIMM W MaTeMaTHYECKOTO TO3HAHWSI, BBIIBUB OCHOBHBIC
MOJIXOJIbI K M3YYCHUIO MX ()YHKIIMOHAIBHON OpTaHW3aIliy U B3aUMOCBSI3H.

2. CucremMaTH3upoBaTh NPEJCTABICHHUS O POJM METAKOTHUTUBHOTO MOHUTOPWHTA B
CTPYKTYp€ MMO3HABATEIHLHOM IeATEIbHOCTH, YTOYHUB 3HAYCHUE CYOhEKTUBHOM OIIEHKH YMCTBEHHOTO
YCHIIAS KaK MEXaHU3Ma KOTHUTUBHOW PETYJISIIHH.

3. Pazpaborath ¥ peain30BaTh OSKCICPUMCHTAIBHYIO TapaurMy HCCIICIOBAHHUSA,
MO3BOJISTFOIIYIO B PaMKax €MHOTO IN3aifHa COTIOCTABUTH MPOIIECCHI PEIICHUS MATEMATUUECKHX 3a/1a4
Pa3IUYHOMN CIIOHOCTH W TIOCIIEAYIOIIEeH METAKOTHUTHBHOW OIICHKH 3aTPAYCHHBIX YCUITHM.

4. DMOUPHUYECKH  HCCIICIOBaTh  OCOOCHHOCTH  (YHKIIMOHAJIBHOH  OpraHU3alluu
MATEMaTUYEeCKOTO TIO3HAHUS, BKJIIOYAsl BIUSHUE TUMA apU(METUUYECKON omepanud U YpPOBHS
CJIOHOCTH 33J1a4 Ha IMapaMeTPbl KOTHUTUBHOW aKTUBHOCTH.

5. BbIABUTH KOTHUTHBHBIC U HEHPOHHBIC KOPPEIATHI METAKOTHUTHBHOIO MOHUTOPHHTA
YMCTBEHHOTO YCHJIMSI, @ TaKXKE OINPEIEITUTh CTENeHb (QYHKIIMOHAIBHOTO MEPEKPHITHI U PA3INIHA
MEXTy TIPOIeCCaMU MaTeMaTHIeCKOW 00pabOTKM U METAaKOTHUTHBHOM OIEHKH.



6. UuTtepnpernpoBarTh MNOJYy4YEHHBIE PE3YyJbTaTbl B KOHTEKCTE COBPEMEHHBIX TEOPUI
METaKOTHULIMM, CaMOPETryJSlMM W  MaTeMaTHYeCKOro  MBIIUICHUS, YTOYHUB  XapakTep
B3aMMO/JICHCTBUS METAKOTHUTUBHBIX M MATEMAaTUYECKUX MPOIECCOB.

TeopeTnko-meTogo10rnyecKkasi OCHOBOM pa0OThl BBICTYNAIOT CIEAYIOIIME Hay4HbIE
npuHiuel: 1) npunuun cucteMHocTu (b. @. Jlomos, O. I'. FOaun, B. H. CagoBckuii u 11p.), Ha OCHOBE
KOTOpOTro ObUI MPOBENEH aHallM3 B3aUMOCBSI3M MEXAY METAKOTHUIMSIMH U MaTeMaTH4YeCKUMU
KOTHUIIUSAMH; 2) IPUHITUT €AMHCTBA co3HaHus U aesaTteabHocTH (A. H. Jleontses, C. JI. PyOunmreitn
U JIp.), KOTOPBIM TMO3BOJIUI PACCMOTPETh HEUPOHHBIE KOPPENSIThl KOTHUTHUBHBIX MPOIECCOB MPHU
BBITIOJIHCHUM MAaTeMaTUYeCKUX U METAKOTHUTUBHBIX 3a7ad; 3) MPUHIMUII JETEPMUHHU3MA, KOTOPHIN
MOCITY>KMJT OCHOBAHUEM JIJISl MCCIIEIOBAHUSI HEUPOIOTUUECKUX OCHOB KOTHUTHBHBIX MPOIECCOB; 4)
HIPUHIIMI ICUXO0()U3NIECKOT0 EMHCTBA, HA OCHOBE KOTOPOT0 pacCMaTPUBAIIUCh HEPA3PbIBHBIE CBS3U
METAaKOTHUTUBHBIX M KOTHUTHBHBIX TIPOILIECCOB CO CBOMMH HeWpokoppensaramu. B kadecTBe
TEOPETUYECKON OCHOBBI HCCIEAOBAHUS HMCIOJIB30BAIUCH CIEAYIOIINE METAKOTHUTHUBHBIE TEOPHH:
monens ®masema (1979), B KOTOpOl METAaKOTHHUIIMM PACCMATPUBAIOTCS KaK «KOTHHUIIMH O
KOTHUIIUSX», BKIIOYAIONINE MOHHUTOPUHT M KOHTPOJb COOCTBEHHBIX KOTHUTHUBHBIX IPOIIECCOB;
mozenb Henbcona u Hapenca (1996), paznuuaromiasi OObEKTHBIM YPOBEHB (BBIMOIHEHUE 3a7a4M) U
MeTa-ypOBEHb CAMOOLICHKH, OTBEUAIOIINN 32 MOHUTOPUHT M KOHTPOJIb OOBEKTHOTO YPOBHSI; TEOPHUs
O0OHapyXEHHUsI CUTHAJIIOB U METAKOTHUTHUBHON 3(PPEKTUBHOCTH, B KOTOPOW YBEPEHHOCTh M OILICHKA
3¢ ()EKTUBHOCTH MOJETUPYIOTCS KaK METAKOTHUTHUBHAS YyYBCTBUTEIHLHOCTH (meta-d’), 4To mo3BoIsSeT
OTJIEJIUTh TOYHOCTh MOHUTOPHHTA OT BBIMIOJIHEHUS 3aja4; 0aileCOBCKUE W BEPOSITHOCTHBIE PaMKH,
KOTOpbIe 00€CIeYnBaIOT BO3MOXKHOCTh PACCMOTPEHMSI METAaKOTHUTHUBHBIX CYXKICHHI B KauecTBe
BBIBOJIOB BTOPOrO TOpsiAKa O HAAEKHOCTH PEIICHUM TEePBOTO TOPSAKA, CBSI3aHHBIX C
BBIYHUCITUTEIILHBIMU MOJICJISIMH HEOTIPEACIIEHHOCTH; TEOpUs YNPABJIEHUS, COTTIACHO KOTOPOU OBLIO
MPUHATO JOMYUIEHUE O TOM, YTO METAKOTHUIIMU BCTPOEHBI B 3aMKHYTYIO0 CUCTEMY PETYJISILUU, T1Ie
MOHUTOPUHTOBBIE CHUTHAJIBI (HAPUMEp, YCHWIUS, HEOMPEACNEHHOCTh) BIMSIOT HA PEIICHHUS O
KOHTpoJe (pacrpeaesieHny yCUiIui, BeIOOpe cTpaTeruu). B nuccepTallMOHHOM HCCI€I0BaHUU Mbl
TaK)Xe€ ONMHUPAJIUCh Ha TEOPUM MATEMAaTHUUYECKOTO MO3HAHMS: MOJEJb MaTEeMaTUYeCKOrOo MO3HaHUS,
MPEANOJararollyo CylecTBOBaHUE TPEX Pa3IMYHBIX, HO B3aUMOJIEUCTBYIOIIUX HEHPOHHBIX CUCTEM
00paboOTKH YMCIIOBOM MH(OpPMAIMK: aHAJIOTOBOM BEIMYMHBI, BU3YyaJIbHO-apaOCKOTro U BepOaIbHOTO
KOJI0B (Mojzens TpoiiHoro komaupoBanus (Dehaene & Cohen, 1995); o6miyro mMonenb pecypcos,
COTJIaCHO KOTOpPOM MareMaTthyeckas MpOU3BOAUTEIBLHOCTh ONUpPAEeTCs Ha pabodyro MaMsTh,
UCTIOTHUTENIbHBIE (YHKIIMU, KOHTPOJIh BHUMAHUS W KOTHUTHBHYIO Harpy3ky. Takum oOpazom,
UCCJIEIOBAHUE OCHOBAHO Ha WHTEIPATUBHON TEOPETUYECKON KOHIENIHH, OOBbeIUuHSIOmEeN
KOTHUTHBHYIO HEUPOHAYKY, OOIIYIO IICHXOJIOTHIO ¥ BRIYUCIUTEILHOE MOJISITMPOBAHUE.

MeToabl M METOAMKH HCCJIeI0BaHUSA. B COOTBETCTBUM C LEIBIO HCCIEAOBAaHUA U
BBIJIBUHYTBIMH TUIIOTE3aMHU UCIIOJIb30BAJICS KOMILJIEKC UCCIIEI0BATEIbCKUX METOIOB!

1) Memoo meopemuueckozo ananuza iumepamypHuix UCOYHUKOS NO PASTUYHBIM ACHEKMAaM
paccmampueaemori npooiemvl;

2) DOkcnepumenmanvHuiti mMemoo. B Tiporiecce IKCIEPUMEHTAIBHOTO HCCICIOBAHUS
y4acTHUKAM, HaxOJSALIUMCS BHYTPHM CKaHepa, IOCIEJOBATEebHO TMPEAbSBISUINCH  OJIOKU
MaTEMaTHYECKUX 3a7a4 PA3IMYHON CIIONKHOCTH M TUTA apuPMETUUYECKUX omepanuil (CIoKeHue,
BBIUYMTAHUE, [I€JICHWE, YMHOXXEHHUE) M KOHTPOJBHBIX 3a/laHHil, MPEANoJiaralolliuX CpaBHEHUE
mpU(TOB BU3YaJbHO MPEABSBISIEMBIX YHCEN, YTO MO3BOJSIIO KOHTPOJIUPOBATH Oa30BbIE MPOILIECCHI
3pUTETBHOTO BOCHIPUATHS M IpPOLECcC MpUHATHS pemeHuil. Kaxnaeni Omox Bkimodanm B cebs 12
MaTE€MaTHUYEeCKUX U 3 KOHTPOJIbHBIX 3a/JaHUsl, BAPBUPYIOLIUXCS MO TPEM YPOBHSIM CIOKHOCTH,
ompenensieMbIM KOJIMYeCTBOM IUdp B omepaHmax (OJAHO3HAUYHBIC, JABY3HAYHbIE W TPEX3HAUHBIC
yrcina). Beero 6pu10 npeabsaBiaeHo 36 MaTreMaTUYecKuX U 9 KOHTpoJbHBIX 3aaanuid. [locne kaxaoro
MaTeMaTH4eCKOTo 0JIOKa MPEeICTaBIIsIaCh METAKOTHUTUBHAA 3a1a4a. Y YACTHUKOB MPOCUIIU OLICHUTh
CyOBbEKTHUBHbBIC YMCTBEHHbBIEC YCUJIUS WU TPYIHOCTH, C KOTOPHIMU OHU CTOJIKHYJIMCH B MPEbIAYIIEM



onmoke 3amau. Ilocie kaxaoro mnepuoja OLEHKH cienoBan 10-ceKyHIHBIM HMHTEpBaJ OTIbIXA
(pukcanun). IloaHBIA SKCIEpUMEHTANbHBIA OJIOK COCTOSST M3 MAaTeMaTH4YecKoro OJioka co
BCTPOCHHBIMHU KOHTPOJIbHBIMU 33JJaHUSIMU — METAaKOTHUTHUBHOU OIIEHKU —> (DUKCAIIHH.

HccnenoBanue NpOBOAWIOCH C HCIOJIb30BAaHUEM MAarHUTHO-PE30HAHCHOTO ToMmorpada
Siemens Magnetom Verio (Syngo MR B17) ¢ HanpseHHOCTbIO MarHuTHoro mosst 3 To,
ycTaHoBJieHHOT0o B HarnumoHanbHOM wuccienoBaTenbckoM IeHTpe «KypuyaTOBCKHUN WHCTUTYT»
(Mocksa). [dns peructpauuu GyHKIMOHAIBHBIX H300paKeHH MCIOIB30BajIach IpaueHTHAs 9XO0-
wia"apHas nocinenoBatenbHocTh (EPI — echo-planar imaging), uyyBcTBUTENbHAST K M3MEHEHUSIM
ypoBHsi okcureHanuu kpoBu (BOLD — blood-oxygen-level-dependent), uyto obGecneuuBaer
nonydyenue T2*-B3BemeHHbIX n300paxkenuit. [Tapamerpsl ckanupoBanus: BpeMs nostopenus (TR),
Bpems 3x0 (TE), TonmmmHa cpe3oB, pasMep MaTpullbl M Jp., 3aJaBajJUCh B COOTBETCTBUHU CO
CTaHJAPTHBIMH MpoToKoidamu s ¢yHKunoHaibHOH MPT (PMPT) KOTHUTHUBHBIX Harpys3ok,
OPUHIATHIMA B JAHHOM IIeHTpe. BpiOOp MaHHBIX mapamMeTpoB O0OYCIOBIEH HEOOXOIUMOCTHIO
JOCTKEHUSI ONTUMAIILHOTO OajaHCca MEXy MPOCTPAHCTBEHHBIM M BPEMEHHBIM pa3pelicHUEM, a
TaK)kKe KOHTPACTOM, YyBCTBUTENIbHBIM K BOLD-curnainy.

[IpenoOpaboTka (GYHKIIMOHAIBHBIX W aHATOMHYECKUX HW300pPaKCHUN BBIMOJIHSAIACH C
ucronb3oBanreM naketa nporpamm AFNI (Analysis of Functional Neurolmages). Ha mepBom 3Tamne
MIPOBOIUIIACH KOPPEKIMs BPEMEHHOTO cIBUTa cpe3oB (slice timing) ¢ momomnsio pyukiuu 3dTshift,
YTO HEOOXOAMMO JJIs yUeTa pa3HOBPEMEHHOCTH MOTYUYEHHS CPE30B B Ipeaenax ogHoro oobema (TR).
Hanee ¢ nomouisto ¢pyHkiuu 3dvolreg ocymiecTsisiack KoppeKuus apTehakToB IBUKEHHS TOJIOBBI:
BCE M300paKEHUS COBMEIIAIHNCH C MEPBBIM OOBEMOM BPEMEHHOTO psjia MOCPEICTBOM KECTKOTO
npeoOpa3oBaHus MO HIECTH MapaMeTpaM (TP TPAHCISALMU U TPU POTALIUH).

AHaToOMHYeCcKOe M300paKEHUE BBICOKOTO pa3pelIeHHs] KaKIOTr0 YYaCTHHKA COBMENIAIOCH
(coregistration) ¢ (GyHKIIMOHAIBHBIM M300paKEHUEM C MCIIONBh30BaHUEM CKpuIiTa align_epi_anat.py.
3areM Bce JaHHBIC OBLUTH TMOABEPTHYTHl MPOCTPAHCTBEHHOW HOpMATHM3AIMH B CTEPEOTAKCHYECKOE
npoctpanctBo MNI (Montreal Neurological Institute) ¢ mpumenennem dynkiuu @auto_tlre. ITocne
HOpMAaJIM3alluy JJIsl yJIY4IIeHUs OTHOIIEHUS CUTHAI/IIYM U KOMIEHCALUU MEXHUHIUBUIYAIbHBIX
AHATOMHYECKHUX PA3IUYUN BBIMOJHAJIOCH MPOCTPAHCTBEHHOE CIJIAKMBAHUE TayCCOBBIM SIPOM C
nosiHoi mupuHoil Ha nmonyBeicore (FWHM) 4 mm ¢ nomomneto ¢pynkuuu 3dmerge. Beibop nannoro
napameTpa CrJIaXKHUBaHUs COTJIACyeTCs C PAIOM HPEAbIIYIINX UCCIEI0OBAHUNA KOTHUTUBHBIX (DYHKIIMH
(Baird u np., Boldt u Gilbert, Kowalski u np., Mufioz-Moldes u nap). 3akato4nTEeNIbHBIM 3TAIlOM
npenoOpaboTku ObUIO yJajieHWe CUTHajJa OT TKaHed BHE Mo3ra (MacKMpOBaHHE) C TOMOIIBIO
aBromatnueckoi ¢pynkuuu 3dAutomask.

Cratuctudeckass oOpaboTtka naHHbiX (MPT BBINONHSIACHE C UCMOJIB30BAHHEM METOJIOB
oOmieit nuueitHo Moxenu (general linear model, GLM). [Ins mocTpoeHus KapT aKTUBAIMHM Ha
WHIMBHyaTbHOM YypoBHE mpuMmeHsiach ¢yHkius 3dDeconvolve, peanusyromnias oObIYHBIH METO.
HanMEHbIINX KBaapatoB (ordinary least squares, OLSQ). Ha ocHoBe 3TON MOJenu OLeHHWBAIHCH
napaMeTphl perpeccuu (BeKTop *b*) miist Kaa0ro BOKCENsl B COOTBETCTBUU C yPaBHEHHEM JIMHEHHON
mojnenu z = Xb, Tae *z* — BeKTOp MHTEHCHBHOCTH CUTHAIAa BO BPEMEHHOM PsTy, a X — MaTpHIia
perpeccopoB (Iu3aiiH-MaTpuna).

3) Memoov: cmamucmuyecko2o ananausa. JIsi cTaTUCTUYECKOrO aHaiu3a ObLI peann30BaH
JIBYXYPOBHEBBIH MOAXO0/ HAa OCHOBE 0011ei auHeHoi moaenu (GLM).

Ha mepBoMm (MHAMBHIyaIbHOM) YpOBHE IJISl Ka)XJIOTO YYacTHHKA OblIa TMOCTPOCHA 00Ias
JIMHEWHAsT MOAENb ¢ ucmoiab3oBaHueM koManna «3dDeconvolve» u «3dREMLfit» maxkera AFNI.
Mogenp BKIIIOYAIa PETPeccophl UId KaKIAOTO YCIOBHSA: MaTeMaTHUecKas oIlepamus X ypOBEHb
CJIOHOCTH, METAaKOTHUTHBHAS OLIEHKa, KOHTPOJIbHOE 3a7aHue U 0a30Boe cocTosHue (pukcanuu. B
aHaJIM3 TaKke ObUIH BKJIIFOUEHBI PErpeccopbl OMEX, OTPAKAIOIINE MapaMeTpPhl ABM)KEHHSI TOJIOBBI.

Ha wnauBumyansHOM ypoBHE OBLTH pacCUMTaHBI KOHTPACTHI, MPEICTABISIONINE HHTEPEC, C
IEJIBI0 BBIJCIICHUS! aKTUBHOCTH, CBSI3aHHOW C: @) METAaKOTHUTHUBHBIMH 3a7[auaMU IO CPAaBHEHUIO C



0a30BbIM cOCTOsTHUEM ((PUKCcaLKsl) U ¢ KOHTPOJIBHBIM 3a/laHieM; 0) MaTeMaTUYECKUMHU 3aJja4yaMu 10
CpaBHEHHIO C 0a30BBIM COCTOSTHMEM ((HKcalus) U C KOHTPOJBHBIM 3a/JlaHHEM; B) CpPaBHECHUEM
Pa3IUYHBIX MATEMAaTUYECKUX OTEepaIiii 1 YPOBHEH CI0KHOCTH.

Ha BTopoM (rpynmnoBom) ypoBHE ObLI TPOBEAEH aHANIN3 CO caydaiiHbiMu dddextamu (random-
effects analysis), B X0J1e¢ KOTOPOro HHAUBUYAJIbHBIE KAPThl KOHTPACTOB MOJIBEPTAIUCH YCPETHEHUIO
U CTaTHUCTHYECKOM oIleHKke. JlJi1 KOPPEeKIUMH MHOKECTBEHHBIX CpPAaBHEHUN MPUMEHSIICS
KOMOMHHUPOBAHHBIN MOPOT: BOKCENbHBIN YPOBEHb 3HAUMMOCTH YCTaHABIMBaiCs Ha ypoBHe p < .01 ¢
nonpaBkoi Ha joxkHble oOHapyxkeHus: (FDR, False Discovery Rate) B codetanuu ¢ KiiacTepHBIM
noporom p < .001, kak pekomennoBano i nanueix TMRI (Woo, u ap., 2014). Ha 3aBepmarorniem
sTane ObUT TpoBefeH aHanmu3 oOijactedt mHTepeca (ROI, regions of interest). Jlns kmactepos,
JEMOHCTPUPYIOIINX CTATUCTUUYECKH 3HAYMMYIO aKTHBAIMIO, Obla MpoaHAIM3UpPOBAaHA JUHAMUKA
BOLD-curnana, a Tak»e BBIIIOJIHEHA AaHATOMUYECKas TMPUBS3KA BBIABICHHBIX 0O0JaCTEH.
Jlokanu3aiysi akTUBUPOBAHHBIX KJIACTEPOB OCYIIECTBIISLIACH C ToMoIIbio atinaca Jlaamona (TTatlas),
peanuzoBaHHoro B nmakete AFNI.

