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AHomauiss. ¥ cmammi nodaHo KOMII/IEKCHY MemoOUKY MPOEKMy8aHHS apximekmypu ueHmpy 36upaH-
Hs1 ma 06pobKu daHux, npusHadeHy 0711 MOHIMOopUHeay cmaHy 06’ekmie Kpumu4Hoi iHgbpacmpykmypu. Lo-
CNiOXXEHHSI 8KIIto4ae po3pobrieHHsT CmpyKmypHOI ma ¢hyHKUIOHaIbHOI CXeMU, @ MaKoX J102i4HOI Moderti, Wo
imocmpye 83aemo0it0 MiX KOMIIOHEHMamMu cucmemu, wo bepyms yyacmse y 36upaHHi ma o6pobyi daHux y
KOHmMeKcmi MOHImMopuHay Kpumu4Hoi iHgbpacmpykmypu. 3anporoHogaHul nidxid ypaxoeye cy4yacHi UMo-
au do HaditHocmi, sidMosocmilikocmi, MacwmabosaHocmi, Kibepbesrneku ma npodyKmuUeHOCMI 8 pexumi
peanbHozo 4acy. Ocobrniusa yeaza npudindembcs murnam 0am4yukie, W0 8UKOPUCMOBYHMbLCS 8 PIi3HUX
cghepax KpumuyHoOI iHgbpacmpyKkmypu, 8KIIHOHaKYU eHepaemuky, mpaHcrnopm, 8000rnocmaqaHHs, mere-
KOMyHiKauii i oxopoHy 300poe’si. Memoduka makox O00CriOXye iHmeapauito CEHCOPHUX MEPEX 3 mex-
Hoslo2isiMu 38’s3Ky M’simo20 rokosniHHA (5G) ma inmepHemowm peyed (loT), wo dae 3moay cmeoprosamu
binbw Yymmuei U eHy4Ki cucmemu MoHimopuHeay. Kpim moeo, docnidxeHHs nidkpecnoe bazamopigHesull
nidxid 0o 0bpobku OaHux 3a O0NMOMO20K rnapaduam repugepiliHux, myMaHHUX i XMapHUX ob4yucneHsb. Lle
Oae MoXrnugicmb 3MeHWUmMuU 3ampumMky, 3banaHcysamu HagaHMaXeHHs Mix 0b4uco8anbsHUMU pecypca-
Mu U MoKpawumu peagyeaHHs Ha KpumuydHi iHyudeHmu. YeedeHo Mamemamuy4Hy MOOerb, OCHO8aHy Ha
meopii MHOXUH, O/11 8U3Ha4YeHHs cknady 0amdyukie, He0bxiOHO20 Or1s1 eheKmuUBHO20 MOHIMOPUHeY iHgbpa-
cmpykmypu. Memoduka po3pobrieHa sik ocHoga 01151 Mobydosu iHmMenekmyasnbHUX cUCmeM MOHIMOPUHaY,
30amHux 3abesnedumu cmabinbHy ma 6e3neyHy pobomy OCHO8HUX rocriye. BoHa makox nidmpumye iH-
meeapaujito iHcmpymeHmie wmy4yHo20 iHmenekmy Ors po2Ho3y8aHHs cmaHy cucmemu U paHHbOo20 8Usis-
JleHHs1 aHomanit. Le Moxe 3Ha4yHO MoKpawumu MOX/IU80CMI PO2HO3HO20 0bcCy208y8aHHs ma besrneky
ekcrinniyamauii. Pesynbmamu yb020 O0C/iOXeHHST € 0cobrnueo uiHHUMU Orisi ¢haxieuie, SKi rpaytooms y
cohepi menekomyHikauili, Kibepbesneku, asmomamu3sauii ma peacyeaHHsi Ha Had3su4aliHi cumyauii. Kpim
moeo, 80HU Hadarmb rfpakmMuyHy iHbopmauiro ypssdoeuM i peayrnssmopHUM opaaHaM, gidnogidanbHUM 3a
3axucm HaujoHarnbHUX iHgbpacmpyKkmypHUX akmusis.

Knroyoei crioea: kpumuyHa iHgbpacmpykmypa, ceHcopu, 10T, 5G, o6pobka OaHUX y pearbHOMY 4Yaci.

METHODOLOGY FOR DESIGNING THE ARCHITECTURE
OF A DATA COLLECTION AND PROCESSING CENTER FOR CRITICAL
INFRASTRUCTURE MONITORING

Viktor Gnatyuk, Ph.D., Ass. Prof., State University “Kyiv Aviation Institute”; ICTIP, Kyiv, Ukraine. https:/
orcid.org/0000-0002-4916-7149, viktor.hnatiuk@npp.kai.edu.ua
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Abstract. The paper presents a comprehensive methodology for designing the architecture of a data
collection and processing center intended for monitoring the condition of critical infrastructure facilities. The
study includes the development of a structural and functional scheme, along with a logical model illustrating
the interaction between system components involved in data acquisition and processing within the context
of critical infrastructure monitoring.

The proposed approach considers modern requirements for reliability, fault tolerance, scalability,
cybersecurity, and real-time performance. Special attention is given to the types of sensors used across
various critical infrastructure domains, including energy, transportation, water supply, telecommunications,
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and healthcare. The methodology also explores the integration of sensor networks with fifth-generation
(6G) communication technologies and the Internet of Things (loT), enabling more responsive and flexible
monitoring systems.

Furthermore, the research emphasizes the layered approach to data processing through edge, fog, and
cloud computing paradigms. This allows for reduced latency, balanced load distribution across computing
resources, and improved responsiveness to critical incidents. A mathematical model based on set theory is
introduced to define the sensor composition needed for effective infrastructure monitoring.

The methodology is designed to serve as a foundation for building intelligent monitoring systems capable
of ensuring the stable and secure operation of essential services. It also supports the integration of artificial
intelligence tools for system condition forecasting and early anomaly detection. This can significantly
enhance predictive maintenance capabilities and operational safety.

The results of this study are particularly valuable to professionals working in telecommunications,
cybersecurity, automation, and emergency response. Moreover, they provide practical insights for
governmental and regulatory bodies responsible for protecting national infrastructure assets.

Key words: critical infrastructure; sensors; 1oT; 5G; real-time data processing.

BcTyn

KputunyHa iHdppacTtpykTypa (aani — Kl) € ocHOBOW (DyHKLOHYBaHHSA AepXaBu 1 CYCrinbCTBa, OXOMIHOH-
4YM eHepreTukKy, TPaHCMNopPT, BOGOMNOCTaYaHHS, TENEKOMYHiKaLii Ta iHLWi XXMTTEBO BaxnuBi ranysi. B ymoBax
Cy4YacHUX BUKITUKIB, TaKMX SIK Kibep3arposun, TEXHOreHHi aBapii, NPMPOAHI KaTacTpodu i BIICbKOBI pU3MKK,
HeoOXiaHICTb 3abe3neyveHHst HagiNnHOro MOHITOpPUHIy cTaHy o6’ekTiB KI HabyBae cTpaTeriyHoro 3Ha4YeHHsI.

OpHUM i3 KITHYOBKX acnekTiB e(PeKTMBHOIO MOHITOPUHIY € CTBOPEHHS LLEHTPY 30upaHHs 11 06pobneHHs
OaHuX, SKNA Jae 3MOry B PEXMMI peanbHOro Yyacy OoTpuMMyBaTW, aHanidyBaTu Ta iHTepnpeTyBaTu iHop-
MaLilo 3 pO3MNOAiINeHnx CEHCOPHUX cucteM. Po3pobka mMeToamku popmyBaHHS CTPYKTYPU Takoro LeHTpyY
€ aKTyarnbHOI Yepe3 HU3KY Mpu4uMH: yce binbla cknagHictb i macwTab Kl (cydacHi o6’ektn Kl reHepy-
0Tb BeNuKi 06csArM ganHux, Wwo noTpedytoTb edekTMBHOT 06p0o6KM 1 aHani3y; BUKOpUCTaHHSA TexHonorin Big
Data, maluMHHOro HaB4YaHHSA Ta iHTepHeTy pedeit (fani — loT) gae MOXNUBICTL NiABULLUTU TOYHICTb Mpo-
rHO3yBaHHSA aBapilHNX CUTYaLi); HeobXigHICTb 3abe3nedYeHHs 6e3nepepBHOCTI POBOTU KPUTUYHKX CUCTEM
(BiomoBa b6yab-akoro enemeHTta Kl moxe npm3BecTn 4O KackagHuxX 300iB, 3HAYHUX E€KOHOMIYHUX 30MTKIB
i 3arpo3un Ang XuTTa NI0gen; LeHTpanisoBaHi N po3noineHi cuctemm 300py AaHUX AONOMararoTh LWBUOKO
pearyBaTu Ha aHomanii Ta 3anobirat KPUTUYHMM BiAMOBaM); BUCOKi BUMOTK A0 6e3nekun Ta CTINKOCTi (aaHi,
Lo NepeatoTbest 1 06pobnATLCS B LLEHTPI MOHITOPUHTY, MaloTb OyTU 3axMLLEHMMM BiAMNOBIOHO 4O MiXHa-
poaHux ctaHgapTis (ISO/IEC 27001, IEC 62443); BukopuctaHHa 5G, Edge Computing i KBAHTOBO-CTIKMX
anropuTmis LWMAPYBaHHSA NIABULLYE CTIMKICTL CUCTEMW [0 aTak; iHTerpawis cydacHUX TEXHOSOriN 3B’A3KY
(5G, SDN (Software-Defined Networking), MEC (Multi-Access Edge Computing) gae amory 3aMmeHLmnTH 3a-
TPUMKM B nepefadi AaHux i macwtabyBaTtu iHpacTPyKTypy BiANOBiAHO A0 BMMOr Yacy; BUKOPUCTaHHS
BNOKYENH-TEXHOMONIN Y LIEeHTPI MOHITOPUHIY 3abe3neyye NpPo30opiCTb | 3aXMCT AaHNX); MDKHapoaHi 1 Haujio-
HanbHi BUMoru 0o moHitopuHry Kl (eBponenceka Oupektuea NIS2 (Network and Information Security) i Ha-
LioHanbHi 3aKOHOAABYI aKkTK BUMaraTb NigsuLLeHoi cTikocTi Kl 0o kibep3arpos; 3anpoBamKeHHs €ANHUX
CTaHAapTiB ANS LeHTPIiB 30MpaHHs aHWX MiABULLNTL ePEKTUBHICTb MiXrany3eBoi B3aemogii).

Takum 4YnHOM, po3pobka MeToaukn PopMyBaHHS CTPYKTYPU LIEHTPY 30MpaHHSa Ta 06pobneHHs aaHmnx
€ BaXKIIMBMM KPOKOM A0 MiABULLEHHSA 6e3nekn M HaginHOCTI KPUTUYHOI iHPpacTpyKTypu, WO cnpusaTuve
CBOEYaCHOMY pearyBaHHIO Ha 3arpo3un Ta MiHimisauii pu3ukie Ans cycninbcTsa.

Po3pobka edeKkTuBHOI MeToaukM hOpMyBaHHSI CTPYKTYPU LEHTPY 30MpaHHs Ta 0OpobrneHHst gaHux
(mani — LU30[4) onsa moHiTopuHry o6’exTiB Kl noTpebye KomnnekcHoro nigxoay, Wo 6a3yeTbes Ha Cy4YacHUX
JocnigpxkeHHsx y cdepi IoT, 06pobkn Benukmx aaHux, 5G-komyHikauin, edge computing i kibepbesneku.

Y po6ori [1] 3anponoHoBaHO Moaenb NobyaoBu rpada LeHTpiB 06po0neHHs 4aHNX Ha OCHOBI YAaCOBUX
pPS4iB CEHCOPHUX BUMIPIOBaHb, LLO Aa€ 3MOry BUSABNATK aHomanii B noeegiHui Kl. Takun nigxig € nepcnek-
TMBHUM AN OUHAMIYHOTO MOHITOPUHTY B peXuMi peanbHoro yacy. [NogibHy apxitektypy 360opy AaHux Big
piBHS 0bnagHaHHA 0O PiBHSA 3aCTOCYHKIB po3rnsHyTO B npadi [2], Ae po3pobneHo cuctemy DCDB gnst mo-
OyNbHOrO Ta MaclTaboBaHOIrO MOHITOPUHTY.

3 orngaay Ha noTpeby B HaginHin obpobui notokoBux loT-gaHux, y poboTi [3] npeacTaBneHo cuctemy
3 BMKOPUCTaHHSIM MexaHi3MmiB fault-tolerance, wo 3abesnevye HaginHICTb Nnepeaadi n obpobneHHs iHop-
Mauii B yMOBax MiCbKUX iHPaCTPYKTYp.

MornmbneHunn ornsg TMNIB aHUX i iX BUKOPUCTaHHSA B CUCTeMax OLiHoBaHHA puaukie ans Kl HaBeaeHo
B nyonikauii [4]. ABTOpM akLEHTYIOTb Ha HeobXxigHOCTI cTaHgapTu3adii dopmartiB gaHuX i iX AOCTYMHOCTI
0N gepXKaBHUX | KOMEePUiMHUX CTPYKTYP.

Ha ocobnuBy yBary 3acnyroBye pocrigXeHHsa [5], ge obrpyHToBaHO nepeBarn 3actocyBaHHs fog-
i cloud-KOMM'IOTUHIY B po3nogineHin 06pobui loT-gaHux, LWo € KnvoBum npu npoektyBaHHi LISOL y cucte-
Max KpUTUYHOTO MOHITOPUHTY.

Y ny6nikauii [6] npeacTaBneHo MeTOAMKY OLIHIOBAHHSA 3arpos i pu3nkiB Ans 06’eKTiB KPUTUYHOT iHdpa-
CTPYKTYPWU, sika I'PYHTYETLCHA Ha CLEeHapHOMY Nigxo4i A0 aHanidy po3BUTKY HaA3BUYanHWUX cuTyauin. ABTopu
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OBr'pyHTOBYIOTb AOUINBHICT BUKOPUCTAHHS CLEeHapiiB Ans igeHTudikauii noTeHuinHMX 3arpos, OLiHKM IXHiX
HacnigkiB i opMyBaHHSA NPEBEHTVBHMX 3aX04iB i3 3aXUCTY iHPaCTPYKTYpHUX 06’eKTiB. 3anponoHoBaHa
MeToAMKa Aa€e 3MOry 3[iCHI0BaTN KOMMNIEKCHUIM aHarni3 ypasnmBoCcTeN i pU3UKIB 3 ypaxyBaHHAM cneundikm
ob’ekTa, TUNIB 3arpo3 i MOXNMBUX CLEHAapIIB iX peanisauii, Wo € akTyanbHUM O1151 pO3p00K/ ePeKTUBHNX
CUCTEM MOHITOPUHIY N pearyBaHHs.

[MpoaHani3oBaHi Jkepena fatTb 3MOry BUOKPEMUTU OCHOBHI HANpPsiMy PO3BUTKY: BUKOPUCTAHHS pO3Mo-
aineHnx obuncnenb (Edge/Fog Computing), ynpoBagkeHHa 5G Ta loT B apxiTekTypy 360py AaHux, 3acTo-
cyBaHHsi Al/ML gns nporHo3yBaHHSA BiAMOB, a TakoX po3pobKy CTaHA4apTM30BaHUX Mogenen B3aemMoaii Mix
enemeHTamu iHppacTpykTypu. Ha ubomy Tni HeobxigHow € po3pobka LinicHOT MeToaMKn NobyaoBU CTPYK-
Typu LISO[ 3 ypaxyBaHHAM 0COBNMBOCTEN Came KPUTUYHNUX OO eKTIB.

MeTa poboTu nonsarae B po3pobui metoankn hopmysBaHHs cTpykTypm LI3O/L, opieHTOBaHOI Ha edheKTmB-
HUA MOHITOPUHT CTaHy O0’€KTIB KPUTUYHOI iIHPPaCTPYKTYypu 3 ypaxyBaHHSM Cy4YacHUX iHpopMaLinHO-KO-
MYHiKaLinHUX TEXHOMOTIN, TUMIB CEHCOPHUX AaHWX, BUMOr A0 HALIMHOCTI, MmacwTaboBaHoCTi, 6e3nekn Ta
peanbHOro yacy.

BukoHaHHs gocnigxeHb

34iNCHMMO onunC CTPYKTYPHO-DYHKLiOHaNbHOT cxemu pobotn LISO[ nig yac MOHITOpuHry cTtaHy o6’exTiB
Kl. 3anponoHoBaHa mogenb Bigobpaxkae noriuHy CTPYKTypy B3aemMogii KOMMNOHEHTIB CUCTEMU 36MpaHHSA Ta
00OpOoOnNeHHsA AaHMX Y KOHTEKCTI MOHITOPUHIY CTaHy 00’eKTiB KpUTUYHOI iHdppacTpykTypu (gani — OKI). BoHa
BasyeTbCcsa Ha Takmx PYHKLiOHANbHUX piBHAX (puc. 1):

22
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Puc. 1. Cxema pobotu LISO[ nia yac MOHITOpUHIY CTaHy 00’eKTiB KPUTUYHOI iHppacTpyKTypK

1. O6’ekTn KPUTMYHOT iHppacTpykTypu. [lo Uiei kaTeropii Hanexarb iIHPPaACTPYKTYPHI By3nu, LLO MaloTb
BWCOKY CTpaTeriyHy BaXXMMBICTb: EHEPreTUYHi CMCTEMMU, TPAHCMOPTHI Mepexi, 06’'eKTM BOAOMOCTAYaHHS,
aeponopTu Too. MOHITOpMHI TakMx 00’eKTiB 34INCHIOETLCA 3 METOK BUSIBMEHHS aHOManin, 3anobiraHHsA
aBapism i 3abesnedeHHs 6e3nepepBHOCTI (PYHKLIOHYBaHHS.

2. Cuctema 300py AaHUX CKragaeTbcst 3 HAOOPY CEHCOPIB | NPUCTPOIB (4aTYMKM TeMMNepaTypu, TUCKY,
BibpaLii, kamepu BigeocnoctepexeHHs, GPS-Tpekepu Towwo), ski po3miltytoTbes Ha OKI Ta BUKOHYOTL 6e3-
nepepBHe 34UTYyBaHHA napameTpiB cTaHy. [laHi popMytoTbCs B peanbHOMY Yaci 1 nepefaroTbCa 0 LM03Y.

3. KomyHikauiHun wno3 (Communication Gateway) cnyrye npoMibkHMM €TanoM MK CeHcopamu Ta
LeHTpoM 06pobku. Peanisye 3axuweHi kaHanu 38’a3ky (VPN, TLS, IPsec) ans nepegadi gaHuX y pexunmi
peanbHOro vacy vepes mepexi 5G, LTE, LPWAN, Wi-Fi abo gpotosi iHTepdencu.

