THEORY INFORMATION TECHOLOGIES
AND SYSTEMS CONSTRUCTION

TEOPLI TTOBY OBV IHOOPMALIIMHIMX
TEXHOJIOTIM TA CUCTEM

https:/ /doi.org/10.15407 / intechsys.2026.03.003
VK 004.8:37

FO.O0. MAKOTI'OH, acmipa#T,

XapKiBCbKMI HalliOHaJILHU YHiBepCUTET pajlioe/leKTPOHIKM,
npocn. Haykw, 14, Xapkis, 61166, Ykpaina

https:/ /orcid.org/0009-0005-4369-1555
yurii.makohon@nure.ua

O.I. PYOEHKO, f-p. TexH. HayK, Impodecop,

XapKiBCbKMII HallioOHAJILHU YHiBepCUTET pajlioe/leKTPOHIKM,

npocn. Haykn, 14, Xapkis, 61166, Ykpaina

https:/ / orcid.org/0000-0003-0859-2015

oleh.rudenko@nure.ua

AP)SITEKTYPHV[V[ CVMHTE3 KOMIIO3UTHUX
HEVIPOMEPEXEBUX CVICTEM

AT IIPEOVUKTVIBHOI'O OBPOBJIEHHSI JAHMX

Y HNDOPOBUX OCBITHIX CEPEJOBUIITAX

Lle docaioxenus 00rpyHmoBye Mmemodos0eiuni ma mexHiuHi NPUHYUNLU CUHTNE3Y KOMMNO-
SUMHUX HelpomepexeBux apximekmyp, npusHauyeHux o1 npeduxmubroezo obpodienta oa-
HUX Y Mexax iHGpokomyHikayitinux ocBimuix cepedobuuy. Y konmexcmi erobasvroi yuppoboi
mpancghopmayii 0ocaioxenHs 3ocepedxeno Ha po3podyi adanmubrux cucmem ynpabains, oe
inmeepayia pexypenmuux (RNN), epagpobux (GNN) ma mpancgpopmepnux (Transformers)
cmpykmyp 3abesneuye Bucoxomoune ModestoBanna koeHimubHoi ounamixu. Y pobomi pos-
Kpumo pynxyitini Mexanismu OuHAMIuHOT opxecmpayii konmenmy ma npeduxmubHoeo
MOHImopuHey namepHif odpobaenHs iHgopmayii Ax ocHoBHUx esemenmib cmpameeii on-
mumisayii. IlpoanasizoBano mexniuni ma enicmemoAo2iuni 0OMexenHs, 30Kkpema aleo0pum-
MIUHY Henposopicms ma iHgopMayiiny acumempiio, w0 3ymobaioe HeodXIOHICIb nepexody
do eibpudnux modeseii 044 nioBuujenns inmepnpemobanocmi iHmMeAeKIMYALbHUX pilueHb.
OcobauBy ybacy npudiseno cmpameeiuninl posi ONMUMI30BaHUX cUCTEM WINTYYHO20 iHiTe-
aexmy (L) 6 Vpaini ax xummebo Baxauboeo incmpymenmy 044 n000AAHHA 0CBIMHIX po3-
pubi6 y xpu3sobi nepiodu. IlepeBaeu Komno3umHo2o nioxody excnepumermaisHo 006edeHo Ha
anapamuomy 3abesneuenni 3 obmexenumu pecypcamu (1 I'b Bideonam’smi), de 6y.0 docsie-
HYIMO 3HAYHO20 CKOPOUEHHS 3ampumMKu ma nidBuiyeHna cmabiibHOCi cUucmemu.
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Katouo6i caoBa: adanmubre Habuanns, komMnosummui Heiipomepesxebi apximekmypu, itgo-
KOMYHiKayitiHi cucmemu, npeduxmubue odbpobienHa OaHUX, NepPCOHAAI3AY IS, AOKAALHI 00-
HUCACHHS, WIYHHUIL THINeAeKH.

Beryn

IToTouHa eBOJIIOLisI OCBITHIX IIPOCTOPIB 3yMOBJIeHA €KCIIOHEHIIIVIHOKO iH-
Terpailiero M pPoBUX iHCTPYMEHTIB, III0 MPU3BOAUTEL 10 BUHUKHEHHS
CKJIamHMX TiOpmmHMX iHOKOMYyHIKaIliH1X cepemosni,. HevtporHi me-
pexi (HM) BucrynaroTh OCHOBHMMM TeXHOJIOTIYHMMW areHTaMu B IIiV
TpaHcdopMmallii, 37aTHMMM BUKOHYBaTU CydacHy HNpPeAVKTMBHY aHali-
TUKY Ta CUCTeMHY OITMMI3allil0 TpaeKTOpill HaBuaHH:A. BrpoBamkeHHs
IHTeJIEKTYaJIbHMX aJITOPUTMIB MiIKPeC/IIOe KPUTUYHY AVXOTOMIIO MK
omeparlirHo0 eeKTMBHICTIO O0YMCITIOBAJIBHIMIX MOIe/Ien Ta HeoOXimHic-
TIO 30epekeHHs KOTHITMBHOI aBTOHOMil. CrcTeMHi BUKIIVIKY OXOIUIIOIOTH
3a0e3mnedeHHs AJITOPUTMIYHOT TIpo3opocTi (explainability), MiHiMizarifo iH-
dopMarintHOI acuMeTpii Ta 3ar1obiraHHs pervliKarlil coliaIbHMX yIlepes-
KeHb TIi[] yac MalllTHHOIO HaBYaHHS Ha Hepellpe3eHTaTMBHIX Habopax
naHnx. Bpaxosyrouwn, mo kommiosutHi HM onepyroTs HeJliHIHOO JMHa-
MiKOIO, eliCTeMOJIOTiUHI NUTaHHA IOA0 IPUPOLYM 3HaHb, TeHepOBaHMX
aJIrOpUTMaM¥, CTalOTh Jeflajli 3HauyIMMI. B ykpalHCbKOMY KOHTEeKCTi
BukopwucranHs [ s onrrmisariii 3acBOEHHS 3HaHb Ma€ CTpaTeriuHmUM
BUIMIp, BUCTYIIal04V peCypcoM I IiATPUMKM KOTHITMBHOI CTIMIKOCTI Ta
11of101aHHs [1eillNTy KOMIIeTeHTHOCTeVI, CIPUYMHEHOI0 BOEHHVM KOH-
dikrom. BignosimHo, icHye 00’ekTMBHaA moTpeOa B HayKOBiM 0asi 1yis
cuHTe3y apxiTekTyp HM 3 ypaxyBaHHAM COIIOTeXHIUYHVIX HaC/IiIKIB.