JMnupuyeckasi BbIOopKa.

B uccnegoBanuu NpuHsUIM y4acTHE JBaIIaTh MOJIOJBIX, 30pOBhIX B3pocibiX (10 xenmun, 10
MY>KYUH, cpeHUid Bo3pacT 23,85 roaa). Bee yuactHuku Obutn npaBiiaMu. KpurepusMu HCKITIOUEHUS
U3 BBIOOPKH ObLIa JIEBOPYKOCTh, HEBBINIOTHEHUE 3aJa4M 10 MOA00PY YMCEN Mepesl CKPUHUHTOM U
AKCTpEeMalibHasi TMPOU3BOJUTEILHOCTh (OYEHb BBICOKAs WJIM OYEHb HH3Kas) MpU pElICHUU
MaTeMaTHUYeCKOW 3aJauyu BO BpeMsl KOHTPOJbHOW mpoObl. Bce ydacTHUKHM naiu J10OpOBOJIBHOE
corjacuie Ha y4acTue B UCCIIeIOBaHUU.

JIOCTOBEpPHOCTh M HAJEKHOCTH OCHOBHBIX MOJIOKEHUI, Pe3yJbTaTOB U BbIBOIOB
HCCJIeJ0BaHUsI 00eCTIeYNBAIOTCA: TIIATEIFHON TEOPETUYECKON U METOAOJIOTHYECKON MPOpabOTKON
npoOsieMbl; coOMoieHreM (YHIaAMEHTAbHBIX METOIOJIOTMUECKUX M JIOTUKO-HAYUYHBIX MPUHIIUATIOB;
COOJIIOICHUEM TPHUHATBHIX CTAHAAPTOB TEOPETUYECKUX M OMIHUPUUYECKUX TCUXOJIOTHYECKUX
UCCJIEOBaHUM; pEIPe3eHTAaTUBHOCTHIO BEIOOPKH; a TaK)Ke MCIOJIb30BAHUEM ITPOBEPEHHBIX METOI0B
00paboOTKH JaHHBIX, COOTBETCTBYIOIIMX IIEJISIM, IPEAMETY U 3a7a4aM UCCIIeI0BaHUs. 3HAUYNTETbHBIN
00BEM MPOAHAIM3UPOBAHHOTO M CUCTEMATH3WPOBAHHOT'O TEOPETHYECKOTO MaTepHalia, a TaKkKe
BbICOKasi CTeleHb OO0O0OIIeHus, Jekau@as B OCHOBE JIOTMKM IOCTPOCHMSI HSMIMPUYECKOTO
UCCJIE0OBaHUs, CBUACTENBCTBYIOT O HAJIEKHOCTU U HAYYHOW JTIOCTOBEPHOCTH €r0 Pe3ysbTaTOB U
BBIBOJIOB.

Haubosiee cymecTBeHHbIe U HOBbIE pe3yJIbTaTbl UCCJIEOBAHUS, MOJy4YeHHbIE JTHYHO
coucKaTeJieM, 1 UX HAyYHAasi HOBU3HA 3aKJII0OYAIOTCS B CIEAYIOIIEM:

1. Paspabomana MHTErpaTUBHAs KOTHUTHBHAs MOJEJIb B3aUMOJEICTBUSA
METaKOTHUTUBHOT'O MOHUTOPHUHTA U MaTEeMaTUYECKOTO MMO3HAHUSA, B KOTOPOil CyOhEeKTUBHAS OIICHKA
YMCTBEHHOTO YCHJIUSI paccMaTpPUBAETCS KaK KIFOUEBOM MEXaHWU3M peryJslid IO3HaBaTeIbHON
JeATeIbHOCTU. B Mojaenu yMCTBEHHOE YCHWIIME BBICTYNAeT OJIHOBPEMEHHO KakK pe3yJibTar
MOHUTOPHUHIAa TEKYIIMX KOTHUTUBHBIX MPOLECCOB M KAaK PETyISTOPHBIA CUTHAN, BIUSIOUMN Ha
pacnpe/ielieHre pecypcoB U BBIOOp CTPATETUU PELICHUs 3a1auH.

2. Omnupuyecku OOKA3aHO, YTO METAaKOTHUTUBHBIE WU MaTEMaTHYECKUE MPOIECCH
OMHPAIOTCS HA YACTUYHO TMEPEKPHIBAIONINECS KOTHUTHUBHBIE MEXaHU3MBI, peau3yromue QyHKIUN
MOHUTOPUHTA, OLIEHKU CJIIOKHOCTH M KOTHUTHUBHOIO KOHTPOJIS, YTO TO3BOJISIET paccMaTpUBaTh
METaKOTHHUIINIO KaK WHTETPATUBHBIN KOMIIOHEHT MaTeMaTHIECKON AesATEILHOCTH.

3. Vemanoeneno — cymiectBoBaHue — (PyHKIMOHANBHOW — aAuddepeHImanmum — MExXIy
METaKOTHUTUBHBIM MOHUTOPHHTOM U MaTeMaTHUECKONH 00pabOTKOM, MPOSBIISIONICHCS B BOBICUCHUN
JIOMEHHO-CTICIIU(UUECKUX ~ MEXaHU3MOB  OOpaOOTKHM  CHMBOJHMYECKOW U  KOJUYECTBEHHOU
uH($OpPMaLIUY MTPHU pelIeHUH apu(dMETUYECKUX 3aau.

4. Yemanoeneno, 4to cyObeKTUBHAS OLIEHKA YMCTBEHHOI'O YCUJIUS BHICTYNAET BaJIUAHBIM
METAaKOTHUTUBHBIM HMHAMUKATOPOM KOTHUTHUBHOM HAarpy3Kd, CHUCTEMaTUYECKH CBS3aHHBIM C
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U3MECHCHUSIMH (YHKIIMOHAIIBHONH AaKTHBHOCTH CHCTEM KOTHHTHBHOTO KOHTPOJII TPHU PEUICHUH
MaTEMaTHYECKUX 33/1a4 Pa3IMYHON CIIOKHOCTH.

5. Buvisignena TapamMeTpuydeckas 3aBUCUMOCTh MEXIYy OOBEKTUBHOW CII0)KHOCTBIO
MaTEMaTHYECKUX 3a/1ad U BOBJICUCHHOCTHIO METAKOTHUTHBHBIX MEXAHHM3MOB MOHHTOPHHTA, YTO
CBUJIETEIILCTBYET O BKJIIOYCHHOCTH METAKOTHUTHUBHBIX TPOIECCOB B CTPYKTYPY MAaTeMaTHYECKOTO
MBIIIUICHUS ¥ KX POJIM B PETYJISIIIMK MTO3HABATEIILHOM JESITETLHOCTH.

6. Ilonyyenv: HOBBIE HaHHBIE O (DYHKIMOHATBHOW OpTraHHW3allMd MaTeMaTHYEeCKOTO
MO3HAHUS, IEMOHCTPUPYIOIIUE, YTO PA3TMIHbIE TUITBI ApU(DMETHUECKHUX OTICPAIIAN XapaKTEPU3YIOTCS
crenupUIECKUMIA KOTHUTUBHBIMU CTPATETHSIMU WM PA3IMYHBIMU TPOGUISIMU aKTHUBAIIUU BHYTPHU
o011el cucTeMbl MaTeMaTHIECKONH 00pabOTKH.

7. Buisignienv:  paznuuusi B MEXKIIONYIIAPHOW OpraHU3allid METAaKOTHUTHUBHBIX U
MATEMaTHYECKUX  MPOIECCOB,  MPOSIBISIIONIUXCS — MPEUMYIIECTBEHHO B JICBOTOJIYIIAPHOU
CHCIHMAIN3alM  MaTeMaTHYECKOTO IO3HaHUs W Ooyiee  OWjarepalibHOW  OpraHHW3alliH
METaKOTHUTHBHOTO MOHUTOPHHTA.

Takum oOpa3oMm, MONYYCHHBIC PE3YJIbTaThl PACIIUPSIOT TPEACTABICHUS O CTPYKType
MO3HABATEIPHON JEATCIBPHOCTH M YTOYHSIOT POJIb METAKOTHUIIMM KaK MEXaHWU3Ma PeTYJISIuu
MaTeMaTUYEeCKOTO MBIIUICHUSI.

TeopeTnueckasi 3 HAYUMOCTh PAGOTHI OTIPEIEISICTCS BKJIAJI0M TOJYYCHHBIX PE3YJIbTaTOB B
pa3BUTHE  KOTHUTHUBHO-TICUXOJIOTHYECKUX  TPEJICTABICHUH O  CTPYKType W  PETYJISIHAHA
TI03HABATEIbHOMN JCATEIHPHOCTH YCIIOBEKA.

IIpexnae Bcero, pabora CHOCOOCTBYET ummezpayuu O08YyX HANPAGICHUN COBPEMEHHbIX
ACUXONIOSUHECKUX UCCAe008AHUL — MEeMAKOSHUYUU U MAmeMamuyecko20 NO3HAHUsl, KOTOPBIC
TPATUIIMOHHO M3YYaJIUCh IPEUMYIIIECTBEHHO HE3aBUCUMO JIPYT OT Apyra. [loiaydeHHbIC pe3yibTaThl
JTOKA3bIBAIOT, YTO METAKOTHUTHUBHBIH MOHHUTOPHUHI HE SBJISIETCS BHEIIHUM IO OTHOIICHHUIO K
poIeccaM MaTeMaTUYECKOTO MBITIUICHUS, a TIPEJICTaBISACT COO0H BHYTPCHHHN MEXaHU3M PETYJIISIIUN
KOTHUTHBHOW JICSITEILHOCTH, OOECIICUMBAIONINN OIEHKY CIIO)KHOCTH 3ajadd, pacIpeaeiicHue
KOTHUTHBHBIX PECYPCOB U KOPPEKTHPOBKY CTPATETHIl perieHus.

HccnenoBanne BHOCHUT BKJIQJ B PA3BUTHE TEOPETHYECKUX MOJENEH METaKOTHUTUBHOTO
KOHTPOJIS, YTOUYHSS POJb CYOBEKTHBHOTO YMCTBEHHOTO YCHIIHMSI KaK OJIHOTO W3 IICHTPAIbHBIX
WHIANKATOPOB METAKOTHUTUBHOTO MOHUTOPHUHTA. Y CTAHOBJICHO, YTO CYOBEKTHUBHAS OIICHKA yCHIIUS
OTpaXkaeT HE TOJBKO TEPEKUBAHUE CIIOKHOCTU 3aJa4yd, HO W BBHIMOTHSET (PYHKIMIO CHUTHAla
PETYISAIUMU TI03HABATEILHOU JIEATEILHOCTH, UHTETPUPYS MH(POPMAIMIO O TEKYIIeH KOTHUTHBHOM
Harpy3Ke U JOCTYIHBIX pecypcax.

[TommydyeHHble  pe3ylNbTaThl  TakXKe CHOCOOCTBYIOT  PAa3BUTHUIO  TPEJCTABICHHA O
GYHKIIMOHAIBHOM ~ OpraHW3alldid ~ MaTeMaTH4YecKOro  MblnuieHus.  lloaTBepkmeHo,  4To
MaTEMaTHYEeCKOE TMO3HAHUE BKJIIOYACT HE TOJBKO CICIHAIM3MPOBAHHBIC MEXaHU3MbI 00paOOTKH
YHUCIIOBOM U CUMBOJIMUECKON MH(POPMAIIMU, HO U TECHO CBSI3aHO C MPOIECCAMU METAKOTHUTHUBHOTO
MOHHTOPHHTa ¥ KOTHUTHBHOTO KOHTpOJS. TeM caMblM MaTeMaTudecKkas JesTeIbHOCTh
paccMaTpuBaeTCsl KaKk MHOTOYPOBHEBAsi CHCTEMa IMO3HABATEIBHOW pETYJISAINU, BKIFOYAIOIIAs Kak
OOBEKTHBIN YPOBCHB PEIICHUS 3a]]a4H, TaK U METa-yPOBEHb OIICHKU ¥ KOHTPOJIA.

Oco0oe 3HadYeHHE MMEET MpEeJIOKCHHAss B paboTe NBYXYpOBHEBash MOJEIb OpraHU3aluU
KOTHUTHBHOMW JIESTEIBHOCTH, B paMKaX KOTOPOH MaTeMaTHYeCKOe MO3HAHUE PACCMATPUBACTCS KAk
O0OBEKTHBI ypOBeHb 00pabOTKM MHGPOpPMAIMH, a METAKOTHUTHBHBIH MOHUTOPUHI — KaK MeETa-
yYpOBEHb peryisaiuu. JlaHHas MOJEIh YTOYHSET MPEJCTABICHUS O MEXaHM3MaX B3aUMOJCHCTBUS
MPOIIECCOB MBIIUICHUS U caMOpe(IIEeKCHH U MOKET OBITh UCIIOJIB30BaHA JIJIS TATbHEHIIIETO Pa3BUTHS
TEOpUI CaMOPETYJISAINN TTO3HABATEIIBHON JCATCIIBHOCTH.

PesynbraTel mccienoBaHMS Tak)Ke BHOCAT BKIAJ B JUCKYCCHIO O JOMEHHO-00IIEM W
JIOMEHHO-CIETIM(PUISCKOM XapaKTepe METaKOTHUINK. [loka3aHO, YTO METAaKOTHUTHUBHBIE ITPOIIECCHI
OMHPAIOTCS HA  YHHBEpPCAJIbHBIE  MEXaHW3Mbl KOTHUTHUBHOTO  KOHTPOJS, OJHAaKO  HX
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(YHKIMOHMPOBAHUE MAPAMETPHUUECKH 3aBUCUT OT OCOOEHHOCTEH KOHKPETHOW KOTHUTHUBHOU
nesTenbHOCTH. TakuM 00pa3oM, METaKOTHHMIMS MOXET pPAacCMAaTpUBaThCAd KakK JOMEH-OOIIMiA
MEXaHHU3M PETYJISLNU, AAANTUPYIOMIHICS K TpeOOBaHUSAM KOHKPETHOTO IMO3HABATEILHOTO JIOMEHA.

Kpome Toro, nosy4eHHbIe JaHHBIE PACIIUPSAIOT TEOPETUYECKUE MPEICTABICHUS O CTPYKTYPE
NO3HABATEIbHONW CAMOPETYJISILMM, JEMOHCTPUPYs, UYTO CyOBEKTHBHAs OLIEHKA YCWIIHS SBISETCS
BaXHBIM KOMIIOHEHTOM CHCTEMbl KOTHHUTHBHOTO KOHTPOJI, OOECIEUMBAIOIIUM TUHAMUYECKYIO
aJanTaluIo MO3HABATEILHOMN AESITEbHOCTH K U3MEHSIOMUMCS TPeOOBaHUAM 3a/1a4H.

B nenom pesynbpTaThl UCCIEIOBAaHUS CIIOCOOCTBYIOT Pa3BUTHIO COBPEMEHHBIX KOTHUTHUBHO-
IICUXOJIOTMYECKUX MOJEIIEW MBIIIJIEHUS, CAMOPETY LMY U METaKOTHULIMY, YTOYHSS MEXaHU3MBI UX
B3aUMOJICICTBUS B CTPYKTYpE CIOKHON MHTEIUIEKTYaIbHOM €SI TENbHOCTH.

IIpakTHYeckasi 3HAYMMOCTb JHCCEPTALMM OIPEAEIAECTCS BO3MOXKHOCTBIO IPUMEHEHHUS
NOJIyYEHHBIX PpE3yJbTaTOB B 00pa30BaTENbHOW, JMAarHOCTUYECKOM U HAyYHO-METOIUYECKOU
MIPaKTHKE.

[lonyueHHblE aHHBIE O POJU METAKOTHUTUBHOTO MOHUTOPUHIA YMCTBEHHOTO YCHUIJIMS B
CTPYKTypE€ MaTE€MaTH4YECKOrO IMO3HAaHUS MOTYT OBITh MCIOJIb30BAHBI MPU pa3pabOTKE Mporpamm
pPa3BUTHSI METAKOTHUTUBHBIX HABBIKOB, HANpAaBIEHHBIX Ha (OPMUPOBAHHE Yy OOyYaIOUIUXCS
CIIOCOOHOCTH K OCO3HAHHOMY KOHTPOJIIO0 COOCTBEHHBIX KOTHUTHUBHBIX MPOIIECCOB, OIEHKE CII0KHOCTH
3a/1a4 ¥ ONTUMAJIbHOMY PACIPEIEICHUIO I03HABATEIbHBIX PECYPCOB.

Pesynbratel uccnenoBaHus MOTYT MPUMEHSATBCA B IENATOTMYECKOM IICHUXOJIOTMU U
TICUXOJIOTUU OOpa30BaHMs MPHU CO3/IaHUU METOJUK OOydeHHsS MaTeMaTHUKe, OPUECHTUPOBAHHBIX Ha
pa3BUTHE CTpPATETHIl CaMOPETYJAIMU MBIIUICHUS. Y4eT CyObEeKTHUBHOW OLIEHKH KOTHUTHUBHOM
Harpy3K{ MO3BOJISIET COBEPLIEHCTBOBATH METOBI IPEMNOJABAHMUS, HANPABICHHBIC HA IOBBIIICHUE
3¢ ()EKTUBHOCTH pEIICHUs MaTeMaTHYeCKHX 3a7ad u (opmupoBaHue pedIECKCUBHBIX HABBIKOB Y
00yJaromuxcs.

BrIsiBieHHBIE 3aKOHOMEPHOCTH B3aUMOCBSI3H MEKJy METAKOTHUTUBHOW OLIEHKOW YCWIIUS U
IpoLEecCaMU MATEMAaTUYECKOTO MBIIIJIEHUSI MOTYT OBITh HCIIOJIb30BaHbI PU pa3padOTKe aJanTUBHBIX
00pa30BaTeNbHBIX TEXHOJIOTMH M LU(POBBIX OOYYAIOIUX CHUCTEM, YUHMTHIBAIOIIMX HE TOJIBKO
00BEKTUBHYIO CIIO)KHOCTD 33/IaHUI, HO U CYOBEKTHBHOE COCTOSIHUE yUalIerocsi. 3T0 0COOEHHO BaKHO
npu pabore ¢ 00ydalOIIUMHUCS, MCTBITHIBAIOUIMMHU TPYAHOCTH B MaTEMaTHKE WJIM TMOBBIIIEHHYIO
MaTEMaTHUYECKYI0 TPEBOKHOCTbD.

IIpakTueckoe 3HA4YEHUE pPE3yJbTaTbl HCCICAOBAaHUA HUMEIOT U I IICUXOJOTMYECKOU
JUAarHOCTUKA KOTHUTHUBHBIX M METAKOTHUTHBHBIX IHpoueccoB. llosydeHHblE AaHHBIE MOTYT
UCIIOJIb30BAThCSl NpU  pa3pabOTKE JUArHOCTUYECKUX METOJMK, HAalpaBlIE€HHBIX Ha OLEHKY
0COOEHHOCTEH METAaKOTHUTUBHOTO MOHHUTOPMHIAa W KOTHUTHUBHOTO KOHTPOJII B Y4eOHOM u
npo¢eCCUOHAIBHOM JeSTeNbHOCTH.

Kpome TOro, pesynapTaThl HCCIEAOBaHHUS MOTYT OBITh HCIOJIB30BaHBl B HAy4yHO-
UCCIIEA0BATENILCKON M METOJUYECKON paboTe, CBA3aHHOM C M3YyYEHHUEM KOTHUTHUBHBIX MPOIECCOB,
METAKOTHUIIMA M CaMOPETYJISIIMK TI03HABATEIbHOM JIEATENIBHOCTH, a TakXke MpH pa3paboTke
MEXIUCLUUIIJIMHAPHBIX HUCCIEJOBAaHUM HA CTBIKE KOTHUTHBHOM IICHMXOJIOTMH, TENAroruku |
HEUPOHAYKHU.

B nenom nosydeHHbIE pe3ysbTaThl PACIIUPSIOT BO3ZMOXHOCTH ITPUMEHEHHSI COBPEMEHHBIX
KOTHUTHUBHO-TICUXOJIOTUYECKUX IOAXOJ0B B 00Opa30BaTENbHONM MPAKTHKE, ICUXOJIOTHYECKON
JTMarHOCTHKE U pa3pabOTKe TEXHOJIOTHI 00yUYeHHs, OpDUEHTUPOBAHHBIX HAa PA3BUTHE CAMOPETYJISALIUN
IIO3HABATEIILHOW IEATEIBHOCTH.

HccienoBanus NpoBoauIoch MO3TANHO.