4. 30 — ocHoBHUI obuncnioBanbHU OCepenok, Ae 3OIMCHIOETLCS arperauisi Ta ginbTpauis AaHux;
30epiraHHs B LieHTpani3oBaHii 6asi (Data Lake abo Data Warehouse); nonepegHin i rmmbokuii aHanis i3
BukopucTaHHsaM Al/ML-mogynis (knacudikauis, knactepusauisi, BUSIBIIEHHS aHoManin); dhopMyBaHHS iHLU-
[OEHTIB | nepefava ix 4o cUcTeMmu NPUAHATTS PillEeHb.

5. KopucTtyBaubkuin iHTEpdenc/ueHTp ynpaeniHHA. IHTepdenic ansa onepartopis abo aBTomMaTu3oBa-
HUX CMCTEM, [ie 30iMCHIOETBCS BidyarnisaLia NoKasHWKIB; onepaTuBHE pearyBaHHs; aBTomMmaTtuyHe abo pyyHe
ynpaeniHHSA iIHPPaCTPYKTYPHUMMN 06’ EKTaMmM Ha OCHOBI aHani3dy AaHuX.

11
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MNpencrasneHa cxema (puc. 1) aae amory 3abesneunt MacliTabosaHy, ananTuBHy 1 GearnedHy CTPyKTy-
py CUCTEMU MOHITOPUHTY, sika 30aTHa edpekTUBHO (PpyHKLIOHYBaTK B peanbHomy yaci. |i peanisauin 3abes-
nedvye nigBuLeHHs sikocTi ob6cnyroByBaHHs OKI Ta 3HWXKEHHS pU3UKIB TEXHOTEHHUX abo KibepiHLMAEHTIB.

Mipxopn, meToamn, TexHornorii Ta ctaHAapTy Ao noéyaosu LI30A:

1. Nigxoan oo nobygosu LISOL.

LleHTpanizoBaHun nigxig nepegdadvae BUKOPUCTaHHSA €AMHONO LeHTPy 06pobkmn aaHux (Data Processing
Center, DPC), kyaou cTikaeTbcs BcA iHopMauid. [NepeBarn: cnpolleHe agMiHICTpyBaHHS, €AMHa Todka
KOHTponto 6e3nekn. Hegoniku: BUCOKa 3aTpumka Npu nepegadi 4aHux, BpasnuBeicTb 40O BiAMOBMU.

PosnogineHunn nioxia 6a3yetbcs Ha Kinbkox By3nax 0Opobku AaHuX, siki po3TalloBaHi brnvxde o oxe-
pen gaHux. MNepesaru: nigBuLLieHa BiAMOBOCTINKICTb, 3MEHLLEHHS 3aTpuMkn. Hegoniku: cknagHiwe ynpas-
NiHHS, BULA BapTICTb iHOPaCTPYKTYPW.

1.2. XmapHi, ribpugHi 1 nokanbHi pilweHHs. XmapHi piweHHsa (AWS, Microsoft Azure, Google Cloud)
3abesneyvyloTb MacwTaboBaHiCTb i AOCTYNHICTb. [NBpUAHI pilleHHA KOMBIHYIOTb NoKarnbHy IHPPaCTPYKTY-
py 3 XMapH/MUK cepBicamu, Lo 3abe3nevye 6anaHc Mix LWBMAKICTIO 1 6e3nekoto. JlokanbHi pilleHHst (on-
premise) BukopuctoytoTbes B OKI, e € xopcTki BuMoru go 6e3neku.

1.3. BukopuctanHa Edge Computing fae amory obpobnsatn gaHi 6esnocepeHb0 Ha NpucTposix abo npo-
MDKHMX By3riax nepeq nepegadeto 4O OCHOBHOIO LEHTPY. Lie 3MeHLLye 3aTprMKM 1 HaBaHTaXXEHHS Ha MEPEXY.

2. MeToam obpobneHHs 1 aHanisy gaHuXx.

2.1. MalWwvHHe HaBYaHHA AN BUABNEHHS aHOMarii BUKOPUCTOBYETLCS ANs aHanidy nokasHukis OKI Ta
BUSIBNEHHS noTeHUinHMX Bigmos. OcHoBHI meToam: knactepusadisa (k-Means, DBSCAN), HEMPOHHI Mepexi
(Autoencoder, LSTM), 6areciBcbki mogeni (Bayesian Networks).

2.2. dinbTpauia 1 arperyBaHHa gaHux: anropntMm KanmaHa — Ang nporHo3yBaHHSA CTaHy cuctem, ginb-
Tpauisi 3a NOPOroBUMU 3HAYEHHSIMW — CMPOLLYE aHani3 gaHuX, METOAM 3MEHLUEHHS WyMy — Hanpuvknag,
Wavelet-TpaHcdopmauis.

2.3. BukopuctaHHs Big Data: Hadoop, Apache Spark gns o6pobku Benukux obesiris gaHux, Cassandra,
InfluxDB — ans 36epiraHHsA YacoBuXx psaiB.

3. TexHonoril.

3.1. loT-ceHcopu, gaTuukM TemnepaTypu, BOMOrocTi, TUCKY, BibpaLii, enekTpomarHiTHoro BUNpPOMiHto-
BaHHS, ki 30mpatoTb aaHi 3 OKI.

3.2. basn pgaHux: SQL (PostgreSQL, MySQL) — ana ctpyktypoBaHux gaHumx, NoSQL (MongoDB,
Cassandra) — ans macwraboBaHux cxosull, Time-Series DB (InfluxDB, TimescaleDB) — ans noTokoBumx
OaHnXx.

3.3. MNpotokonu nepegadvi gaHux: MQTT — nerkun npotokon Ans loT, COAP — npoTokon Ans npucTpoiB
3 HU3bKMM eHeprocnoxmBaHHaM, OPC UA — anst n(pOMMUCIOBUX CUCTEM.

3.4. KoHTenHepusauis n opkecTtpauia: Docker — koHTenHepu3auia cepsiciB, Kubernetes — ynpasniHHs
KOHTEnHepamun Ansi MaclutaboBaHNX CUCTEM.

4. CtangapT 1 HOPMaTUBHI BUMOTW.

4.1. be3sneka iHdopmadii: ISO/IEC 27001 — 3abe3nedeHHst 6e3nekn iHpopmalii, IEC 62443 — kibepbes-
neka ans NPOMUCITIOBUX CUCTEM.

4.2. MoHiTopuHr i HaginHicTe: 1ISO 22301 — ynpasniHHA 6e3nepepsHicTio GisHecy, ITU-T Y.3053 — apxi-
TekTypu onst MoHitopuHry Kil.

Mepenik ceHcopiB ansa MoHiTopuHry OKI.

OB’eKTN KpUTUYHOT IHPPACTPYKTYPY OXONMIOKTE PidHi ranysi: eHepreTnky, BoOAoNocTavyaHHs, TpaHCmnopT,
3B’A130K, 000POHY TOLLO. [1s KOXHOT cchepn BUKOPMCTOBYHOTLCS CrieLiani3oBaHi CEHCOpM A11S1 MOHITOPUHTY
cTaHy ob’exTiB (puc. 2).

1. CeHcopu (hisn4HMX NapameTpiB.

1.1. TemnepaTtypHi ceHcopu: Tepmonapu (K, J, T, E Tmnn) — ansa BUMiptoBaHHS BUCOKUX i HU3bKUX TEM-
nepatyp, RTD (Platinum Resistance Temperature Detectors, PT100/PT1000) — To4Hi BUMiptoBaHHs, 14-ni-
POMETPU — BE3KOHTaAKTHUI MOHITOPUHT TemnepaTypu.

1.2. Bornoromipu Ta rirpOMeTpu: EMHICHI CEHCOopK BOMOrocTi — Ansi cepefoBuLLla (Boaga, NoBiTps), pe-
3UCTUBHI AaT4YMKN — KOHTPOSb PiBHSI BOMOrOCTI.

1.3. bapomeTpu (gaTyukM TUCKY): abCOMOTHI 4aT4MKM TUCKY — aTMOCHEPHUIN TUCK, AndepeHLianbHi
OATYMKM — MOHITOPVHT Pi3HULi TUCKIB Y CUCTEMAX, N'€30eNeKTPUYHI AaTYNKM — BUCOKOTOUHMIA KOHTPOSb.

1.4. CeHcopwm Bibpauii Ta MexaHiyHMX KonmBaHb: akcenepomeTpy MEMS — KOHTPOMb CTPYKTYPHUX KO-
nMBaHb, re0HOHN — CENCMIYHUI MOHITOPWHT, M'€30€NeKTPUYHI BibpaLinHi CEHCOPU — KOHTPOMb MEXaHIYHOro
3HOCY.

2. CeHcopu 4N MOHITOPWHIY HABKOMULIHBOTO CepPefoBULLA.

2.1. CeHcopwu ra3oBoro cknagy: getekropu yagHoro rasdy (CO), aatunkn metaHy (CH.), nponany (CsHs),
6yTaHy (CaH o), aHanizatopu kucHio (O:), 030Hy (Os), asoTy, VOC-ceHcopu (NETKi OpraHiyHi crnomnyku).

2.2. PapgjauiniHi ceHcopu: enrep-Mionneposi NiYnnbHUKN — ramma, 6eta-BUnpoMiHIOBaHHSA, HamiBnpo-
BiJHWKOBI AeTeKkTopu — anbda, HENTPOHHE BUMPOMIHIOBAHHSA, CUMHTUNALUINHI OATYMKN — CNEeKTpanbHUi
aHani3 pagiauii.
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2.3 XimivHi aHanizaTopu: ioH-cenekTuBHi enektpoau (ISE) — aHani3 cknagy Boau, ONTUYHI CNeKTpoMe-
TPW — KOHTPONb 3abpyAHEHbD.

3. CeHcopw Anst MOHITOPUHIY EHEPreTUYHNX 00 EKTIB.

3.1. EnexTpuyHi ceHcopu: Hanpyromipm (Voltage Sensors) — KOHTPOMb BUCOKOI Ta HU3bKOI Hanpyru, am-
nepmetpu (Current Sensors) — BUMiptOBaHHsI CTpyMy, TpaHcdopmaTopu cTpymy (CT Sensors) — KOHTposb
3MiHHOrO CTPyMYy.

3.2. CeHCOpU MOTYXKHOCTI N eHeprii: 4aT4YNKM aKTUBHOT Ta peaKTUBHOI MNOTY>KHOCTI, MiYNNBHUKM eneKkTpo-
eHeprii (Smart Meters).

3.3. TennoBi ceHcopu: TEMNSOBI30PU — KOHTPOSb HarpiBy enekTpoobnagHaHHs, ONTUYHI NipOMeTpy —
©E3KOHTaKTHMI KOHTPOIb Neperpisy.

4. CeHcopW A5t MOHITOPUHIY TPaAHCMOPTHOI iHPPaCcTPyKTypu.

4.1. JlaTymkn HaBaHTaXKeHHS N Hanpyrn: TeH3ogartymkm (Strain Gauges) — KOHTPOrb MOCTIB, 4Opir, M'€30-
€NeKTPUYHI CEHCOPY — BUMIPIOBAHHS TUCKY Ha NMOBEPXHIO.

4.2. GPS i GNSS-ceHcopu: npunmadi GPS/GLONASS/Galileo — BigctexeHHs pyxy, IMU (Inertial
Measurement Unit) — TPUBUMIPHUIA MOHITOPUHT PyXY,

4.3. KoHTporb 3anisHUYHOT iHppacTpyKTypu: nasepHi ceHcopu fedopmallii, CEHCOpKU TemnepaTypu Penok.

5. CeHcopwu ans kibepbesnekn 1 TeNeKoMyHikaLlii.

5.1. CeHcopu mepexesoro Tpadiky: DPI (Deep Packet Inspection) — aHani3 Tpadiky, Intrusion Detection
Systems (IDS) — BuaBneHHs aTak.

5.2. ®isnyHi ceHcopn 3axucTy: getektopu pyxy (PIR, ynbTpa3BykoBi), KaMepu BiAeoCnocTepexeHHs
(LIDAR, Tennos.isinHi).

Physical Environmental
+ Temperature + Gas
* Pressure * Chemical
= Vibration = Radiation
« Humidity

S -

Sensors for Monitoring
Critical Infrastructure Objects

A 8
Electrical Security
= Current * Motion
« Voltage * Camera
« Power + Network

Puc. 2. CeHcopu ansa moHitopuHry OKI

Mepeaa4ya Noka3HMKIB 3 AaTUYMKiB 3a gonomoroto 5G.

lMepenava NOKa3HMKIB 3 JaTYMKIB 3@ AOMOMOrold 5G € OAHMM i3 KIOYOBMX CLIEHAPIiB BUKOPUCTAHHS
TexHonorii. 5G 3abesneyye HU3bKY 3aTpuMKy (1-10 MC) — BaXXnMBO AMS1 MOHITOPUHIY B peanbHOMY 4aci;
BMCOKY MPOMYCKHY 34aTHICTb — Ja€e 3MOry nepegasaTty BENWKi MacuBM aHWX, Hanpuknag, Bigeo 3 kamep
abo Tennogi3opis; MaclwTaboBaHiCTb — NigTpUMKa 4o 1 MinboHa NpucTpoiB Ha 1 km? (MMTC); akicTb 06-
cnyrosyBaHHS (Q0S) — MOXNUBICTb NpiopuTe3aLii KPUTUYHUX OaHUX.

OcHoBHi 5G-pexumn nepegadvi gaHnx: eMBB (Enhanced Mobile Broadband) — gnsa kamep Bigeocnocre-
pexeHHs1, TennoeisopiB, pagapis; MMTC (Massive Machine-Type Communications) — ana loT-ceHcopiB
(Temnepatypw, BonorocTi, Bibpauii, rasis); URLLC (Ultra-Reliable Low-Latency Communications) — ans
KPUTUYHO BaXXNMBUX JaHUX (€HepreTuyHa iHppacTpykTypa, 3anisHuus, kibepbesneka).

MpoTtokonu Ansa nepegadi gaHunx no 5G: MQTT (Message Queuing Telemetry Transport) — nerkuii npo-
Tokon ans loT, CoAP (Constrained Application Protocol) — etbekTuBHUI ANS HU3bKOEHEPreTUYHUX Npu-
ctpoiB; OPC UA (Open Platform Communications Unified Architecture) — ctaHgapT gns npomMucrnoBumx
ceHcopHux mepex; HTTP/HTTPS + REST API — gns iHTerpadii 3 Bebcepsicamu.

Mpuknaam BukopuctaHHa 5G Ans ceHcopiB: eHepreTuka (nepegaya nokasHukie TpaHcopmaTopis, re-
HepaTopiB, PO3NOAINBYNX LWUTIB Y PEXUMI peanbHOro 4acy); TpaHCrnopT (MOHITOPUHE 3ani3HUYHUX KOMiN,
MocCTiB Yepe3 5G-3’egHaHi TeH304aTYMKN); MPOMUCIIOBICTb (KOHTPOSb CTaHy obragHaHHS Ha 3aBogax Ye-
pes3 nigkntoyeHi no 5G ceHcopwm Bibpauii Ta Temnepatypu); 6e3neka (nepegava Bigeo 3 Kamep i Tenso.i3o-
piB y LeHTpu 00pobkm aaHux 6e3 3atpumok). 5G 3abeanevye ehekTnBHY Ta WBUAKY nepegady AaHux Big
CEHCOpIB, L0 JA€E MOXIUBICTb OyayBaTK PO3yMHi CUCTEMW MOHITOpUHrY ans Kl.

MatemaTtnyHui onuc nepeniky ceHcopiB Ansa MoHiTopuHry OKI Ha ocHOBI Teopii MHOXWH.

PoarnsHemo MHOXWHY S yCiX CeHCopiB, O BUMKOPUCTOBYIOTECS AN MOHITOpuHry OKI. Lito MHOXWHY
MOXHa NPeACcTaBUTU Sk 06’e4HAHHSA NIOMHOXMH, LLO BiAMNOBIAAOTL Pi3HMM cdhepam MOHITOPUHTY:
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S=S, . uS,  US uS uS

iz exon eHepa mpaHcn 6esn (1 )

con — CEHCOPM €KOMOori4Ho-

ne Sdm — ceHcopy i3nYHNX NapameTpiB (TeMnepaTypa, TUCK, Bibpauis Towo); S
,— CEHCOpU EHEepPreTNYHOI iHpaCTPyKTypu (CTPyM, Hanpy-

ro MOHITOPUHrY (ra3oBi, XimMidHi, pagiauinHi); S

eHe,

ra, NOTYXHiCTb); Smpchn — CeHCOpW AsisA TpaHCnopTy (HaBaHTaxeHHs, GPS, AopoxHin cTaH); S, — ceHcopy
ans 6esnekn Ta Kibepbesneku (kamepu, mepexesi IDS).
CeHcopu isnyHMX napameTpis:
quia ={S;,55.5,,S4 S}, (2)

e S, - TemnepaTypHi ceHcopu, S, — ceHcopm TUCKY, S, — BibpauiiHi ceHcopu, S, — akcenepomeTpu, S, —
CEeHCopK BOMOroCTi.
CeHcopu eKororiYHOro MOHITOPUHTY:

Sevon= SCO'SCH4'SOZ’SVOC’Spa6} ) 3)

Re S, — AATYNKM YafIHOTO rasy, S, — AETEKTOPU MeTaHy, S, — aHanisatopn KUcHto, S, — CEHCOpU feT-
KMX OpraHiuHuX cronyk, S, , — papiaLliiiii ceHcopw.
CeHcopu eHepreTUyHol IHPPaCTPYKTYpu:

SeHepe: {SV,SI,SF,,SQ} y (4)

Ae S, — CeHCOopM Hanpyru, S, — CEHCOpPU CTPyMy, S, — AaT4MKM aKTUBHOI MOTYXKHOCTI, SQ — OaTyuKKn peak-
TUBHOI MOTYXHOCTI.
CeHcopu TpaHCMOPTHOI iIHPACTPYKTYpU:

Smpchn: {SGPS’SIMU’Sstrain} ’ (5)
— iHepuinHi ceHcopy, S

strain

Ae S, — GPS-npuiimavi, S,
CeHcopu 6esnekn Ta kibepbeaneku:

— AaT4YUKN Harnpy>XeHb.

sﬁesn: {SPIR' SCAM'SIDS} ’ (6)

Ae S, — [arimku PYXY, SQAM — Bigeokamepy, S,  — MepexeBi CeHCopH.
MHOXUHa ceHcopiB, SiKi MOXYTb NepefaBaTu AaHi Yyepes 5G, BU3Ha4YaeTbCH Tak:

SSG: {Sﬁucomwsuak' Smacoai loT? SKpumuqu } ’ (7)

A€ S, ioweusx — CEHCOPU, WO NOTPEOyOTL BUCOKOI NPOMYCKHOI 3AaTHOCTI (Hanpuknag, kamepu, TennoBi3o-
— YUCIEHHI CEHCOPM A1 MOHITOPUHTY (TeMnepaTypu, BONOrocTi, rasy), S — CeHcopwu ans

pwn), . .
macosi loT KpUMUYHi

yrpaBsniHHA aBapiiHUMK CUTyaLuisiMn 3 MiHIMaNbHOK 3aTPUMKOIO.