ITonpu 3HauHi pe3ysbTaTy, CMHTe3 KOMIIO3UTHWX pillleHb I ITi-
JIICHOI ONTMMI3allil TPAaeKTOPiN B YKPaTHCbKOMY KOHTEKCTi 3aJIMIITA€THCS
HeJIOCTaTHbO JOCIIi/KeHVM. BifcyTHICTH MeTOmosIorivi, 0 IO€IHYIOTh
cTpyKTypHi MoxmBocTi GNN i3 ceMaHTMYHOIO HOTYXHicTi0O TpaHc-
dopmepiB y Mexxax O[HI€T agalTMBHOI MOJIesli, BU3Ha4Ya€ aKTyaJIbHICTh
11i€i poboTm.

Meroro cTaTTi € HayKOBe OOIPYHTYBaHHS METOOJIOTIUHVIX IIPVHIIN-
IIiB CMHTe3y KOMIIO3UTHMX apXiTekTyp HM mig npenukruBHOro o6pob-
JIeHHs JaHUX y MeXax I posoi TpaHcdopmartii. JocsmigKeHH 30cepe-
JKeHO Ha po3po0rii cTparerii cuHepreTuHoro nmoegHanHsa RNN, GNN Ta
Tpancdopmepis it inTeHCHdiKarlil agarTMBHOrO HaBYaHHS Ta popMa-
JTi3arlii mpoueayp IpeAVKTUBHOIO KOPUT'yBaHHS KOHTEHTY.

Amnasis Ta popmanbHa
MOoCTaHOBKa 3afavi onTMMisaii

Y Mexax cyyacHOT IyIaKTUYHOL ITapaJIMI OCBITHIV IIpollec iHTepHIpe-
TyeTbcs SIK HeJliHiMIHA OMHaMidyHa CUCTeMa, [le pe3yJibTyloua eeKTuB-
HICTh BU3HAYAETHCS CKIIAITHOIO B3aEMOII€I0 3 OaraTropakTOpHIM cepemo-
sumieM [1, 2]. Cy0’exT HaBYaHHS B IIil1 MOJIe/Ii BUCTYyIIA€ SIK aKTVBHUM
KOTHITMBHWI areHT, YMIl BHYTPIIIHIN cTaH Oe3lepepBHO €BOJIIOILIIOHYE
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ITiJT BIUIMBOM 3OBHIIIHIX Kepyloumx BIUIMBIB. BriposajpkeHHs iHTesek-
TyaJIbHUX CUCTeM J03BOJIf€ 3MiVICHIOBATV MpPeIUKTVBHe YIIpaB/IiHHS Cce-
penoBuIlieM, CIIpsIMOBaHe Ha JJOCATHEHHS eKCTPeMyMiB IIUTbOBUX (PYHK-
LIV yCITIIIHOCTI.

MaTemaTyHe MOJIe/IFOBaHHSI KOPUI'YBaHHS TPa€KTOPil BUKOHYE-
ThCs 3a JOIIOMOTOI0 piBHSIHHSA cTaHy (1):

St+1 :f(st’At’Et)’ (1)

ne S,,, — IPOTHO30BaHMUM CTaH KOTHITMBHOI CUCTeMM Y4HH y HacCTyII-
HUV MOMEHT 4Yacy; S, — HOTOYHUN CTaH KOTHITMBHOI CUCTeMU y4HS y
MOMEHT 4acy t; A, — MHOXWHa i1 (HaBYaJIbHUX 3aBJaHb, B3a€EMOIN i3
BUITeJIeM 41 CUCTeMOI0); E, — cToxacTUYHMV BeKTOP BIUIMBY 30BHIIIIHBO-
ro cepeloBUIla; f — (PYHKIIiS TIepexoy, 110 aIpOKCUMY€EThCS HeIPOH-
HOIO MepeXxero.

BukopricTaHHS KOMIIO3UTHVX MOfIesIeVt 3a0e31euye repexis Bifg crpo-
ro I[eTepMiHOBaHVIX CXeM 10 CTOXaCTUMYHOI agallTrBHOI @yHKuii’ f, e
IapaMeTpy JMHaMIYHO IIepepaxoBYIOTLCS Ha OCHOBI JITaHWX 3BOPOTHOIO
3B’s13Ky. Lent mipxiz crHTe3ye 00umcIIoBaIbHII aHaJTi3 3 OLIIHKOIO eITicTe-
MOJIOTiUHVIX 3PYIIIeHb Y CTPYKTYpi KOMYHiKarii [3].

s dpopmansHol Bepudikalii skocTi onTmMisaril B Learning Ana-
lytics [4] BUKOpMUCTOBYIOTbCA 11IOBI PyHKIIIT. 3amaui Ki1acudikaril pis-
HiB 3aCBOEHH: MOJYJIiB BUPIIIYIOTbCS NUIAXOM MiHiMisariil BTpaT Kpoc-
eHTPpoIIil (2):

Ly, §)=- 2 y:log (§:), @
ne L — 3HadyeHHsd (PYHKIIII BTpaT; Y — IPUHAJIEXHICTh 10 peaJbHOIo
KJ1acy (piBHS 3HaHB);  — IIPOTHO30BaHA VIMOBIPHICTH IIPVHAIEXHOCTI

710 KJ1acy.

[TporHosyBaHHsI Oe3lepepBHMX ITOKa3HWKIB (HampuKiIazd, VIMOBip-
HOCTI Zerpajariii 3HaHb abO 4acoBMX BUTpAT) Oa3yeTbcs Ha MiHiMizariil
cepenHbOKBagpaTuHOI HoMwIKM (MSE) (3):

1 A2
MSE:;Z(%_%‘) / ()
Ile 1 — KUJIBKICTB CIIOCTepeXkeHb y BUOipLi; Yy, — daKTuyHe 3HaUeHHs
IIOKa3HMKa (HalIpUKIall, peaJIbHUII 0ajl yUHs); ij, — IIPOTrHO30BaHe 3Ha-

UJeHH:I, OTPVIMaHe Ha BVXO]Ii HeIPOHHOI Mepexi.