1. TeopeTHko-METOMOJOTHYECKUM JTam BKJIOYAT CHUCTEMaTUYeCKUH 0030p HaydyHOU
JUTEPaTyphl, MOCBALUICHHOW MpoOiieMaM METaKOTHUIIMH, YMCTBEHHOTO YCHIIMs, MaTeMaTUYECKOTO
NO3HAHHUSA, & TAK)KE UX HEHPOKOPPENSATOB, BBISBISEMBIX C MOMOMIBIO (PYHKIIMOHAIFHOW MAarHUTHO-
pe3onancHoir Tomorpaduu (GMPT). Ha ocHoBe mpoBeneHHOro aHanmmu3a ObLIM CHOPMYIUPOBAHBI



12

THIIOTE3bl OTHOCUTEIBHO OOMIMX M CIeMU(UIECKHX HEHPOHHBIX CyOCTpAaTOB METAKOTHUTHUBHBIX U
MaTeMaTH4ecKuX IpoueccoB. llapamiensHo pa3pabaTbiBaack 3KCIEPUMEHTANbHAA MapajurMa
UCCIIEZIOBAHUS, OCYILECTBICHO MPOrpaMMHUpPOBaHHE TMPOLEAYpPhl NPEABABICHUS CTHUMYJIOB U
perucTpaly IMOBEJEHYECKUX OTBeTOB. llomyueHo ono0peHHE STUYECKOTO KOMHUTETa U
chopMupoBaHa BIOOpKA HCIIBITYEMBbIX.

2. Ha skcriepyMeHTanbHOM 3Tare OblI IPOBEECH MOBEACHUYECKUN CKPUHUHT 111 BepU(UKALUU
COOTBETCTBUS YYACTHUKOB KpPUTEpUSM BKIIOUYEHUS B MCCIEIOBAaHME, a TaKXKE pealn30BaHO
COOCTBEHHO KCIIEPUMEHTAIBHOE HUCCIIE0BAHNE B COOTBETCTBHUHU C pa3pabOTaHHBIM paHEe TU3aiTHOM.
OcHOBHOW cOOp MaHHBIX OCYIIECTBJsUICS Ha 0Oaze HammoHanbHOro uccinegoBaTEIbCKOrO IEHTpa
«KypuaroBckuil nHCcTUTYT» (MOCKBa) € HCHOJB30BAHMEM MarHUTHO-PE30HAHCHOIO ToMorpada
Siemens Magnetom Verio.

3. Oran 00pabOTKM U aHaIM3a JaHHBIX BKJIIOYAI NpeaoOpaboTKy pyHKIIMOHAIBHBIX JaHHBIX C
ucnonb3oBanueMm nakera AFNI (Analysis of Functional Neurolmages) u cratuctudeckuii aHamus
MOJIyYeHHBIX PE3yJbTaTOB B paMmKax oOmei mnuHeitHoi wMoxenu (GLM), BriIrodaromuii
VHAVBUAYAJIbHBIA U TPYNIIOBON YPOBHU 00pPaOOTKH.

4. Ha 3akIIOYUTENBHOM HHTEPHPETAMOHHO-0000IA0MIEM dTane OCYUIECTBIISIIACH
UHTEpIpeTalysl BbISIBICHHBIX IAaTTEPHOB HEHPOHHONH AKTHBHOCTH B KOHTEKCTE MPOBEPSIEMBIX
TUIOTE3 U CYIIECTBYIOLIUX TEOPETHYECKMX Mojeneil. Ha ocHOBe MOMyuyeHHBIX pe3yiabTaToB ObUIM
MOJIFOTOBJIEHBI IVIABBI JUCCEPTALIMOHHON pabOThI, @ MAaTEpHUAJIbl UCCIEAOBAHMS HAILLIIM OTPAXKEHUE B
HAYYHBIX CTaThsX, a TaKKe OBLIM MPEJCTAaBIEHBI B BUJAE JIOKJIAJOB Ha MEXKIYHAPOAHBIX HAYUHBIX
KOH(EepeHIHUAX.

IToJ105keHNsl, BLIHOCHMbIE Ha 3aIUTY:

1.  MeTakOorHUTUBHBIM MOHUTOPUHI M MaTeMaTHYECKOe IMO3HAHUE MPEACTaBISIOT COO0M
B3aMMOCBSI3aHHbIE, HO (YHKIMOHAIBHO pa3IM4YUMble YPOBHUM KOTHUTHUBHOW OpraHMU3aluu
JeSTeNbHOCTU. MaTeMaTuyeckoe pelieHre 3a/1ad peaju3yeTcsi Ha 0ObeKTHOM ypOBHE 00paboTKu
uH(pOpMallUM, TOTJAa KaK METAaKOTHUTHBHBIE MPOIECChl 00ECIEeYMBAIOT MOHUTOPUHT, OLIEHKY
CJIOKHOCTH U PETYJIALMIO BBIIOJIHEHHS] KOTHUTUBHBIX OIEpaLlUil.

2. MeTakOorHUTUBHBIN MOHUTOPHUHT YMCTBEHHOTO YCHIIUS ONUPAETCs HAa JOMEHHO-001111e
MEXaHM3Mbl KOTHUTHBHOI'O KOHTPOJI, KOTOPbIE BOBJIEKAIOTCS KaK IMPU METAKOTHUTUBHOM OIICHKE,
TaK M TNpPU PEIICHUM MaTEMaTHYECKUX 3aJad, 4YTO CBUJIETEIBCTBYET O CHCTEMHOM WHTEIrpaluu
PETYJISITOPHBIX M BBIYUCIIUTEIBHBIX KOMIIOHEHTOB [TI03HABATEIBHOM J1€ATEIbHOCTH.

3. MaremaTuueckoe MO3HAHHME XapaKTEpU3yeTCs HAJTUYMEM JIOMEHHO-CIEeIH(PUUEeCKUX
KOTHUTHBHBIX MEXaHHU3MOB, O0ECHeuMBaIOMIMX OOpabOTKYy KOJIMYECTBEHHOH M CHUMBOJHUYECKOM
UHGOPMAIMU U TONOJIHSIOMIMX pab0Ty JOMEHHO-00IUX CUCTEM KOTHUTUBHOTO KOHTPOJISL.

4.  CyObexTuBHas OIICHKa YMCTBEHHOTO YCHJINSA SIBJISETCS 3HAYUMBIM METAaKOTHUTHBHBIM
CUTHAJIOM, OTPKAIOIIMM YpOBEHb KOTHUTHMBHOW HAarpy3Kd M YYacTBYIOIIMM B pEryJsiluu
pacnpeeseHNs M03HaBaTebHbIX PECYPCOB IPU PELLIEHUH 3a]a4 Pa3IudHON CIO0KHOCTH.

5.  VBenuueHHe CIOKHOCTM MAaTEMAaTHYECKMX 3aJad COIPOBOXKIAETCS YCUIEHUEM
BOBJICUEHHOCTH METAKOIHUTUBHBIX MEXaHU3MOB MOHUTOPUHTA, UTO YKa3bIBAET HAa (PYHKIIMOHATIbHYIO
MHTETPAIUIO MPOLIECCOB KOHTPOJISI U MATEMaTUYECKON 00pabOTKH.

6.  Paznuunble apupmMeTHUECKUE OTNEpaAIlH PEATU3YIOTCS C UCTIOIB30BAHUEM PA3TMUHBIX
KOTHUTUBHBIX CTPATETUH, UTO MPOSBIsETCA B TP PEpeHIUPOBAHHBIX TATTEPHAX AKTUBHOCTH BHYTPHU
oO11eil cucTeMbl MaTEMaTHUYECKOTO MO3HAHUS.

7.  Maremarnyeckoe NO3HaHWE U METAKOTHUTUBHAS OLICHKA XapaKTEPU3YIOTCs Pa3IndHOU
MEXIIOIYIIAPHOW OPraHM3aliel, OTPAKAIOLIEH pa3IUuMs MEXKAY SA3BIKOBO-CUMBOJIMYECKON
nepepaboOTKOM ~ MaTeMaTH4ecko  MH(OpMalMM M HHTErPAaTUBHBIMH  MEXaHHU3MaMH
camMope(IeKCHBHOTO MOHUTOPHHTA.

Anpofanus pe3yJbTaTroB Hcciael0BaHusl. OCHOBHBIE TOJOKEHUS M HSMIMPUUYECKHE
pe3yabTaThl HMCCIEAOBaHUS OOCYKIATMCh Ha METOJOJOTHYECKHX CeMHHapax Ha Kadempe
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IICUXOJIOTUM U MeNaroruku ¢uiojorudyeckoro (axynaprera Poccuiickoro yHuBepcuTeTa IpyKObI
HapogoB wuMeHu Ilatpuca JlymymObl, Ha Hay4dHbBIX KOH(EpPEHUHUSAX Pa3IUYHOIO YPOBHS:
MEXKIYHAPOJHOW HAYYHO-NIPAKTUYECKON KOH(pEpeHIHH «IKCIEePUMEHTAbHbIE U TEOPETUUYECKUE
uccieoBaHuss B coBpemMeHHOM Hayke», (MockBa, 2026); XIX MexayHapodHOW Hay4HO-
IpaKTUYEeCKOW KOoH(pepeHIMH «BpIcmas mikosa: ombIT, MpoOieMbl, MEPCHEKTHBBL. JIMYHOCTH B
obpaszoBatenpHOM TipocTpaHcTtBe» (MockBa, PY/IH, 2026); XIII MexnyHnapoaHas Hay4HO-
npakTuueckas koHdepenus «Society, science, practice» (KPCY, bumkek, 2026).

ConepxaHue MCCIIEJOBAaHUS OTPAXEHO B 5 ONMYOJMKOBAHHBIX HAYYHBIX paboTax aBTOpa, U3
HUX 2 — B BEIyIIHX HAy4YHBIX pELEH3UPYEMBIX U3JaHUAX, PEKOMEHJOBaHHBIX Brpicuien
aTTECTAIlMOHHON KOMHUCCHEW Npu MHHHCTEpCTBE HAYKH M BbIcHIero oOpazoBaHusi PO u YueHbIM
coBetoM Poccuiickoro yHuBepcutera Apyxk0a HaponoB («IlomokeHue O MPUCYKACHUU YUEHBIX
creneneity PI'AOY BO «Poccuiickuil yHuBepcuTeT ApyKObl Hapoa0B», yTB. 19.02.2018), 1 crares
— B )KypHaJIax, MHIEKCUPYEMBIX B HAYKOMETpUYECKOil 6aze Scopus.

CooTBeTCTBHE IMCCEPTALMHE € MACIOPTOM HCCIEA0BATEIbCKOM 00acTu. OTpakeHHbIE B
JUCCEPTallMU TOJIOXKEHUSI U BBIBOJBI COOTBETCTBYIOT NAcHOpPTy HayyHOM crnenuanbHOocTH 5.3.1
OO611as CUXoJa0rus, ICUXO0JIOTUS JIMYHOCTH, UCTOPUS NICUXOJIOTUH IO CIAEAYIOIUM MyHKTaM:

n.7. [lcuxodusznueckas npobdiema;

11.8. Co3HaHHE U NTO3HABATEIbHBIE IpoLecChl. KOrHUTHBHAS ICUXOJIOTHS;

n.9.  MpiuieHue, BooOpakeHHue. OMOIMOHAIBHO-CMBICIOBAST PETYJSALNS MBIIUICHHUS.
[IpakTHueckoe MBIILICHUE B CIOXKHBIX cUCTEMaX. MEeTaKOrHUIMH, UX POJb B PETYJISILIUU TOBEACHUS
U JEeSTEIbHOCTH YEJIOBEKA;

n.17. Cosznanue. CoctosHua co3HaHud. PednexkcuBHble mpouecchl. MplnuieHue u
MBICJIMTEIIbHBIE TPOIECCHI, CTPYKTYpPa, BUAbL, METObI UCCIIEIOBAHHUSI.

Crpykrypa m o0bem auccepranmu. [luccepraumsa coctoutr u3 BBeaeHus, IByxX IJas,
3axmtouenus, Crnucka HCIONb30BaHHOW suTepaTypbl (205 HMCTOYHUKOB, M3 KOTOpbIX 165 Ha
AHTJIMICKOM si3biKe). OCHOBHOM TEKCT AuUcCepTaluu mpeactaBieH Ha 121 crpanune. Huccepramus
conepxurt 114 Tabmur u 21 pucyHoK.

OCHOBHOE COIEPXAHUME PABOTHBI

Bo BBeneHuM OO0OOCHOBBIBAETCS AaKTyaJIbHOCTh TEMbI, pa3pabOTaHHOCTh MPOOIEMBI
JMCCEPTALIMOHHOTO UCCIIE0BAHUS, ONIPEICIEHbl 00BEKT, IPEAMET, 1eb, 3a71a4i; C(HOPMYIUPOBAHBI
TUIIOTE3bl; IPEJICTaBICHa TEOPETHKO-METOJI0JIOTHYECKass OCHOBA, METOMAbI, SMIIMpHuecKas Oa3za
UCCJIC/IOBAaHUsl, HayyHas HOBHU3HA, TEOpeTHYecKass M MpaKTHYecKas 3HAYMMOCTb pPEe3yJIbTaTOB
UCCIIEIOBAaHUS; TOJIO)KEHMs, BBIHOCHMBIE Ha 3alIUTy; anpoOalus W BHEAPEHUE PEe3yJIbTaTOB
UCCJIEIOBAaHUs, COOTBETCTBUE JUCCEPTALIMU NTACIIOPTY HAYUHOM CIENMATIBHOCTH, a TAKXKE CTPYKTypa
JUCCEPTALINN.

IlepBasi rnaBa «CTpyKTypHble, QYHKIHOHAJbHbIE W HeliPpOHHbIE XAPAKTEPUCTHKHU
METAKOTHMIMI W MATeMaTH4YeCKOro IO3HAHUSD» IIOCBAIICHA TEOPETUYECKOMY aHaIU3y U
CUCTEMATH3allMU CYLIECTBYIOIIMX IIOAXOJ0B K M3YyUYEHHIO METANO3HaHUS W MaTeMaTUYECKOIO
MO3HAHUS KaK CaMOCTOSTEIbHBIX, HO B3aUMOCBSI3aHHBIX KOTHUTUBHBIX 10MeHOB. Oco00e BHUMaHUE
yaensieTcs HeUpoOMOJIOrMYEeCKUM OCHOBAM 3TUX IPOIECCOB, UTO CO3AAET TEOPETUUECKUI (yHIaMEHT
JUTSL SMIIMPUYECKOT0 MUCCIIEOBAHMS UX B3aUMOIEHCTBHUS.

B paznene 1.1 paccmarpuBaeTcss SBOJIOLUS MOHATUS «METANO3HAHUE» — OT (HIOCO(CKUX
uctokoB (IlmaTon, Apuctorens, MoHTeHb, JlekapT) 10 COBPEMEHHBIX NMCUXOIOTMYECKUX MOJEIEH.
ITpoBenieH CpaBHUTENBHBIN aHAJIN3 OCHOBHBIX TEOPETHUECKHUX MOIX0/I0B:

WNuatpocnekunonuncrckue teopun Boiciiero nopsaka (Fleming, 2024), paccmartpuarommue
MeTarno3HaHue Kak pe3ysibTaT (OpMUPOBAHUS pErpe3eHTalluu 00siee BBICOKOTO YPOBHS O COCTOSIHUU
NEPBOro Mopsiika (HalpuMep, yBEPEHHOCTh B MIPABMIIBHOCTH MEPLENTUBHOIO PEILICHNU).

Teopuu «cuutbiBanus cobcrtBeHHoro co3Hanus» (Carruthers, 2021), moctynupyromniyme, 4To
METAllO3HAaHUE YEJIOBEKa PEKPYTHPYET MEXAHW3Mbl, HBOJIIOLMOHHO IPEAHA3HAYECHHbIE IS
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NOHMMAHMSI MEHTAJIbHBIX COCTOSIHUN APYTHUX JIOAEH.

NH(popManimoHHO-BEPOATHOCTHBIE MOJIENH, BKIItOUask TeOpUIo oOHapyskeHus curnana (SDT) ¢
KJIFOUEBBIM TOHSATHUEM, TPAKTYIOIINE YBEPEHHOCTh KaK BBIBOJ] METAKOTHUTHUBHON 3P (PEKTUBHOCTHU
(meta-d") (Fleming & Lau, 2014), a Takxe 0aileCOBCKHE MOAXO0IbI BTOPOTO MOPSIKA O HAJIEKHOCTH
COOCTBEHHBIX PEIICHUI.

Mognenn AMHAMHYECKOTO HAKOIUICHHS J0Ka3aTelbCTB (Hampumep, Monenb auddy3Horo
npeiida), KOTOpble paccMaTpUBAIOT YBEPEHHOCTh W OCO3HAHHWE OHIMOKM Kak TPOIECCHI,
pa3BOpauMBAIOIIMECS BO BPEMEHHU.

KubepHernuecknii (KOHTPOJIBHO-PETYIATOPHBIIN) MOAX0MA, B paMKaX KOTOPOI'O METaro3HaHue
BCTPAMBACTCS B 3aMKHYTBHIH KOHTYp pETYJSLMH: MOHUTOPUHT (OIEHKA HEONpeIeIeHHOCTH,
TPYZAHOCTH) UHPOPMHUPYET CUCTEMY KOHTPOJIA (BBIOOP CTpATEruH, pACIpEeIICHUE YCUIINN).

Ocoboe Mecto B maparpade yAeleHO KOHIENTyalu3allid MEHTAJIbHOTO YCHIIHSA Kak
METaKOTHUTUBHOTO curHaia. Ha ocHoBe anammza pabot (Jae-Man, 2016; Khachouf u ap., 2017;
Schnaubert & Schneider, 2022; Barakat u ap., 2025) oGocHOBBIBaeTCS ABOWCTBEHHAs] MPHUPOIA
MEHTAJIBHOTO YCWJIMS: OHO BBICTYHNA€T M KaK MPOIYKT METAaKOTHUTHUBHOTO KOHTpPOJS (pe3yJibTaT
pelIeHHs] O CTETEHU BOBJIEYEHHOCTH B 33/auy), U Kak oOpaTHas CBsA3b (CUTHAT O CyOBEKTHBHOMU
TPYAHOCTH, KOH(PIMKTE WA UCUEPIIAHUU PECYPCOB), KOTOpAs MCIOIB3YETCs NI KOPPEKTUPOBKH
JTadbHEUIUX CcTpaTeruii. DTo mojiokeHue uHTerpupyercs B mozaenb Expected Value of Control
(EVC), rne nopcanbHas yacth nepeaneid nosicioi kopel (AACC) orieHuBaeT CTOMMOCTh YCUIIUH, a
JaTepanbHas npepoHTalIbHAsS KOpa peaan3yeT BHIOpaHHbBINH YPOBEHb KOHTPOJISL.

B pasnene 1.2 mpencraBiieH 0030p HEMPOBU3YAITH3AIMOHHBIX KOPPEISITOB METANO3HAHUS U
MeHTaJbHOTO  ycuiaua. CucreMaTu3upoBaHbl JaHHBIE O  KIIOYEBBIX  MO3TOBBIX  CETSX.
[IpedponrtansHas xopa (IIOK): narepanbhas u ¢poHTOMONsipHAs oOnacT 00ecreynBaroT
dbopMUpOBaHUE AKCIUTUIIUTHBIX METAKOTHUTHBHBIX CYXKIECHUN W pean3alyio KOHTPOJIUPYEMbBIX
ctpareruii (Saccenti u gap., 2024; Kapetaniou u np., 2025). Menuansubsie otnensl (dmPFC)
BOBJICYEHBI B TMPOILIECCHI MOHUTOpPUHTA M MeHTanmu3auuu (Jiang u ap., 2022). Tlosicnas kopa
(ACC/dACC) paccmatpuBaercs Kak IEHTPAJIbHBIA y3€1 KOJAMPOBAHUS HEONPEJCICHHOCTH U
KOH(IMKTA, BO3HUKAIOIIMX B MPOIIeCcCe MPUHATHUS PEIICHUH, a TaK)Ke aHTUIIUTIALAN U TIEPE)KUBAHUS
ycunus (Jiang u np., 2022; Aben u ap., 2020).

OctpoBkoBas nons (Insula) uHTErpUpyeT HHTEPOIIENTHBHYIO M aQHEKTUBHYIO HHPOPMAITHUIO,
oOecrnieunBasi (PEHOMEHOJIOIMUECKOE MEPeKNBAHIE «UyBCTBA ycminus». [lokazana ee poib B OLIEHKE
CJIOHOCTH 3aJiauu, epeKMBAaHUU KOTHUTUBHOM ycTanocTu U TouHocTH MeTtanamsaTi (Walsh u np.,
2023; Cosentino u ap., 2015).