SSG = {SCAM’ SGPS’ SIMU’ SVOC’ SCO' SPIR" SIDS’ Sstrain’ Spaa} ’ (8)

OTXe, MHOXMHa CeHCOopiB, WO BMKOPUCTOBYIOTb 5G, € NiAMHOXWHOK 3aranbHOi MHOXUHU S, TOBTO

S..cS.
5GMaTema1'V|L||-wu7| onuc npouecy 36opy, nepeaayi 1 06po6KN CEHCOPHUX JaHUX i3 BUKOPUCTAHHAM

TexHonorii 5G Ha npuknagi OKI eHepreTM4HOI nigcTaHLii:

1. Mogenb ob’ekTa sk rpada. Po3rnssHeMo niacTaHLUito gk rpad:

G=(V, E), pe V={v,,v,,...,v,} — By3nu (enemeHT: TpaHcqopmaTopu, BUMUKaYi, 3aX1CTu, akyMynsaTopm),
E — 38’a3ku (enekTpu4Hi abo iHpopmauinHi).

KoxeH Byson obnagHaHuin ceHcopamu: S={s,s,,...,S } — MHOXWHaA CEHCOpIB: S, — Temneparypa TpaH-
cdhopmatopa; s, — piBeHb Hanpyru; s, — CTPYM BUTOKY; S, — BiGpaLlisi Kopryca; S, — HasBHICTb AuMY/rasy.

2. MNpouec 36upaHHA Ta nepegadi gaHux vepes 5G.

2.1. dopmanisauia gaHux.

KoxeH ceHcop s, ctBoptoe Bumip: d. (f) € R, t € T, ae T — AUCKPETHWI YacoBWI NMPOCTIp.

YaaranbHeHo: D(t)=[d (t),d,(t),....d_()]".

2.2. Nepenaya gaHux.

lMepenaya ceHCOpPHUX OaHUX 30INCHIETHCA Yepe3d 5G 3 TakMMKn napaMmeTpamu:

3aTpumka: 7= 1-5 mc;

nponyckHa 3gaTHicTb: B = 10 [GiT/c;

HagiHicTb: R = 99.999%:

KinbkicTb npuctpois: N < 10%/km?.

Mogenb kaHany moxHa nogatu tak: y(t)=h(t)-x(t)+n(t), ae x(t) — curnan Bia ceHcopa; h(t) — koedilieHT
kaHany 5G (Moxe OyTn cToxacTu4HUMm); n(t) — Wwym (Hanpuknag, rayciBCbKun).

3. Edge-Fog-Cloud o6po6bka.

3.1. PiBHi 06po6Ku.

Edge (nepudbepiviHi wntoan):

«age(D(1) = D'(t)= nonepenHs obpobka: inkTpallis, Hopmanisaulisi, Tpurep.
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Fog: f_ (D’) = arperauis AaHuX, nokanbHa aHaniTuka, KnaCTepmaaum

Cloud: % wua(PY) = robanbHa aHaniTvka, iCTOPMYHWI aHaris, MaluMHHEe HaBYaHHS.

4, Mop,enb 3aTpPUMKM Nepegadi Ta 00podKu.

3aranbHun 4yac oOpobKM CEHCOPHOro 3anuTy: ml—TSense N fog T B€ T — Yac 36opy;
T =T —vac nepegadi yepes 5G; T — 06pobka Ha LWnto3si; - oGpoéxa Ha Grivk4omy obumcnoBanbHOMY
By3r|| T .. — @HaniTMKa B XMapi.

MoxHa ontumisyBatn T, 3 ypaxyBaHHAM KPUTUYHOCTI nogin: min T, 3a ymoBamu D'(f) > nopory.

Ltotal total

5. BusiBneHHs aHomaniv (Hanp., MalnHHe HanaHHi).
dopmanisyemo BXigHU BEKTOP CEHCOPHUX AaHuX: X = [d,(®).d,(®).....d ()]
Knacudikauia ctany: y =1, (X), y e{«HopMma», «8iOXUNeHHS», «asapisi»}.
MoxHa Bukopuctatu, Hanpuknag, anroputMm: SVM; Random Forest; Autoencoder ana aHomanin.
6. opmanisauis nogin.
MHoxuHa nogin: Q={w,,w,,...,w,}.
Hanpuknaa: w, — nepeBuLLeHHs TemnepaTypu; w, — yTpaTta XWBMEHHS; W, — BTOPrHEHHS B FIpVIMiUJ,eHHFI.
Toai moxkHa BBeCTVI MaTpuuto peakuin: A € {0, 1}er Ae a= 1, AKLWO noaisa w BMMarae peakuii r..
HpoepaMHa peanlaawﬂ Ha Java (cppaemeHm)

class Sensor {

String id;

double readValue() {

return Math.random() * 100; // cumyJsiis

}

}

class Node {
String name;
List<Sensor> sensors;

public double[] readAllSensors() f{
return sensors.stream().mapToDouble(Sensor::readValue).toArray();
}
}

class TransmissionbG {
public double[] transmit(double[] data) {
// MoIleJTOBaHHSI 3aTPUMKH Ta IyMy
return Arrays.stream(data)
.map(d -> d + new Random().nextGaussian() * 0.1)
.toArray();

}

class EdgeProcessor {
public double[] preprocess(double[] data) {
return Arrays.stream(data)
.filter(d -> d > 5.0) // yMoBHa (iJbTpalis
.toArray();

}

class FogNode {
public double aggregate(double[] data) {
return Arrays.stream(data).average().orElse(0);
}
}

class CloudAnalytics {
public String classify(double value) {
if (value > 90) return "ABapis";
if (value > 60) return "BijaxuiaeHHS";
return "Hopma";

15
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Tabnuusa 1
Xapaktepuctuku nepegadi Ta o6pobku AaHMX Ha eTanax CMCTEMU MOHITOPUHTY
MokasHuk Seg;g;_) Edge — Fog Fog — Cloud KomeHTapi
BaTtpumka nepegadi (Mc) 1,0 1,2 0,8 MonenbHi 3HauenHs 3

ypaxyBaHHam 5G URLLC

JlokanbHun 3B’A30K 3abe3nevye
HapgivHicTb 3B's13ky (%) 99,9 99,99 99,95 BMCOKY HafiMHICTb; iHOAI He
BPaxOBYETbCSH OKPEMO
3HUxXeHHs obcsary Ha

O6’eM nepegaHnx

120 100 250 NPOMIXKHOMY PiBHi 32 paxyHOK
aaHux (MB/ron) dinbTpauii
YacTota nogin (pasis/ 6 N/A N/A BusHavaeTbcsa nuile Ha piBHi
ron) ceHcopiB
Edge i Fog 3giicHio0Tb
[NonepeaHe . . T
v v - dinbTpadito, Hopmanisaduito,
06pobneHHs OLLiHKy MOt
WncppyBaHHs . v v PekomeHaoBaHoO BnpoBagutu

nerke WMdpyBaHHS Ha CeHcopax

3pocTae cknagHicTb Ta
Arperauis Ananituka/ML obuncnioBanbHe HaBaHTaXEeHHSA
3 KOXXHUM PiBHEM

JlokanbHa

Tun 06pobku (Signal)

lMpumimku:

— N/A — Not Applicable, He 3acmocogyembcsi Ons 0aHO20 PIgHS;

— cumeon v — ¢byHKUioHanbHicmb npucymHsi;

— cumeon «—» o3Haqae 8iocymHicmb abo HeakmyarnbHicmb Ha 8i0rogidOHOMy emarti;

— yCI MOKa3HUKU € yMOBHO Murogumu 011 eHep2emuyHUX 06’ekmis i3 nidompumkoro 5G-38’53Ky.

Y Tabnuui 1 HaBedeHo y3aranbHEHi XapakTepUCTUKM poboTK MaTtemMaTu4Hoi Mogeni 36opy Ta 06pobkm
OaHWX Ha npuknagi eHepreTUYHol nigctaHuii. PO3rnaHyTo OCHOBHI NOKAa3HUKKM AN TPbOX KHYOBUX €Tanis
iHbopMaLiHOrO NaHutora: Big, CEHCOpHOro piBHsA (Sensor — Edge), npomixkHoro piBHs 06pobku (Edge —
Fog) i nepegaui o xmapHoi iHpacTpyktypu (Fog — Cloud).

3aTpuMka nepefadi € KpUTUYHMM NapaMeTpoM AN CBOEYACHOro pearyBaHHs Ha nopgil. 3aBasdku Bu-
kopucTaHHo TexHornorin 5G (pexum URLLC), 3abe3nedyeTbCsi HU3bKUIA piBEHb 3aTPUMKKU, 0COBnMBO Ha
no4YaTKoBUX eTanax.

HaginHicTb 3B’s13Ky 3poCTae B HaNpsIMKy 4O XMapu, Ockinbkn Ha piBHi Fog i Cloud BMKOpPUCTOBYHOTLCS
OinbL cTabinbHi KaHanNn (oNTOBONMOKOHHI abo npuBaTHi 5G-mepexi). S3Ha4YeHHA MOXyTb 3MiHIOBaTUCS 3a-
MNEXHO BiJ KOHKPETHOI peanisauii.

O6c4ar nepenaHnx aaHnx 3aMeHLLYeTbCS Ha eTani Edge — Fog 3a paxyHok nonepeaHboi 06pobku (arpe-
rauii, ginbTpauii WymiB, yCyHEHHS HAATMLLKOBMX AaHUX), ane 30inbLyeTsest Ha Fog — Cloud yepes Hako-
MUYEHHS ICTOPUYHMX OaHKX i IX pennikauito Ans aHaniTu4Hoi o6pobku.

YacToTa nogin ypaxoByeTbCS NULLE Ha PiBHI CEHCOPIB, OCKINIbKM CamMe TaM FeHepyrTbCSA CMOoBILLEHHS
npo aHomanii abo 3miHM y isnyHMX NapameTpax. Ha BULMX PIBHAX 3AINCHIOETLCA Nuwe arperadis abo
NMOBTOPHE OLIHIOBAHHSA iXHbOT BaXXNNBOCTI.

MonepenHe obpobneHHs peanidyeTbcs Ha piBHAX Edge Ta Fog i nepenbavae BUsIBNEHHS HETUMOBUX
3MiH, HopMani3auito AaHuX | IX MapKyBaHHS. Y XMapHin iHppacTpyKTypi nepeBaHO BUKOHYETbCS aHaniTu4-
Ha 06pobka, 30kpema i3 3aCTOCYyBaHHAM MOAENEN MalMHHOTO HaB4aHHsA (ML).

LLindpyBaHHs BnpoBagkeHo Ha eTanax Fog — Cloud ta Edge — Fog, wo 3abesneyye koHgiaeHLUin-
HICTb Aa@HMX Ha KPUTUYHUX OingHkax. Ha piBHi Sensor — Edge BOHO BigCyTHE Yepe3 0OMexeHHs obuncnto-
BarbHWX PEeCypciB CEHCOPHMX NPUCTPOIB, OOHAK OOLINbHO BNPOBaAUTY Nerki KpuntorpadiyHi anroputMu.

Tvn 06pobkM Ha KOXXHOMY eTani BiApi3HAETLCA: Ha Sensor Ta Edge — curHanisadia 1 nokanbHa 06pob-
ka, Ha Fog — nonepeHin aHania Ta arperyBaHHsi, Ha Cloud — rnunbokuin aHanis, BUSBMEHHsS] 3aKOHOMIPHOC-
Ten, TPeHAiB, a TaKoX NPUAHATTA pilleHb Y paMKax CUCTeM NigTPUMKHN.

BucHoBOK

Y cTaTTi po3rnsaHyTO KOMMMEKCHWI Niaxig Ao dopmyBaHHA cTpykTypy LUI3O/, npuaHayeHoro gnsi 3abes-
nevYeHHs edPeKkTUBHOTO Ta HagiNnHOro MoHITopuHry ctany OKI. AHani3 HasiBHWX NiAXOAiB, TEXHOMOrIN | CTaH-
JapTiB JaB 3Mory cuctematm3yBaTu Meperik CeHCopiB, ki 3abesnedvytoTb GaraTopiBHEBUIA MOHITOPUHT
o6’ekTiB Kl — Big (bisnyHMX napameTpiB (TemnepaTypa, TUCK, BibpaLisa) 4o kibeprnogi (cnpobu BTOPrHeHb,
aHoMmarbHi Jii B Mepexax); OLiHUTM MOXIMBOCTI BUKOPUCTaHHSA TexHonorii 5G ansi 3abeanevyeHHs BUCO-
KOLLIBUAKICHOrO, Haf4iHOro Ta maclTaboBaHOro 3’eAHaHHS CEHCOPIB i By3riB 06pobK/ JaHUX y cucTeMax
MOHITOPUHTY; 3anponoHyBaTU MaTeMaTU4Hy MOAENb, WO Ba3yeTbCa Ha Teopil MHOXMWH, Anga Krnacudikauii
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CEHCOPHWMX NOTOKIB BignoBigHo Ao Tuny o6’ekTiB Kl Ta IXHiX yHKUiOHaNbHNX XapakTepuCTuK; obrpyHTyBaTh
OOUINbHICTb BUKOPUCTaHHS ribpuaHoi apxiTekTypu, ska noegHye edge-, fog- i cloud-TexHonorii anst 06pobku
JaHuX y pearnbHOMY Yaci, a TakoX JOBrOCTPOKOBOIo 30epiraHHs 11 aHaniTuku; okpecnuTu cTpyktypy LI3O[M,
LLIO BPaxoBY€E BUMOIM 0O HAAIMHOCTI, BiOMOBOCTINKOCTI, Kibepbe3nekun Ta MacluTaboBaHOCTI, BiANOBIgHO 4O
ocobnmeocTen OKI; cchopmynioBaTn HaykoBY HOBU3HY, sika NOMsirae y CTBOPEHHI METOAMKM, L0 A€ 3MOry
ontumisdyBatn cTpykTypy LISOL 3 ypaxyBaHHAM Cy4YacCHWX TEXHOMOMYHUX MOXITMBOCTEWN, XapakTepuUCTUK
CEHCOPHWMX NOTOKIB i cneumadikn 06’ekTis K.

OTpumaHi pesynsratn MOXyTb OyTV BUKOPUCTaHI ik OCHOBa A1 NPaKTUYHOI pearnisaLii LeHTpiB MOHi-
TopuHry OKI B KpUTUYHO BaXknuBUX ranyssx, TakMx sik eHepreTuka, TpaHCMopT, BOAOMOCTaYaHHs, 3B’A30K
Ta 060pOHHA NPOMMUCHOBICTb. NoganbLui JoCnimKeHHS OyayTb NPUCBAYEHI MOOEMOBAHHIO HABAHTAXKEHHS
Ha LISO[, a Takox yNnpoBaKEHHIO LUTYYHOrO iHTENEKTY A5 aBTOMAaTU30BaHOMo aHanisy 3ibpaHnx gaHux.
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OO0 CNPUAHATTA 3BYKOBUX CUTHANIB OPFAHOM CIYXY
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nonimexHiyHut iHcmumym imeHi lzopsi Cikopcbko20», Kuis, YkpaiHa. https.//orcid.org/0000-0001-9736-0800
vbs2011@ukr.net

AHomauisi. Memoro pobomu € po3pobrieHHs1 documb MPocmozo crocoby obcmexxeHHs crlyxosux ead Orist
rpaujeHUKie 38yKoeoi iHOycmpii, 30KpeMa 38yKopexxucepis. [JocnidXKeHHs Mae Ha Memi He MOYHE 8U3HaYEHHS
8a0 cryXy, a 8U3Ha4YeHHs1 HeObXIOHOI KOpeKUii YacmomHOI XxapakmepucmuKu 38yKO8iOmeopeHHs Orisi SIKICHO20
CrpulHAMmMSs 38yKo8020 KoHmeHmy. Memoduka O0CHIOXEHHS rPyHMYEMbCS Ha 8UMIPHOBaHHI PIGHSI 2y4HOCMI
Ha rmopo3i YymHocmi U HaCmomHOI XxapaKmepucmuKu CrPUUHSIMMS 38yKOBUX CU2Haslie Ha rMopo3i YymHocmi.
Pesyrnbmamu 0ocnidxeHHsT CITyX08020 CrpULUHAMMS 38yKO8UX CugHarslie 0OHUM i3 asmopis i epyru criyxadie 3
35 ocib 0nsi susHa4eHHs1 8ad cryxy ceiddame, Wo cepeld peasnbHUX 28 pesyribmamig 8iOXUIeHHs 8i0 meope-
MUYHOI Kpueoi nopoay yymHocmi 8 mexax 10...20 b y 38ykoeomy Oiaria3oHi, W0 88axxarome 8i0CYMHICMI0
8ad cryxy 3a MeQuyHUMU roka3Hukamu, manu 20 ocib, binbwe Hix 20 0b Ha OKpeMux Yacmomax 38yK08020
OianasoHy manu 7 oci6b, a binbwe Hix 20 0b y wupokux cMyaax Yacmom — 1 ocoba, ui ocobrnusocmi 0608’s3-
KOB0 8apmo gpaxosysamu rpu ei0meopeHHi poHozpaM Or1s1 SIKICHO20 CripulHImMms. JocridXKeHHS CITyXo08020
CripuliHaAmMmsi 0OHO20 3 asmopie 3arnpPoroHo8aHUM MemodoM Ao80OUMb, WO (hopMa YacmomHOI xapakmepu-
CMUKU CrpUUHSAMMS 38yKO8UX cuzHariie 3bieaembCsi 3a QYOPMOI0 3 MEOPEMUYHOI KPUBOK OOHaK0BOI 2y4HOC-
mi Ha noposi YymHocmi, 00HaK Ha Yacmomax MakcuMasibHOI Yymrueocmi cryxy (2—4 kl'y), yymrusicme criyxy
uiei ocobu 3Ha4yHO rozipuwieHa, makox CripuliHAIMMs 8UCOKUX Yacmom, rnoYuHaro4u exe 3 yacmomu 1 klu, mex
mae eadu. Haykoea HosU3Ha riosisieae 8 yOOCKOHaneHHi Memody 8u3HaqYeHHs1 8al Crlyxy ocCib, siKux 0OrTy4eHo
00 8U3Ha4YeHHs1 SKocmi cripulHImMmsi ayGiokoHmeHmy. [Npakmu4yHa WiHHICMb r1osisi2zae 8 moMmy, W0 8paxoeaHo
38UYHY 01151 38yKOpeXUCepie HaBKOMUWHIO 06CMaHOBKY 3 yciMa akycmu4YHUMU rnepegazamu U Hedonikamu, ro-
riepedHe 8cCmaHOB/IeHHS ONMUMaribHOI 2y4HOCMI 071t cugHarly ma KOHMeHMmY, 3a SIKUM «Hag4aecsi» criyxad, 3a-
be3re4yeHo MOXIIugicmb rpoeedeHHs OOCTIOXEHb y 8CbOMY YacmomHoMy Oiaria3oHi CriputiHMmMmS 38yKy firo0u-
Hoto U y pasi susierieHHs1 Hedorlikie (8ad) cnyxy binbw demarbHO 8U3HAYEHO Yacmomu, Ha SIKUX nposodumbscs
8UMIPIOBAHHS, MPUYOMY 3a8XX0U MOXHa rpoclyxamu cueHar 3 00CMamHbOK 2y4HICmMIo U o4iKysamu came yel
CuzHar Ha rnopo3i YymHocmi. Takox 8usHa4eHo sumoau 00 obriaOHaHHSI, sIKi 0608 ’513K080 8apmo epaxosysamu
nid yac 8idmeopeHHs1 hoHozpaMm Oris1 SIKICHO20 CrIPULHAMMSI.