AmHasi3 HevipoMeperkeBUX IIapagurM
y CMCTeMHiN onTuMi3amii

AHasti3 ocTaHHIX po3po0oK [4 —6] cBimumTH PO Te, 1110 BUOip KOHKpeT-
Ho1 apxitekTypu HM € pesynbraTtoM AMIaKTMYHOIO NPOEKTYBaHHS, e
IapaMeTpy KOPeJIOIOTh i3 XapaKTepucTuKamMy JaHux Ta miramu. RNN,
GNN Ta TpancdopMepn OLIIHIOIOTBCA y TPHOX JOMeHaX: TeMIIOPaJIbHOMY
MOJIeJIIOBaHHi, CTPYKTYPHIiV OpraHisariii Ta ceMaHTWUYHIV iHTepIIpeTartii.
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Temnopavte molestobarns ma npeduxmubra anasimuxa. [JdviHamiuHa
IIpUpoOJia OCBITM BUMarae BpaXyBaHHs TeMIIOpPaJIbHOTO KOHTeKcTy. Ma-
TeMaTW4Hi 3a/1a4i MiCTATh alIpOKCMMAllilo MMOBipHOCTI Hepexomny (4):

P(S,[S1, Ay ) 4

Zie P — yMOBHa VIMOBIpHICTb Ilepexojly B HOBUW CTaH 3HaHb; S, — CTaH
3HaHb y IIOTOYHWUII MOMEHT; S,; — CTaH 3HaHb Ha IIOIlepeJHbOMY KpOIli;
A,, — nis abo HaBUaIbHE 3aBIaHHS, BUKOHaHe Ha IIOIIepeTHbOMY KPOIIi.

Long Short-Term Memory (LSTM) apXiTeKTypu € KJIaCUYHUMM IS
LIVX 3aBaHb [7], 3a0e3meuyoun BeKTOpY IIPUXOBAHOTO CTaHy J1jIs JJOBIO-
TpuBasioi nam’sTi. Tpancdopmepy IIpONOHYIOTh ajlbTepHATUBY, aHali-
3yI0UlM MacKBM YacOBUX Psi/IiB MapasieJIbHO 3a JOIIOMOIOIO IO3UIIIHOTO
KOZlyBaHHs, YHUKAIOUl BTpaTV KOHTEKCTY B JIOBI'MX OC/IiJOBHOCTHX.

Cmpykmypne modestobanna koeHimubnux 36’s3xi6. KoraitusHi 1omMeHN
MaroThb CKJIaJIHi HeJIiHiviHiI Tonostorii. Y Tor yac sk RNN MaroTh TPy HOITI
3 JliHeapm3alieto rpadosux gaumx, GNN HaTMBHO CIIPOEKTOBAHI IJIs
pendaninHEMX gaHMX. BinmosimHo mo mpamp [8, 9], cepemosuiia MogamoTh
gaK popMasbHi rpadm (5):

G= (V,E), (5)

me V — MHOXWHa BEpIIVH, IO ITOAA0Th HaBUYAJIbHI KOHIlenTn abo
cTyneHTiB; E — MHOXWMHa pelep, 1110 BimoOpakaroTh KOTHITMBHI abo co-
IMiaJIbHI 3B SI3KM MIXK HVIMMU.

Mexanism Message Passing 3abesneuye nmHaMiuHe OHOBJIEHHS
cTaHy (6):

) = o zueN(v)iw“)hfj) , (6)
C

ou

1 . e~
me h{"*Y — BextopHe momanHs BepIHY v Ha Tapi | + 1; 6 — HernininHa

dyukilig akTMBaniil (Hampuxiaz, ReLU); N(v) — MHOXMHa CyCigHix
BepIIVH I BePIIMHA U; C,, — HOpMalisytoua koHcranTa; WY — mar-
PWIIIS Bar, MO HaBYaeThest; h) — CTaH CyCimHBOI BEPITVHM U Ha TIOTTe-
penHbOMY IIapi.

Cemanmuuna inmepnpemayis xonmenmy. ONTUMI3allisi KOHTEHTY BU-
Mara€ KOHTEKCTHO-3aJIeXKHOro o0poOsieHHs mpupomHol Mosu (NLP).
Tpancdopmepn [10], Buxopucrosyroum Self-Attention, myHaMiuHO OLi-
HIOIOTh 3HAUyIIiCTh eJleMeHTiB He3aJleXXHO Bif, BimcraHi. Ile dopmarti-
3yeTbcd uepes Scaled Dot-Product Attention (7):

QK'
Ja,
Ile Q — MaTpWIIS 3alNTiB, 110 IIPEICTAB/IIOTh IIOTOYHI 3aBIaHHs a0o iH-

Tepecu yuHsd; K — MaTpulild KIIOUiB, 1110 KOAYIOTh XapaKTepPUCTUKM HaB-
4JaJIbHOTO MaTepiasly abo momepeHivi JocBin; V — MaTpuIlsd 3HaYeHb, 1110

Attention (Q, K, V) = soft max v, (7)
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MICTUTB 3MiCTOBY iH(OpMaLIifo TPO KOHTEHT; d, — PO3MipHiCTh BeKTOPiB
KJTIOUiB (BUKOPVICTOBY€ETBCS JI MacIITaOyBaHH: I'Pali€HTiB); softmax —
JyHKIIig aKTMBAaLIi I OTPVMaHHs pO3IIOJIiTy IMOBIPHOCTEVI YBaru.

Lle mae 3Mory BupiIIyBaTV CKJIaJHi JIIHTBICTVYHI IIpoOIeM, Taki sSIK
riojricemisi Ta Kopedepentris [11].

Anapamna inmencuBnicms ma obuucaobasvha ckaadHicms. BropoBamkeH-
H¢ CTpaTerin onTvMisamil JimMiTyeTbess HagBHMM oOnanHaHHIM. RNN me-
MOHCTPYIOTb JIiHiNHY ckiIagHicTe O(N), pobisun ix edeKTUBHUMM IS
JIOKQJIBHOTO Ta MOOUIBHOTO posropraHHsa. CxiagHicTe GNN 3a1eXxuThb
BizI misbHOCTI Tpadpa O (||V|| + ||E||) Tpancdopmepnt neMOHCTPYIOTH Hall-
BUIIly iHTeHCUBHICTL uepes KBajipaTiuHy 3aiexuHicts O(N°), 110 BuMarae
crieniastizopaanx GPU abo TPU kiacrepis. IlopiBHsUIbHI pesysibTaTnt y3a-
rajibaeHo B TaOsr 1.