[Tpenknunbe (Precuneus) u 3amusas nosicHas kopa (PCC) ydactByroT B camopedepeHTHBIX
npoleccax W H3BJICYEHHM SMU30JMUECKOM MaMSATH, 4YTO HEOOXOAMMO Ui KOHTEKCTyalu3aluu
TEKYIIEero OIbITa YCUIIHS B paMKax «mojenu ceos» (Ye u ap., 2018; Bader & Wiener, 2024).

B pasgene 1.3 aHanu3upyroTCcsi KOHLENTyalbHblE U HEWPOHHBIE OCHOBBI MaT€MaTHYECKOTO
no3HaHus. PaccMaTpuBaeTCcsi €ro HMCTOPUYECKOE PA3BUTHUE U KIIIOUEBBIE COBPEMEHHBIE MOJEIIU.
Mopgpens tpoitnoro koaa (Triple Code Model) [leana (Dehaene & Cohen, 1995; Skagenholt u ap.,
2018) mocTynupyer cyliecTBOBaHHE TpexX (hOpMaTOB perpe3eHTAllMM YUCEN: aHAIOrOBBIN, apabCcKo-
3pUTEIBHBIH, BepOabHBIH, peain3yeMbIxX YaCTHUYHO JUCCOLIMMPOBAHHBIMH, HO
B3aUMOJICUCTBYIOIMMY HEMPOHHBIMU CETAMM.

Monens TOMEHHO-001IUX PECYPCOB MOAUYEPKUBACT BKIIA] pabouel MaMsaTH, UCTIOJIHUTEIbHBIX
(GyHKIMI ¥ BHUMaHHUS B YCIENIHOCTh MareMaTudeckoi aearenbHocTH (Menon, 2016; Panaoura,
2007).

JleTalbHO OINKCaHbl HEUPOBU3YATM3ALUOHHBIE KOPPEISATHl MATEMaTHYECKOTO IO3HAHMUS.
Buytpuremennas 6opo3na (IPS) — kimroueBas o0nacTh ISl penpe3eHTAllMd BEJIWYUHBI YHCla U
BBHITIOJIHEHUS KoJm4yecTBeHHbIX onepauuii (Faye u np., 2019; Gross, 2006).

Bucounbie oTAenbl KOPHI: JIEBbIE BUCOYHBIE O0JIACTH BOBJICYECHBI B M3BJICYEHUE TaOIMIHBIX
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¢dakxToB (YMHOKEHHE) M CEMAaHTHUECKYI0 00paboTKy cuMBoIbHON nHpopmarmu (Daitch u ap., 2016;
Amalric & Dehaene, 2018).

JloGHO-TeMeHHas ceTh 00eCTIeYnBaET CIOXKHBIE BHIYUCICHHUS, CTPATETHYECKOE IIJITAHUPOBAHUE
Y KOHTPOJIb.

OtaenbHOE BHUMAHHME YJEIEHO aHAIU3y BIMSHUSA CIOXHOCTH U THUNA apu(MEeTHUUEeCKOU
oTieparii Ha MaTTepHBI MO3roBoi akTuBHOCTH (Allen u mp., 1992; Brunner u nap., 2021; Pletzer,
2016), a Tak)ke UHIUBHUIYyAIbHBIM Pa3INYUsiM, CBSI3aHHBIM C IOJIOM, YPOBHEM KOMIIETEHTHOCTH U
MaTeMaTUYECKON TPEBOKHOCTBIO.

B pasgene 1.4 cunresupylorcs AaHHBIE ABYX NPEIbIAYIIUX pa3leioB U (HOpMYIHpPYETCs
npo0ieMa B3aMO/JICHCTBUS METAaNlO3HAHUS U MaTeMaTUYEeCKOTo Mo3Hanus. Ananu3 padot (Muncer u
ap., 2021; Valk u gp., 2016; Jiang u nap., 2022) moka3sIBaeT, 4YTO, HECMOTPS Ha HaJU4YUE
MHOTOYHCIIEHHBIX MOBEJIEHYECKUX JTAHHBIX O CBA3M METAKOTHUTHBHBIX HaBBIKOB C YCHEIIHOCTHIO B
MaTeMaTHUKE W XOpOIIO pa3paOOTaHHBIX HEHUPOKOHUTUBHBIX MOJIEICH KaxJa0ro JOoMeHa B
OTIIETbHOCTH, WX WHTErpaTUBHOE uccienoBaHue ¢ nomombio GMPT ocTtaeTcs xpHrHieeks# He
WU3YUYEHHBIM.

Ha ocHOBe poBeIEHHOTO aHalln3a aBTOPOM JIEIAIOTCS CIIEAYIOIINE KIIFOUEBbIE BBIBOJIBI:

1) Merano3Hanue ¥ MaTeMaTUYeCKOE TIO3HAHHE OIMUPAIOTCS Ha YCTOSIBIIMECS, HO
IPEUMYLIECTBEHHO M3y4aeMble pa3JelibHO HEUPOHHBIE CETU: (PPOHTO-ONEPKYIAPHYIO (i
MOHUTOPUHTA) U JIOOHO-TEMEHHO-BUCOYHYIO (/1711 BBIYHUCIICHUH).

2) MeHTanpHOE ycUITue TeOPETUYECKU 0OOCHOBAHO KaK BAJIUIHBIM METAKOTHUTUBHBIN CUTHAI,
KOTOPBIN MOXKET ObITh ONEepaIlOHaIN3UPOBAaH U UCcienoBaH ¢ momotisio GMPT.

3) CymiecTByeT Hepa3pelIeHHbId TEOPETUUYECKHUI CIIOpP O JOMEHHO-OOIIEM WJIH JOMEHHO-
cnenuUYHOM XapaKTepe METAaKOTHUTUBHOTO MOHHUTOPHHIa B KOHTEKCT€ MAaTeMaTHUYeCKON
NESATEIBHOCTH.

4) OTCYTCTBYIOT SMIIMPUYECKHE HCCJEJ0BaHUSA, HEMOCPEICTBEHHO CpaBHUBAIOIIKE
HEHUPOHHBIE KOPPENSAThl METAaKOTHUTHUBHOM OLEHKU YCWIHMS U COOCTBEHHO MAaTeMaTUYECKUX
BBIYMCIICHUH B PAMKax OJHOTO 3KCIIEPUMEHTAJIBHOTO JU3aiHa.

Taxum 006pa3om, nepBas rjiaBa 3aBepIaeTcsi 000CHOBAaHHEM OCHOBHOTO HCCIIEI0BATEIbCKOTO
npo0esia, KOTOPbI W ompenenseT Iellb U 3a7adyd JUCCEPTAllMOHHOM paboThl: AMIUpHUYECKast
OpoBepKa THUMOTE3bl O TEPEKPHIBAOIIMXCA U JUCCOLMUPYEMBIX HEWPOHHBIX CyOcTpaTax
METaI03HaHUS U MaTEMAaTHYE€CKOTO TO3HAHUS.

Bropasi rnaBa «I9Mmnupuyeckoe muccjaeJOBAHNE COOTHOIIEHUSI METAKOTHHIMI M
MATeMaTH4YeCKOro MO3HAHM) NOCBSIICHA pa3paboTKe SKCIEPUMEHTAILHOM apaIurMbl U AaHATTU3Y
pe3yJabTaTOB  MCCIIEIOBAHUS, HANpPABICHHOTO Ha BbISIBJICHUE KOTHUTHUBHBIX MEXaHHU3MOB
B3aUMO/ICIICTBUSI METAKOTHUTUBHOI'O MOHUTOPUHTA U MPOLIECCOB MATEMATUYECKOT'O MBILILICHUSI.

UccnenoBanne ObUIO MOCTPOEHO B COOTBETCTBUM C TEOPETUYECKOHM  MOJEIbIO,
pa3paboTaHHOW B MEpBOil TIaBe, COrNIACHO KOTOPOM MaTeMaTH4ecKoe MO3HAHHME paccMaTpUBACTCS
KaK 00BEKTHBIN ypOBEHb 00pa0OTKH HH(OPMAIINH, 2 METAKOTHUTUBHAS OLIEHKA YMCTBEHHOT'O YCHITHS
- KaK MeTa-ypoBeHb MOHUTOPUHIA U PETYJISIUU TTO3HABATEIBHON ACSTEILHOCTH.

DKcrnepuMeHTalbHas TapagurmMa BKJIOYalla dYepeJoBaHUe CIEAYIOIIMUX THUIIOB 3a/ay:
pemieHre apudmeTndeckux 3agad (CIOKEeHHe, BBIYUTAHUE, YMHOXKEHHE, JI€JICHHUE); KOHTPOJIBbHOE
3ajjaHue (CpaBHEHHUE IIPU(TOB YHCEN); METAKOTHUTUBHYIO OLEHKY CYOBEKTHBHOTO YMCTBEHHOTO
ycunust; nepuoa pukcamuu (rest) (Tadm.1).

CnoXHOCTh MaTEeMaTHYECKHX 3a/Jad BapbHpPOBANaCh IO TPEM YPOBHAM (OAHO3HAYHBIE,
JIBy3HAUHbIE M TPEX3HAUHBIE YHKCIA), YTO IO3BOJIMJIO HCCIEI0BATH MapaMeTPUUYECKOE BIIHSHUE
KOTHUTUBHOW HAarpy3kd Ha TPOLECChl MAaTeMaTUYeCKOTO pelIeHUS M METaKOTHUTUBHOTO
MOHHUTOPHHTA.
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Tao6auna 1

HpI/IMepr MaTEeMaATHICCKUX onepaum‘/i, KOHTPOJBHBIX U METAKOTHUTUBHBLIX 3a):[aHHﬁ,
HCII0Jb30BAHHBIX B OKCICPUMCHTE

Jlerkmi CpenHuii ypoBeHb BrIcokuii ypoBeHb
YPOBEHb
Caoxenne 5+9 32+36 859+213
131516 14 78 69 67 68 1062 972 1172 1072
Boruuranue 9-3 101-54 1563-531
5746 375748 47 832 922 942 932
YMmHoOKeHue 5x7 28x8 453x8
42 40 30 35 216 214 324 224 3524 3724 3614 3624
Jenenne 30/5 228/3 2472/4
8576 86777576 518 718 608 618
Kontpoanb S#5 82#82 540#540
5555 82 82 82 82 540 540 540 540
MeTakorHuTHBHOE [ToxkanyiicTa, OEHUTE YPOBEHb YCUJIHS, 3aTPAU€HHOTO Ha 3aJaHHe
3ajaHue
1234

Ha stom aTamne uiccneoBaHus OCYIIECTBISIICS CHCTEMAaTUYECKUN aHamu3 moayueHHbIX GMPT-
JAHHBIX C IIEJBI0 BBISBICHUS: OOIIMX (JIOMEH-00IIMX) HEHPOHHBIX CETEH; TOMEH-CHEIU(PUIECKUX
oOnacteil maremarnuyeckod oOpabOTKM; MapaMeTpPUUECKOW MOAYJSIUU aKTUBALMU CIOKHOCTHIO
3aJ1auu; ONEPALMOHHO-CIIeNN(PUIECKUX pa3Iuunii; 0COOEHHOCTEH MEXIOTYIIApHON JIaTepaI3aIiHy.
B pasmenax 2.1 m 2.2 rnaBbl moapoOHO OMHUCAaH SKCIEPUMEHTANBHBIA JU3allH W Tpoleaypa
CTaTUCTUYECKON 00pabOTKU MOITYYEHHBIX TAHHBIX.

Paznen 2.3 nocBsileH aHanu3y pe3yabTaToOB SMIUPUYECKOTO UCCIEOBAHMS, HAITPABJICHHOTO
Ha BBISIBJICHME KOTHUTHBHBIX M HEMPOHHBIX MEXAHHW3MOB B3aUMOJAECHUCTBHS METAKOTHUTHUBHOTO
MOHMTOPHHIA U MAaTEMaTU4YECKOro MO3HaHU. AHAJIN3 MOJIYUYEHHBIX JAaHHBIX IMPOBOAMICS C LEIbIO
NPOBEPKU BBIABUHYTHIX THIOTE3 U PELIECHUS 3a/]a4 UCCIIEI0BAHUS, CBA3AHHbBIX C BBISIBICHHEM OOILINX
U crenupuIeckux MeXaHH3MOB 00paOOTKM HMH(OPMAIMHM MPH BHITOIHEHUH MAaTEMaTHUYECKUX U
METaKOTHUTHUBHBIX 3a7ad.

B nepByro ouepenp OblLT MPOBEACH aHAIW3 HEHUPOHHBIX KOPPENSTOB METAaKOIHUTHBHOU
OLICHKHM CYOBEKTMBHOIO YMCTBEHHOIO yCWIMs. bBbUIO yCTaHOBIEHO, YTO  BBINOJHEHUE
METaKOTHUTHBHOH 3a7auu, TpeOyrolel OIIeHKH 3aTPauyeHHBIX YCUIIMNA MPH PEIICHUH MPEABLAYIIETO
OJI0Ka MaTeMaTUYECKUX 3a/a4, COMPOBOXKIACTCS aKTUBaLMel psiaa obiacteil Mo3ra, TPaAUIIMOHHO
CBA3BIBAEMBIX C MpoOlLleCCaMU KOTHMUTHBHOIO MOHHUTOpPUHIAa M KOHTpousiss. HamGonee ycroitunBbie
aKTUBALlMM HAONIOAAIOTCA B JOpPCaJbHOW IEepeAHE TMOSCHOM Kope, JaTrepaibHBIX OTIENAX
npeQpOHTAITBHON KOPBI, OCTPOBKOBOM J10JI€ U TIPEIKINHBE.

VYkazanaele o0Onactu QopMUPYIOT (DYHKIIMOHATBHYIO CE€Th, CBSI3aHHYIO C OILICHKOM
HEOIPE/ICIICHHOCTH, MOHHUTOPUHTOM KOTHUTHBHBIX KOH()JIMKTOB, MHTEPOLENTUBHOM
OCBEJIOMJICHHOCTBIO M caMopedepeHTHoi mnepepaboTkoii uHpopmarmu. [lomyueHHble naHHBIE
MO3BOJISIIOT paccMaTpuBaTh CyOBEKTUBHYIO OLIEHKY YMCTBEHHOTO YCHUJIUSI KaK METaKOTHUTHBHBIN
CUTHAJI, BOZHUKAIOUIUH B pe3yJIbTaTe MHTETPALIMA HHPOPMAIIUHU O TEKYIIIEM COCTOSTHUM KOTHUTUBHBIX
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pPECypcoB, YPOBHE CIIOKHOCTH BBITIOTHAEMON 33[]a4i U YCIICITHOCTH pelIeHus. Pe3ynpraTsl aHanm3a
Ipe/ICTAaBICHBI B TA0NHIIE 2.

Tabauna 2
AKTHBAIIUH TPH METAKOTHUTHBHOM OLIEHKE

O6nacThb [Tonymapue OyHKIMS
[IpedponTanpHas Kopa JleBoe u mpaBoe OKCIUTULIUTHAS

CaMOOIICHKA, KOHTPOJIIb
JlopcanpHasi mepeHsis MosiCHast Kopa bunarepanbho MOHUTOPUHT KOH(IIUKTA
[lepenHsst OCTPOBKOBAsI OIS bunatepanpHo [TepexxuBaHue YCUIIHSI
[Ipenknunbe bunartepanbHo CamopedepenTHas

00paboTka

Takum 00pa3oM, TOJy4EHHbIE JaHHbIE MOATBEPKAAIOT THUIOTE3Y O TOM, 4YTO
METaKOTHUTUBHBIH MOHUTOPUHI OMNHMPAETCS HAa JOMEHHO-OOIIME MEXaHU3Mbl KOTHUTHBHOIO
KOHTpOJIsl, 00ECIEeUnBAIOIIUE OLIEHKY COCTOSHHS IO3HABATEIbHON JESTEIbHOCTH U PETYISLUIO
pacnpeeneHysi KOTHUTUBHBIX PECYPCOB.

CrenyromuM »>TaloM aHajau3a CTajlo MCCIEAOBaHUE (DYHKIHMOHAIBHOW OpraHHU3aluU
IPOLECCOB MaTEMaTUYECKOro Mo3HaHUSA. bbulo MmokaszaHo, 4TO penieHue apudMeTHuyecKux 3aaay
COIIPOBOXKJIAETCSI aKTUBAIMEW pacripeaeeHHOH JO0OHO-TEeMEHHO-BUCOYHOM CETH, BKJIIOYAIOLICH
BHYTPUTEMEHHYI0 OOpO31y, HWKHIOIO M CPEJHIOI JIOOHBbIE M3BUJIMHBI, JOPCAIBHYIO MEPEIHION
HOSACHYIO KOPY, OCTPOBKOBYIO JOJI0 M BUCOYHBIE 00JIaCTH KOPBI.

Oco0yto poiab B 00paboOTKe KOJIMYECTBEHHOM HMH(OpMaluu HrpaeT BHYTPUTEMEHHas
0opo3/a, KOTopasi pacCMaTPUBAETCS KaK KIIIOUeBasi CTPYKTypa HEMPOHHOM CHCTEMBI MTPe/ICTaBICHUS
YHUCJIOBBIX BEJIMYMH M BBIMOJHEHUA apU(PMETHUECKUX orepanuil. AKTHBAIUs HMKHEH JIOOHOU
U3BUJIMHBI CBS3aHa C MPOLIECCaMU CUMBOJIMYECKOH NepepadOTKH YKCIOBOM MH(MOPMALIUY U yYacTUEM
BepOaIbHO-OMOCPEIOBAHHBIX CTPATErHii BBIUMCIECHUS. BucO4yHBIE 00JACTH KOpHI BOBJICYEHBI B
u3BJIeYeHUE apuPMETHUECKUX (PaKTOB U3 JOITOBPEMEHHON MAMSITH, YTO OCOOEHHO XapaKTEepHO IS
ONEpALil YMHOXKEHHUS U ICJICHHUS.

OcHOBHBIE pe3yJIbTaThl aHAJIN3a MPEeACTaBICHBI B Ta0uIE 3.

Tabnauna 3
AKTHBallMH IPH MATEeMaTH4Y€CKOM NO3HAHUM

Obnacth [Tonymapue DyHKIMS

Brayrpuremennas 6oposna (IPS) | JleBoe u mpaBoe KonnuecTBenHas o0paboTKa

Huxuss no6nas nzsununa (IFG) | [IpeumyiecTBeHHO CumMBonunyeckas nepepaboTka
JIEBOE

Bucounas xopa [IpeumyniecTBEHHO N3Bneuyenune apru(pMeTHIEeCKUX
JIEBOE dakToB

JlopcanbHas nepenHss mnoscHas | bumarepanbHO Kontpouns cioxuoctu

kopa (dACC)

[losryueHHbIE [aHHBIE MOATBEPKAAIOT CYLIECTBOBAHME CIELHUATU3UPOBAHHONW CHCTEMBI
MaTeMaTH4eckol 00paboOTKH, BKIIOYAIOMIEH Kak JOMEHHO-CHenuduueckue obmactu o0paboTKu
KOJIMYECTBEHHON HMH(OpMaNUU, TaK U CTPYKTYpbl KOTHUTHBHOT'O KOHTPOJs, OOecleyuBaroline
IUTAHUPOBAHUE U PETYJISLUIO BHIYUCIUTEIBHBIX ONEepaIuil.

Ocoboe BHHMMaHu€ B HCCIEIOBAHUM YACNSUIOCH AHAIW3Y BIUSHHUS — CIOKHOCTU
MaTeMaTU4YeCKUX 3ajad Ha (PYHKIHMOHAJIBHYIO OpraHU3al[Ml0 KOTHUTHUBHOW aKTUBHOCTU. bBblIoO
YCTAHOBJIEHO, YTO YBEJIMYEHUE CIOKHOCTU apu(PMETHUYECKHUX 3a/ad COINPOBOXKIAECTCA YCHUICHHEM
aKTHUBALIMM BHYTPUTEMEHHOM OOPO3/1bl, POCTOM aKTUBHOCTH JI0PCAJILHOM NepeaHeN MOsSICHOM KOphI U



18

OCTPOBKOBOI1 JI0JTH, a TAK)KE YBEIIMYEHUEM BOBJICUCHHOCTH JATEPAIbHBIX OT/AENIOB NMpedpOHTATBHOMN
KOPBL.

JlaHHbIe pe3ysbTaThl CBHUJETEIBCTBYIOT O TOM, YTO MPU BO3PACTAHUU BBIUUCIUTEIHHON
Harpy3Kd YCHJIMBA€TCS Y4YacTHE€ MEXaHU3MOB KOTHUTHBHOTO KOHTPOJIs, OOECIEeUUBAIOLINX
NOJAEP)KAaHUE BHUMAHUS, PETYJSIIUAI0 CTPATETH PpEIICHUS W PacOpe/ieiCHUE KOTHUTHUBHBIX
pecypcoB. B To ke Bpems ycuieHHE aKTMBHOCTH 0O0JIaCTEeH, CBS3aHHBIX C METaKOTHUTHUBHBIM
MOHUTOPHUHTOM, YKa3bIBAa€T Ha TO, YTO CYOBEKTHUBHAS OIICHKA YMCTBEHHOTO YCHIIUS TTapaMeTPUUECKHU
3aBUCUT OT OOBEKTUBHOM CI0KHOCTH BBITIOJIHSIEMBIX 3a7a4.