Knrovoei cnoea: aydioepama; 8adu cryxy; 38yKO8UU KOHMEHM, 38YKOPEXUCEP; MiHiManbHUU pieeHb;
riopiz 4ymHocmi.
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Abstract. The aim of the research is to develop a fairly simple method for examining hearing impairments

for workers in the audio industry, in particular audio engineers. The aim of the research is not to accurately
determine hearing impairments, but to determine the necessary correction of the frequency response of
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sound reproduction for high-quality perception of sound content. The research is based on measuring the
loudness level at the threshold of hearing and the frequency response of the perception of sound signals
at the threshold of hearing. A study of auditory perception of sound signals by one of the authors and a
group of listeners of 35 people to determine hearing impairments shows that among the real 28 results,
20 people had deviations from the theoretical threshold curve of audibility within 10...20 dB in the sound
range, which is considered the absence of hearing impairments according to medical indicators, 7 people
had more than 20 dB at individual frequencies of the sound range, and 1 person had more than 20 dB
in wide frequency bands. These features must be taken into account when reproducing phonograms for
high-quality perception. The study of auditory perception by one of the authors using the proposed method
proves that the shape of the frequency response of the perception of sound signals coincides in shape
with the theoretical curve of the same loudness at the threshold of audibility, however, at the frequencies of
maximum hearing sensitivity (2—4 kHz), the hearing sensitivity of this person is significantly impaired, and
the perception of high frequencies, starting from a frequency of 1 kHz, also has defects. The method for
determining hearing impairments of individuals involved in determining the quality of perception of audio
content has been improved. The environment familiar to sound engineers with all its acoustic advantages
and disadvantages has been taken into account, the optimal volume has been previously set, and for the
signal and content by which the listener was “trained”, the possibility of conducting research in the entire
frequency range of human sound perception has been ensured, and when hearing deficiencies (defects)
are detected, the frequencies at which measurements are performed have been determined in more detail,
and it is always possible to listen to a signal with sufficient volume and expect this signal at the threshold
of audibility. Equipment requirements have also been determined, which must be taken into account when
reproducing phonograms for high-quality perception.

Key words: audiogram; hearing impairment; sound content; sound engineer; minimum level; threshold
of hearing.

BeTtyn

Pobota 3Bykopexucepa B Byab-sKMX CBOiX NposiBax — Lie podoTa 3i 3BykOM, (DOPMYBaHHSAM 3BYKOBOIO
KOHTEHTY, 3BYKOBMX NpOrpam i 3aBxauv nos’sa3aHa 3 NpOCyxXoByBaHHS 3BYKOBOIO KOHTEHTY. AKLLO neperns-
HYTU BU3HAYEHHS 3BYKOpEXMCepPa — Lie NMpaLiBHUK 3BYKOBOI iHOYCTPIl, SKUIA 30iACHIOE BUPOOHMLTBO 3BYKO-
BOIO KOHTEHTY SIK HE3aneXXHoro NpoaykTy, Tak i 3ByKOBOrO CynpoBoAy Ans ayAioBi3yanbHOrO KOHTEHTY — Te-
neBi3inHNX Nporpam, KiHodinemis Towwo [1; 2].

3ByKOpexucep — O4uH i3 NPOBIAHMX YHACHWUKIB TBOPYOIo NPoOLECy, NOB’A3aHOro 3 POPMyBaHHSIM 3BYKY
y BiOMNOBIOHMX BMOAX i )XaHpax My3W4YHOro MUCTELTBA, € MOBHOMPABHUM YYAaCHWKOM TBOPYOro NpoLecy
hOpPMYyBaHHSI HE NNLLIE TEXHIYHOTO, a  XY4OXHBbOTO CKNagHMKa 3ByKOBOIO KOHTEHTY. 3BYKOpPEXMCEP BU3Ha-
Yyae YMOBM CTBOPEHHS Ta KiHLEBUI pe3yrbTaT 3ByKOBOro obpasy, 3adikcoBaHOro Ha Hocii 3Byko3anucy [3].

3ByKOpexucep kepye BCiM MPOLECOM CTBOPEHHS 3BYKOBOIMO KOHTEHTY, CTBOPEHHSIM 3BYKOBOI KapTWHU
3aranom, BignoBigae 3a KiHLUEeBUN pe3ynbTaT CTBOPEHOrO 3BYKOBOrO martepiany. 3Bykopexucep y npoueci
BMPOOHMLITBA 3BYKOBOIO KOHTEHTY BUKOHYE Taki onepadii 3i 3ByKOM: yCTaHOBMIOE HeobXigHe NiaCUNEeHHs
curHany o onTMMarbHOro piBHs, 3abe3neyye 0OpobKy curHany 3a 4acToTor, 30kpema hopMmye Tembparnbs-
He 3abapBneHHsl, PoOpMye PiZHOMAHITHI ePeKTM y 3ByYaHHi, Hanpuknag, 3a paxyHoK 3aTpMMOK CurHany,
3CyB ha3n curHany Towo. YCi Ui edpeKkTn Ta 3MiHW B CUrHari 3ByKOpEXncep NOBUHEH YYTU.

I3 nowmpeHHsAM sikicHoro TenebaveHHs!, pagioMOBIEHHS!, 3ByKO3anucy, ypaxoByloun po3MaiTTs My3udHMX
XaHpiB, pagiodikaLii pi3SHOMaHITHUX MangaHuvKiB — Bif KOHLEPTHWUX 3aniB 4O TOProBeribHNX LEHTPIB TOLLO,
CYTTEBO PO3LUMPEHO cdepy AisnbHOCTI 3ByKOpeEXMcepa, Lo pobuTb AOro npawio MacoBOO /i 3yMOBIOE MNO-
Janbly avdepeHuiadito. BuHukae HeobXiOHICTb Y KOHUEPTHUX, CTYAIMHWUX, TeaTparbHMX, NOCTNPOAAKLLH,
BMACHMX 3BYKOPEXMCEPIB MY3UYHNX Py, 3BYKOPEXMCEPIB TOPrOBENbHO-PO3BaXKanbHUX 3aknagis Towwo [4].

3BuyariHa poboTa 3ByKOiHXKeHepa abo HaBiTb 3BYKOTEXHIKA B Cy4aCHOMY CBITi NOTpebye 1 aeskmx 3aibHoc-
Tew 3ByKOpexXmcepa, TOOTO TBOPUOro cknagHmKa B poboTi 3i 3BykKOM. barato BULLMX HaBYanbHMX 3aKnagiB cTanm
roTyBaTh 3BYKOPEXMCEPIB, axe poboTa 3ByKOpexmncepa BMMarae OCTATHbOIO PIBHS 3HaHb TEXHIYHOI TOYKM
30pY, 3HAHHS 3BYKY I OCHOB MOr0 CTBOPEHHS, 3HAHHS aKyCTUKW, 3HAaHHS TEXHOMOrYHOro obnagHaHHs TOLLO,
OyTW My3M4HO OCBIYEHMM, A FONOBHE, MNOOKO PO3YMIiTW CYTHICTbL NPOLECY BUPOOHMLITBA 3BYKOBOTO KOHTEHTY.

OcHoBHa 0cOobNMBICTb 3BYKOPEXMCEPA, LLIO NMOB'si3aHa 3 OnpauoBaHHSM 3BYKOBOTO KOHTEHTY, € MOro
CMPOMOXHICTb CnyxaTu N YyTu 3BYK Y Oyab-sikOMy MposiBi. 3ByKOpEXMUCEP Mae BMITU aHanidyBaTu 3BYKO-
BWW KOHTEHT, BUAINSATU 3 HbOr0 KOPUCHUIM KOHTEHT | 3aBagu, BU3Ha4YaTu CMOTBOPEHHSA 3BYKOBOrO CUrHany,
HETOYHOCTI y BiOTBOPEHHI, BigYyBaT NPOCTip 3BYKOBOro 0bpasy, 30cepedxyBaTuCs Ha OKpeMux 3BYKaXx,
CTBOPIOBaHWUX IHCTPYMEHTaMM W iHWIMMW [xepenamu 3ByKy, BiovyBaTh My3uuyHui GanaHc Towo — yce ue
dopmye NpodbecinHnin CKNagHUK 3ByKopexucepa [9].

LLlo6 4yTu 3BYK i KOPEKTHO MOrO CIPMUMATK, 3PO3YMINo, 3BYKOPEXUCEP MAE YyTW CUrHaNN NpunycTnmo
MiHiMarbHOT N'y4YHOCTI 1 Y YaCTOTHOMY Aiana3oHi, BU3Ha4eHOMY Npupoaoto, TO6To ByTK NOBHICTIO 300POBUM
LLIOOO CMPUNHATTS 3BYKY CITyXOBMM OpraHoM. 3ByKOpexucep 3 Bagamm Cryxy, 3p0o3yMmino, He 3Moxe 3Ainc-
HIOBaTK siKiCHE BUPOOHWULTBO KOHTEHTY, afXe BiH Oyde HanawToByBaTW 3ByYaHHS BiAMOBIOHO 4O CBOrO
CMPUNHATTS, WO AN 340POBOro Cryxada Moxe Npu3BOAUTY A0 BiAYyTTS HAgBHOCTI AeDEKTIB Y 3ByHaHHI.

19



ISSN 2788-5518

PoboTa 3Bykopexucepa nepeBaXHO NoB’si3aHa 3 KOHTPONEM 3BYKOBOTO CUrHany B akyCTUYHOMY MPOCTOPi
3a 0MOMOTOH N'Y4YHOMOBLLB — 3BYKOBMX MOHITOPIB, MPUYOMY piBEHb NY4HOCTI, 32 KM BiabyBaeTbCs Npocry-
XOBYBaHHs, ctaHoBUTb 90-95 Ab (94 ob — Bignosigae 3BykoBomMy Tucky B 1 Ma). YacTto ans 6inbL getanbHo-
roO KOHTPOIKO 3BYKOBOIO KOHTEHTY 3aCTOCOBYHOTb HaBYLLHWKU. TOMY ANS BUSHAYEHHS CYyXOBUX BNacTUBOCTEN
3BYKOpEXMcepa BaXKMBO PO3YMITU BRACHE CNPUNHSATTSA 3BYKOBOrO KOHTEHTY B Pi3HMX YMOBaX.

[eski 3Bykopexncepu, 30Kpema Mornoab, yBaxatoTb, WO iM He MOTpibHe OO0CMioKEeHHS Bag CIyxy, L0
TXHE CMIPUNHATTS 3BYKOBOTO KOHTEHTY € AOCUTb AOCKOHanMM. Pa3om i3 TumM, cnyxakwudm BeCb BiflbHUI Yac
000V 3BYKOBUIA KOHTEHT Y HaBYLLUHUKAX 3 HEBM3HAYEHOI MYYHICTHO, MPY LIbOMY BBaKatouu CBOT HaBYLLHUKM
HasKiCHILLMMUK cepep, Oyab-AKMX iHLLMX, HE 3aBXAM PO3YyMit0Tb, LLO i K MOBMHHO 3BYyYaTu, rofIOBHE, HE Bpa-
XOBYIOTb, LLIO MOXYTb yTpayatu criyx. Ane ue He Tak. Crnyx — HanBaXNuBILLNIA iIHCTPYMEHT 3BYKOPEXMCEpa,
SIK MY3UYHWUIA IHCTPYMEHT 4151 My3UKaHTa — MOXe 3 YaCOoM MOripLUyBaTu CBOI BNMAacTUBOCTI [6].

3 Yacom cnyxoBi BNacTMBOCTI MOOUHW, 3BYKOpEXMcepa B TOMY YMCHi, 3MIHIOIOTbCS B BiK NoripLueHHs.
[iana3oH 4YacToT, Wo cnpunmae nogmnHa, 3 BikOM 3BY)XKYETbCS, BUCOKI YaCTOTM CNPUNMAKOTLCS ripLle, HUXKHI
4YaCTOTM He JaloThb LWiNbHOCTI, AeL0 «p0o3Ma3yoTbCa». Ha xarnb, BiAHOBUTU CryXOBi Bi4yTTS HEMOXMBO.
Ane MOXIMBO 3HaTU Ui Baau 1 ypaxoByBaTu iX Npy oOpMyBaHHI 3ByKOBOIO KOHTEHTY.

Ona pocnigXeHHs CriyXxoBUX BNacTUBOCTEN NIOOUHW B MEOWYHIA NPaKTULi BUKOPUCTOBYIOTb METO[
ayoiomeTpii, SkMn gae 3Mory BM3Ha4vaT CMPOMOXHICTb FOAMHM CIPUAMATK 3BYKWU PIi3HOTO MOXOMKEHHS,
30KpeMa TOHaslbHi 3BYKW Y BM3HAYEHI YaCTUHI 3ByKOBOrO YaCTOTHOrO AianasoHy, i 3a pesynsratamun go-
cnigpKeHHs 3a3HayaTtu Bagm cniyxy. licna gocnigkeHHs (06CTexeHHs) BbyaytoTb ayaiorpamy sk rpadivyHe
BiJOOpakeHHs1 CNPUAHATTSA 3BYKIB NIOANHOIO [7]. BuMiptoBaHHs aygiorpaMu NpoBOAMTL Y MEAUYHUX 3aKna-
Jax, LWo creuianiayloTbCa Ha JOCHIOKEHHi Criyxy, nikap-0TonapuHrornor, ayaionor. Baxnmeo 3aszHaunTy, Wo
aygiomeTpis nepeayciMm nepenbavae BU3HAYEHHS Bag Cryxy fOAMHU, @ He SKICTb CMPUMAHATTS, WO Heob-
XigHO Ons nogen, NpodEecinHO AIANbHICTIO SKUX €, HAaNpUKNag, BUPOOGHULTBO 3BYKOBOIO KOHTEHTY, TOGTO
3ByKopexucepie. Came B LibOMY Nnonsrae OAuH i3 HeQOrMiKiB LIbOro MeToay.

OcCHOBOW AMs1 BU3HAYEHHSI FOCTPOTU CryXy, TOBTO TOro, 3 YMM MOPIBHIOOTL CMPOMOXHICTb JIHOOUHN
LOAO CNPUMHATTS TOHANbHMX 3BYKIB Pi3HOT YacTOTW Ha NOPO3i YYTHOCTI, € KpMBa OOHAKOBOI NY4YHOCTI Ha
noposi yyTHocTi [8].

[ocTpoTy cnyxy AOCAILXYIOTb MeToAaMM MOBITPAHOI Ta KICTKOBOI MPOBIAHOCTI 3a3BMYai Ha YacToTax Bif
125 'y go 8000 Ny Ta piBHem 3BYyKYy Ao 120 ob (noBiTpsiHa npoBigHicTk) i 4o 70 ob (kicTkoBa NPOBIAHICTD).

MeToguka JocnigppKeHHS Cnyxy, LWo NpoBoauTb aydionor, nepeabadae Taki gii. Ocoby po3milLytoThb y 3a-
rMyLUEeHINn akyCTUYHIN KaMepi, @ Ha CryxoBWUi opraH (Byxa) HagsaratTb 3aKpuTi HaBYLIHUKKN. 3 reHepaTopa
TECTOBUX CUrHarniB, WO BXOAMTb A0 CKnagy ay4iomeTpa, Y HaByLUIHMKN NOAAK0Tb CUrHANM BiANOBIAHMX Yac-
TOT y gianasoHi Big 125 'y go 8 kl'y 3i 36iNbLIEHHAM r'yYHOCTI. Y MOMEHT, KON NiggoCnigHWMI MOYMHAE YyTH
3BYK BiJNOBIAHOT YaCTOTK, BiH HAaTUCKae KHOMKY, a ayaionor BigMivae 3Ha4eHHs PiBHA cUrHany BianosigHol
yacTtoTu. oTiM aygionor 3miHE YacToTy 1 3HOBY CNPAMOBYE CUTHaM y HaBYLUHWUKM, 3MIHIOKOYM TYYHICTb.
Take pocnigXeHHst MPOBOASATb HA BCiX HeoOXigHMX yacTtoTax. icns 3akiHYeHHs 0BCTexeHHsA byayeTbes
aygiorpama Ans KOXXHOro Byxa 1M 060X Byx 04HOYacHO, TOBTO NpoBOAATL TPU «MiAXOAM» BUMIPIOBAHHS.

HopmanbHo0 LWoA0 CNPUAHATTS 3BYKIB Pi3HMX YAcTOT Ha MOPO3i YYTHOCTI AN MIOAMHU BBaXaloTb Taky
YaCTOTHY XapaKTepPUCTUKY, Konu ii dhopMa Bianosigae npubnmMaHo KpMBI 0QHAKOBOI N'y4YHOCTI Ha NOPO3i YyT-
HOCTI 3 HepiBHOMIpHIcTIO B Aiana3oHi 125...8000 Ny 25-30 ob, 3 MakcuManbHOW YyTNMBICTIO HA YacToTax
24 kl'y [9].

[na 300poBOI NOAMHM BiAMIHHOCTEN HE MOBMHHO OyTu abo mpunyckatoTb BigMiHHOCTI 0o 25 ab, wo
BBaXaeTbCs HOPMarnbHUM cnyxoMm. BigmiHHICTb y 26—40 ab BBaxatoTb 5K CTYNiHb i3 NIErKOK0 BTPaTOO CyXY,
41-55 b — NpoMiXXHMI CTyNiHb yTpaTtK cryxy, 56—70 ob — Baxkuii cTyniHb [10].