PesysibTaTyi I1bOr0 BCeOIUHOr0 aHaTi3y IeMOHCTPYIOTh, 1110 XKOIHA MO-
HOJIITHa apxiTeKTypa He MOyKe CaMOCTIiTHO 3a/I0BOJIbHUTH OaraTolaposi
BUIMOI'M iHTeJIeKTyaJIbHOI OCBITHBOI ekocmcTeMit. EdexTiBHa orrrvmisaltis
CHCTeMV BUMarae repexozy 10 KOMIIO3UTHMX aHCaMOJIiB HeVIPOHHVIX Me-
PeX, BUKOPVCTOBYIOUM CrieldpiuHi 00uncroBasIbHI Ta KOTHITVBHI ITepeBa-
'Vl KOXKHOI HapagurMu 11 OaslaHCy TOUYHOCTI Ta pecypcoedeKTMBHOCTI.

ExcriepuMeHTaIbHA OIIiHKA IPOAYKTMBHOCTI
B YMOBax >KOPCTKMX allapaTHMX 00Me>KeHb

1 migTBepAKeHHST MPaKTUYHOI CITPOMOXKHOCTI CMHTe30BaHVX KOMIIO-
3UTHUX apXiTeKTyp OyJio IpoBeIeHo cepilo TecTiB Ha TUIIOBOMY IIOpTa-
TMBHOMY OOJIaJIHaHHI CTYJIeHTChbKOro Ki1acy. OCHOBHa riroresa mosisirajia
B TOMY, 1110 KOMIIO3UTHI Mofiesli 3a0e3[euyioTh IPUMHATHY SKIiCTh IIPO-
IHO3iB 32 KPUTUYHO HMU3BbKOI'O CIOXVBAHHSA PeCypciB, HeAOCTYIIHOTO
st cygacHuX LLM-miofgibHmx cTpyKTyp.

Tabauya 1. MaTpuns pyHKIITHOI
Ta TeXHIYHOI CIpOMOXXKHOCTi apxitekTyp HM

Kpwurepiin
prrep RNN / LSTM GNN Transformers
OIIIHIOBaHHA

Temmopamena | Bucoka. Huspka. Bucoxa.

TOYHICTH OrnrrvvartsHo e my- | ITorpebyrors Temmo- | [T1o0armbHe Moperro-
HaMiYHOIO TPeKiHTy. | pabHOI Ii0puam3aliii. | BAHHS KOHTEKCTY.

CrpykTypHa Hwspxka. HyXe BrcOKa. Cepenns.

BaJTiIHICTH Brpara Tonostorii ge- | AnpiopHi cTpykTyp- | IMItiiTHe BrBYeH-
pes JliHeapu3allifo. | Hi 3HaHHI. HS CTPYKTYPW.

CemanTiuna CepenHs. Huwuspka. Hy>xe Bucoka.

THYYKICTb Incdopmariiniae By3b- | Crrermmdpiuni st 3as- | HestokaspHi 3arex-
Ke MicIie B TeKCTax. IlaHb KIacudikarii. |HOCTI.

O6uncmosanbra | O(N). JTiHirHa. O (”V" + ||E||) O(N?). KsanpatiyHa.

CKJIATHICTH EdexTmsHi mis 3as1eXXuTh Bif, iTb- | Bumararors GPU.
JIOKAJTIbHUX CUCTEM. | HOCTI.
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Texniuni ymobu ma incmpymenmapiii. ExcnepyMeHTa/IbHUI CTeH T, Oa-
3yerbcsd Ha HOyTOy1Ii 3 CPU Intel Core i5-1135G7 (4 snpa, 2,4-4,2 I'Tm) Ta
nvckpetHuM Bineoapgantepom NVIDIA GeForce MX350 nHa apxiTekTypi
Pascal. KapTa Mmae yiiite 2 I'b GDDR5 VRAM, 1110 € KpUTUYHUM [OPOrOM
11 Cy4dacHOTo minbokoro HasdaHHs. IIporpamumit crek: Ubuntu 22.04,
Python 3.10, PyTorch 2.1.0 3 migTprmMkoro CUDA 11.8.

1)1 Mozie/moBaHHS peayTbHMX YMOB OaraTo3alavyHOCTi 00CAT AOCTYTI-
Hoi Bigeomam’siti (VRAM) mis TpeHYBaJIbHOrO Ta iH(epeHc-IIpolieciB
Oys10 mporpamHo obmexxeHo 10 1 I'b. Lle iMiTye cuTyariito, Kom yacTuHa
pecypciB 3aiiHsITa OIlepalliffHOIO CHCTeMOIO Ta iH(OKOMYHIKalliTHUMM
KJTIEHTaMM.

Teopetvunmnit anasiz FLOPs:

1. Monosnitaun Tpancdopmep: Monens tuny Tiny-BERT (4 miapw,
d =312, ne d — po3MipHICTh IpPUXOBAHOTO eMOeiHry). 3a MOBXMHM
noctigosHocTi N = 512, obumciienHst MexaHisMy Self-Attention rioTpebye
IpUOIN3HO 2 X N2 x d orepariiin (OXOIUIIOIOUM K OIIHKM QK', Tax i 3Ba-
xeny cymy V). Timeku myia matpuite Attention (512 x 512) 3a 32-6iTHOro
dopmarty i3 1IaBaro4o0 KOMOIO OIVMHApPHOI TOUHOCTI HeoOXxigHO 1 Mb
Ha KOXXHY TOJIOBY yBaru. 3 ypaxyBaHHSIM aKTMBalliyl Ta Bar (45 MUIbIIOHIB
IlapaMeTpiB), TeOPeTUYHMUI MiHIMyM IlaM'gTi I iHdepeHCy OmHOro
Oatua cranoBUTH ~680-850 MB.

2. KomniosurHa Mopenb: IloengHanHs 0sioky LSTM (128 opmHMIe) Ta
2-maposoi GCN (Graph Convolutional Network). KijibkicTe napameTpip —
0,78 minbnona. Teopernuna cxiapgHicTe onepauii LSTM cTaHOBUTH
@) (N X (84 +84h)), ne d — posmipHicTh BXiHUX 03HAK, @ h — KiTbKicTD
npuxosaHux oguHMI. [Ipn N = 512, 11e moTpebye y ~18-20 pasis MeH-
e FLOPs, nix Tpancdopmep.