Takum oOpa3zoM, pe3yabTaThl aHaIW3a IMOJATBEPKIAAIOT TUIIOTE3Y O TOM, UYTO MPOIECCHI
METAaKOTHUTUBHOI'O MOHHMTOPHMHIA WHTETPUPOBAHBI B CTPYKTYpPY MaTEeMaTHUYECKOTO MO3HAHUA U
YYaCTBYIOT B pEryJsiIMM T[MO3HABATEIBHOM JEATEIBHOCTH TMpPU PEMIEHWH 3aJa4 Pa3IM4HOU
CJI0KHOCTH.

OTtaenbHBIN aHamM3 ObLUT MOCBAIIEH CPABHEHUIO HEHPOHHBIX MAaTTEPHOB, BOSHUKAIOIIUX MPU
BBITIOJTHCHUH PA3IUIHBIX TUIIOB apuPMeTHUYECKHUX orepaluid. beito oOHapyXkeHo, 4T0, HECMOTPS Ha
HalIu4yue OOIIed ceTH MaTreMaTh4ecKoil o00pabOTKH, OTAENbHbIE apU(PpMETHYECKHE ONepalun
XapaKTEePU3YIOTCS PA3TUIHBIMU NPOQUIIMHI aKTUBAIUH.

Tak, onepanuy yMHOKEHUS U JISJICHUS IEMOHCTPUPOBAIN Oojiee BRIPAKEHHYIO aKTHBAIHIO
BHUCOYHBIX 00J1aCTEN KOPBI, YTO CBA3aHO C UCIOJIb30BAHUEM CTPATETUM N3BICUCHHS apU(PMETHICCKUX
(GbakTOB M3 JOJTOBPEMEHHOM MaMsiTH. B TO ke Bpems omepaiu CIOXKEHUS W BBIUUTAHUS
COTNPOBOXKIAINCHL Oojiee  BBIPAKCHHOW  aKTHBAIlMEW TEMEHHBIX oO0JjacTed, oTpakaroriei
MCIIOJIb30BaHKUE MPOIIEYPHBIX CTPATETUN KOJINYECTBEHHOTO BEIYMCIICHHUS.

[TonyueHHble pe3ynabTaThl CBHUACTEIBCTBYIOT O CYIIECTBOBAHMHM  (DYHKIIMOHATHHOU
nuddepeHIanii KOTHUTUBHBIX CTPATETH BHYTPH OOIIIEH CHCTEMbI MAaTEMAaTHYECKOTO MO3HAHUS.

CornocTraBneHre NaTTEpHOB MO3TOBOM aKTUBHOCTH NP BBINOJIHEHUH MAaTEMaTUYECKUX 3a1a4
Y TIPY METAKOTHUTUBHOW OLIEHKE YMCTBEHHOT'O YCUIJIUS MTO3BOJIUIIO BBISIBUTH YACTUYHOE MEPEKPHITHE
aKTUBUPOBAHHBIX oOyacteil. [lepekprpiTe HAOII0IATI0Ch MPEXK/IE BCETO B MPEePPOHTAIBHON KOpeE,
JIOPCAJIbHOM MEPETHEN MTOACHON KOPE, OCTPOBKOBOM JI0JI€ U MPEAKINHBE.

JlaHHBIA pe3ynbTaT yKa3blBa€T Ha CYIIECTBOBaHHME OOIIUX MEXaHM3MOB KOTHHUTHBHOTO
KOHTPOJIS, BOBJEKAEMBIX KaK IIPU BBIMOJHEHUM BBIYHCIUTEIBHBIX OMNEpalui, TaKk W TpHU
METaKOTHUTHBHOM  OIICHKE COOCTBEHHOW  IO3HABATCIIPHOM  JCATEIBHOCTH.  Pe3ynbTarhl
COMNOCTABUTEIBHOTO aHAJIM3a MPECTaBICHbl HA PUCYHKE 1.

MaremaTtuyeckoe nosHaHue MeTakorHuMTUBHas OLleHKa

(nomeH-cneuyuduyeckue 30Hbl) (nomeH-obwian ceTb)
BHyTputemeHHas ?ﬁ ) 2. O6wasn cetb MpedpoHTanbHas kopa
6opozpaa (IPS) —@ KOHTpons (DLPFC, MFC)

| JleBasi HWXHsA nobHas [JopcanbHas nepeaHss
\ el
ussunuHa (IFG) 4815, dACC nosicHas kopa (dACC)
@r=—J

MpedpoHTanbHas kopa

Bucoumas kopa ., —> OCTPOBKOBas kopa -—»|  OcCTpoBKOBas KOpa

=

= MpeaxnuHbe > [lMpeaknuHbe (Precuneus)

Maremartuyeckan obpabortka MeTakorHUTUBHBI MOHUTOPUHI O6wwme 30HbI

=D Mm'erpau,vm: KOHTPOJIb + BblYUC/IeHUe + CaMOOLeHKa ycnmius

Pucynok 1. IlepekpbiTHe HEeHPOHHBIX ceTeH METAKOTHMIMH M MaTeMaTH4eCKOro
MO3HAHUS

OOHapyeHHO€ 4YacTUYHOE IEpPEeKpbITHE HEWPOHHBIX CeTell IpU  COXpaHEHUHU
CHEMAIM3UPOBAHHBIX oO0JacTel MaTeMaTH4ecKod oOpabOTKM TO3BOJIAET HMHTEPIPETHPOBATH
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IIOJIyYEHHBIE PE3yJIbTaThl B pPaMKax JBYXYpPOBHEBOM MOJEIM KOTHUTHBHOW OpraHu3aluu
JESITENIbHOCTH.

CornacHo AaHHOM MOJeNn, MaTEMAaTUYECKOE MTO3HAHUE Pealn3yeTcsl Ha YPOBHE OOBEKTHBIX
KOTHUTHBHBIX IPOLIECCOB, CBA3aHHBIX C OOpAaOOTKOW KOJMYECTBEHHOW M CHUMBOJIMYECKOH
uH(pOpMallUM, TOI/AAa KAaK METAaKOTHUTHBHBIE IIpoLecchl (YHKIMOHUPYIOT Ha METa-ypOBHE,
o0ecrnieunBasi MOHUTOPHUHT, OLIEHKY CII0KHOCTH U PETYJISILMIO BBINOTHEHNS KOTHUTUBHBIX OIepaIuiil.
KonuenryanpHas cxema JaHHON MOJEJIN NIPECTaBlIeHa Ha PUCYHKE 2.

Mera-yposeHs

(METAKOTHUTHUEHLIM MOHUTOPMHI )

1

O6uwan cets KOHTpONs

MpedporTansHas kopa
Hopcansuan nepeaHsas NOACHAs Kopa
Ocrpoexkosas xopa u lNpeaxknuvse =

1

o O6beKkTHbIN ypOoBeHb

(maremaruueckan obpaborka)

* Buyrpuremennas 6opoana (IPS)
= Jlegas wosrosn nobGran waswwna (IFG)

= Bucounas xopa

Pucynok 2. JIByXypoBHeBasi apXUTEKTypa KOTHUTHUBHOH OPraHu3auuu

OTAeNbHBIN WHTEPEC MPEICTABISET aHAIU3 MEKIIONYIIaPHOH OpraHU3aIiK UCCIICTyEeMBbIX
nporeccoB.  bbUIO  yCTaHOBJIEHO, 4YTO  MaTeMaTHYeCKoe TIO3HAHHME  XapaKTepU3yeTcs
MPEUMYIIECTBEHHO JICBOIOIYIIAPHOW CIeIannu3aiiueii, 0COOCHHO B 00JIaCTAX HIDKHEH JIOOHOM
W3BWIMHBI W BUCOYHOW KOPBI, YTO OTPAXKAET YYACTHUEC S3BIKOBO-CHMBOJIWYCCKUX MEXaHU3MOB
00paboTku nHopMaIIH.

B oTimumne ot 3TOro MeTaKOTHUTHBHAS OIEHKA YMCTBEHHOT'O YCHIIUS JEMOHCTPHPYET OoJiee
BBIPOKECHHYIO OWJIaTepaJIbHYI0 OPTraHM3aIlMI0 M BOBJICKACT MEAHAIBHBIC CTPYKTYPbl MO3Ta,
CBsI3aHHBIC C MpoIeccaMu camMopedICKCUU W BHYTPCHHETO MOHHMTOPHHTA. JlaHHBIC pe3yibTaThl
MpeICTaBJICHBI B TaOIUIIEC 4.

Tabauuna 4
Oco0eHHOCTH JIaTepaM3alMi IPH PelleHNH MATEMATHYECKUX U METAKOTHUTHBHBIX
3aaa4
[omeH Xapakrep JgaTepaiu3aluuu
Marematuueckoe mo3HaHue [IpeumymectBenno neBononymmapHas (IFG, Bucounas
Kopa)
MeTakorHUTHBHAS OIIEHKA bunartepanbHas GpOHTO-IIMHTYIO-UHCYJISIPHAS CETh

Takum o00pa3zom, pe3yabTaTbl MPOBEIEHHOTO SMIIHPUUYECKOTO HCCIEAOBAHUS TO3BOJSIOT
CeNaTh BBIBOJ O TOM, YTO METAKOTHUTHUBHBI MOHUTOPUHI U MAaTEMATUYECKOE NIO3HAHUE 00pa3yIoT
(GYHKIMOHAIBHO  B3aUMOCBSI3aHHYIO CHCTEMY KOTHUTHBHOM  OpraHu3aluu  JesITEIbHOCTH.
[TonmyuyeHHbIE JaHHBIE CBUJIETEIBCTBYIOT O TOM, YTO PEIICHHE MAaTEMAaTUYECKUX 3a7a4 ONHUPAETCS Ha
CHeNHMaIN3UPOBAaHHBIE MEXaHU3MBbI 00pPaOOTKM KOJUYECTBEHHOW M CHMBOJIMYECKOW WH(pOpPMAIHH,
TOTJa KaK METAKOTHUTUBHAS OLEHKA CYObEKTUBHOIO YMCTBEHHOI'O YCWIIMS pEAIM3yeTcs B paMKax
JIOMEHHO-O0IIMX CUCTEM KOIHMTHBHOTO MOHHUTOPHHra M KOHTpoJsi. OOHapyKEHHOE YacTHYHOE
NEePEeKpPhITHE HEHPOHHBIX CEeTe TMPH COXPAHEHWH JOMEHHO-CIENU(PUIECKHX KOMIIOHEHTOB
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MaTeMaTH4ecKol OOpaOOTKH TOATBEPXKIAET TPEANOIIOKEHHE O IBYXYPOBHEBOM AapXHUTEKTYpe
KOTHUTHUBHOU JESTENLHOCTH, B KOTOPOW OOBEKTHBIM YPOBEHBb PEIICHUS 3a7ad JOIMOJHAETCS MeTa-
YPOBHEM OLIEHKH U PEryJisiliiy MO3HABATEIbHBIX MPOIECCOB. Y CTAHOBJICHHbBIE 3aBUCUMOCTH MEXKIY
OOBEKTUBHOW CJIOKHOCTBIO MAaTEeMAaTHYECKUX 3a/1ad, BOBJICYEHHOCTHIO CHCTEM KOTHHUTHUBHOTO
KOHTPOJIS U CyOBEKTUBHOM OIEHKOW YMCTBEHHOTO YCHIIUS MTOATBEPKIAIOT THIIOTE3Y O PETYIATOPHON
pOJIM METAaKOTHUTHBHOTO MOHUTOPHHTA B CTPYKTYype MaTEeMaTHYECKOTO MBINUICHHUS. TeMm cambiM
pe3yibTaThl  UCCIAEAOBAHMUS ~ AMIUPUYECKH  TOJITBEPHKAAIOT  BBIABUHYTHIE  THIOTE3Bl |
J€MOHCTPUPYIOT, YTO METAKOTHUTHUBHBIE MTPOIECCHI BHICTYIAIOT BAXKHBIM MEXaHU3MOM OpTaHU3aIIH
¥ CaMOPETYJISIINA MAaTEMAaTHYECKO MTO3HABATEILHON AEITEIHHOCTH.

B 3akuaoueHun o600IIaIOTCS pe3ysIbTaThl UCCIEIOBAHUS, U3JIAralOTCs OCHOBHBIE BBIBOJIBI,
TOJTBEPKAAIONINE TUMIOTE3bl U TIOJOKECHHS, BEIHOCUMBIC Ha 3aIIUTY, OCBEHIAIOTCS TMEPCHEKTHUBBI
IAJIbHESUIIINX HCCIICTOBAHUIA.

[TpoBenenHoe uccneaoBaHre ObLUTO HANPABJICHO HA BBISIBJICHHE KOTHUTHUBHBIX MEXaHHU3MOB
B3aMMO/ICHCTBUS METAKOTHUTHBHOTO MOHUTOPUHTA M MPOIIECCOB MATEMAaTUYECKOTO TTO3HAHUSI.

B xome paboTel Obla peann3oBaHa WMHTETPATHUBHAS HCCIEIOBATENbCKAsl CTpaTeTws,
00BeMHSIONIAs] TEOPETHYSCKUI aHAIN3 COBPEMEHHBIX KOTHHUTHBHO-TICHXOJIOTHYECKHX MOJETCH
METaKOTHUIIMM W MaTeMaTHYeCKOr0 MBIIUIEHUS C OSMIIMPUYECKUM HCCIEOBAaHHEM HX
(GYHKIIMOHAIEHOW OpTaHU3AIMH C UCTIOIH30BAHUEM METO0B HEHPOBU3YAIN3aIINH.

[TomyueHHBIE pe3yIbTaThI TO3BOJISIOT CACTATH PsiA 0000MIAIOIINX BHIBOAOB.

Bo-niepBbIX, yCTaHOBIEHO, YTO METAKOTHUTUBHBIH MOHHUTOPUHI YMCTBEHHOTO YCHIIUS U
MPOIECCHI MaTEMaTHYECKOTO IO3HAaHHUS O00pa3yloT B3aMMOCBS3aHHYIO CHCTEMY KOTHUTHBHOMN
OpraHu3aluu AesITeIbHOCTH, B KOTOPOM MareMaTrhyeckas oOpaboTka peanusyercss Ha 0OBEKTHOM
YpOBHE pEIICHMs 3aJa4yi, a METAKOTHUTUBHBIE MPOIECChl 00eCreYBalOT MOHUTOPHUHT, OLICHKY
CJI0)KHOCTH U PETYJISILIUI0 KOTHUTUBHBIX OTEepaIiii.

Bo-BTOpEIX, MOKa3aHO, YTO METAKOTHUTHBHBI MOHUTOPUHT OMHPAETCS HAa JIOMEHHO-O0IINE
MEXaHU3Mbl KOTHUTHBHOTO KOHTPOJISA, KOTOpPHIE BOBJICKAIOTCS KaK MPH OIEHKE YMCTBEHHOTO
YCHUJIUS, TaK U MPHU PEIIEHUU MAaTeMaTUYeCKUX 3a7ad. DTO MOJATBEPKIAeT MPEANOI0KEHUE O TOM,
YTO METAKOTHUIIMS BBIMOJHIET MHTEIPATUBHYIO DETYJISATOPHYIO (YHKIMIO B CTPYKTYpe
MIO3HABATEJIBHON JIEATEIIBHOCTH.

B-Tperbux, BBISBIEHO, YTO MAaT€MaTHYECKOE TIO3HAHUE XapaKTEpU3yeTcsl HaTUYUeM
JIOMEHHO-CIIEIIU(PUIECKUX ~ MEXaHU3MOB OOpabOTKM KOJMYECTBEHHOW W  CHMBOJIMYECKOU
WHPOpPMAIIMH, YTO TPOSIBIIACTCS B aKTHBAIMH CHEIHATU3MPOBAHHBIX 00JIACTEH JTOOHO-TEMEHHO-
BHCOYHOM CETH.

B-4yeTBepThIX, YCTAHOBJIEHO, YTO YBEJIMYEHUE CJOXHOCTH MaTEeMaTHMYECKUX 3ajad
COIIPOBOXKJIAETCSI YCUJIEHUEM BOBJIEYEHHOCTH METAaKOTHUTHBHBIX MEXaHHM3MOB MOHUTOPHHIA, YTO
CBUJICTEIBCTBYET O BKIIOYCHHOCTH TIPOIIECCOB OIICHKM YCHJIUS B CHCTEMY PETYJISIUH
MaTeMaTHYECKOT'O MBILIUICHUSI.

B-nsaThIX, TOKa3aHO, 4YTO pa3dU4YHbIe apHU(PMETHYECKHE OIepalddl pealn3yIoTCs C
WCTIOIh30BAHUEM Pa3JIMYHBIX KOTHUTUBHBIX CTPATETHid, YTO OTpaxaercs B AU QPepeHIINPOBAHHBIX
naTTepHaX aKTUBHOCTH BHYTPH OOIICH CHCTEMBl MATEMaTHIECKOH 00padOTKH.

Haxkowne1, BBISIBICHBI pa3inyus B MEXKIIOIYIIAPHON OPTaHNU3aLUU UCCIEAYEMBIX MPOIIECCOB:
MaTeMaTU4YeCKoe  TO3HAHWE  XapaKTepu3yeTcs  MPEUMYINECTBEHHO  JIEBONOIYIIAPHOM
crienMaan3anyei, Toraa Kak METAaKOTHUTHBHBIH  MOHHTOPHHT  JIEMOHCTpPHpYET  Oosee
OunarepaibHyI0 (YHKIIMOHAIBHYIO OPraHU3aLHIO.

[TonyuyeHHble pe3yabTaThl MMO3BOJWIM JMIMPUYECKH TOATBEPAUTH pPa3padOTaHHYIO B
JMICCePTAlNM JIBYXYPOBHEBYIO MOJIEh KOTHUTHUBHOW OpTraHU3aIllMU ICSTEIbHOCTH, B KOTOPOM
MaTeMaTH4eCKOe MMO3HAaHNE pacCcMaTpuBaeTcs Kak OOBEKTHBIN YpOoBeHb 00pad0OTKK HH(pOpMALINH, a
METaKOTHUTHBHBII MOHUTOPHHT — KaK METa-ypOBEHb PETYJISAIIUN U KOHTPOJIS.

Takum o0pa3oMm, BBIBHHYTHIE B paboTe THUIOTE3bl MOMYYWIH HOMIIHPUIECKOE
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MOATBEPKICHHE, a TIOCTABJICHHBIC 33/1a41 UCCIIEIOBAHUS ObUIH PELICHBI.

Pe3ynbratsl ucciaeqoBaHus pacCIUPSIOT MPEACTABICHUS O PO METAaKOTHUIIMH B CTPYKTYpe
CJI0’)KHOM UHTEJUIEKTYAJIbHOW AESITENbHOCTH U YTOUHSIOT MEXAHU3MBI PETYJISILIUA MaTEMAaTHYECKOTO
MBIILICHUS.

[TonydyeHHbIE TaHHBIE MOTYT OBITh UCIIOJIB30BaHBI IPHU pa3pabOTKe TEOPETUUECKUX MOJEIEH
CaMOpEeryJISIIIUU TI03HABAaTEIbHON AESTEIbHOCTH, a TakKe B 00pa30BaTENIbHON TICHUXOJIOTHHU TPHU
CO3JIaHUH METOJI0B 00yUEeHHsI, HAMPABICHHBIX HAa PA3BUTHE METAKOTHUTUBHBIX HABBIKOB U CTPATETUI
pelieHuss MaTreMaTudeckux 3anad. OrpaHuueHHs] TMPOBEICHHOIO HCCIEIOBAHUS CBSI3aHBI C
OTHOCUTENIBHO HEOONBIIMM pa3MepoM BBIOOPKH, XapakTepHbIM miig GMPT-ucciaenoBanuii, u ee
TOMOTE€HHOCTBIO (MOJIOJIbIE 370POBBIE JIOOPOBOJIBLIBI C BBICOKUM YPOBHEM 0Opa3oBaHUs).
[Ipeononenue AaHHBIX OTpaHUYEHUM B OyAyIleM MO3BOJUT PACIIUPUTH MOHUMAHUE BBISIBICHHBIX
3aKOHOMEPHOCTEH Ha IPyTrHe BO3PACTHBIE U KIMHUYECKUE TPYIIIIHIL.