[MepeBaru 3asHa4yeHOro MeToay ayaioMeTpii — e cTaHAapTu3oBaHa MeToAMKa BUMIPOBaHb, HAsBHICTb
creuianiaoBaHoi MeaNYHOI TEXHIKM (Mpunagie) 3 yCTaHOBEHNMM ONTUMANbHUMKW NapaMeTpaMu 4ns npo-
BeAEHHSA OOCNIAXEHHS, NPOBEAEHHSA OOCHiAXEHb Yepe3 NOBITPSHY 1 KICTKOBY NPOBIAHOCTI ANA YTOYHEH-
HS pe3ynbraTiB i 6inbl TOYHOro BUSIBNEHHS Bad criyxy. Hegonikom, 3okpema, Ans 3ByKopexucepa, OKpim
HeOoOXiAHOCTI NPOBEAEHHST LbOro 06CTEXEHHsI B cnewianisoBaHOMY MEAWYHOMY LIEHTPI 3 BUKOPUCTaHHSAM
BiAMNOBIgHOrO MefgMYHOro obnagHaHHSA M akyCTMYHOI KaMepu 3 pPO3’sICHEHHAMU crewianicta-oTonapuHro-
nora [11], € obMexeHuIn YacTOTHUIA Oiana3oH, 3a3Bu4yal BU3Ha4YeHun gianasoHom Big 125 My oo 8 kI,
npuTamaHHMn MOBI, xo4a ntoanHa cnpunmace Big 20 My go 20 kl'y, BXigHWA TOHaNbHUI CUTHAaM He 3aBXau
3pO3yMinnii Ang cnyxada Tob6To BiH He 3aBXAM 3HAE, WO Mae YyTHh i sika NpUOIM3HO ryYHiCTb NOBMHHA ByTH
NOPIBHAHO 3 ONTMMarnbHOK. [1Ng NOpiBHAHHSA Ha puc. 1 HaBeAEeHO BUIMSA KPMBUX O4HAKOBOI ry4YHOCTI (puc.
1, a) Ta ayaiorpamm 3a NoOBITPAHOI NPOBIgHICTIO (puc. 1, 6) — cyuinbHa Kpusa.

MeToto poboTK € BOOCKOHANEHHSI METOAY BU3HAYEHHS Baf Cryxy, sikKMiA JAcCTb 3MOry 3 MiHiManbHUMU
BUTpaTamMn CaMOCTIMHO BM3HaYaTW CMPOMOXHICTb i SIKICTb CNPUNHATTS 3BYKOBUX CUrHamiB y 3BYKOBOMY
YaCcTOTHOMY Aiana3oHi, TPUYOMY Y 3BMYHMX AS19 cryxada yMOBax i Mpy ONTUMarnbHin (3py4Hin) gnsa npocny-
XOBYBaHHS I'YYHOCTI. Y pasi BUSIBNEHHSA Bag CNPUNHATTA OKPEMUX YACTOTHUX CKITaAHUKIB AaTh MOXMBICTb
KoperyBaTu ry4HiCTb i YaCTOTHY XapakTepucTuky (gani — YUX) 3ByKOBIiATBOPEHHS Y BiAMOBIOHNX YaCTOTHMX
CMyrax TakMM YMHOM, LWo6 3BYKOBMIN 06pa3 Harkpalle cnpunmascs ocobamm — criyxadaMu pexmcoBaHoro
3BYKOBOIO KOHTEHTY, 6€3 Bag crnyxy.
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Puc. 1. YacToTHi xapakTepuCTHKK: @) KpUBI O4HAKOBOI r'y4HOCTI; ©) ayaiorpama 3a noBiTPSHO
NPOBIZHICTIO (CyUinbHa MiHis1) Ta 3a KiICTKOBOK MPOBIAHICTIO (LLUTPUXOBA MNiHis)

BukoHaHHs gocnigxeHb

CyTHICTb NPONOHOBAHOIO METOAY NOMsrae B TakOMy:

1) cnyxay, rotyto4mch 00 OOCNILKEHHS, BU3HAYa€ TECTOBI CUrHamMM pPi3HOro 3MicCTy, a caMme LLUYMOBI, My-
31YHi, TOHanbHI;

2) CTBOPIOKOTb KOMPOPTHI YMOBM AOCHIAXEHHS LWOAO pOo3TallyBaHHSA BiHOCHO ry4YHOMOBLIB i BCTAHOB-
MNOKTb AOUIMBHY MYYHICTb;

3) BiATBOPIOKOTb TECTOBI CUTHAMM, NYYHICTb AKMX 30inbLUYOTE Big HyNs 4O HOMIHANBHOrO pPiBHSA 3a BU-
3Ha4YeHW MPOMIXKOK Yacy, 3a JOMOMOroK BOy4OBaHOrO y creLianizoBaHe nporpamMHe 3abe3neveHHs (gani —
M3) BumiptoBaya piBHsI BU3HAYaOTb PiBEHb CUTHaIy, Npu SKOMY 3’ sBNAETbCA BigUyTTS 3BYKOBOIO KOHTEHTY;

4) 3a pesynbratamun gocnimkeHHs OyaytoTb rpadik YaCTOTHOT XapaKTEPUCTUKN CIPUMHATTS TOHAINbHUX
3BYKIB i MOPIBHIOKOTb i3 TEOPETUYHOO KPUBOK OAHAKOBOT N'YYHOCTI HA NOPO3i YYTHOCTI. BigXnneHHst Mix Kpu-
BMMU ByayTb cuUrHanisyBaTtu LWOAO NOTipLUEHHS SKOCTi CIPUAHATTSA 3BYKIB | HASBHOCTI Bag CIyXxy.

Mpoueaypa BM3HAYEHHSA AKOCTiI CMPUMAHATTS 3BYKOBOTO KOHTEHTY MPOMOHOBaHUM METOAOM MoTpebye
HasIBHOCTi TAKOro anapaTHOro n NporpaMHoro 3abe3nevyeHHs:

- nepcoHanbHu komn'totep (aani — MNK) 3i cneuianisosaHum M3 ansa poboTtu 3i 3BykoM (HEOHOB A3KOBO
npodecinHnm), Hanpuknag, Audacity, Sound Forge, Adobe Audition ToLo0, y SKOMY € MOXNUBICTb CUHTE-
3yBaTU TOHArbHI 3BYKM Pi3HUX YacTOT 3BYKOBOrO AianasoHy 1 ybyaoBaHO AOCUTb TOYHWUI BUMIpPIOBaY PiBHS,
Hanpuknag, PPM tuny;

- TY4YHOMOBL,iB, 6a)kaHO 3 BUCOKMMUW TEXHIYHMMM NapamMeTpamMmn, Hanpuknag, 3ByKoBi MOHITOpK abo ryy-
HomoBLUi Hi-Fi knacy, a TakoxX HaBYLUHUKN.

Ak nabopatopHa poboTa Ana CTyAeHTIB y npaui [12] onncaHo MeToa AOCHIIKEHHS CIyXY Y 3BUYaNHNX
YyMOBaXx XWUTMOBOI KiMHaTK abo 3ByKOPEXMNCepCbKOi anapaTHoI.

Cawm npouec nepefbayae BU3HaYEHHs PiIBHA NyY4YHOCTI CUrHany, Lo BignoBigae nopory YyTHOCTi B YMO-
Bax BiOTBOPEHHS, i UX cnpunHATTS 3BYKY. 3HA4YEHHS PiBHA CUrHany, 3a S9KMM BU3HAYeHO MOpir YyTHOCTI,
y OOCNIOKEeHHI BCTAHOBIMIOKOTh 3a 3HAYEHHSIM PIBHA €NEKTPUYHOrO curHany, Wwo eigobpaxkeHo Ha BOygoBa-
Hux y M3 iHgukaTopax piBHSA, 3okpeMa iHgmkaTtopi PPM. oTiM 3a 3HAYEeHHSIMI eNneKTPUYHNX PiBHIB Oyay-
I0Tb KpmBY YX cnpuiiHATTS, OPMY SIKOT MOPIBHIOKTDL i3 hOPMOI0 KPUBMX OOHAKOBOI MYYHOCTI.

CTpyKTYypHY cxema MigknioveHHsa obrnagHaHHA 1 yMOBW NPOBEAEHHS OOCTEXEHHSI HABEAEHO Ha puc. 2.

Ona gocnigxeHHsa 3actocosaHo MK 3 M3 anga pobotu 3i 3Bykom (Sound Forge [13]) i 3Bu4HI ansa cny-
Xaya npucTpol 3BYKOBIATBOPEHHS. AK [Xeperno TeCTOBUX CUrHariB 3aCTOCOBaHO reHepaTop CUHYCOIAHUX
cvrHanie, yoygosaHun y M3.

lMepen noyaTtkom OBCTEXEHHST HA N'YYHOMOBLSX, SIKLLO BOHW aKTMBHI 1 MaloTb perynatopu Temopy, no-
NOXEHHS perynatopiB Tembpy BCTaHOBMOWTL y «0», WO BiAMoBigae BigCyTHOCTI kKopekuii YX. Ha migcunto-
Bayvax NOTYXHOCTi B pa3i 3aCTOCyBaHHS NaCUBHUX NYYHOMOBLIB perynsatopy Temopy BCTaHOBMAOOTb Yy «0».
Y nporpamHux perynaropax temopy MK perynatopu Tembpy Tex BuBogaTb y «0».

[Micnsa uboro Ha ronoBHUM ekpaH MoHiTopa MK 3aBaHTaxytoTb Sound Forge 1 4OCUTL SIKICHUI | 3pO3yMi-
nvi onsa nigaocnigHoro My3nyHuin doparmeHT, 6axxaHo 3 HaCMYEHMUM IHCTPYMEHTANbHMM CYNpPOBOAOM (puC.
3). Y pexumi BigTBOPEHHS pparMeHTy BCTaHOBIIOTbL ONTUMAarbHY IN'YYHICTb ANS cryxada, Lo 3HaxoauTb-
Cs1 Ha MEBHIN (3pyYHin 4ns KOMOPTHOrO NPOCIYXOBYBAHHS) BiACTaHI Big rydHOMOBLUIB. Y4HICTb YCTaHOB-
MOETLCA PErynsaTOPOM NyYHOCTI Ha r'ydHOMOBLSIX abo migcuntosadi, a Takox BipTyansHum perynatopom [1K.
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Puc. 2. CtpykTypa obnagHaHHs 1 YyMOBM NPOBEAEHHS OOCTIOKEHHS

Puc. 3. TonosHe BikHO 3 Sound Forge i3 3aBaHTaXXeHNM My3U4HUM hparMeHToMm

Kputepiem onTManbHOI r'y4HOCTi B KOHTEKCTi AOCHIOKEHHS MOXHa BBaXaTu, Hanpuknag, ry4Hictb, sKy
BCTaAHOBINIOE MEpPeciyHni crnyxad npu KOMGOPTHOMY MPOCMYXOBYBaHHI 3BYKOBMX Nporpam y nobyToBux
yMoOBax (3 AocBigy aBTopiB, Le npubnusHo 75-80 ab), abo ryyHicTb, WO BiANOBIAaE piBHIO, 3a SIKOTO 3BYKO-
pexucep KOHTPOIE 3BYKOBI Nporpamu B cTygiil, To6To 90-95 ab.

3po3ymino, wo B nobyToBNX YMOBaxX BU3HAYATK YMCIIOBE 3HAYEHHA PIiBHS HE 3aBXAWM MOXIMBO, agpkKe
NMepeciyHMiA criyxad He BONOAie BUMipOBarnbHUM obnagHaHHAM OS1S BUMIPHOBAHHS PiBHSA aKyCTUYHOIO CUr-
Hany. HaBnaku, 3Bykopexucep 3a3Bunyan Mae Taki npunaam abo Mae 3aBaHTaXeHWI Y CMapTdOH 404aTOK,
3a JOMOMOrOK0 SIKOro MOXHa BMMIPIOBATU PiBEHb 3BYKOBOIO akKyCTUYHOrO CUrHany.

OpHo4acHoO 3 NPoCyxXoByBaHHSAM (DOHOrpam B akyCTUHHOMY MPOCTOPI NPUMILLEHHSA MOXHA 3a JOMOMO-
rol 3aBaHTaXXeHOro B CMapT(oH BUMIiprOBaya piBHS akyCTUYHOro curHany, Hanpuknag, N3 Sound Meter
[14], BumiptoBaTK oNTMMarnbHWI PiBEHb MPOCITYXOBYBAHHS B MiCLji MPOCHYXOBYBaHHs (OOCTEXEHHS), a Ta-
KOX CMEKTP BiATBOPHOBAHOMO 3ByKOBOIMO MY3U4HOIO CUrHany 3a JOMOMOrow AofaTtka B cMapTdOHi, Hanpu-
knag, N3 RTA Analyzer [15]. Y pa3si BAMKHEHHS BiATBOPEHHS (POHOrpaM BUMIPIOOTb PiBEHb CTOPOHHIX LLY-
MIB Y MPUMILLLEHHI, Y AKOMY 30iNCHIOTb AOCHIAKEHHS.

lMicns BCTaHOBMNEHHS ONTUMAIbHOIO PIBHA NYYHOCTI ANs My3WYHOT NporpamMmn 3aBaHTaxyoTb Y nporpam-
HWIA 3acib curHan Ginoro Wymy siK cUrHan i3 LUMPOKMM YacTOTHUM CNEKTPOM, 3 piBHeM -20 ob, TpmeanicTio 600
¢ (10 xB. — MaKkcumarbHO NPOrpaMoBaHnii Yac TeCTOBMX curHanie y Sound Forge) i, yBiIMKHYBLUW BiATBOPEHHS,
MPOCIYXOBYHOTb 3BYYaHHs1 BIforo wymy B ry4HOMOBLSIX, YCBIAOMITHOKUM (3anam’ siTOBYHOUM) MO0 3BYyYaHHS.

Lis TpmBanictb pparmeHTy HeobxigHa AN cTBOpPeHHs Binbll NnaBHOrO 36iNbLUEHHSA ryYHOCTi curHany
1, BiANOBIAHO, BiNbl TOYHOrO BCTAHOBMEHHSI 3HAYEHHS PiBHSI CUrHanNy Ha noposi 4yTHocTi. MoxHa 6paTtu
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TpuBanictb cparmeHTa 1 xB., ane MakcMmMmarnbHWUW piBEHb YCTaHOBMNIOBaTW MeHLWe, Hanpuknag, -40 gb.
Akwo mex piBHA Oyae HEQOCTaTHLO AN BU3HAYEHHS PiBHSA Mopory 4YyTHOCTi abo, HaBnaku, Baxko Oyae
BM3HAYUTM PIBEHb CNPUMAHATTS, HOpManisalieto MoXHa 3MiHoBaTK (36inbLuyBaTn abo 3MeHLLYyBaTK) Makcu-
ManbHU PiBEHb.

[NocnigoBHiCTb onepadin:

1. ®ann — CtBopuTh — HOBe BikHO (YacToTa guckpeTtumaauii — 44100 'y, kBaHTyBaHHSA — 16 GiT, 2 kaHanu
cTepeo).

2. Insert (BctaButK) — Synthesis (cuHTesyBatn) — FM — 6inuii wym (Tpmeanicte — 600 ¢, piBeHb — -
20 ob) (puc. 4, a).

3a gonomoroto 06pobkm curHany, Wwo nepegbayae nnaBHe HAPOCTAHHS NyYHOCTI, YCTaHOBMIOKTb Hapo-
CTaHHS CUMrHany B34OBX YCbOro hparmMmeHTy.

MocnigoBHicTb onepauin: 1) O6pobka — 3racaHHa — 3pocTaHHs (puc. 4, 6).

a)
6)

Puc. 4. TonoeHe BikHO N3 Sound Forge: a) i3 3aBaHTaXeHUM BinvM WyMom 6e3 3MiHWN PiBHS;
©) 3i 3MiHOO PiBHS 1 3yMMHEHMM KYPCOPOM Yy MICLi BiA4yTTS CUrHany Ha noposi YyTHOCTI

Micna uboro HeobxiAHO BBIMKHYTW BIATBOPEHHS 3 MoyaTKy hoHOrpamu, BCIyXOBYHOUWCH Y 3BYYaHHS
B ry4HOMOBLAX. AK TiNbKW curHan 6yae OCTaTHBO YiTKO MOYYTUI, HATUCHYTU «nay3ay, Y MiCLli BCTAHOBIEH-
Hs Kypcopy [13 Bu3HavaloTb piBeHb curHany, sSkun i Oyge BignosigaTh piBeHb MoOpora YyTHOCTI TECTOBOMO
curHany, y ubomy Bunagky 6inoro wymy (puc. 4, 6) ans cnyxada.

[na cnpoleHHs: BU3HAYeHHS PiBHA CUrHany npv npocrnyxoByBaHHI 1 (hOpMyBaHHS 3BITY AOCNIAXEHHS
MOXHa Ha KnasiaTypi Komn’'loTepa HaTuckaTtu knasiwwy PrtSc, pobnsaym Tum caMmm CKpUHLLIOT (3HIMOK) ekpa-
Hy. [NoTiM Len 3HIMOK YyCTaBUTU B TEKCTOBUA JOKYMEHT K NiATBEPAXKEHHS OOCNILKEHHS.
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lMicnsa BU3HaYeHHs piBHS cnpuAHATTS Binoro wymy B 13 3aBaHTaXyTb TECTOBUI CUrHan Yactototo 63
'y, TpmBanicTio 600 c, piBHem -20 ob (abo 3 MeHLLOo TpUBArICTIO 1, BiAMNOBIOHO, MEHLLMM PIBHEM, 3anex-
HO BiJ OYiKyBaHOro pesynsraTy BigvyToro piBHS).

MocnigosHicTb onepauin: 1) ®ann — CtBoputh — HoBe BikHO (YacToTa auckpetmaauii — 44100 Iy, KBaH-
TyBaHHSA — 16 6iT, 2 kaHanu cTepeo).

2) Insert (BcTaBuTn) — Synthesis (cuHTe3dyBaTh) — 3BMYariHa cuHycoiga (Tpmeanictb — 600 ¢, yactota —
63 Iy, pieeHb — -20 gb) (puc. 5, a).

3HOBY, BUKOPUCTOBYHOUYM 0OPOOKY 3pOCTaHHs piBHSA curHany (nocnigoBHicTb onepadii: 1) Obpobka —
3racaHHs — 3pocTaHHs (puc. 5, 6), hopMytoTb curHan ans BunpobysBaHHs. IMicnsa Lboro NOTPiIGHO YBIMKHY-
TV BIATBOPEHHS CUrHarny # odikyBaTu 4YiTke BigvyTTs MOro.

Take gocnifXeHHa NpoBOAATb Ha BCiX LIEHTpaNbHUX YacToTaxX OKTaBHWUX CMYr 3BYKOBOMO Aiana3oHy
(63, 125, 250, 500, 1000, 2000, 4000, 8000, 16000 I'y). Ak BapiaHT, MOXMBO OOGMPATK NPOMIXKHI YaCcTOTH,
Hanpuknag, 80, 100, 400, 3000, 6000, 10000, 12000, 14000, 18000 Iy ToLuO.