EkcriepumeHTasibHa Ipollefypa MicTwiIa cTaHAapTU30BaHY dasy
warm-up 3 50 iTeparin 1y ycyHeHHs HaKJIaJlHVX BUTpaT Ha iHiliaiza-
1iro Ta mrym Kerrysa"us CUDA. IlotiM Ko)kHa Mozieslb BUKOHYBasIa Oe3-
nepepsHMi 1mKiI 3 1000 nuxtis indepeHcy, iMiTyroun NpeaVKTUBHUMI
IIOTIK y peaJIbHOMY dYaci 1111 nmudpoBoro kiacy. Bukopucrosysanvicsa
BVICOKOTOYHI JIYWIBHUKM HPOAYKTUBHOCTI (time.perf_counter) mis dik-
carrii saTpuMku iHdepeHcy, a 6ibimioreka NVIDIA Management Library
(NVML) 3abesneuysasia onuTyBaHHs posnopiuty VRAM, yvactotu smpa
GPU Ta Teru1oBoro craHy B peaJILHOMY 4aci.

Pe3ynpTaTit BUMipIoBaHb IIBMIKOCTI Ta CTaOUIBHOCTI cucTeMu Ha-
BereHo y Tabsmi 2.

AmnaJti3 arrapaTHUX aHOMaJTivL:

1. TTpoGnema Out of Memory: 3a yMOB 30UTbIIIeHHs JOBXWHM iCTOPIT
HapuaHH4 10 1024 xpokiB TpaHcdopMep MUTTEBO BUKIIVIKAB MOMWIKY
RuntimeError: CUDA out of memory, ocKUIbKM KBaJpaTW4He 3POCTaHHS
MaTpulb yBaru nepesuriwio jiMiT 1 I'b. KommosuTHa Momesns mpaiitosa-
1a Oe3moraHHo, BUKopucToBytoun jmite 58 Mb mam’sri.

2. O0umCITIOBaILHII TPOTIIHT: Yepe3 BUCOKY 00UMCIIOBaIbHY iHTeH-
cuBHicTh TpaHcdopmepa, micits 4 XBIINH Oe3epepBHOTO IIPOTHO3yBaH-
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Hs yacTtoTa sapa GPU MX350 sriasta 3 1468 MI'tt mo 920 MI'n, mio nipusse-
J10 10 30isIbIIeHHs 3aTpmMKHM 3 86 Mc 1o 118 mc. KoMmosutHa Moperns He
BUK/TMKaIa TIeperpiBy, 30epirarount MiKOBY YacTOTY ITPOTSAIOM YCBOTO TeCTY.

3. EHeproedexTmBHICTB: OIliHOUHe eHeprocroxuBaHHs (IDP) min
4Jac poOOTM KOMIIO3UTHOI apxiTekTypu Oyio Ha 40% HVDKYMM Bif HO-
MiHasibHOTO. Ile KpuTudHO I poOOTM HOYTOYKa Bif, aKymysTopa B
yMOBax BiICYTHOCTI eJIeKTpoIiocTadaHHs, 3abesmeuyoun g0 3,5 roouH
IIOTaTKOBOI aBTOHOMHOCTI ITifT Yac PO3paxXyHKiB.

BucnoBxu po3disry. EKcliepvIMeHT [IOBIB, IO IS peayIbHMX YMOB eKc-
IUTyaTallil Ha «CTyAeHTChbKOMY» OOJIaJHaHHI BUKOPUCTaHHS TiOpmmHMX
apxiTeKTyp € He IIPOCTO IepeBaroo, a TeXHIYHOK YMOBOIO CTaOLIBHOCTI.
BrpaTa TounocTi y posmipi 0,009 AUC (mente 1,1%) € aOconroTHO BU-
IIpaBIaHOIO IUIATO0 3a 14-KpaTHe 3pOoCcTaHHA INBUAKOLII Ta MOXIIVBICTD
IapasieJIbHOro 00po0JIeHHs COTeHb IIOTOKIB TaHMX 0e3 pU3NKY Ieperpisy
4y 3yIIVHKY CHUCTeMM Yepe3 Opak Imam’ sTi.

AnanTusHi cTparerii
IUIS1 OIITMMi3alii OCBITHIX TpaeKTOpin

ArnapaTHa cTaOUIBPHICTh Ta 3ATHICTh KOMIIO3UTHMX Mofesieil PyHKITio-
HyBaTV Ha JIOK&JIbHMX MPUCTPOSX MOYAaTKOBOIO PiBHS, IepeBipeHi Iifj
yac eKCIIepUMeHTY, CTal0Th TeXHOJIOTUHMM (pyHIaMeHTOM 115l BITIpOBa-
JDKeHHs aJIalTMBHMX CTpaTerint y creumdiuyHnx yMoBax YKpaiHCHKOIO
OCBITHBOTO IIpocTOpy. BoeHHi 11if Ta cricTeMHa HecTabUIbHICTD KpUTUYHOT
iHdpacTpyKTypu cTBOpWIN IIOTpely B iHCTpyMeHTax, sIKi He 3ajieXXaThb
Bi/] IIOCTIMTHOIO 3B’43Ky 3 XMapor. 3alesreuyioun BUCOKY IIBUIKICTb
(6,1 Mc Ha iHdepeHC) Ta eHeproedeKTMUBHICTh, 3aIIPOIIOHOBaHI apXiTek-
TYyPU CTalOTh OCHOBOO [JId IIIATPUMKM KOTHITMBHOI CTiVIKOCTI y4YHIB
[12, 13]. OuikyeTbcs, 110 iMITIEMeHTallisl TaKMX cucTeM Ha 6asi LSTM
CKOPOTUTB «OCBITHI pO3puMBU» cepel, BHYTPIIIHbO IlepeMillleHVX ociO,
HaIalo4l MOXJIMBICTh HaBYaTVICS aBTOHOMHO ITif Jac OJIeKayTiB.
ITpakTryHa peartizaliis IIMX cTpaTeriin Oa3yeTbcsi Ha BUKOPUMCTaHHI
LLM gx iHTeJIeKTyaJIbHVIX aCVCTeHTIB, IIPOTe caMe KOMIIO3UTHUV PiBeHb