JlanbHeiiue uccaeaoBaHUsT MOTYT OBITh HampaBlieHbl HAa NMPUMEHEHHWE METOJOB aHaIM3a
spdextuBHoit cBsizHocTH (DCM, PPI) nns u3ydeHHs HANpaBJICHHOCTH BIUSHUN MEXIY
BBIJICJICHHBIMH  YPOBHSIMH, HCIIOJIb30BaHHEe MeToA0B ctuMyisiiun Mosra (TMC/TOC)  mis
YCTAHOBJICHUSI TPUYMHHO-CIICJCTBEHHBIX CBS3€H, a TaKXKe Ha PACIIMPEHHE HCCIEAOBATEIBCKOU
napajgurmbl 3a CYET BKIIFOUEHUS APYTUX KOTHUTUBHBIX IOMEHOB U BBIOOPOK C pa3IMYHBIM YPOBHEM
MaTEeMaTHYEeCKON KOMIETEHTHOCTH W METAaKOTHUTHUBHBIX CIIOCOOHOCTEW. Pa3BuTHE MaHHOW TeMBbI
MPEACTABISAETCS MEPCIEKTUBHBIM [JIs1 pa3pabOTKH HEUPOOMOIOTHYECKH OOOCHOBAHHBIX METOOB
JTUATHOCTUKU M KOPPEKITUU YUEOHBIX TPYJHOCTEH B MATEMATHKE, & TAKXKE JUIsl CO3JJaHUS aJIall TUBHBIX
00y4YalIUX CUCTEM, YUYUTHIBAIOIIUX HE TOJBKO YCHEIIHOCTh, HO M CYOBEKTHUBHYIO «CTOMMOCTB)
BBITIOJIHSIEMBIX 33/ IaHUH.

OcHoOBHOE co/iepkaHue UCCIeJOBAHUA OTPAKEHO B CIeAYIONIUX My0JMKAUAX aBTOpA:
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and future orientation //BioSystems. — 2024. — T. 245. — C. 105312.
2. Kouzalis A. A Group level analysis of self-evaluations associated with cognitive load

//Bectauk Poccuiickoro yHuBepcurera npyk0bl HaponoB. Cepwusi: [lcuxonorust m memparoruka. —
2023.—T. 20. — Ne. 3. — C. 578 — 587.

3. Kouzalis A., Ershova R. V. A region of interest analysis focusing on the insular and
cingulate cortices //Bectauk Poccuiickoro ynusepcuteta npyx0s1 HapoaoB. Cepust: [Icuxonorus u
nexparoruka. — 2024. — T.21. — Ne. 1. - C. 328 — 339.

4. Kouzalis A. The role of metacognition in healthcare: Shaping the future with artificial
intelligence //IJPS. —2026. — T. 8. —No. 1. - C. 8 —11.

5. Kouzalis A., Ershova R. V. Neuroimaging of Mathematical Cognition: Regions of The
Brain Associated with Mathematical Problem Solving// C6opuux Hayunbsix TpyaoB CXXII
MexayHapoaHOW HayYHO-NPAKTHYECKONH KOH(PEPECHIIMH «KCIICPUMEHTAIbHBIC U TEOPETHUYCCKUE
UCCJIe0BaHus B COBpeMeHHOM Haykey», M., 2026. — C.113-118
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Ky3anuc Aunekcuoc (Pecnydimka Kumnp)
«MeTaKkoOrHUIMHU B CTPYKTYpPe MATEeMATHY€CKOr0 MO3HAHUS: KOTHUTHBHBIH U
HeHpoceTeBOM aHAJIU3)

JlanHast nuccepranus TNOCBAIIEHA HWCCIECIOBAHUIO HEUPOHHBIX B3aMMOCBS3EM MEXKIY
MaTeMaTHYE€CKUM MO3HAHUEM M METAKOTHHIIMEH ¢ OCOOBIM aKI[EHTOM Ha YMCTBEHHOM YCUJIUU KakK
METaKOTHUTUBHOM cuTHaie. B pabore paccmarpuBaercs LeHTpalibHas TeopeThyeckas rnpodiema:
ONMUPAETCS U METAKOTHUTHUBHBI MOHUTOPUHI B MAaT€MaTHUKE NPEUMYIIECTBEHHO Ha JIOMEHHO-
o0IIMe CHCTEMbl KOTHUTHUBHOIO KOHTPOJIS WIH K€ OTpakaeT JIOMEHHO-CHEeU(UIECKYIO
CIICLUANIM3AIMI0 BHYTPU MaTEeMaTHUYECKUX HEUpOHHBIX ceTel. (OCHOBBIBAasICh Ha JAHHBIX
KOTHUTUBHOW HEWPOHAYKH, MENaroruyeCKol MCUXOJOTUH M BBIUHUCIUTEIBHOIO MOIEIHPOBAHUS,
HCCIICIOBAHUE MHTETPUPYET [BYXYPOBHEBBIE TEOPETHUYECKHE MOJIENN, PA3rPaHUYMBAIOIINE
00BEKTHBIN YPOBEHb MaTeMaTUYECKOM 00pabOTKU U METa-ypOBEHb MOHUTOPUHTA U KOHTPOJISL.

beimo mpoBeneHo coObITHITHO-cBsi3aHHOe (MPT-HccneqoBanne ¢ ydacTheM JBaJlIaTH
3IOPOBBIX MOJIOABIX B3pOCIBIX € ucnoib3oBaHueM 3T-ckanepa Siemens Magnetom Verio.
YyacTHUKH pemand apupMeTnyecKue 3a1a4n (CI0KeHUe, BBIUUTaHUE, YMHOXKEHHUE, JEICHUE) TPEX
YPOBHEH CIOKHOCTH, MOCJE YeTO JaBalii CYObEKTUBHYIO OIIEHKY BOCIPUHHUMAEMOTO YMCTBEHHOTO
ycuinsa. B kadecTBe KOHTPOJIBHOTO YCJIOBUS MCIOJIB30BAJIOCHh 3a/laHME Ha pasziudeHue mpudra.
HelipoBusyanu3almoHHbie JaHHbIE OBUIM MpPEIBapUTEIbHO 00pabOTaHbl M MPOAHAIU3UPOBAHBI B
nporpamme AFNI ¢ npuMeHeHneM IBYXypOBHEBOW OOIIel JUHEHHOM MOJENM M TPYIIOBOTO
aHanu3a co ciaydaiiHeiMu dddexramu (¢ FDR-koppekiueii).

Pe3ynbpTaThl BBIABHIM TEpEKpBIBAIONINECS, HO (YHKIMOHAIBHO pa3IU4UMble HEHPOHHBIE
cucteMbl. PelieHre MaTeMaTHuecKuxX 3a/ad aKTUBUPOBAJIO JJOOHO-TEMEHHYIO CETh, BKIIFOUAIOITLYIO
BHYTPUTEMEHHYIO0 0OO0pO3/ly U JaTepalibHYyI0 Npe@pOHTAIBHYIO KOpPY, a TakkKe JABYCTOPOHHHUE
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neural network analysis»

This dissertation investigates the neural relationship between mathematical cognition and
metacognition, with a particular focus on mental effort as a metacognitive signal. The study addresses
a central theoretical debate concerning whether metacognitive monitoring in mathematics relies
primarily on domain-general control systems or reflects domain-specific specialization within
mathematical networks. Drawing on cognitive neuroscience, educational psychology, and
computational modeling, the research integrates two-layer theoretical frameworks distinguishing
object-level mathematical processing from meta-level monitoring and control.

An event-related fMRI experiment was conducted with twenty healthy young adults using a
3T Siemens Magnetom Verio scanner. Participants solved arithmetic problems (addition, subtraction,
multiplication, division) at three levels of difficulty, followed by subjective ratings of perceived
mental effort. A font-comparison task served as a control condition. Neuroimaging data were
preprocessed and analyzed using AFNI with a two-level general linear model and random-effects
group analysis (FDR-corrected).

Results revealed overlapping yet dissociable neural systems. Mathematical problem solving
engaged a fronto-parietal network including the intraparietal sulcus and lateral prefrontal cortex,
alongside bilateral temporal regions associated with symbolic and semantic processing. Metacognitive
evaluation of effort consistently activated a domain-general fronto-cingulo-insular network, including
the dorsolateral prefrontal cortex, dorsal anterior cingulate cortex, anterior insula, and the precuneus.
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Task difficulty modulated both mathematical and metacognitive hubs, indicating that subjective effort
appraisal scales with objective computational demand. Operation-specific activation patterns further
demonstrated differentiated strategy and retrieval demands across arithmetic types.

The findings support a domain-general metacognitive architecture dynamically interacting
with domain-specific mathematical circuits. The study refines neurocognitive models of mental effort
as both a monitoring signal and regulatory mechanism within closed-loop control systems. The results
have implications for educational practice, clinical assessment, adaptive learning technologies, and
biologically informed computational models of self-regulated cognition.
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GENERAL CHARACTERISTICS OF THE WORK

Relevance of the study. Modern research in the field of cognitive psychology shows that the
success of cognitive activity is determined not only by the level of development of basic cognitive
functions, but also by the ability of the subject to monitor and regulate his own thought processes.
The foundations for the study of metacognition were laid down in the works of J. Flavell (1979), and
were further developed in the models of metacognitive control and monitoring proposed by Nelson
(1996), as well as in modern cognitive and neurocognitive research (Fleming & Lau, 2014).

Metacognition plays a special role in the field of mathematical cognition, which is one of the
most complex forms of intellectual activity. Solving mathematical problems requires the integration
of various cognitive processes: operations with symbolic information, quantitative analysis, working
memory, executive control, as well as the choice of solution strategies. Under these conditions,
metacognitive monitoring allows the subject to assess the degree of difficulty of the task, adjust the
strategies for solving and regulate the cost of mental effort. As shown by the studies of Garofalo and
Lester (1985), as well as Mevarech (1995), metacognitive processes have a significant impact on the
success of mathematical activity of students and are an important factor in the development of
mathematical thinking.

Behavioral research strongly demonstrates that the level of metacognitive skill development
is one of the most significant factors in math learning success. Metacognitive interventions allow
students to understand the structure of the problem, control the course of reasoning and detect errors
in a timely manner, which significantly increases the efficiency of solving mathematical problems
(Desoete et al., 2003; Pennequin et al., 2010). Moreover, metacognitive regulation is considered as
a key mechanism for the formation of independent cognitive activity and the development of
problem-solving strategies.

Despite a significant number of studies on metacognition and mathematical reasoning, these
areas of research have largely developed independently of each other. Within cognitive psychology,
metacognition has traditionally been studied primarily in the context of perception, memory, and
decision-making processes (Fleming & Lau, 2014; Valk et al., 2016), while mathematical cognition
research has focused on the mechanisms of numerical processing, quantitative representations, and
symbolic operations (Dehaene & Cohen, 1995; Li & Kim, 2025). As a result, the problem of
interaction between metacognitive monitoring and mathematical thinking processes remains
insufficiently studied.

Of particular interest is the phenomenon of subjective mental effort, which can be considered
as one of the key indicators of metacognitive monitoring. The assessment of the effort spent reflects
the subjective perception of the complexity of the task and the current state of cognitive resources,
and also serves as a signal for the regulation of further cognitive activity. Current research shows
that subjective assessment of effort is related to the processes of cognitive control, uncertainty
monitoring, and resource allocation (Khachouf et al., 2017; Schnaubert & Schneider, 2022).

The development of neuroimaging methods has significantly expanded the possibilities of
studying the functional organization of cognitive processes. The use of functional magnetic
resonance imaging makes it possible to study the dynamics of brain activity in the process of
performing cognitive tasks and compare it with various aspects of cognitive activity. Research shows
that metacognitive processes rely on the interaction of distributed cognitive control and self-
referential processing systems (Valk et al., 2016; Jiang et al., 2022), while mathematical thinking is
associated with the activation of the frontoparietal networks, which provide numerical processing
and problem solving (Li & Kim, 2025). However, the main significance of such studies lies not in
the description of individual neural structures, but in the clarification of the functional organization
of cognitive processes and the mechanisms of their interaction.

Despite significant progress in the study of metacognition and mathematical cognition, there
are still no studies in which these processes would be considered within the framework of a single



experimental paradigm. In particular, there is insufficient research on how the metacognitive
assessment of subjective mental effort relates to the processes of mathematical processing and what
functional mechanisms ensure their interaction.

Thus, the relevance of this study is determined by the need for a comprehensive analysis of the

interaction of metacognitive processes of monitoring and control with the cognitive mechanisms of
mathematical thinking. The study of this problem allows us to deepen the understanding of the
structure of human cognitive activity, clarify the role of metacognition in the regulation of thinking
and contribute to the development of modern cognitive and psychological models of mathematical
cognition.
The degree of development of the scientific problem. The problem of the interaction of metacognition
and mathematical cognition is actively discussed in modern cognitive psychology and cognitive
neuroscience. However, existing research is mainly developed within the framework of two relatively
independent areas: the study of the cognitive mechanisms of mathematical thinking and the analysis
of the processes of metacognitive monitoring and control.

Studies of mathematical cognition have shown that the processing of numerical information
and the solution of arithmetic problems rely on the functioning of the distributed frontoparietal
network of the brain, in which the intraparietal sulcus (IPS) plays a key role in the representation of
quantitative quantities and the performance of computational operations (Li & Kim, 2025). A number
of studies also demonstrate the involvement of lateral frontal areas and temporal cortical regions,
which provide symbolic processing of numerical information and the extraction of arithmetic facts
from long-term memory (Ozcan & Giimiis, 2019; Jia et al., 2021).

Within the framework of metacognition research, special attention is paid to the processes of
monitoring uncertainty, assessing the correctness of decisions and the formation of subjective
confidence. The work of Jiang et al. (2022) and Li et al. (2022) shows that the medial and lateral
regions of the prefrontal cortex, including the dorsal anterior cingulate cortex, the dorsomedial
prefrontal cortex, and the lateral frontopolar region, play a key role in metacognitive monitoring.
These structures are considered as important elements of the cognitive control system, which provides
an assessment of one's own cognitive processes and regulation of behavior.

Current neuroimaging studies demonstrate that when metacognitive assessments (e.g.,
confidence or probability of error) are incorporated into mathematical and logical tasks, there is an
additional activation of metacognitive systems, indicating a functional interaction between
computational and monitoring processes (Jiang et al., 2022; Li & Kim, 2025). However, these
processes are most often analyzed separately, which makes it difficult to identify their systemic
interconnection.

Various methodological approaches are used to study metacognitive processes. One of the
most common is the use of tasks followed by an assessment of confidence or probability of error,
which allows the analysis of changes in cognitive activity depending on the accuracy of the decision
and the subjective assessment of the result (Jiang et al., 2022). Another approach involves the use of
computational models of metacognitive sensitivity and efficiency based on signal detection theory
and dynamic evidence accumulation models (Bellon et al., 2020). In addition, research is actively
developing that combines data from various neuroimaging methods to analyze the structural and
functional organization of cognitive processes (Jia et al., 2021; Li & Kim, 2025).

In recent years, considerable attention has also been paid to cross-domain studies of
metacognition. Comparative studies show that metacognitive monitoring can have both domain-
general and domain-specific characteristics. For example, Bellon et al. (2020) demonstrate that in the
process of development, metacognitive abilities gradually become more universal and begin to spread
to different cognitive areas. At the same time, studies by Jiang et al. (2022) and Li et al. (2022) show
the existence of differences between the processes of self-reflective metacognition and the



mechanisms of understanding the mental states of other people (mentalizing), which highlights the
complex hierarchical organization of metacognitive processes.

A separate line of research is related to the analysis of individual differences in metacognitive
accuracy and their relationship to emotional and cognitive factors, such as mathematical anxiety and
features of cognitive control (WeolAe et al., 2007; Ozcan & Giimiis, 2019; Jia et al., 2021).

Despite the significant amount of accumulated data, the current state of research is
characterized by a number of limitations. First, most existing work analyzes metacognitive processes
primarily in perceptual or memory tasks, while their role in complex forms of intellectual activity,
such as mathematical reasoning, remains poorly understood. Second, the metacognition measures
used in studies vary significantly (confidence scores, calibration scores, signal detection theory
metrics), making it difficult to compare the results of different studies (Ozcan & Giimiis, 2019; Bellon
et al., 2020). Finally, much of the existing data is correlational in nature, which limits the ability to
interpret the causal mechanisms of interaction between metacognitive and cognitive processes (Jia et
al., 2021; Jiang et al., 2022).

Thus, despite convincing data on the role of metacognitive processes in the regulation of
cognitive activity and significant progress in the study of the neural foundations of mathematical
thinking, the interaction of metacognitive monitoring and mathematical cognition processes remains
insufficiently studied. To date, there are no empirical studies in which these processes would be
systematically analyzed within the framework of a single experimental paradigm that makes it
possible to compare the mechanisms of mathematical processing and metacognitive assessment.

The identified theoretical and empirical gap defines the scientific problem of this study aimed
at studying the interaction of metacognitive monitoring of mental effort and the processes of
mathematical cognition.

The purpose of the study is to identify and empirically substantiate the nature of the
interaction of metacognitive processes of monitoring and control with the processes of mathematical
thinking, as well as to determine their functional organization using neuroimaging methods.

The object of this research is metacognition and mathematical cognition.

The subject of this research is the cognitive mechanisms of interaction between
metacognitive monitoring (assessment of mental effort) and the processes of mathematical cognition
in solving arithmetic problems of varying complexity.

Research hypotheses.

General hypothesis:

l. Metacognitive monitoring of mental effort and the processes of mathematical cognition
are interrelated but functionally distinguishable levels of cognitive organization of activity.
Mathematical calculations are implemented at the level of object cognitive processes, while
metacognitive mechanisms provide monitoring, difficulty estimation, and regulation of task
execution.

Particular hypotheses:

1.  Metacognitive monitoring and mathematical cognition rely on overlapping cognitive
control mechanisms. It is assumed that the processes of assessing mental effort and solving
mathematical problems involve general systems for monitoring and regulating cognitive activity.

2. Mathematical cognition is characterized by the presence of domain-specific
mechanisms for processing information. Solving mathematical problems, in addition to involving
cognitive control systems, requires the activation of specialized mechanisms for processing
quantitative and symbolic information.

3. The level of complexity of mathematical problems has a parametric effect on the
involvement of metacognitive monitoring mechanisms. It is assumed that the increase in the objective
complexity of tasks is accompanied by an increase in the activity of cognitive control systems and
subjective assessment of mental effort.



4. Different types of arithmetic operations are characterized by different cognitive
strategies for processing information. This should be manifested in the differences in the
functional organization of the processes of mathematical cognition when performing the
operations of addition, subtraction, multiplication and division.

5. Mathematical cognition and metacognitive assessment of mental effort are

characterized by different interhemispheric organization. It is assumed that mathematical

processing will demonstrate a more pronounced left-hemispheric specialization, while
metacognitive monitoring will be more bilateral.

Achieving this goal requires solving the following tasks:

1.  To conduct a theoretical analysis of modern psychological and neurocognitive models
of metacognition and mathematical cognition, identifying the main approaches to the study of their
functional organization and interconnection.

2. To systematize ideas about the role of metacognitive monitoring in the structure of
cognitive activity, clarifying the meaning of the subjective assessment of mental effort as a mechanism
of cognitive regulation.

3. To develop and implement an experimental research paradigm that makes it possible to
compare the processes of solving mathematical problems of varying complexity and the subsequent
metacognitive assessment of the efforts expended within the framework of a single design.

4. To empirically study the features of the functional organization of mathematical
cognition, including the influence of the type of arithmetic operation and the level of complexity of
tasks on the parameters of cognitive activity.

5. To identify the cognitive and neural correlates of metacognitive monitoring of mental
effort, as well as to determine the degree of functional overlap and differences between the processes
of mathematical processing and metacognitive assessment.

6. To interpret the results in the context of modern theories of metacognition, self-
regulation and mathematical thinking, clarifying the nature of the interaction of metacognitive and
mathematical processes.

The theoretical and methodological basis of the work is the following scientific principles:
1) the principle of the unity of consciousness and activity (Leontiev, 1975; Rubinstein, 2010) made it
possible to consider the neural correlates of cognitive processes in the performance of mathematical
and metacognitive tasks; 2) the principle of determinism served as the basis for the study of the
neurological foundations of cognitive processes; 3) based on the principle of psychophysical unity,
metacognitive and cognitive processes were considered in an inextricable connection with their
neurocorrelates. The following metacognitive theories were used as the theoretical basis for the study:
the Flavell (1979) model, in which metacognitions are considered as "cognitions about cognitions",
including monitoring and control of one's own cognitive processes; the Nelson (1990) model, which
distinguishes between the object level (the performance of a task) and the meta-level of self-esteem,
which is responsible for monitoring and controlling the object level; The theory of signal detection
and metacognitive performance, in which confidence and performance assessment are modeled as
metacognitive sensitivity (meta-D’), which separates the accuracy of monitoring from task
performance. Bayesian and probabilistic frameworks made it possible to consider metacognitive
judgments as second-order conclusions about the reliability of first-order decisions associated with
computational uncertainty models; According to the theory of management, it was assumed that
metacognitions are built into a closed system of regulation, where monitoring signals (e.g., effort,
uncertainty) affect decisions about control (distribution of efforts, choice of strategy), the dissertation
research was also based on the theories of mathematical cognition: a model of mathematical cognition
that assumes the existence of three different but interacting neural systems for processing numerical
information: analog quantity, Visual Arabic and verbal codes (the triple code model; Dehaene &
Cohen, 1995) a general resource model that relies on working memory, executive functions, attention



control, and cognitive load.