[ns KOXHOI YacTOTU BUMIPIOIOTE PiBEHb CMIPUNHATTS, CKNagatoTb TabnuULto piBHSA YyTHUX cUrHanis i Oy-
OyloTb rpadik, KM NOPIBHIOKOTL i3 TECTOBOK KPMBOK OAHAKOBOI ry4yHOCTI. [1pn BUABNEHHI Bag y cnpuin-
HATTI OKPEMMX YaCTOTHMX CMYT 3BYKOpPEXWCEpP Mae BpaxoByBaTW Li Bagu Mpu BCTAHOBMEHHI NapaMeTpiB
oopMyBaHHS 3BYKY, 0COONMBO LWOA0 TembpanbHOro 3abapBrieHHSA 3ByYaHHs. [ocnigkeHHs HeoOXxigHo
NpOBOAUTM CNoYaTKy Ansi O4HOrO ByXa, 3aKpULLUMB iHLIE BYLLIHOK BKriagkow (bepyLuetro), NoTiM Anst iHWoro
M onsa 0BOX BIOKPUTUX BYX.

a)
e .
e S——
6)

Puc. 5. TonosHe BikHO N3 Sound Forge: a) i3 3aBaHTaXXeHNUM CUHYCOIOHMM CcUrHanom vactototo 63 Iy 6e3
3MiHM piBHS; 6) 3i 3MiHOIO PiBHS 1 3yNMUHEHUM KYPCOPOM Y MiCLji BigqyTTS CUrHany Ha noposi YyTHOCTI

[ns KOXXHOI YacTOTN BMMIPIOIOTb PiBEHb CMIPUNHATTS, CKNagatoTb Tabnuuto piBHA YyTHUX cuMrHanis i By-

Oyl0Tb rpadik, SKMN NOPIBHIOKOTh i3 TECTOBOI KPMBOK OOHAKOBOI Ny4HOCTI. [pn BUSABNEHHI Bad y cnpui-
HATTI OKpEMMX YaCTOTHMX CMYT 3ByKOpexmncep Mae BpaxoByBaTW Ui Baaw Npu BCTAHOBMEHHI napamMeTpiB
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opMyBaHHA 3BYKY, 0COGNMBO LWOA0 TembpanbHOro 3abapBrieHHA 3ByYaHHs. [docnigpkeHHs HeobxigHo
NPOBOAMTM CMoOYaTKy 41151 OAHOIO ByXa, 3aKpUBLUM iHLLE BYLUHOK BKMagkoto (GepyLueto), NoTiM Ans iHWoro
M Ons 0BOX BIOKPUTUX BYX.

[Mpwn 3acTocyBaHHi ANs BUMIPIOBAHHS HaBYLUHMKIB MOYATKOBI PiBHI CUrHanis y nporpamHomy 3acobi He-
0b6xigHo BcTaHoBntoBaTn B Mexax -30...-40 gb. [Insa cnoctepexeHHst 3a pOpMOto curHanorpamMmm HeooxigHo
BMKOHYBaTW MacluTabyBaHHSA He TifbKW B FOPU3OHTarbHIN NAOLWWHI (MpaBopyy + Ta -), a 1 y BepTuKanbHin
(niBopyy + Ta -).

Mopsigok npoBeaeHHs nependaqae BiATBOPEHHSI TECTOBMX TOHANbHUX CUTHAIIB 3 Pi3HOK MNYYHICTHO B pe-
anbHUX YMOBaXx NpOCIyXoBYyBaHHsS (hOHOrpaM i BU3HAYEHHS PiBHS NYYHOCTI curHany, npu akoMy niggocnig-
HWUW Len curHan cnpummae, Tob6To novmHae vyTu. 3HayHi BioxuneHHs Big rpadika OyayTe curHanisyBatu
npo Bagun Cryxy. Xo4da OKpeMi BiOXUITEHHSA MOXYTb OyTW BM3HA4YeHi 1 HegonikaMu BiATBOPEHHSI B MPUMi-
LLIEHHi, HeQOCKOHANUM HU3bKOSIKICHUM 0bnagHaHHAM, HAsBHICTIO CTOPOHHIX 3BYKiB TOLLO. TOMY AOUINbHO
NPOBOAMTM OLIHIOBaHHA SKOCTI BiATBOPIOBAHOIO ay4iOKOHTEHTY, 30Kpema siKk akyCTUYHOro curHany [16].

HatypHuit ekcnepumeHT. Bepudikauito 3a3HayeHoro MeToay npoBeaeHO NMOPIBHAHHAM 3 aydiorpamotro
Ha npuknagi aHanidy Bag cnyxy 1 ocobu. Ak npuknag gOCigXeHHS CryXOBOro CNPUAHATTS NIOAMHOK 3BY-
KOBMX CUrHariB pisHUX 4acTOT HaBeAEeHO AOCHiAKEHHS, BUKOHAHe OOHUM i3 aBTOpIB Y MeAUYHOMY LIEHTPI
betTteptoH y M. Knesi [17]. PesynstaTu aygiorpamu nogaHo Ha puc. 6.

BignoBsigHO 4O BUCHOBKY, Cryxad Mae nopyLueHHs dyHKLii anapaTy 3ByKOCNPUAHATTS 3a CEHCOHeBparb-
HUM TUNOM 1 cTyneHs. HOpMOKO XOPOLLIOro CAyXy € HEPIBHOMIPHICTb YX CNpUAHATTS 3BYKOBUX CUrHanIB To-
HanbHWMX YacTOT MeHLwe HiX 20 Ab. 1 cTyniHb NOpyLUEHHS Cryxy roBOpUTL Mpo Te, Wwo YX 3ByKOCNPUAHATTS
moxe 6yTu Big 20 ob oo 50 ob. NpaBe Byxo B criyxada — Ha HWXHiX YactoTax, 4o 2 kIl y HopMmi, a Ha YacTo-
Tax BuLLe 3a 2 K'Y € nopyLeHHs. Lli nopyLeHHs MOXITMBO KOMMEHCYBaTW MiABULLEHHAM FyYHOCTI cCUrHany,
wob BiH 6yB nMouyTuRn, Hanpuknag, Ha YactoTi 8 k'Y Ha 40 ab, nopiBHsHO i3 curHanom yactoTtoto 250 M.
[ns niBoro Byxa icHye Lie BinbLuni «npoBany» y CIPUAHATTI 3BYKOBUX TOHANbHUX CUrHaniB Ha Yactotax 3—4
kKl'u oo 60 gb. To6T0, W6 cnyxad No4ys Li curHanm, HeobxigHo 36iNbLUMTK iX ryYHICTb Ha 60 ob, NOpiBHSAHO
3 yactototo 250 Ny,
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Puc. 6. Mpacbikn aygiorpamun onsa npaBoro Ta niBoOro ByX: a) rofioBHe BiKHO BMMIPIOBaNbHOroO npunaay,
©) CKPVHLLOT NanepoBOro BUCHOBKY
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JocnigxeHHs1 CryxoBOro CrpUMHATTA 3BYKOBWX CUrHasniB MeTOAOM, 3anpornoHOBaHUM Yy CTaTTi, Mpo-
BeEHO B XMTMOBIN KiMHaTi 06’emomM npnbnmaHo 50 m*® 3 ycTaHOBNEHMMU eneMeHTamu obnalTyBaHHs —
M’SIKUMW Ta KOPMYCHUMK MebnsiMu, LUTOpaMu Ha BikHax, Tenesizopom, MK Towo. MNpocnyxoByBaHHSA TECTO-
BUX CUrHarniB 34iNCHEHO Yepes CTepeodOHiYHy cucteMy MynsTUMEOINHUX N'YYHOMOBLLIB, YCTAHOBMEHMX Ha
poboyoMy CTOri Nig MOHITOPOM NepcoHarnbHOro KoMMm'totepa. BigcTtaHb Mixk rydHOMOBLSIMU — NpubnmnsHo 50
CM, BiACTaHb A0 cnyxada — npmbnuaHo 80 cm (puc. 7, a).

MpakTuyHe gocnigKeHHs NpoBOAUNK ANS ABOBYLLHOMO NPOCYXOBYBaHHS, TO6TO, Ha BiAMiHY Big ayadio-
rpamu, 3ByKOBUI KOHTEHT CNpUIAMaBCs 0AHOYacHO 06oma Byxamu. SAK ry4YHOMOBLL 3aCTOCOBaHO MyfbTUMeE-
4inHi ryqsHomosui Edifier R1600T Il Multimedia Speaker [18] (puc. 7, 6).

OcCHOBHI MapameTpu ry4HOMOBLIB:

HOMiHarbHa efnekTpuYHa NOTYXHICTb KOXKHOro ry4yHomoBus — 30 BT;
BiJHOLLUEHHS cuUrHan/wym — He MeHLue Hix 85 abA;

HeniHinHi cnoTBOPeHHS — He BinbLue Hix 0,5%;

— YacToTHWI gianasoH — 65...20000 Iy,

YYHOMOBLL aKTUBHI 3 MOXIMBICTIO PeryntoBaHHSA ry4HOCTi 1 Temopy Ha HY Ta BY.

n HHA ANA 00 - KIMHATA

VAT, |

My Tisn s
[l

O'lcmi

3
AErigeaEna H

EMOAMINTH DML VI HE AR

a) 6)
Puc. 7. OcobnmBoCTi HAaTYpPHOTO EKCNEPUMEHTY: @) MicLie NPOCIYXOBYBaHHS AN AOCHIIKEHHS;
©0)3aranbHun BUrMag rydHoOMOBLIB

Y kiMHaTi nig 4Yac JOCniAXeHHS piBeHb CTOPOHHIX aKyCTUYHUX LyMiB cTaHoBuB npmbnusHo 30 abA.
BumiptoBaHHSA akyCTUYHUX curHanis nposedeHo BumMiptoBadeM Phonic PAA3, a Takox gogatkomM 4O cMapT-
doHy Sound Meter. MNepen gocnimkeHHAM perynatopu TeMOpy Ha ry4HOMOBLSAX YCTAHOBIIEHO B CEPEaHE
MONMOXEHHS, Lo 3abe3nevye BiACyTHICTb HanawTyBaHHA YX.

HanawTyBaHHs Ha KOMJXOPTHY MYYHICTb 3AINCHEHO 3a My3M4HMM TBopoMm rpynu Deep Purple «Smoke
on the Water». PiBeHb akyCTU4YHOIo curHany B TOYLi MPOCIyXOBYBaHHS CTaHOBUB npubnuaHo 75-80 obA.
lonosHe BikHO nporpamu Sound Forge 3 BigobpaXeHHsAM curHamnorpamm My3uyHOro TBOPY W PiBHS ernek-
TPUYHOTO CUrHany HaBefeHo Ha puc. 8.

A s e - BTl L1

Puc. 8. lonosHe BikHO nporpamu Sound Forge i3 3aBaHTaXXeHVM My3U4YHUM TBOPOM
Y PEXMMI BiATBOPEHHS
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PiBeHb enekTpuyHOro curHamny npu BCTAHOBMEHMX YyMOBaX NPOCYXOBYBaHHSA — BiAMOBIAHOMY NpPUMi-
LLIEHHI 1 KOMJPOPTHIN NY4YHOCTi — CTaHOBUTbL NpMbnunaHo -58 ab.
Micna gocnimkeHHss cnpuiiHATTS Ginoro wymMy (puc. 9) JocnigXeHo CNpUAHATTA TOHANbHUX CUrHaniB

pi3HOI YacToTu B gianasoHi Big 31,5 'y go 16 klu.

Puc. 9. F'onosHe BikHO nporpamu Sound Forge i3 3aBaHTaXeHNM TECTOBUM CUIHarom Oinvm wymMom
i BU3HAYEHOI TOYKOH CAPUNHATTS 3BYKY

[MonepeHbO curHanm cUHTE30BaHO BOYAOBaHWUM BipTyanbHUM reHepaTtopom 13, ansa Hux 3abesneveHo
HeoOXiaHWIM YacoBMI iHTepBan, 30iNbLUEHHS NYYHOCTi BNPOAOBX YCiEl TPUBANOCTi cUrHany Ta MakcumarbHy
ryyHicTb, nepegbaveHy y oparmeHTi. Ak npuknag pesynbsraTis JOCNIOKEHHS HABEAEHO CKPUHLLOTY pe3yrib-
TaTiB gocnigkeHHs Ha vactotax 63 'y (puc. 10, a), 1000 Ny (puc. 10, 6), 14000 Ny (puc. 10, B).

3a pesynbratamu cknageHo Tabnuuto (ame. Tabnumuto 1) i nobygoBaHo rpadik YacTOTHOT XapakTepucTu-
KW CMIPUNHATTS CUMrHamiB Ha NOPO3i YyTHOCTI, SIKMI | MOPIBHIOKOTb i3 KPUBOK OOHAKOBOI FYYHOCTI Ha NOpPO3i
yyTHOCTI (puc. 11).

Tabnuus 1
Pesynsrati BUMiptoBaHb YX 3ByKOCNPUHATTS Ha NOPO3i YyTHOCTI B yMOBaX AOMALLHbOIO
NPOCMYXOBYBaHHSA
f, 'y 31,5 63 125 250 500 1K 2K 4k 8k 10k 12k 14k 16K
N, nb -1 -44 -63 -70 -75 -72 -64 -49 -31 -25 -27 -8 0

Puc. 11. dopma 4acTOTHOI XapakTEPUCTUKM CIPUNHATTS aKyCTUYHUX CUTHAnIB: KpMBa CBITNO-3€1IEHOr0
KOnbopy — 0COBO0 Ha NOPO3i YYTHOCTI, KpMBaA YEPBOHOMO KONbOPY — OCOOOI0 3a pesynsrataMm
OOCHNIIKEHHS!, KpMBa KOPUYHEBOIO KONMbOpY — 0COB0H0 3 ABHUMW BadaMu CryXy, KpMBa CUHbOTO KOMNbOpy
— MoKasiB BMMIpIOBaribHOro npunagy akyCTUYHUX CUrHaniB y TouLi MPOCYyXOBYBaHHSI, KpMBa TEMHO-
3eNeHOro Konbopy — TEOPETUYHOI KPUBOT NOPOrY YYTHOCTI

PiBeHb eneKkTpn4YHOro 3BYKOBOIO CuUrHamy B poboTi 3ByKOpexucepa BM3HaYaloTb MakCYManbHUM 3Ha-
YeHHAM y 0 ob. BignoBigHiCTb piBHA aKyCTUYHOIO CUrHany enekTpu4HOMY PiBHIO BM3HAYaloTb 3 ypaxyBaH-
HAM YYTNMBOCTI MIKPOOHA, SKUA aKyCTUYHWUIA CUrHan nepeTBOpOE B eNeKTPUYHUIA, TOBTO enekTpUYHUM
piBeHb LLIOAO aKyCTUYHOIO CUrHany 3anexwuTb Bif YyTnMBOCTI MikpodoHa. Lito 3anexHicTb moxe 6yTn Bu-
3Ha4YeHo hopMYIoHo:

L b

20 9. -5 20
o Pas _20IgE -p,10 20|gEOC 2-10~10 _

U0 0,775 0,775 (D
L b
=201g(2,58-10°E,, -10%) ~ -92 + 20Ig(E,. - 10%°),

Ae N, — piBeHb €neKTPUYHOro curHany Ha BMUXOAi MikpodoHa; E  — oCcboBa YyTNMBICTb MikpodhoHa abo
EPC Ha Buxoai mikpodoHa npu nigBegeHHi 40 HbOro Ha PoboYii OCi aKyCTUYHOIO curHany BiAMOBIGHOMO
3BYKOBOIO TWUCKY; p,, — 3BYKOBWIA TUCK; P, — 3BYKOBMIA TWCK, LLO BIANOBIAAE NOPOry YyTHOCTI 1 HOpMOBaHe
3HaYeHHS 3ByKOBOMO TUCKY, LLIOAO KO0 BU3HAYatoTh PiBEHb aKyCTUYHOIO CUrHany; L,- piBEHb aKyCTUYHOIO
curHany 3a 3ByKOBMM TUCKOM.

= 20Ig
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6)
— [P

B)

Puc. 10. NonosHe BikHO nporpamu Sound Forge i3 3aBaHTaXXeHUMKN TECTOBUMMW CUrHanamm
Ta BM3HAYEHMMM TOYKOK CMIPUMAHATTSA 3BYKY Ha YacTtoTtax: a) 63 I'uy; 6) 1000 Ny; B) 14 'y

PiBeHb akycTUYHOro curHany Lp, 015 9KOro piBeHb enekTpuyHoro curHany gopisHioe 0 ob, BM3HayatoTb
3a hopmyroto:
L
0~-92+20IgE,. -10%,

92

1020 10*°

oc oc

(2)

3a uieto opmynoto, npu BuxigHin Hanpysi (EPC) mikpodoHa E£=0,775 B, wo Bignosigae 0 ob, piBeHb
aKyCTMYHOIO CUrHasny CTaHOBUTb Lp=94,2 AB (p,, = 1 Ma). 3 Takum npubnmsHo pisHem (Big 90 ao 95 Ab)
3a3BuM4an 3ByKopexmcep y CTyail NpocnyxoBye (KOHTPOIIOE) 3ByHaHHsI MiKCY 3ByKOBOIO CUrHarny.
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OTxe, BIONOBIAHICTb PIBHSA €MEKTPUYHOIO CUrHany piBHIO akyCTUYHOIO CUrHany Mae CTaHOBUTU Take:
L,=94 nb —»N,=04B.

3 ormsgy Ha Te WO piBEeHb aKyCTUYHOMO CUrHamy cUMAEOHIYHOMO OpkecTpy y dhopTte-dopTucumo (Makcu-
MarbHa ryqHiCTb) CTaHoBUTbL NprbnuaHo 100 4B, a Takox 3a3BMyaln Ha KOHUEpTax PiBeHb Y 30Hi 03BYYEHHSI
N, HanpvKNag, ans rmagaubkoi 3anm KiHoTeaTpy cucTeMa 03BYYeHHS MOBUHHA 3abe3nedyBatu pieHb 100 ab,
a MakcvMMarbHUIN HECMOTBOPEHUI piBEHb enekTpuyHoro curHany — 0 ab, y poboTi Ha pucyHkax rpadikis UX
M NpUIAHATA BiQNOBIOHICTb piBHSA akycTudHoro curHany 100 ob came piBHI0 enekTpuyHoro curHany 0 b, To6To:

L,=100 pb —>N,=04b .

3a pesynsratamu OUiHIOBAHHS CMYyXOBOMO CMPUAHATTS OOHWM 3arnpornOHOBAaHMM METOAOM MOXHa 3a-
3HaunTH, Wo dopma YX cnpunHATTS 3BYKOBUX curHanie (puc. 11, a, 4epBOHOro Konbopy) 30iraeTbecs 3a
hOpPMOI0 3 TEOPETUYHOI KPUBOK OAHAKOBOI NYYHOCTI Ha NOPO3i YyTHOCTI, OQHAK Ha YacToTax Makcumarnb-
HOI YyTNMBOCTI Cryxy (2—4 kL) YyTnmMBICTb NiAAOCNIAHOrO 3HAYHO MOTipLUEHa, TaKoX CIPUAHATTS BUCOKNX
4yacToT, NoYmHatoum Bxe 3 yactotu 1 kl'y, Texx mae Bagn. Hanpuknag, pisHUUA MK CIPUNHATTSIM CUrHanIB
yacToTtoto 8 kI'y i 1 k'Y onsa «igeansHOro» Criyxy 3a KpMBOK OfHAKOBOI N'YYHOCTi MOBUHHA CTAHOBUTU NpU-
6nmnsHo 5 ab, a B ocobwu, ki JocnigxXyBanu cryx 3a UMM MeTodoM, Lsi pisHuUs cTaHoBUTb 41 ab.