Tadauya 2. EMoipudHi JaHi IpogyKTHMBHOCTI
Ha HOyTOymi (MX350, nimit 1 I'b VRAM)

ITapamerpn MownoriTHUMI Kommosnurhna Pisania
TIOPiBHAHHS Tpancdopmep MOJIeNb edexTrBHOCTI
CrioxuBantasgs VRAM 914,2 Mb 42,8 Mb -95,3%
(Barm+Kerm) (91,4%) (4,3%)
Yac indepency (CPU), mc 248,5 15,2 -93,8%
Yac indepency (GPU), mc 86,4 6,1 -92,9%
MaxcymansHM po3Mip 6atua | 2 (Out of Memory 3a 4) 128+ >64x
Temniepatypa GPU 78° (TpomiHr) 54° -24°C
ugepes 10 xs, °C (CrabiytbHO)
Tounicte (AUC ROC) 0,841 0,832 -0,009
ISSN 3083-6573. Information Technologies and Systems. 2026. No. 3 (9) 9
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('ToxasibHE OOpOOJIEHHS) BiIIOBiMaE 3a afalTMBHMUI PO3IIOAUI IIi3aad
BiATIOBiIHO 110 aKTyasbHOro crany yuHs [15]. IIpomec nmpumHATTS pi-
IIIeHb MaTeMaTUYHO (popMaJli3yeThcsd Yepe3 HaBUYaHHS 3 MiAKPiIUIeHHIM
(Reinforcement Learning, RL), me BuOip oOTMMaIbHOI ITeHarorigyHoi mil
IleTepMiHY€TBCS IOJITUKOIO T (8):

n<a|s):P(At:a|St:s), 8)

ze T (a |s) — CTOXacTW4Ha II0JIiTMKa areHTa (HelipoMepexi), 1110 BU3Ha-
4Jae pO3IIOAiI VIMOBipHOCTen Aivi; P — yMOBHa VIMOBIPHICTh HaCTaHHHA
1of1ii; A, — BUITaJIKOBa BeJIMYNMHa, 1110 ITI03Hadae oOpaHy lifo (HaBuabHe
3aBJJaHHsI) y MOMEHT vacy t; S, — BUIIaJIKoBa BeJIM4MHa, 1[0 XapaKTepu-
3y€ INOTOYHWMI KOTHITVBHWUI CTaH y4Hs; 4 — KOHKpeTHa peasli3allis [l 3
IIPOCTOPY AOIY CTUMUX IeJaroridHmX iHTepBeHIIill; S — BeKTOPHWII OIIC
IIOTOYHOIO PiBHs KOMITIETEHTHOCTI yUHs.

Crpareriuna meta RL-cucTeMu MojiArae y MaKCuMi3allil iHTerpaib-
Hol BuHaropoau J(m) (9):

Jm=E| ¥ '] ©)

ne | — ninboBa dyHKIiSA; E — MaTeMaTuuHe crofiBaHHH; § — Koedi-
1ieHT AuckoHTyBaHHA (0 < ¢ < 1), 1110 BM3HAYa€ BaXJIMBICTh MamOyTHiX
BUHAropoJ; ¥, — OTpMMaHa BUHaropoza (reward) Ha Kpolii f.

EdexkTnBHIMM TexXHOJIOTIYHMM pO3B si3aHHSAM IIpodiieMu Aedinmry
HaITiOHaJIPHMX HaOOpPiB JaHMX € BIPOBa/KeHHS MeTOMiB KPOCIiHIBaIIb-
H1x eMOeninris (10):

V,=W-V

en’

(10)

ne V,, — BeKTOPHUN IPOCTip CJIiB yKpalHChKOI MOBM; V, — BeKTop-
HVVI IPOCTIip CJTiB aHIJIiNICHKOT MOBM (DaraToi Ha pecypcn); W — MaTpuirs
JIiHiHOT TpaHcdopMallii, OTpMMaHa depe3 MeTOAV BUPIBHIOBaHHS JIa-
TEeHTHMX IIpocTopiB [16].

Llen mipxiz m03BOJIsI€ TIPOEKTYBAT aHIJIOMOBHI 3HaHH:A Ha yKpaiH-
CBKMVI KOHTEHT, 3a0e3medyoun JIHTBICTUYHY BaJliJHICTh CHICTEMW Ha-
BiTh 3a AedilnTy j10KaIbHMIX HabOPiB JaHMX.

ETuka Ta emmicremosiorist

Texnosoriuna edeKkTUBHICT Ta IlepeHeceHHs O00YNMCIIeHh Ha HPUCTPOL
KOPWCTYBa4iB, MiATBep/KeHi eKCIeprMeHTaJIbHO, aKTyali3yloTh He JIu-
I11e IIMTaHHS INBUIKO/IIL, a V1 IIMOVHHI eTMKO—-eIlicTeMOJIOrUHI BUKJIVIKIA.
3paTHICTE KOMITO3UTHMX MOfesien IpanoBaT jiokaibHO Ha 1 I'b VRAM
CTBOPIOE YMOBM [IJIS 3aXVICTY IIPMBATHOCTI TaHMX «3a AM3artHOM» (Privacy
by Design), OCKiJIbKM ITlepCOHaJIbHI KOTHITVBHI TPodiIi yUHIB MOXYTb 00-
pobiaTrcs Oe3 epenaBaHHs Ha 30BHIIIIHI cepBepyt. BogHouac, BUKopwuc-
TaHH: ribpunHoro migxomy (LSTM+GNN) samicte MoHOmiTHUX TpaHCc-
dopMepiB YacTKOBO BUpilllye IPOOIEMYy «HOPHOI CKPUHBKI», OCKITBKMU
rpadpoBi CTPYKTypM € OUIBII iHTEepIIpeTOBaHVMM J1JIs ITeJaroriB.
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[TpyHIMIN IPO30POCTi Ta CIIpaBeJINMBOCTI, BUKIadeHi B [17, 18],
BUMararoTh, 11100 BMCOKa IIBUIIKICTh iHdepeHCy He mocsrajiacs IiHOO
aJITOPUTMIYHOTO yIiepepkeHHs. MiHiMisalis pusuKiB cerperailii yuHis
peatisyeThcs yepe3 OaraTOKOMIIOHEHTHY (pyHKIIi0 BTpart (11):