Materials and methods of research. In accordance with the purpose of the study and the
hypotheses put forward, a set of research methods was used:

1) the method of theoretical analysis of literary sources on various aspects of the problem under
consideration;

2) Experimental method. In the course of the experimental study, the participants inside the
scanner were sequentially presented with blocks of mathematical problems of varying complexity and
type of arithmetic operations (addition, subtraction, division, multiplication) and control tasks
involving the comparison of fonts of visually presented numbers, which made it possible to control
the basic processes of visual perception and the decision-making process. Each block included 12
math and 3 control tasks, varying in three levels of difficulty, determined by the number of digits in
the operands (single-digit, two-digit and three-digit numbers). In total, 36 mathematical and 9 control
tasks were presented. After each mathematical block, a metacognitive task was presented. Participants
were asked to rate subjective mental effort or difficulties they faced in the previous set of tasks. Each
assessment period was followed by a 10-second rest (fixation) interval. The full experimental block
consisted of a math block with built-in quizzes — metacognitive assessment — fixation.

Data collection using fMRI

The study was carried out using a Siemens Magnetom Verio magnetic resonance imaging
scanner (Syngo MR B17) with a magnetic field strength of 3 T, installed at the National Research
Center "Kurchatov Institute" (Moscow). To capture functional images, a gradient echo-planar imaging
(EPI) blood-oxygen-level-dependent (BOLD) sequence was used, which provides T2*-weighted
images. Scan parameters: repetition time (TR), echo time (TE), slice thickness, matrix size, etc., were
set in accordance with the standard protocols for functional MRI (fMRI) cognitive loads adopted at
this center. The choice of these parameters is due to the need to achieve an optimal balance between
spatial and temporal resolution, as well as contrast sensitive to the BOLD signal

Pre-processing of functional and anatomical images was performed using the AFNI (Analysis
of Functional Neurolmages) software package. At the first stage, the slice timing was corrected using
the 3dTshift function, which is necessary to take into account the different times of obtaining slices
within the same volume (TR). Then, using the 3dvolreg function, the artifacts of the head movement
were corrected: all images were combined with the first volume of the time series by means of a rigid
transformation by six parameters (three broadcasts and three rotations).

A high-resolution anatomical image of each participant was combined (coregistration) with a
functional image using a script align_epi_anat.py. All data were then spatially normalized into the
MNI (Montreal Neurological Institute) stereotactic space using the (@auto tlrc function. After
normalization, 3dmerge was used to improve the signal-to-noise ratio and compensate for inter-
individual anatomical differences. The final step in the pre-processing was to remove the signal from
tissues outside the brain (masking) using the automatic 3dAutomask function.

Statistical processing of fMRI data was performed using general linear model (GLM) methods.
To build activation maps at the individual level, the 3dDeconvolve function was used, which
implements the ordinary least squares (OLSQ) method. Based on this model, the regression
parameters (vector *b*) for each voxel were estimated in accordance with the equation of the linear
model z = Xb, where *z* is the signal intensity vector in the time series, and X is the regression matrix
(design matrix).

3) Methods of statistical analysis. For statistical analysis, a two-level approach based on the
Common Linear Model (GLM) was implemented.

At the first (individual) level, a general linear model was built for each participant using the
"3dDeconvolve" and "3dREML(fit" commands of the AFNI package. The model included regressors
for each condition: mathematical operation % level of complexity, metacognitive assessment, control
task, and baseline fixation state. Interference regressors reflecting head movement parameters were



also included in the analysis.

At the individual level, contrasts of interest were calculated in order to distinguish the activity
associated with: a) metacognitive tasks compared to the baseline state (fixation) and compared to the
control task; b) mathematical problems in comparison with the basic state (fixation) and in comparison
with the control task; ¢) comparison of various mathematical operations and levels of complexity.

At the second (group) level, random-effects analysis was carried out, during which individual
contrast maps were averaged and statistically evaluated. A combined threshold was used to correct
for multiple comparisons: the voxel significance level was set at p <.01, adjusted for False Discovery
Rate (FDR) in combination with a cluster threshold of p <.001, as recommended for fMRI data (Woo
et al., 2014). At the final stage, an analysis of regions of interest (ROI) was carried out. For clusters
showing statistically significant activation, the dynamics of the BOLD signal was analyzed, and
anatomical binding of the identified regions was performed. Localization of activated clusters was
carried out using the Daemon Atlas (TTatlas) implemented in the AFNI package.

Empirical sampling.

The study involved twenty young, healthy adults (10 women, 10 men, mean age 23.85 years).
All participants were right-handed. The criteria for exclusion from the sample were left-handedness,
failure to complete the number matching task before screening, and extreme performance (very high
or very low) when solving a math problem during the control test. All participants voluntarily agreed
to participate in the study.

The reliability and reliability of the main provisions, results and conclusions of the study
are ensured by a thorough theoretical and methodological study of the problem; compliance with
fundamental methodological and logical-scientific principles; compliance with the accepted standards
of theoretical and empirical psychological research; representativeness of the sample; as well as the
use of proven methods of data processing that correspond to the goals, subject and objectives of the
study. A significant amount of analyzed and systematized theoretical material, as well as a high degree
of generalization, which underlies the logic of constructing an empirical study, testify to the reliability
and scientific reliability of its results and conclusions.

The most significant and new results of the study, obtained personally by the applicant,
and their scientific novelty are as follows:

1. An integrative cognitive model of interaction between metacognitive monitoring and
mathematical cognition has been developed, in which the subjective assessment of mental effort is
considered as a key mechanism for regulating cognitive activity. In the model, mental effort acts
simultaneously as a result of monitoring current cognitive processes and as a regulatory signal that
affects the distribution of resources and the choice of a strategy for solving a problem.

2. It is empirically shown that metacognitive and mathematical processes rely on partially
overlapping cognitive mechanisms that implement the functions of monitoring, complexity
assessment and cognitive control, which allows us to consider metacognition as an integrative
component of mathematical activity.

3. The existence of functional differentiation between metacognitive monitoring and
mathematical processing, manifested in the involvement of domain-specific mechanisms for
processing symbolic and quantitative information in solving arithmetic problems, has been
established.

4. It is shown that the subjective assessment of mental effort is a valid metacognitive
indicator of cognitive load, systematically associated with changes in the functional activity of
cognitive control systems when solving mathematical problems of varying complexity.

5. A parametric relationship was revealed between the objective complexity of
mathematical problems and the involvement of metacognitive monitoring mechanisms, which
indicates the inclusion of metacognitive processes in the structure of mathematical thinking and their
role in the regulation of cognitive activity.



6. New data on the functional organization of mathematical cognition have been obtained,
demonstrating that different types of arithmetic operations are characterized by specific cognitive
strategies and different activation profiles within the general system of mathematical processing.

7. Differences in the interhemispheric organization of metacognitive and mathematical
processes are revealed, manifested in the predominantly left-hemispheric specialization of
mathematical cognition and a more bilateral organization of metacognitive monitoring.

Thus, the results obtained expand the understanding of the structure of cognitive activity and
clarify the role of metacognition as a mechanism for regulating mathematical thinking.

The theoretical significance of the work is determined by the contribution of the results to
the development of cognitive and psychological ideas about the structure and regulation of human
cognitive activity.

First of all, the work contributes to the integration of two areas of modern psychological
research — metacognition and mathematical cognition, which have traditionally been studied mainly
independently of each other. The results obtained demonstrate that metacognitive monitoring is not
external to the processes of mathematical thinking, but is an internal mechanism for regulating
cognitive activity, which provides an assessment of the complexity of the task. allocation of cognitive
resources and adjustment of solution strategies.

The study contributes to the development of theoretical models of metacognitive control,
clarifying the role of subjective mental effort as one of the central indicators of metacognitive
monitoring. It is shown that the subjective assessment of effort reflects not only the experience of the
complexity of the task, but also performs the function of a signal for the regulation of cognitive
activity, integrating information about the current cognitive load and available resources.

The results obtained also contribute to the development of ideas about the functional
organization of mathematical thinking. It is demonstrated that mathematical cognition includes not
only specialized mechanisms for processing numerical and symbolic information, but is also closely
related to the processes of metacognitive monitoring and cognitive control. Thus, mathematical
activity is considered as a multi-level system of cognitive regulation, including both the object level
of problem solving and the meta-level of evaluation and control.

Of particular importance is the two-level model of the organization of cognitive activity
proposed in the paper, in which mathematical cognition is considered as the object level of information
processing, and metacognitive monitoring as the meta-level of regulation. This model clarifies the
ideas about the mechanisms of interaction between the processes of thinking and self-reflection and
can be used for further development of theories of self-regulation of cognitive activity.

The results of the study also contribute to the discussion about the domain-general and
domain-specific nature of metacognition. It is shown that metacognitive processes are based on
universal mechanisms of cognitive control, but their functioning parametrically depends on the
characteristics of a particular cognitive activity. Thus, metacognition can be considered as a domain-
general regulatory mechanism that adapts to the requirements of a particular cognitive domain.

In addition, the data obtained expand theoretical ideas about the structure of cognitive self-
regulation, demonstrating that the subjective assessment of effort is an important component of the
cognitive control system, ensuring the dynamic adaptation of cognitive activity to the changing
requirements of the task.

In general, the results of the study contribute to the development of modern cognitive and
psychological models of thinking, self-regulation and metacognition, clarifying the mechanisms of
their interaction in the structure of complex intellectual activity.

The practical significance of the thesis is determined by the possibility of applying the results
obtained in educational, diagnostic, scientific and methodological practice.

The data obtained on the role of metacognitive monitoring of mental effort in the structure of
mathematical cognition can be used in the development of programs for the development of
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metacognitive skills aimed at forming students' ability to consciously control their own cognitive
processes, assess the complexity of tasks and optimize the distribution of cognitive resources.

The results of the study can be applied in educational psychology and educational psychology
in the creation of methods for teaching mathematics focused on the development of strategies for self-
regulation of thinking. Taking into account the subjective assessment of cognitive load allows you to
improve teaching methods aimed at increasing the effectiveness of solving mathematical problems
and the formation of reflective skills in students.

The revealed patterns of the relationship between metacognitive assessment of effort and the
processes of mathematical thinking can be used in the development of adaptive educational
technologies and digital learning systems that take into account not only the objective complexity of
tasks, but also the subjective state of the student. This is especially important when working with
students who have difficulties in mathematics or increased mathematical anxiety.

The results of the study are also of practical importance for the psychological diagnosis of
cognitive and metacognitive processes. The data obtained can be used in the development of
diagnostic methods aimed at assessing the features of metacognitive monitoring and cognitive control
in educational and professional activities.

In addition, the results of the study can be used in research and methodological work related
to the study of cognitive processes, metacognition and self-regulation of cognitive activity, as well as
in the development of interdisciplinary research at the intersection of cognitive psychology, pedagogy
and neuroscience.

In general, the results obtained expand the possibilities of applying modern cognitive and
psychological approaches in educational practice, psychological diagnostics and the development of
teaching technologies focused on the development of self-regulation of cognitive activity.

The research was carried out in stages.

1. The theoretical and methodological stage included a systematic review of scientific literature
on the problems of metacognition, mental effort, mathematical cognition, as well as their
neurocorrelates identified using functional magnetic resonance imaging (fMRI). Based on the
analysis, hypotheses were formulated regarding general and specific neural substrates of
metacognitive and mathematical processes. At the same time, an experimental research paradigm was
developed, the procedure for presenting stimuli and registering behavioral responses was
programmed. Approval of the ethics committee was obtained and a sample of subjects was formed.

2. At the experimental stage, behavioral screening was carried out to verify the participants'
compliance with the criteria for inclusion in the study, and the experimental study itself was
implemented in accordance with the previously developed design. The main data collection was
carried out at the National Research Center "Kurchatov Institute" (Moscow) using a Siemens
Magnetom Verio magnetic resonance imaging scanner.

3. The stage of data processing and analysis included pre-processing of functional data using
the AFNI (Analysis of Functional Neurolmages) package and statistical analysis of the results
obtained within the framework of the general linear model (GLM), including individual and group
processing levels.

4. At the final interpretative and generalizing stage, the identified patterns of neural activity
were interpreted in the context of the hypotheses being tested and existing theoretical models. Based
on the results obtained, chapters of the dissertation work were prepared, and the research materials
were reflected in scientific articles, and were also presented in the form of reports at international
scientific conferences.

Provisions to be defended:

1.  Metacognitive monitoring and mathematical cognition are interrelated but functionally
distinct levels of cognitive organization of activity. Mathematical problem solving is implemented at
the object level of information processing, while metacognitive processes provide monitoring,
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complexity assessment, and regulation of cognitive operations.

2. Metacognitive monitoring of mental effort is based on domain-general mechanisms of
cognitive control, which are involved in both metacognitive assessment and mathematical problem
solving, which indicates the systemic integration of regulatory and computational components of
cognitive activity.

3. Mathematical cognition is characterized by the presence of domain-specific cognitive
mechanisms that ensure the processing of quantitative and symbolic information and complement the
work of domain-general systems of cognitive control.

4.  Subjective assessment of mental effort is a significant metacognitive signal that reflects
the level of cognitive load and participates in the regulation of the distribution of cognitive resources
when solving problems of varying complexity.

5.  Theincrease in the complexity of mathematical problems is accompanied by an increase
in the involvement of metacognitive monitoring mechanisms, which indicates the functional
integration of control and mathematical processing processes.

6. Different arithmetic operations are implemented using different cognitive strategies,
which is manifested in differentiated patterns of activity within the general system of mathematical
cognition.

7.  Mathematical cognition and metacognitive assessment are characterized by a different
interhemispheric organization, reflecting the differences between the linguistic and symbolic
processing of mathematical information and the integrative mechanisms of self-reflective monitoring.

Approbation of the research results. The main provisions and empirical results of the study
were discussed at methodological seminars at the Department of Psychology and Pedagogy of the
Faculty of Philology of the Peoples' Friendship University of Russia, at scientific conferences of
various levels: the international scientific and practical conference "Experimental and Theoretical
Research in Modern Science", (Moscow, 2026); XIX International Scientific and Practical Conference
"Higher School: Experience, Problems, Prospects. Personality in the Educational Space" (Moscow,
RUDN University, 2026); XIII International Scientific and Practical Conference "Society, science,
practice" (KRSU, Bishkek, 2026).

The content of the research is reflected in 5 published scientific works of the author, 2 of them
are in leading scientific peer-reviewed journals recommended by the Academic Council of the
Peoples' Friendship University of Russia ("Regulations on the Award of Academic Degrees" of the
Peoples' Friendship University of Russia, approved on 19.02.2018) and 1 article in a journal indexed
in the Scopus scientometric database.

Correspondence of the dissertation with the passport of the research area. The provisions
and conclusions reflected in the thesis correspond to the passport of the scientific specialty 5.3.1
General Psychology, Psychology of Personality, History of Psychology on the following points: p.7.
Psychophysical problem; p.8. Consciousness and cognitive processes. Cognitive psychology; p.9.
Thinking, imagination. Emotional and semantic regulation of thinking. Practical thinking in complex
systems. Metacognitions, their role in the regulation of human behavior and activity; p.17.
Consciousness. States of consciousness. Reflexive processes. Thinking and thought processes,
structure, types, methods of research.

Structure and volume of the thesis. The thesis consists of an introduction, 2 chapters, a
conclusion, a list of references and supplementary material. The main text of the thesis is set out on
122 pages. The list of references includes 205 sources, of which 164 are in English. The thesis contains
122 tables and 28 figures.

MAIN CONTENT OF THE WORK
The introduction substantiates the relevance of the topic, the development of the problem of
the dissertation research, defines the object, subject, goal, tasks, formulates hypotheses, presents the
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theoretical and methodological basis, methods, empirical base of the study, scientific novelty,
theoretical and practical significance of the research results; provisions submitted for defense,
approbation and implementation of the research results, compliance of the dissertation with the
passport of the scientific specialty, and See also the structure of the dissertation.

In the first chapter "Structural, functional and neural characteristics of metacognition
and mathematical cognition', the first chapter is devoted to the theoretical analysis and
systematization of existing approaches to the study of metacognition and mathematical cognition as
independent, but interrelated cognitive domains. Special attention is paid to the neurobiological
foundations of these processes, which creates a theoretical foundation for the empirical study of their
interaction.

Section 1.1 examines the evolution of the concept of "metacognition" from philosophical
origins (Plato, Aristotle, Montaigne, Descartes) to modern psychological models. A comparative
analysis of the main theoretical approaches is carried out:

Higher-order introspectionist theories (Fleming, 2024), which view metacognition as the result
of the formation of a higher-level representation of a first-order state (e.g., confidence in the
correctness of a perceptual decision).

Theories of "mindreading" (Carruthers, 2021), which postulate that human metacognition
recruits mechanisms that are evolutionarily designed to understand the mental states of other people.

Information-probabilistic models, including signal detection theory (SDT) with the key
concept that treats confidence as the inference of metacognitive efficiency (meta-d’/d") (Fleming &
Lau, 2014), as well as second-order Bayesian approaches about the reliability of one's own decisions.

Dynamic evidence accumulation models (e.g., the diffuse drift model) that view certainty and
error awareness as processes that unfold over time.

A cybernetic (control-regulatory) approach, in which metacognition is built into a closed loop
of regulation: monitoring (assessment of uncertainty, difficulties) informs the control system (choice
of strategy, distribution of efforts).

A special place in the section is given to the conceptualization of mental effort as a
metacognitive signal. Based on the analysis of works (Khachoufetal., 2017; Schnaubert & Schneider,
2022) substantiates the dual nature of mental effort: it acts both as a product of metacognitive control
(the result of a decision on the degree of involvement in a task) and as feedback (a signal of subjective
difficulty, conflict or exhaustion of resources), which is used to adjustand strategies. This position is
integrated into the Expected Value of Control (EVC) model, where the dorsal anterior cingulate cortex
(dACC) estimates the cost of effort, and the lateral prefrontal cortex implements the selected level of
control.

Section 1.2 provides an overview of the neuroimaging correlates of metacognition and mental
effort. Data on key brain networks are systematized:

Prefrontal cortex (PFC): The lateral and frontopolar regions provide explicit metacognitive
judgments and controlled strategies (Saccenti et al., 2024; Kapetaniou et al., 2025). Medial regions
(dmPFCs) are involved in monitoring and mentalization processes (Jiang et al., 2022).

Cingulate cortex (ACC/dACC): Seen as a central node for coding uncertainty and conflict that
arise in decision-making, as well as anticipation and experience of effort (Jiang et al., 2022)

Insula : Integrates interoceptive and affective information, providing a phenomenological
experience of "feeling of effort". Its role in task difficulty assessment, cognitive fatigue experience,
and metamemory accuracy has been shown (Walsh et al., 2023).

Precuneus and posterior cingulate cortex (PCC): Involved in self-referential processes and
episodic memory retrieval, which is necessary to contextualize current experience of effort within a
"self-model" (Ye et al., 2018; Bader & Wiener, 2024).

Section 1.3 analyzes the conceptual and neural foundations of mathematical cognition. Its
historical development and key modern models are considered:
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Dehaene & Cohen's Triple Code Model Dehaene & Cohen, 1995; Skagenholt et al., 018)
postulate the existence of three number representation formats (analog, Arabic-visual, verbal)
implemented by partially dissociated but interacting neural networks.

TheDomain-Shared Resources model emphasizes the contribution of working memory,
executive function, and attention to the success of mathematical activities (Menon, 2016; Panaoura,
2007).

Neuroimaging correlates of mathematical cognition are described in detail:

Intraparietal sulcus (IPS): a key area for representing number magnitude and performing
quantitative operations (Faye et al., 2019).

Temporal cortex: The left temporal regions are involved in the extraction of tabular facts
(multiplication) and semantic processing of symbolic information (Daitch et al., 2016; Amalric &
Dehaene, 2018).

Frontoparietal Meshline: Provides complex calculations, strategic planning, and control.

Special attention is paid to the analysis of the influence of the complexity and type of arithmetic
operation on patterns of brain activity (Allen et al., 1992; Brunner, 2021; Pletzer, 2016), as well as
individual differences related to gender, level of competence and mathematical anxiety.