Taka pi3HMLa NoTpebye 3HAaYHOI KOPEKLiT YaCTOTHOI XapakTEPUCTUKM BiATBOPEHHS CUTrHanIB. AKLWO 3BY-
Kopexucep npv Takux Bagax dyge dopmysaTu BignosigHe TembpanbHe 3abapBrneHHst 3By4aHHs hoHorpa-
MW, ANs 340POBOrO Criyxada B CNPUNHATTI 6yayTb 3aBuLeHi piBHI BUCOKMX YacToT. OTpuMaHi pesynsratu
nNpubnn3Ho BignoBigaloTh pe3ynsratam ayaiorpamu (puc. 6).

Cnocobom, 3anponoHOBaHUM Y CTaTTi, JOCHIIKEHO CNPUAHSITTSA 3BYKOBMX CUrHariB Ha Nopo3i YyTHOCTI cepes
MOIOA — CTyOEHTIB ManbyTHix 3BykopexucepiB (35 cTyaeHTiB, Bikom Big 18 go 25 pokis). JocnimKkeHHA ocobu
NPOBOAVNY IHAMBIAYaNbHO BiAMOBIAHO A0 NPOTOKOSY AOCHIMKEHHS1 6e3 3anyveHHs onepaTtopa abo iHLMX CTOPOH-
HiX OCib, TOMY MOXITNBI 4OAATKOBI MOXMOKM pesynbTaTiB AOCNiIKEHHS 3yMOBIEHI CyD’eKTUBHMM (DaKTOPOM.

OcobnuBicTb NepeBipky CITyXOBUX CMPOMOXHOCTEN AN BUBIpKM 3 rpyny MOMOoAi nonsrana B TOMY, Lo
KoxHa ocoba Marna 3Mory nepeBipuMTH CBOI CIyXOBi BMACTUBOCTI Y BMACHIN XXWTMOBIM KiMHaTi, TOGTO B TOMY
MicLi, fie Han4YacTille 34iMCHIOE MPOCYXOBYBaHHS 3BYKOBOIrO KOHTEHTY 1 i3 3aCTOCYBaHHAM BlaCHUX 3aco-
6iB 3ByKOBIATBOPEHHS. [T0BYTOBI yMOBM JOCHIAKEHHS CIyXOBMX BNACTMBOCTEN AalTh MOXIMBICTL BinbLue
30CepeauTUCS Ha cuUrHarni, Wo BiATBOPHOKTb, CTBOPHE BinlbL CMOKiNHY 06CTAaHOBKY, X04a Npu LbOMY MOX-
nuBi NobyToBi WwWymun. Ane CTOPOHHI NOBYTOBI LWyMW, HABNaKKW, MNiABULLYIOTb LiHHICTb OOCHIAXEHHS, agxe
HabrnwxaTb CNyXoBi BNACTUBOCTI 40 pearibHMX YMOB NPOCIYXOBYBaHHS.

Bubipka ctaHoBuna rpyny 3 25 vonogikiB i 10 xiHok. Cepen nogaHux pesynbsTaTiB AOCHioKeHHS pe3yrb-
TaTu, WO BiANOBiAATb peanbHUM, CTaHOBMATL 28, a 7 JocnifKeHb 3a pesynbrataMy He BignoBsigatoTb
OiMCHUM, cepef SKuX i Taki, Wo 34ilncHIoBany AOCNiAXEHHS 3 BAKOPUCTAHHAM HU3bKOSKICHUX YYHOMOBLLB,
ybynooBaHMX y HOYTOYKM.

PeanbHi abo gincHi pesynbratv xapakTepusyloTbCs nepegdyciM BignosigHicTio dopmu rpadika YUX
CNPUAHATTS TOHaNbHWX CUrHamMiB KPUBI OAHAKOBOI Ny4HOCTi Ha noposi YyTHocTi (puc. 11, 6), no-gpyre,
peanbHUMK YMOBaMW OOCHIOKEHHS, 30KpeMa BMOOPOM 3aco0y NMpOCryXOBYBaHHS CUrHaniB — LOCTATHbO
SAKICHUMW T'Y4YHOMOBUAMI a0 HaByLLHUKaMW, NO-TPETE, BUOOPOM ONTUMArbHOT N'yYHOCTI My3M4YHOro CUrHa-
ny nepe no4aTtkom JOCHIMKEHHSI NPy 3aCTOCYBaHHS ry4YHOMOBLLIB, LLO NiATBEPAKEHO BUMIpOBaYeM piBHS
curHany, ybygoBaHoro sik 4o4aToK Y CMapTdOHi.

OtpumaHi YX criyxoBOro CnpunHATTS MatoTb AesiKi BiOXMMEHHS Ha OKpeMuX 4actoTax, ane 3aranom
MOBTOPIOKOTb KPMBY OAHAKOBOI ryqHOCTi. [puknagun peanbHnx YX, oTpuMaHux y pesynsraTti JOCHiAXEHHS,
nogaHo Ha puc. 11, 6, NpuknNaam TMX JOCNILKEHb, L0 MalOTb Ha OKPEMUX YacToTax 3HaYHI BiAXUIEHHS Bif
peanbHux YX, — Ha puc. 11, B, pesynbratv JOCNIAXEHHS, LLO He BiAnoBiaaTb AiIMCHOCTI | € NOMUITKOBUMMU,
LLIO He BpaxoByBanucs sik NO3UTUBHE OOCHIMKEHHS, — Ha puc. 11, . Ak 3acibé npocnyxoByBaHHS y4acHU-
KN OOCRifKeHHs1 obmpany ry4HOMOBL: 3ByKOBi MOHITOpM — 10 0Ci0; MynbTUMEAINHI akyCTUYHI CUCTEMU
BMCOKOI sIKOCTi — 8 0Cib; BUCOKOSIKICHI MOBHOrabapuTHi HaByLIHMKN — 15 0OCiB; ry4HOMOBL,, WO BOYgOBaHI
B HOYTOYKM, — 2 0cobu.

3a pesynsratamu JOCHIMKEHHS, cepe peanbHux 28 pesynbsraTiB BiAXWUneHHs Big TEOPETUYHOI KpMBOI NOPO-
ry 4ytHocTi B mexax 10...20 ob y 3BykoBOMY AianasoHi, Lo BBaXatoTb BiACYTHICTIO Baz Cryxy 3a MeauyHnMu
nokasHukamm, manm 20 ocid, 6inbLue Hixk 20 b Ha OKpeMyx YacToTax 3ByKOBOIO Aiana3oHy — 7 ocib, a GinbLue
Hi>k 20 ob y WMpokux cMmyrax 4yactoTt — ogHa ocoba. padiki (hopma KpMBOI) HaCTOTHUX XapakKTEPUCTMK CMPUIA-
HATTS TOHaNbHMX 3BYKIB MPaKTUYHO 36iratoTbCs 3 KPMBOK OAHAKOBOI Ny4YHOCTI (Hanpvknag, 4nst Tpbox ocib Ha
puc. 11, 6) i 3HaxoaAaTbCS B MeXax 3aLUuTPMXOBaHOI 30HM, Y Skl y BinbLUOCTi Ang niggocnigHux 6ynu oTpumani
pocnimxysaHi kpusi (puc. 11, 6). BioMiHHICTb BU3HaueHo Hacamnepes posTaLlyBaHHSAM KPUBOT MO BEPTUKaTi, LLO
3anexuTb Bif YCTAHOBIEHHS NOYaTKOBOI ONTUMAribHOI NyYHOCTI, 3a SIKOT MPOBOAMIN AOCHIAXEHHS.

BucHoBoOK

3anponoHoBaHe BAOCKOHANEHHSA MeTo4y BM3HAYEHHS Bag CryxXy HEe MOXHa BBaXaTu igeanbHum i Ta-
K/M, LLIO MOBHICTIO BiAMOBIAAe BMMOraM 3a Mean4yHUMM NMoKasHMKaMu, arne BOHO OOCTaTHbO eeKTUBHE,
a[pxe gae 3Mory Bu3HadaTtu Bagm Criyxy B KOMOPTHUX 3pyYHUX YMOBAX.
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3anponoHoBaHWin METOA Ma€E Ha METi He TOYHEe BM3HAYEHHS Bad Cryxy, a BU3HaYeHHSA HeobXiaHOI KO-
PeKLiT YaCTOTHOI XapakTepPUCTUKM 3BYKOBIATBOPEHHS A1 SKICHOrO CNPUNHATTS 3BYKOBOIO KOHTEHTY. Hepno-
nik1 MeToay NonNsAralTb y TaKOMy: No-nepLue, A8 AoChigKeHHA 6axxaHO MaTh NPUCTPOi 3BYKOBIATBOPEHHS
3 MiHINHOK YaCTOTHOI XapaKTEPUCTUKO, LLIO HEe 3aBXAN MOXHa JOCArTH, afKe BUMIPIOBaHHSA 3MiNCHIOTb
y BnacHux kKiMHaTax abo cTygisax, e MOXyTb OyTu HegomnikM akyCTUYHMX YMOB MPUMILLIEHHS, WO NPU3BO-
OUTb 00 HENiHINHOCTI YX 3BYKOBIATBOPEHHST; NO-Apyre, came obnagHaHHsS He 3aBXan Moxe 3abesnevyBatu
NiHINHY YaCTOTHY XapaKTePUCTUKY, Ti ) TYYHOMOBLL, a[pKe HaBiTb YCTAHOBIMEHHS perynsaropa Tembpy B ce-
pedHe NONOXEeHHS, WO Bignosigae niHinHocTi YUX, He rapaHTye niHinHy A4X 3BYKOBIATBOPEHHS; NO-TPETE,
po3LWwndpyBaHHs OTpUMaHOI aydiorpamu notpebye Aesknx 3HaHb ncuxoakycTuku. Kpim Toro, ncuxonoriy-
HWUIA CTaH cnyxaya Ans NigBULLEHHS CBOET CAMOOLLHKMA MOXe NPU3BECTU A0 XMOHUX NoKa3aHb, Wwob He Bia-
yyBaTK cebe K noanHy 3 Bagamu cnyxy. Kpatue, wob pesynsrati OLiHIOBaB HeE3aneXHUn ayaiosnor.

Heponikom y BUMGOpPi HaBYLWHMWKIB ANs1 AOCTAKEHHS] € HEMOXITMBICTb BU3HAYEHHST PIBHA cUrHany, Lo
BiATBOPIOKOTb HaBYLUHMKN, @ NepeBaroto — BinbLl TOYHE BU3HAYEHHS CUrHany Ha noposi YyTHOCTI, agXe He
3aBaXkatoTb 30BHILLUHI LUYMOBI (haKTopMu.

[MepeBara 3acToCyBaHHSI NY4YHOMOBLIB — peanbHU akyCTUYHUI CUrHan y HaBKOMULIHBLOMY MNPOCTOPI
NPUMILLEHHS, L0 BBaXKalTb K BinblU HATYpanbHUIA WOAO CAPUAHATTS 3BYKOBOTO KOHTEHTY, MOXITMBICTb
BM3HAYEHHS ONTMMAarnbHOI N'YYHOCTI NPU NPOCIyXOBYyBaHHI hoHOrpam y MicLi MpOCyxXOByBaHHS.

[MepeBarn 3anponoHOBaHOrO BOOCKOHANEHHS METOAY — Lie 3BUYHA ANdA 3ByKOpeXmucepa HaBKOSULLHS
obcTaHoBKa 3 yciMa akyCTUMHUMW nepeBaraMu N Heporikamu, nonepeaHe BCTAHOBMEHHS OMTUMAanbHOI
FYYHOCTI MPUYOMY OMIS CUTHaNy M KOHTEHTY, OO SIKOrO 3BUK CIlyxad, MOXNUBICTb NPOBEAEHHS OOCHIIKEHb
Yy BCbOMY YaCTOTHOMY [iana3oHi NPUNHATTS 3BYKY MIOAMHON, Yy pasi BUSBMEHHS HedonikiB (Bag) Cnyxy
Oinblw geTanbHO 3a3HavaTy YacToTh, Ha SKUX MPOBOAUTLCH BUMIPIOBAHHS, NMPUYOMY 3aBXOW MOXHA Npo-
cnyxatu curHan 3 4OCTaTHbOM MYYHICTIO 1 OYiKyBaTW caMe Ler curHan Ha nopoai YyTHocTi. JocnigkeHHs
NpoBOAATb SK B aKyCTUYHOMY NPOCTOPI NPUMILLEHHS, TakK i B iHOUBIQYaNbHUX HaBYLLUHUKAX.

3anponoHoBaHW METOA He Aae pesynbTaTiB BUCOKOT TOYHOCTI, ane Aae 3mMory npoBOANTY BUMIPIOBAHHS
B 3PYYHUX i 3BUYHUX A1 OOCMIAKYBAHOrO YMOBaX, CTBOPKOE MOYYTTS PO3YMIHHS CPUAHSATTS Pi3HUX 3BYKIB,
[ae MOXIUBICTb NOPIBHIOBATW 3BYYaHHSA TOHANbHUX 3BYKIB i3 LUMPOKOCMYTOBUMU (MOBHUMU, MY3UYHUMN),
3aCTOCOBYE AMsi BUMIPOBaHHSA BUMIpIOBanbHi Nnpunaan nporpamHmx 3acobis K, € 6e3KowToBHMM MeTo-
OOM, Jae 3MOry NpoBOAUTY OOCIIIKEHHS B Oyab-aKMUA 3pYYHUIA NS AOCHiIO)KYBAHOMO Yac TOLLO.

MoganbLwmi Hanpsm poboTn NOB’A3aHUI i3 BUSHAYEHHAM NPUNYCTUMMNX MOXMOOK 3anexHo Big ocobnu-
BOCTEWN YMOB 3aCTOCYBaHHS 3anpOrNoOHOBaHOr0 METOAY, BU3HAYEHHS AKOCTi ayAiOKOHTEHTY, SKUA NPOCIyXO-
BYIOTb, i 3aCTOCYBaHHS anropmTMIB LUTYYHOTO IHTENEKTY ANS Y3rofXeHHs pe3ynbraTtiB 3a 3anpornoHOBaHUM
METOAO0M 3 0CODNMBOCTAMU aygioMeTpii.
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Anda po3noamiEHUX CYNYTHUKOBUX CUCTEM
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django2006@ukr.net.

AHomauisa. Cmammsi fporioHye rpyHMoeHUl 025180 anapamHux ma an2opummidHUX pilueHb Ons no-
bydosu sucokowsudKicHUx 6e3rnposodosux cucmem y mepazepyosomy (TIy) diana3oHi, npuaHadyeHux
Or1s1 MepexX wocmoa0 MoKosiHHA (6G) i po3nodineHUx HU3bKOOPbIMarbHUX CyrnymMHUKOBUX yepyroeaHsb.
AKmyaribHicmb memMamuKku 3yMogrieHa CMpIMKUM 3pOCMaHHSM Kirlbkocmi loT-npucmpoig i nompeboro 8
enobanbHOMy 0bMiHI OaHUMU i3 3ampumMkoro < 1 mc i weudkicmro > 100 6im/c. AHani3 nimepamypu U
eKcriepuMeHmarbHUX npomomuriie rnokasye, wo noedHaHHs macusHux MIMO, 2ibpudHozo hopmyeaHHs
npomeHie i kaHanie 100-300 [Ty, 3abe3nedye cnekmparnbHy ecpekmueHicmb 0o 20 6im/c/I'y, npu nomipHid
Kinbkocmi RF-naHyrozie. JlabopamopHi padiopeneliHi niHku 130-134 Ty, y>xe deMOHCmMpyromb WeuOKicmb
1 200 M6im/c Ha gidcmaHi 1 km npu BER < 107¢, wo nidmeepdxye xxumme3ddamuicmb Tl u-inmepghedcie
0r1s1 MiCbKUX | KOCMIYHUX cueHapiis. Ocobrnusy yeazy npudifieHO KOHUeNuii «po3rodinieHo20 CyrnymHuKay,
Oe iHmeepyrombCcs mymaHHi 064ucnieHHs U MixcynymHukosi niHii 38’a3ky 5G-NTN i NB-loT, wjo dae amoey
IoKanbHO 06pobrissmu menemMempito ma 3MeHWys8amu HagaHMaXKeHHs1 Ha HaseMHUU ceaMeHm.

OensHymi mamepianu cei@4amsb, wo repexid 0o MoHonimHux GaN-RFIC 3 y6ydoeaHumu ¢hazoobep-
mayvamu nidsuwye eHepeemuyHuli 6ro0xem Ha 30%, a KoMno3umHi epagheHo8i mernnoeideodu 3HUXYIOMb
nikosy memnepamypy Mmikpocxem Ha 15 °C. BoOHouac 3anuwarombcsi 8i0KpumuMu rnumaHHs1 kanibpyeaHHs1
aHMeHHUX Macueie y 8aKyyMi, MoM sIKWeHHs1 ¢ha3oeo20 wymy suuie 3a 200 Ty i capmoHizauii po3rnodiny
criekmpa Mixk akmueHUMU U nacusHuUMu criyxbamu. 3anpornoHogaHa O0POXHS Kapma 8Krio4ae opbimarbHi
ekcriepumeHmu 3 epyrnor CubeSat, po3pobrieHHs caMoHagqaribHUX an2opummie KepysaHHsI MpOMeHsIMU
ma cmeopeHHs1 alanmusHux FEC-kodie, cmilikux 0o donnepiscbKux 3cysie. Takum 4uHoMm, poboma ¢hop-
Mmye yinicHe badeHHs nepexody 8id nabopamopHux cmeHOig o nogHoMacwmabHux Tl y-mepex, 30amHux
cmamu s10pom 6G-ekocucmemu U ernobanbHO20 iIHMepHemy peded.

Knroyosi crnnoea: mepaesepuyosull dianas3oH; 6G; po3nodineHull cyrnymHuk; 2ibpudHe ¢hopMyeaHHs rpo-
meHie; MIMO; mMixxcyrnymHUKos8i IliHii 38’3KY.
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Abstract. The paper presents a comprehensive survey of hardware and algorithmic solutions for

building high-speed wireless systems in the terahertz (THz) band that target sixth-generation (6G) networks
and distributed low-Earth-orbit satellite constellations. The topic is driven by the rapid growth of IoT devices
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and the need for global data exchange with latency < 1 ms and throughput > 100 Gb/s. A review of the
literature and experimental prototypes shows that the combination of massive-MIMO, hybrid beamforming
and 100-300 GHz channels can yield spectral efficiencies up to 20 bit/s/Hz while keeping the number of
RF chains moderate. Laboratory radio-relay links at 130—134 GHz already deliver 1.2 Gb/s over 1 km with
BER < 107¢, proving the viability of THz interfaces for both urban and space scenarios. Special emphasis is
placed on the “distributed satellite” concept, which integrates fog computing and inter-satellite links based
on 5G-NTN and NB-IoT, allowing local telemetry processing and easing the load on the ground segment.