Loss = ML,curaey + AoL + AL (11)

fairness privacy 7

ne Ly, — CTAHAAPTHA [IOMWIKA IIPOrHO3YBAHHSL (TOUHICTB); Ly,
mTpad 3a HepiBHICTh y IIpOrHO3ax I pisHMX JeMorpadiuHmx rpyir
L, e, — KOMIIOHEHT, IIO BiIIOBifae 3a 30epexeHHs IPUBATHOCTI (Ha-
IIpUKIIaj, depes AndepeHIliiHy NpuUBaTHICTE); A ,; — Barosi Koediri-
€HTY, II0 BU3HAYAIOTh OasIaHC MK e(DeKTVBHICTIO Ta eTUYHICTIO.
HanwmipHa aBTOMaTHM3al1lis, HaBiTh 3a BMCOKOI TEXHIYHOI cTabiiTbHOC-
Ti, Hece 3arpo3y KorHiTuBHOI retepoHoMmil [19, 20]. OTxe, BripoBafpkeHHS
HM B Yxpaizi Mae cymrpoBOIKyBaTicsa pO3pOOKOI0 eTUUHMX perjlaMeH-
TiB, IKi rapaHTYI0Th, 1110 I 3amimaeTbed miacIoBageM JIFOAChKIX MOX-

JIVIBOCTEVI, @ He IHCTPYMEHTOM IS Jlerpafarii KpUTUYHOTO MUCJIEHHS.

BucHOBKM

KomrutekcHe HaykoBe OOIpyHTYBaHHS Ta eMITipy4YHa Balijlallis, IIpoBe-
JleHl B IIbOMY JTOCIT/DKeHHI, ITJITBep/PKYIOTh, IO ONTMMIi3allid OCBITHIX
TPaEKTOPIN y pecypcoodMekeHMx iH(POKOMYHIKaIiTHIX cepeloBuIIax
GesrocepeTHBO 3aJIEKUTh Bill apXiTeKTypHOTO CMHTe3y HeMpOHHUX Me-
pex. IlopiBHAJIBHMUI aHajli3 BCTAaHOBWB, III0 XO4Ya MOHOJITHI Moper
Tpancdopmepip 3abe3meuyioTh Kpallle ceMaHTUYHe PO3YyMiHHS, IXHSI
KBajlpaTyHa obuMcToBaibHa cKiTaaHicTs O(N?) Ta MacuBHMI 0Bcsr
raMm’'gti (3aroBHeHH 91,4 % OGromkery VRAM 006’emom 1 I'b smrrre Bara-
MI) POOJIATH 1X HENpPUIATHUMM I MacOBOIO pO3TOpTaHHsS Ha y4YHiB-
CbKOMY OOJIaziHaHHI IouaTkoBoro piBHs. HaBrakm, cuHTe30BaHa KOM-
nosutHa apxitekrypa (LSTM+GNN) BUKOPUCTOBY€E IepeBaru JIiHiHOI
cxiIagHocti O(N) peKypeHTHMX OJIOKiB Ta TOMOJIOTiuHy edeKTVBHICTh
rpadoBUX 3rOPTOK, AocsATarouM PyHKIMHOTO OajlaHCy MiX IpeIuKTVB-
HOIO TOYHICTIO Ta eKCIUIyaTallilHOI CTaOlIbHICTIO.

ExcniepyMeHTasIbHI pe3ysIbTaTy HaJalOTh Baromi JI0Kas3y TeXHIiUHOL
IlepeBary riOpMIHOTO MiAXOmy B peaslbHMX ClieHapisix. 3adikcoBaHe
14-kpaTHe ckopoyeHHs 3aTpMKM iHdeperncy Ha GPU (3 86,4 Mc 10 6,1 Mc)
Ta 20-KpaTHe 3HVWDKEHHs CIIOXMBaHHS Bifleoram gTi € He IIPOCTO Kilb-
KiCHMMM TTOKpallleHHsAMM, a AKICHUMMM 3PYIIeHHSMM, fAKi Tal0Th 3MOTY
CTBOPIOBATM IHTepaKTVBHI OCBITHI CepBicU B peaJIbHOMY 4Yaci Ha CIIOXKVB-
49X HOYTOYKaX. Baskmso, 1o KOMIIO3MTHa MOJIe/Ib IOBHICTIO O0imInIa
nomwiku CUDA Out-of-Memory Ta TepmaibHMi TpomHHT (78° C mpotn
54° C), axi xkaTacTpodiyHO MOripIryBasan MpoayKTUBHICTE Oa30BOI MOHO-
siTHOI Moperti. Lli BucHOBKM cBimuaTh, 110 11 BeJIMKOMaCIITaOHVIX OCBIT-
HiX TUIaTOPM KOMIIO3UTHI apXiTeKTypW € €QVHVM XUTTE3IaTHNM IIUIsA-
XOM [10 3a0e3IedeHHs JOCTYITHOCTI crcTeMy Oe3 ITOCTIVTHOI 3a1eXKHOCTI
Bi/l IeHTpaJIi30BaHOI XMapHO1 iHdpacTpyKTypu.
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TexniuHo iHTerpallis Takmx Mojesien Oe3rlocepelHBO BinIoBimae
CTpaTeTivHMM HoTpedaM YKpPalHCHKOIO OCBITHBOTO cekTopy. ITpomemon-
CTpOBaHe 3HVDKeHHs eHeprocroXuBaHHsS Ha 46 % Ta 3[aTHICTb edek-
TUBHO (PYHKIIIOHYBaTM Ha JIOKaJIbHUX IIPUCTPOAX KOPUCTYyBadiB CTBO-
PIOIOTH OCHOBY ISl KOTHITMBHOI CTiVIKOCTI ITifl Yac mepiofiB HecTaOisIb-
HOCTI iHpacTpyKTypu abo IIOBHOI BTpaTH 3B’ 43Ky. 3aCTOCYBaHHS MeTO-
IiB KPOCJIHIBJIbHMX eMOeIiHTiB I0IaTKOBO II0JIa€ PO3PUB Y pecypcax
MDK I7I00a/TbHMMM aHIJIOMOBHVIMM 3HAHHSIMM Ta JIOKQJIbHVMM YKpaiH-
CBKMM KOHTEHTOM, TapaHTyIOUlM, IIJ0 TexHiYHa ONTMMi3allis He BigOy-
Ba€ThCA 3a KOLITOM KyJIBTYPHOI UM JIHIBICTMYHOL BaJIiTHOCTI.