Section 1.4 synthesizes the data from the previous two sections and formulates the problem of
the interaction between metacognition and mathematical cognition. Analysis of works (Muncer et al.,
2022; Valk et al., 2016; Jiang et al., 2022) shows that despite the availability of numerous behavioral
data on the association of metacognitive skills with success in mathematics and well-developed
neurocognitive models of each domain individually, their integrative study using fMRI remains
critically unexplored.

Based on the analysis, the author draws the following key conclusions:

Metacognition and mathematical cognition rely on well-established, but mainly separately
studied neural networks: fronto-opercular (for monitoring) and fronto-parietal-temporal (for
calculations).

Mental effort is theoretically grounded as a valid metacognitive signal that can be
operationalized and investigated using fMRI.

There is an unresolved theoretical debate about the domain-general or domain-specific nature
of metacognitive monitoring in the context of mathematical activity.

There are no empirical studies that directly compare the neural correlates of metacognitive
effort assessment and mathematical computation proper within the same experimental design.

Thus, the first chapter concludes with the substantiation of the main research gap, which
defines the purpose and objectives of the dissertation: empirical testing of the hypothesis about
overlapping and dissociable neural substrates of metacognition and mathematical cognition.

The second chapter "Empirical Study of the Relationship between Metacognition and
Mathematical Cognition" is devoted to the development of an experimental paradigm and analysis
of the results of the study aimed at identifying the cognitive mechanisms of interaction between
metacognitive monitoring and mathematical thinking processes.

The study was built in accordance with the theoretical model developed in the first chapter,
according to which mathematical cognition is considered as the object level of information processing,
and metacognitive assessment of mental effort is considered as a meta-level of monitoring and
regulation of cognitive activity.

The experimental paradigm included alternation of the following types of tasks:- solving
arithmetic problems (addition, subtraction, multiplication, division);- control task (comparison of
number fonts);- metacognitive assessment of subjective mental effort;- period of fixation (rest).

The complexity of the math problems varied in three levels (single-digit, two-digit, and three-
digit numbers), which made it possible to investigate the parametric effect of cognitive load on the



14

processes of mathematical decision and metacognitive monitoring. Table 1 presents examples of
mathematical operations, control, and metacognitive tasks used in the experiment.

Table 1.
Examples of mathematical operations, control and metacognitive tasks used in the
experiment.
Light Level Average Level Hight Level
Addition 5+9 32436 859+213
131516 14 78 69 67 68 1062 972 1172 1072
Subtraction 9-3 101-54 1563-531
5746 37574847 832 922 942 932
Multiplication 5x7 28x8 453x8
42 40 30 35 216 214 324 224 3524 3724 3614 3624
Division 30/5 228/3 2472/4
8576 86 777576 518 718 608 618
Control S#5 82#82 540#540
5555 82 82 82 82 540 540 540 540
Metacognition task Please evaluate the effort spent on the previous tasks
1234

At this stage of the study, a systematic analysis of the obtained fMRI data was carried out in
order to identify: common (domain-common) neural networks; domain-specific areas of mathematical
processing; parametric modulation of activation by the complexity of the task; operational-specific
differences; features of interhemispheric lateralization. Sections 2.1 and 2.2 of the chapter describe in
detail the experimental design and procedure for statistical processing of the data obtained.

Section 2.3 is devoted to the analysis of the results of an empirical study aimed at identifying
the cognitive and neural mechanisms of interaction between metacognitive monitoring and
mathematical cognition. The analysis of the data obtained was carried out in order to test the
hypotheses put forward and solve research problems related to the identification of general and
specific mechanisms of information processing when performing mathematical and metacognitive
tasks.

First of all, the analysis of the neural correlates of the metacognitive assessment of subjective
mental effort was carried out. It was found that the performance of a metacognitive task, which
requires an assessment of the effort expended in solving the previous block of mathematical problems,
i1s accompanied by the activation of a number of brain regions traditionally associated with the
processes of cognitive monitoring and control. The most stable activations were observed in the dorsal
anterior cingulate cortex, lateral parts of the prefrontal cortex, insula and precuneus.

These areas form a functional network related to uncertainty assessment, cognitive conflict
monitoring, interoceptive awareness, and self-referential information processing. The data obtained
allow us to consider the subjective assessment of mental effort as a metacognitive signal that arises as
a result of the integration of information about the current state of cognitive resources, the level of
complexity of the task performed and the success of the solution. The results of the analysis are
presented in Table 2.

Table 2.
Activations in Metacognitive Assessment
Brain area Hemisphere Function
Prefrontal cortex Left and right Explicit self-assessment,
control
Dorsal anterior cingulate | Bilaterally Conflict monitoring
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cortex

Anterior insula Bilaterally Experiencing Effort

Precuneus Bilaterally Self-referential
processing

Thus, the data obtained confirm the hypothesis that metacognitive monitoring is based on
domain-general mechanisms of cognitive control, which provide an assessment of the state of
cognitive activity and regulation of the distribution of cognitive resources.

The next stage of the analysis was the study of the functional organization of the processes of
mathematical cognition. It was shown that the solution of arithmetic problems is accompanied by the
activation of the distributed frontal-parietotemporal network, including the intraparietal sulcus,
inferior and middle frontal gyrus, dorsal anterior cingulate cortex, insula and temporal cortical regions.

A special role in the processing of quantitative information is played by the intraparietal
sulcus, which is considered as a key structure of the neural system for representing numerical
quantities and performing arithmetic operations. Activation of the inferior frontal gyrus is associated
with the processes of symbolic processing of numerical information and the involvement of verbally
mediated calculation strategies. The temporal regions of the cortex are involved in the extraction of
arithmetic facts from long-term memory, which is especially characteristic of the operations of
multiplication and division.

The main results of the analysis are presented in Table 3.

Table 3.
Activations in Mathematical Cognition
Brain area Hemisphere Function
Intraparietal sulcus (IPS) | Left and right Quantification
Inferior frontal gyrus | Predominantly left Symbolic recycling
(IFG)
Temporal cortex Predominantly left Extract arithmetic facts
Dorsal anterior cingulate | Bilaterally Complexity Control
cortex (dAACC)

The data obtained confirm the existence of a specialized mathematical processing system,
including both domain-specific areas of quantitative information processing and cognitive control
structures that ensure the planning and regulation of computational operations.

Particular attention in the study was paid to the analysis of the influence of the complexity of
mathematical problems on the functional organization of cognitive activity. It was found that an
increase in the complexity of arithmetic tasks is accompanied by an increase in the activation of the
intraparietal sulcus, an increase in the activity of the dorsal anterior cingulate cortex and the insula, as
well as an increase in the involvement of the lateral parts of the prefrontal cortex.

These results indicate that with an increase in the computational load, the participation of
cognitive control mechanisms that ensure the maintenance of attention, the regulation of decision
strategies and the distribution of cognitive resources increases. At the same time, the increased activity
of areas associated with metacognitive monitoring indicates that the subjective assessment of mental
effort is parametrically dependent on the objective complexity of the tasks performed.

Thus, the results of the analysis confirm the hypothesis that the processes of metacognitive
monitoring are integrated into the structure of mathematical cognition and participate in the regulation
of cognitive activity when solving problems of varying complexity.

A separate analysis was devoted to the comparison of neural patterns that arise when
performing different types of arithmetic operations. It was found that, despite the presence of a
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common mathematical processing network, individual arithmetic operations are characterized by
different activation profiles.

For example, multiplication and division operations demonstrated a more pronounced
activation of the temporal cortex, which is associated with the use of strategies for extracting
arithmetic facts from long-term memory. At the same time, addition and subtraction operations were
accompanied by a more pronounced activation of parietal regions, reflecting the use of procedural
quantification strategies.

The results obtained indicate the existence of functional differentiation of cognitive strategies
within the general system of mathematical cognition.

A comparison of brain activity patterns in math tasks and metacognitive assessment of mental
effort revealed partial overlap in the activated areas. Overlap was observed primarily in the prefrontal
cortex, dorsal anterior cingulate cortex, insula, and precuneus.

This result indicates the existence of common cognitive control mechanisms involved both in
the performance of computational operations and in the metacognitive assessment of one's own
cognitive activity. The results of the comparative analysis are presented in Figure 1.

Mathematical Cognition Metacognitive Evaluation

(Domain-specific regions) (Domain-general network)

General
Control
Network

Intraparietal Sulcus (IPS) Prefrontal Cortex (DLPFC, MFC)

Prefrontal Cortex

dACC (Dorsal Anterier
Cingulate Cortex)

Dorsal Anterior Cingulate Cortex
(dAcc)

Left Inferior Frontal Gyrus (IFG)

Insular Cortex

Temporal Cortex Insular Cortex

Precuneus

Precuneus

D Mathematical Cognition D Common Brain Areas DMetacognitive evaluation

Figure 1. Overlapping neural networks of metacognition and mathematical cognition

The discovered partial overlap of neural networks while preserving specialized areas of
mathematical processing allows us to interpret the results within the framework of a two-level model
of cognitive organization of activity.

According to this model, mathematical cognition is realized at the level of object cognitive
processes related to the processing of quantitative and symbolic information, while metacognitive
processes function at the meta-level, providing monitoring, assessment of complexity, and regulation
of the execution of cognitive operations. The conceptual scheme of this model is presented in Figure
2.



17

Meta-level
(metacognitive monitoring)

General control network

Prefrontal cortex
Dorsal anterior cingulate cortex

Insular cortex and Precuneus

Object level (mathematical processing)
Intraparietal sulcus (IPS)
Left inferior frontal gyrus (IFG)

Temporal cortex

Figure 2. Two-Tier Architecture of Cognitive Organization

Of particular interest is the analysis of the interhemispheric organization of the processes
under study. It was found that mathematical cognition is characterized mainly by left-hemispheric
specialization, especially in the areas of the inferior frontal gyrus and temporal cortex, which reflects
the participation of linguistic and symbolic mechanisms of information processing.

In contrast, the metacognitive assessment of mental effort shows a more pronounced bilateral
organization and involves medial brain structures associated with the processes of self-reflection and
internal monitoring. These results are presented in Table 4.

Table 4.
Features of Lateralization in Solving Mathematical and Metacognitive Problems
Domain Nature of lateralization
Mathematical cognition Predominantly left hemisphere (IFG, temporal cortex)
Metacognitive Assessment Bilateral fronto-cingulo-insular network

Thus, the results of the empirical study allow us to conclude that metacognitive monitoring and
mathematical cognition form a functionally interrelated system of cognitive organization of activity.
The data obtained indicate that the solution of mathematical problems relies on specialized
mechanisms for processing quantitative and symbolic information, while the metacognitive
assessment of subjective mental effort is implemented within the framework of domain-general
systems of cognitive monitoring and control. The discovered partial overlap of neural networks with
the preservation of domain-specific components of mathematical processing confirms the assumption
of a two-level architecture of cognitive activity, in which the object level of problem solving is
complemented by the meta-level of assessment and regulation of cognitive processes. The established
dependencies between the objective complexity of mathematical problems, the involvement of
cognitive control systems, and the subjective assessment of mental effort confirm the hypothesis about
the regulatory role of metacognitive monitoring in the structure of mathematical thinking. Thus, the
results of the study empirically confirm the hypotheses put forward and demonstrate that
metacognitive processes are an important mechanism for the organization and self-regulation of
mathematical cognitive activity.

The Conclusion summarizes the results of the study, sets out the main conclusions confirming
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the hypotheses and provisions submitted for defense, highlights the prospects for further research.

The study was aimed at identifying the cognitive mechanisms of interaction between
metacognitive monitoring and the processes of mathematical cognition.

In the course of the work, an integrative research strategy was implemented, combining a
theoretical analysis of modern cognitive-psychological models of metacognition and mathematical
thinking with an empirical study of their functional organization using neuroimaging methods.

The results obtained allow us to draw a number of generalizing conclusions.

First, it has been established that metacognitive monitoring of mental effort and the processes
of mathematical cognition form an interrelated system of cognitive organization of activity, in which
mathematical processing is implemented at the object level of problem solving, and metacognitive
processes provide monitoring, assessment of complexity and regulation of cognitive operations.

Secondly, it is shown that metacognitive monitoring relies on domain-general mechanisms of
cognitive control, which are involved both in the assessment of mental effort and in solving
mathematical problems. This confirms the assumption that metacognition performs an integrative
regulatory function in the structure of cognitive activity.

Thirdly, it is revealed that mathematical cognition is characterized by the presence of domain-
specific mechanisms for processing quantitative and symbolic information, which is manifested in
the activation of specialized areas of the frontal-parietal-temporal network.

Fourthly, it has been established that the increase in the complexity of mathematical problems
1s accompanied by an increase in the involvement of metacognitive monitoring mechanisms, which
indicates the inclusion of the processes of estimating effort in the system of regulation of
mathematical thinking.

Fifth, it is shown that various arithmetic operations are implemented using different cognitive
strategies, which is reflected in differentiated patterns of activity within the general system of
mathematical processing.

Finally, differences in the interhemispheric organization of the processes under study were
revealed: mathematical cognition is characterized mainly by left-hemispheric specialization, while
metacognitive monitoring demonstrates a more bilateral functional organization.

The results obtained made it possible to empirically confirm the two-level model of cognitive
organization of activity developed in the dissertation, in which mathematical cognition is considered
as the object level of information processing, and metacognitive monitoring is considered as the
meta-level of regulation and control.

Thus, the hypotheses put forward in the work received empirical confirmation, and the tasks
of the study were solved.

The results of the study expand the understanding of the role of metacognition in the structure
of complex intellectual activity and clarify the mechanisms of regulation of mathematical thinking.

The data obtained can be used in the development of theoretical models of self-regulation of
cognitive activity, as well as in educational psychology in the creation of teaching methods aimed at
developing metacognitive skills and strategies for solving mathematical problems. Overcoming these
limitations in the future will expand the understanding of the identified patterns to other age and
clinical groups.

Further research may focus on the application of effective connectivity analysis (DCM, PPI)
methods to study the directionality of influences between the selected levels, the use of brain
stimulation techniques (TMS/EFT) to establish causal relationships, as well as the expansion of the
research paradigm to include other cognitive domains and samples with different levels of
mathematical competence and metacognitive abilities. The development of this topic seems promising
for the development of neurobiologically based methods for diagnosing and correcting learning
difficulties in mathematics, as well as for the creation of adaptive learning systems that take into
account not only the success, but also the subjective "cost" of the tasks performed.
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Ky3anuc Aunekcuoc (Pecnyoimka Kunp)
MeTakorHMIMHU B CTPYKTYpe MaTEeMAaTHYE€CKOr0 NO3HAHUA: KOTHUTUBHBIA 1
HelipoceTeBOM aHAJIN3

JlaHHasg nuccepranus TMOCBSIIEHA MCCIEAOBAaHUIO HEUPOHHBIX B3aMMOCBS3EH MEXIY
MaTeMaTH4YEeCKUM MO3HAHWEM U METAKOTHUIIMEH ¢ 0COOBIM aKIIEHTOM Ha YMCTBEHHOM YCHJIMH KaK
METaKOTHUTUBHOM curHaie. B pabore paccMarpuBaeTcs LieHTpaibHas TeOpeTHUecKas mpooyiema:
OMUPAETCS U METAKOTHUTHUBHBI MOHUTOPUHI B MaTeMaTHUKE MPEUMYIIECTBEHHO Ha JIOMEHHO-
oOlIe CHUCTEeMbl KOTHUTHUBHOTO KOHTPOJS WM JK€ OTpakaeT JOMEHHO-CHENU(UUYECKYIO
CIIEHUANIM3AlMI0 BHYTPU MaTEMaTUYECKUX HEUPOHHbIX ceTeld. (OCHOBBIBAsCh Ha JIaHHBIX
KOTHUTUBHOW HEUPOHAYKH, MENaroruuyeCKOM MCUXOJOTUM U BBIUHUCIUTEIBLHOTO MOJCIHPOBAHUS,
UCCJIEAOBAaHUE WHTETPUPYET JIBYXYPOBHEBBIE TEOPETUUYECKUE MOJEIU, pa3rpaHUYUBAIOIINE
00BEKTHBIN YPOBEHb MaTeMaTHUECKOH 00pabOTKH U MeTa-ypOBEHb MOHUTOPUHTA U KOHTPOJIS.

boino mpoBeneHo coObITHITHO-cBsi3aHHOe (PMPT-uccnegoBanue ¢ ydacTueM JBaJlIaTH
3JI0POBBIX MOJOJBIX B3pPOCIBIX € uHcnoiab3oBaHueM 3T-ckanepa Siemens Magnetom Verio.
VYyacTHHKY pemanu apudpMeTudecKue 3a1auu (CIoxKeHNe, BHIYUTaHUe, YMHOXKEHUE, JIeJICHUE) TPEX
YpOBHEH CIOXKHOCTH, IOCJIE Yero JaBajdu CyObEeKTUBHYIO OIEHKY BOCIIPHHIUMAEMOT'0 YMCTBEHHOTO
ycwind. B kadecTBe KOHTPOJBHOTO YCJIOBHS MCIOJIB30BAJIOCH 3a/laHME Ha pasziudyeHue mpudra.
HelipoBu3syanu3anroHHble JaHHBIE OBLIM MpEABAPUTEIHLHO 00pabOTaHbI U MPOAHATU3UPOBAHBI B
nporpamMme AFNI ¢ mpumeHeHHEM JBYXypOBHEBOH 00IIel JTWHEWHOW MOJETH U TPYNIIOBOTO
aHanu3a co ciyvaitneiMu 3¢ dextamu (¢ FDR-koppekuueit).

Pe3ynbTathl BBISIBUIM TEPEKpPHIBAIOIINECS, HO (YHKIMOHAIBHO pa3IMuYUMble HEHPOHHBIE
cuctembl. PerieHne MateMaTH4ecKUX 3ajad aKTUBHPOBAIO JTOOHO-TEMEHHYIO CETh, BKIIOUAIOIILYIO
BHYTPUTEMEHHYIO 00pO31y M JaTepalibHYI0 NpePpOHTAIbHYIO KOpYy, a TaKXKe JIBYCTOPOHHHUE
BUCOYHBIE 00JIaCTH, CBSI3aHHBIE C CHMBOJIMYECKOM W CEMaHTHYECKOW TepepabOTKOM.
MeTakorHuTUBHAs OIICHKA YMCTBEHHOTO YCHUJIHUSI CTAaOWJIBHO AaKTUBHpPOBAJA JIOMEHHO-OOIIYIO
(POHTO-IIUHTYJIO-UHCYJISIPHYIO CETh, BKIIOUAIOIIYIO JIOPCOJIATEPATbHYI0 TPEePpPOHTAIBHYIO KODPY,
JIOPCATIBHYO MEPETHIOIO MOSCHYIO KOPY, NEPEAHIOI0 OCTPOBKOBYIO KOPY U MPEIKINHBE.

Kouzalis Alexios (Republic of Cyprus)

Metacognition in the structure of mathematical cognition: cognitive and neural network
analysis

This dissertation investigates the neural relationship between mathematical cognition and
metacognition, with a particular focus on mental effort as a metacognitive signal. The study addresses
a central theoretical debate concerning whether metacognitive monitoring in mathematics relies
primarily on domain-general control systems or reflects domain-specific specialization within
mathematical networks. Drawing on cognitive neuroscience, educational psychology, and
computational modeling, the research integrates two-layer theoretical frameworks distinguishing
object-level mathematical processing from meta-level monitoring and control.

An event-related fMRI experiment was conducted with twenty healthy young adults using a
3T Siemens Magnetom Verio scanner. Participants solved arithmetic problems (addition, subtraction,
multiplication, division) at three levels of difficulty, followed by subjective ratings of perceived
mental effort. A font-comparison task served as a control condition. Neuroimaging data were
preprocessed and analyzed using AFNI with a two-level general linear model and random-effects
group analysis (FDR-corrected).

Results revealed overlapping yet dissociable neural systems. Mathematical problem solving
engaged a fronto-parietal network including the intraparietal sulcus and lateral prefrontal cortex,
alongside bilateral temporal regions associated with symbolic and semantic processing. Metacognitive



21

evaluation of effort consistently activated a domain-general fronto-cingulo-insular network, including
the dorsolateral prefrontal cortex, dorsal anterior cingulate cortex, anterior insula, and the precuneus.
Task difficulty modulated both mathematical and metacognitive hubs, indicating that subjective effort
appraisal scales with objective computational demand. Operation-specific activation patterns further
demonstrated differentiated strategy and retrieval demands across arithmetic types.

The findings support a domain-general metacognitive architecture dynamically interacting
with domain-specific mathematical circuits. The study refines neurocognitive models of mental effort
as both a monitoring signal and regulatory mechanism within closed-loop control systems. The results
have implications for educational practice, clinical assessment, adaptive learning technologies, and
biologically informed computational models of self-regulated cognition.