3 eTMYHOI Ta eHiCTeMOJIOTIYHOI TOUYKM 30PY, Hepexi 40 KOMIIO3UT-
HUX apXiTeKTyp CIIpusie BIPOBa/KeHHI0 NpuHINIIB «Privacy by Design».
3aBrskm 3a0e3leueHHIO BYCOKOIIPOOYKTMBHOI 00po0km Ha 1 I'b Bimgeo-
I1aM’4Ti, 3aIIpOIIOHOBaHa CHCTeMa J1a€ 3MOTy KOH(ieHIiTHM KOTHiTHB-
HUM HpodUIaM 3aJMIIaTUCS Ha IPUCTPOI KOPUCTyBada, MiHiMisyroum
PVBVKM BUTOKY JIaHMX Ta crioctepexxeHHs. Kpim Toro, mpuramanHa rpa-
doBMM HEVPOHHMM MepeXkaM iHTepIIpPeTOBaHICTh ITPOIIOHYE PpillleHHs
OVWIeMN «9OPHOI CKPVHBKM» IIMOOKOTO HaBUaHHS, JAl0UM 3MOTY OCBi-
TsHaM PO3YMITU CTPYKTYPHY JIOTIKy aJITOPUTMIUYHUX PeKOMEeHIALIili.
ITizcymMoByr04M, CHMHTe3 KOMIIO3UTHMX apXiTeKTyp € JIOAMHOIIeHTPWY-
HOIO TeXHOJIOTIYHOIO eBOJIIOIIi€I0, gKa IpiopuTesye cTabiIbHICTH, aBTO-
HOMHICTb Ta €TUYHY IIiI3BITHICTh, TapaHTyIOuM, 110 INTYYHWUN iHTeJIeKT
BUCTYTIA€ HaJiVIHVM KOTHITMBHVM HiICVJTIOBaYeM K I YUHIB, TaK 1 1
BUNTEJIB y L1 POBY €roXy.

IOBIHOMJIEHHA

Bnecox aBmopi6: Ilin gac miATOTOBKM IIi€T CTaTTi aBTOPYU BUKOPVICTOBYBAJIN BEIINKY
MoBHY Mopienb Gemini 3.1 Pro. IHCTpyMeHT 3aCTOCOBYBaBC SIK ITOTIOMDKHW 3aci0 11t
CTPYKTYpyBaHHsI MaTepialy, CTWIICTMYHOIO pedaryBaHHsI TeKCTY Ta [IOIIOMOTM Y
dopmyroBaHHi OKpemmx Te3. [Tic/Is BUKOpMCTaHHS CHCTeM IITYYHOrO iHTeJIeKTy aB-
TOP peTeJIbHO IepeBipwB i Biperarysas sreHepoBaHIil KOHTeHT. ABTOpY OepyTh Ha
ceOe ITOBHY Bi/IITOBiAJIbHICTD 3a KiHIIEBUI 3MICT i JOCTOBipHIicTh ITOaHOT POOOTH.
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ARCHITECTURAL SYNTHESIS OF COMPOSITE NEURAL
NETWORK SYSTEMS FOR PREDICTIVE DATA PROCESSING
IN DIGITAL EDUCATIONAL ENVIRONMENTS

Introduction. The ongoing digital transformation of global educational environments
necessitates the deployment of intelligent frameworks capable of real-time optimiza-
tion of individual learning pathways. Neural networks (NN) have emerged as prima-
ry technological drivers in this process, providing advanced predictive analytics of
learning activities. However, the increasing parametric complexity of modern mono-
lithic architectures, such as Transformers, creates significant technical barriers for
their widespread use on entry-level student hardware (laptops and tablets). In the
Ukrainian context, where infrastructure instability often limits access to reliable
high-performance cloud resources, the synthesis of lightweight yet highly accurate
composite models capable of local data processing is a critical strategic requirement.

The purpose of the paper is to substantiate the methodological and technical
principles for synthesizing composite neural network architectures (integrating RNN,
GNN, and Transformers) to intensify adaptive learning processes and ensure stable
predictive data processing in resource-constrained environments.

Methods. The study employs a formal framework of non-linear dynamic systems
to model student cognitive progress. The architectural synthesis involves a modular
task decomposition strategy: temporal dynamics are managed by LSTM blocks, struc-
tural knowledge dependencies are captured by GCN layers, and semantic interactions
are processed via self-attention mechanisms. Experimental validation was conducted
on a laptop equipped with consumer-grade hardware (Intel i5-1135G7 CPU, NVIDIA
MX350 GPU) with programmatically restricted video memory (1 GB) to simulate mul-
titasking environments. Performance metrics included high-precision latency counters,
hardware monitoring via NVML, and predictive accuracy assessment using AUC ROC.

Results. Theoretical FLOPs analysis indicated that the proposed composite archi-
tecture requires 18-20 times fewer floating-point operations than monolithic Transfor-
mer baselines. For a sequence length of N = 512, calculating the Self-Attention mecha-
nism requires approximately 2 x N*xd operations (covering both OK" and V). In con-
trast, the LSTM-based composite requires O(N X (8dh)) operations, providing massive
efficiency gains. Empirical testing recorded a 14-fold reduction in GPU inference la-
tency (from 86.4 ms down to 6.1 ms) and a 20-fold reduction in the memory footprint.
The architecture successfully bypassed CUDA Out-of-Memory errors and prevented
thermal throttling, maintaining a stable GPU operating temperature (54° C vs 78° C).

Conclusions. The optimization of educational trajectories is strictly dependent on
the architectural synthesis of neural networks. Monolithic models are often impracti-
cal for local use due to their O(N?) complexity and high memory consumption. Com-
posite ensembles provide a necessary balance between predictive precision and oper-
ational stability. The ability to process data locally on user devices ensures both edu-
cational continuity during infrastructure instability and data privacy by design. These
findings establish that hybrid, resource-efficient architectures are the most viable path
for creating sustainable, human-centric educational ecosystems in the digital era.

Keywords: adaptive learning, composite neural network architectures, infocommunication
systems, predictive data processing, personalization, local computing, artificial intelligence.
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