The surveyed materials indicate that the transition to monolithic GaN RFICs with built-in phase-
shifters can raise the energy budget by 30%, while composite graphene heat spreaders reduce peak chip
temperatures by 15 °C. Outstanding challenges remain, including vacuum calibration of antenna arrays,
mitigation of phase noise above 200 GHz, and spectrum-sharing coordination between active and passive
services. The proposed roadmap covers orbital experiments with a CubeSat cluster, the development of
self-learning beam-control algorithms, and the creation of adaptive FEC codes resilient to Doppler shifts.
Thus, the study offers a holistic vision for moving from laboratory testbeds to full-scale THz networks
capable of becoming the backbone of the 6G ecosystem and the global Internet of Things.

Key words: terahertz band; 6G; distributed satellite; hybrid beamforming;, MIMO; inter-satellite links.

Bctyn

HecTtpumHe 36inbLueHHs MediapecypciB CTBOPKOE HOBI BUKINMKW ANSA TEXHOMNOriN nepedadi gaHux. CTeo-
PEHHS 11 yNpOBaAXXEHHS HOBMX TEXHOSOTIN, a Takox 30inbLueHHs iHopmauii, Wwo noTpibHo nepeaatu, npu-
3BOAMTb [0 Oe3npeLeneHTHOro 3pOCTaHHS KiNbKOCTi B3aeMO3aneXHNX NpUCTpoiB, Lo, Y CBOK Yepry, Mno-
Tpebye 306inbLlUEHHS LWBMAKOCTI Nepeaadi 4aHnX i HOBMX TEXHOMOTiN AN 3a40BOMEHHA BCe BinbLunx notpebd
y 3B’A3Ky, 0OMiHi JaHuMK, HaBirauii Ta iHWKnX cdepax. Y BignoBigb Ha Lo Npobnemy po3rnagaeTbcs MOX-
NMBICTb BUKOPUCTAHHS IHLLMX YAaCTOTHUX Aiana3oHiB y pagioyacTOTHOMY CNEKTpI, Wo nepegbadvae He nuiie
NOKpaLLEHHS HAasABHUX TEXHONMOTIiN, a  PO3LUMPEHHS Aiana3oHiB 4acToT, SiKi paHille He BUKOPUCTOBYBANMCS.

BukoHaHHs gocnigxeHb

OpHum i3 Takmx € TMY-gianas3oH (TeparepuoBuii gianasoH YacToT). 3rigHo 3 pekoMmeHpauisamu MixkHa-
POLHOrO COK3Y enekTpo3B’'sa3ky (PermameHT pagio3s’sisky 5 ctatta), TIY-gianasoH 3arimae yactotu Big 300
My go 3 Ty (puc. 1). NpoTe B HaMGINbL LWWMPOKIN iHTepnpeTaLii Lel giana3oH 3anMae AiNsiHKy 4acToT Big
100 MMy go 3 Try [1]. TeparepuoBuiA fiana3oH YacToT A€ YHiKanbHi MOXIMBOCTI A5t 6€3npoBO4OBUX CUC-
TeM 3B’s3Ky (BiZHOCHO Mana AanbHiCTb, HU3bKa 3aBaHTAXEHICTb 3B’513KY) 3aBASAKMN LUMPOKIA CMy3i nponyc-
KaHHS, Wo 3abe3nevye nepegady AaHux 3i WBUAKICTIO, HELOCSYKHOK AN HXKYMX YaCTOTHUX AianasoHis [2].

CTBOpEHO LMdPOBI pagiopeneriHi cucteMu 3 NPoMNyckHOK 3aaTtHicTio go 1200 MGit/c y gianasoHi vac-
ToT 130—134 Ty. Po3pobneHi nabopaTopHi 3pa3ku BKMYaTe ManorabapuTHi eneMeHTH, Taki Sk CMyroBi
GiNbTPU 1 PynopHi aHTEHN 3 NIH30BMMW KOHUEHTpaTopamu [2].

[MpoBeneHi BMNpobyBaHHA NiaTBEPaUIM epekTUBHICTb 3B’A3KYy B T L Aiana3oHi Ha BigcTaHsax 4o 1 KM 3a
YMOBW HU3bKOrO piBHS nomMuiiok (BER < 107®). [locnigkeHHs nokasanu cTabinbHiCTb Nnepegadi curHanis npu
BUKOPUCTaHHI CydacHnx cxem moaynsuii, Takux sk KAM-64. Lli pesynstaTtu csigyatb Npo NepCnekTUBHICTb
3acTtocyBaHHsA T TEXHONOTIN y CKNagHUX cepefoBULLIaX, TakMX siK MiCbki 200 MpoMUCIoBi 30HM [2].

Mporpama 6Genesis Flagship, sika 3anmaeTbcst po3pobkor TEXHOMOTIN AN19 MOBINMbHUX MEPEX LLOCTOro
nokorniHHsa (6G), nepenbayae 3Ha4YHMIA NPOPUB Y YaCTOTHUX AdianasoHax, LWBWAOKOCTI nepegavi gaHux Ta
e eKTUBHOCTI BUKOPUCTaHHSA pecypciB Mepexi. BukopuctanHsa TeparepuoBoro gianasoHy (TIu) poarns-
0AeTbCa 9K OAMH i3 KNOYOBMX HanpsamiB 6G, WO AacTb MOXNMBICTbL 3abe3neynT HagBUCOKY NPOMYCKHY
30aTHICTb Mepexi pagiogocTyny, nepexig 4O MIKpo- Ta MikacoT, Many 3aTpUMKY W BUCOKY HafilHICTb Ans
Pi3HOMaHITHUX CLieHapiiB HagaHHA MNOCHyT, BKITOYAK4YN PO3LUMPEHNIA MOBINBHUIA LUIMPOKOCMYTOBUIA 3B’S130K
(eMBB), macoBun 38’30k MalmHHoro tuny (MMTC) i BUCOKOHaAiMHI KOMYHiKaLii 3 Manow 3aTpuMKO
(URLLC). YnpoBamKeHHS LMX TEXHOMOrIN CTBOPUTL (byHAAMEHT NSl iHTerpadii iHTenekTyanbHUX CUCTEM,
O (PYHKLIOHYIOTb Y Pi3HUX CepenoBuLlax, Takmx sk NOBITPSHUI NPOCTIP, KOCMOC, HAa3eMHi Mepexi 1 HaBiTb
nigBogHi KomyHikauii [3].

TexHonoris MIMO (Multiple Input Multiple Output) € ocHoBoto gns 5G i 6G mMepex, nigsuLLyoun Npo-
MYCKHY 30aTHICTb i HAAIHICTb 3aBASKN O4HOYACHIN Nepeaadi Kinbkox NoTokiB AaHux. Y cybreparepuoBomy
gianasoHi (100 Muy-1 Try) MIMO pae 3mory gocdratv weugkocten noHag 100 Git/c. Hanpuknag, 2x2
MIMO-cuctema Ha yactotax 142 'y i 285 'y 3 mogynsuieto 16-QAM 3abe3neunna NponyckHy 30aTHICTb
126 '6iT/c Ha kaHan wupwuHoto 12,5 Ty [12].

Peanisauiga MIMO:

5G — y caHTumeTtpoBomy (3—30 ITu) i minimetpoBomy (30-300 Ty) gianazoHax MacuBHI aHTEHHI pe-
witkn (massive MIMO) komneHcyoTb yTpaTu curHany. Hanpuknag, 6a3osi ctaHuii 5G y Micbkux panoHax
BMKOPUCTOBYOTb 64x64 MIMO ansa ogHo4YacHoro o6cnyroByBaHHS OECATKIB KOPUCTYBauiB.

6G — ouikyeTbcs iHTerpauia Tl u-4acToT i3 COTHSAMM @aHTEHHUX ENEeMEHTIB AN NPOCTOPOBOro MymbTU-
nrnekcyBaHHs, WO NiATPUMYE cLeHapii Tuny ronorpadivyHoro 38’a3ky 4 macoBoro loT.

Ocobnuee 3HadyeHHsA B po3pobui 6G HagaeTbca cuctemam nepefdadi gaHuX y TeparepuoBomy diana-
30Hi, ki BUMaratoTb OnTUMi3aLlii anapaTHMX 3acobiB i CTBOPEHHS HOBUX MaTepianiB. Y4acHUKU nporpamu
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6Genesis NpauoTb Hag CTBOPEHHAM €(EKTUBHUX aHTEH i3 BENUKMM Adiana3oHOM 4acTOT, BUKOPUCTOBY-
04N HaHOMaTepianu Ta TpuBMMIpHUIA Opyk. Lle gactb 3mory po3pobnsati eHeproedeKkTUBHI cUCTeMU 3 BU-
COKO0 MPOJYKTUBHICTHO, SIKi OyayTh 34aTHI MpautoBaTy B yMOBaxX BUCOKOI LiNMbHOCTI NPUCTPOIB i nepegadvi
BENNKMX 00CAriB JaHNX Y KOCMIYHMX i HAa3eMHUX cuctemax [3].

OcCHOBHMMM MepeBaraMu M NepcrneKkTMBaMy po3BUTKY TeparepLoBOro Aiana3oHy 4acToT AN CUCTEM
3B’A3Ky € nepexig 40 LbOro AianasoHy, Ak 3gaTeH CyTTEBO MiABULLMTU NPOMYCKHY 30aTHICTb MEPEX, Lo
€ KPUTUYHO BaXIIMBMM ONS OepXaBHUX, BINCbKOBUX i cneuianidoBaHux cuctem 3s’a3ky. OgHak peanisauis
LibOro noTeHLiany Bumarae CTBOPEHHS1 BUCOKOeheKTUBHUX 3ac0BiB reHepaLlii, 00pobrneHHs Ta BUNPOMIHHO-
BaHHSA curHanis y TI'y gianasoHi yacToT.

BukopucTtaHHs cybTeparepueBmx YactoT y cuctemax MIMO € BaxnmBMM CKMagHUKOM TexHonorii 5G,
O Ja€ 3MOry MiABULUTI MPOMNYCKHY 34aTHICTb Ta eHeproedeKTUBHICTb 3aBASKN BUKOPUCTAHHIO BENUKOI
KifTbKOCTi HEe3aneXHWX KepoBaHMX MPOMEHIB ANA OAHOYACHOI nepegadi KinbkoxX MOTOKIB JaHUX OO Pi3HMX
aboHeHTiB. Y cuctemi ctaHgapTtie 5G nepenbayaeTbCa OCBOEHHST HOBMX, BinlbLl BUCOKMX YACTOTHUX Aia-
nasoHiB, ANs 36iNbLUEHHS NPONYCKHOI 34aTHOCTI MepeXi N NoKpaLLeHHs! MOCAYT, WO HadalTbes. Y LboMmy
HanpsMi NepPCNeKTUBHUM YBaXXaeTbCS OCBOEHHS cybTeparepLoBux YactoT (Big 100 My go 1 Tl'y) y TexHo-
norisix 5G, 6G TexHonorisx, Ans AoCAraHHs LWBMAKOCTEN nepenadi gaHux GinbLue Hixk 100 6it/c. Ha uen
yac yxe peanizoBaHo 2x2 MIMO-cuctemy, Wo npautoe Ha Yyactotax 142 [Ty i 285 IMu. CTBOpeHa cnctema
nokasana CnpoMOXHiCTb 3abe3neynty NponyckHy 3gatHicTb ansa 126 6it/c gna 16-QAM mogynsauii npu
BUKopucTaHHi 12,5 I, cMyry nponyckaHHs A4S KOKHOro kaHany [12].

Baxnusum enemeHtom TexHonorii MIMO € meton hopMyBaHHSI HE3aNEXHUX CNPAMOBAHNX MPOMEHIB i iX
opieHTaLil No BU3Ha4YeHoMY HanpsiMky. [1ng upboro MoXyTb 3aCTOCOBYBaTUCA LUMPOBI 11 aHanorosi TeXHOMNOoril
(hazoBaHNX aHTEHHMX PELLITOK. AHarnorosa TeXHomOorisi nepeabadae BUKOPUCTaHHSA dpazoobepTadiB abo niHii
3aTPUMOK 3i 3MIHHOI 3aTPUMKOI ANd OOPMYBaHHSA NPUNMAarbHOrO Ta nepeaaBasibHOro NPOMEHIB y BU3Ha-
YeHoMy HanpsMKy. LindpoBa TexHonoria 3gincHoe onepadii hopMyBaHHS NPOMEHIB LMEPOBUM METOAOM,
Hanpvknaga, BUKOPUCTOBYOYM anropuTM 0BepHEHOro BOMIPHOIO LMpoBoro neperBopeHHs dyp’e.

TexHonoris MIMO (Multiple Input Multiple Output) € knto4oBoto anst cuctem 5G, ocobnmeo B caHTUMe-
TpoBomy (cmWave, 3-30 'Tu) Ta minimetrpoBomy (mmWave, 30-300 I'Tu) gianasoHax, oe BenukoMmacLutab-
Hi @HTeHHi peLwliTK1 JaloTb 3MOry KOMMeHCYBaTu BTpaTu Ha LINaxy nowwmpeHHs curHany [13]. Ona peanisauii
MIMO y 5G BMKOPUCTOBYHOTLCS Pi3HI apXiTEKTYpU, KOXKHA 3 AKMX Ma€e CBOI NepeBary i 00OMeXeHHS.

ApxiTekTypa 6a30BOi CMYIu: KOXXEH aHTEHHUI MOPT KEPYETLCS OKPEMUM TPaHCUBEPOM, LLO 3abesnevye
BMCOKY MHYYKiCTb Y (DOPMYBaHHi NPOMEHIB, ane notpebye 3Ha4YHNX eHepreTUYHNX BUTPaT i cKnagHoro ana-
paTHOro 3abe3neyeHHs.

RF-opieHTOBaHa apxiTekTypa: (oopMyBaHHS NPOMEHIB BiOyBaeTbCA Ha pagio4acTOTHOMY PiBHi, 3MEH-
LUYHOYM KifTbKICTb TP@HCUBEPIB Ta EHEPrOCMNOXUBAHHS, ane 3 0OMEXEHO THYYKICTHO.

lbpugHa apxitekTypa: koMOiHye RF i 6a3oBy cmyry, onTuMi3ytoun pecypcu i 3abesnevyoum BUCOKY
NPOMYCKHY 34aTHICTb.

MeToan chopmyBaHHA NPOMEHIB BKMOYaloTb CiTKy npomeHiB (Grid-of-Beams), HynboBe npumMyLLEHHS
(Zero-Forcing), meToam Ha OCHOBI KOQOBUX KHUT | (hopMyBaHHS BnacHoro npomeHsi (Eigen-Beamforming),
KOXEH i3 IkuX aflanToBaHUM 0O KOHKPETHUX yMOB ekcnnyatauii [13].

l6puaoHe dopmMyBaHHa npomeHis (Hybrid Beamforming, HBF) onTuMisye BUKOPUCTaAHHS aHTEHHWUX Ma-
cvBiB, KOMOiIHYtOYM aHanorosi Ta unudposi metogn. Y mmWave massive MIMO HBF 3meHLUye KinbKiCTb
RF-naHok, BukopucToBytoum hbasoobepTadi i nepemukadi. JocnigxeHHs B YHiBepcuTeTi Jlimoxa nokasanwu,
wo apxitektypa PFC (Partially/Fully Connected) i3 gpo6oBum nporpaMmyBaHHsM [OCHArae CnekTpanbHOi
edekTnBHOCTI go 20 6it/c/ly [15]. Hanpuknag, HBF 3actocoByeTbest B 5G-cTaHUisX Ans cnpsmMoBaHOro
3B’AI3KY 3 PyXOMUMM 0O’ €KTaMm, TakMMm sik aBTOMODBInNi 4n JpoHK, 36epiratodm eHeproeeKTUBHICTb.

[Mpobnemun BkMOYaOTh CKNagHICTb KanibpyBaHHs aHTeH i NoTpeby B aganTtauii 4O AUHAMIYHUX YMOB.
Y Tlu-gianasoHi ribpugHa TeXHONOoris Aorae 0OMEeXeHHs1 aHarnoroBux MeTogiB, po3buBakym aHTEHU Ha
rpynu 3 anapaTtHo 3agaHnmu ha3oBrMY 3CyBamu, LLO CPOLLYE YNpaBniHHSA npoMeHsmu [15].

TeparepuoBun gianasoH YacTtot oxonme Yactotu Big 100 My i Buwe. [loBXMHa XBUMi B LbOMY fi-
anasoHi CTaHOBUTb 3MM i MeHLe. Taki MOKa3HUKM CYTTEBO YCKMNaAHIOTb BUKOPUCTAHHSA SK aHaroroBmx
MeToaiB Ha 0asi kepoBaHuMx dhasoobepTadiB, Tak i uMdpoBux metoais. MNepcnekTUBHMM HaMNpPsiMOM Ans
LbOro Jiana3oHy BBaXKaeTbCsl BUKOPUCTAHHS ribpuaHOi TeEXHOMOTrii hopMyBaHHSA NPOMEHIB. Y Liii TEXHOMOTIi
popMyBaHHSA MPOMEHIB 3AiINCHI0ETLCA Y 2 eTanu. OnpoMiHtoBadi ha3oBaHOi aHTEHHOI peLLiTkM po3buTi Ha
rpynu, Ans skux anapaTHO BM3HadeHi a3osi 3cyBu. Lindposa yactuHa dpopmye po3nogin a3 curHanis,
LLIO NepefaTbCa/NPUAMatoTbCa Ha Ui rpynn, 3 METOK ynpaeBniHHSA CChOPMOBAHMM NPOMEHEM Y NPOCTOPI.

CnpsiMmyBaHHS1 curHanie 3 aHTeH y MOTPiIOGHOMY HanpsiMKy BMKOPWUCTOBYOTb TEXHONOrIT hopmMyBaHHS
npomeHiB. Buginnumo kinbka ocHoBHMX: By3bkocMyrose (Narrowband Beamforming) sactocoByeTtbcs B cu-
cTemax i3 ManvMmM 4acToTHMM Jianas3oHoM, ane HeeekTUBHE ANsi BUCOKOLIBUAKICHMX Mepex. LUnpokocmy-
roBe (Wideband Beamforming), y cBOl 4epry, — 4ns Mepex i3 HagLWMpoOKOCMYTrOBMMU CUCTEMaMK 3 OyXKe
BEIMKUM MPOMYCKaHHAM, LLO € Ay>Xe KOPUCHUM Y Hallomy Bunagky. ®ikcoBaHe hopMyBaHHS BUKOPUCTOBY-
€TbCHA B CUTYaLlisiX, e cepedoBuLLe € CTabinbHUM, NpoTe NOro ePEeKTUBHICTb 3HAYHO NOTipLIYETLCH B 3MiH-
HuX ymoBax [9].
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BukopuctanHa npoctopoBo-vacoBoro kogyBaHHs OSTBC (Orthogonal Space-Time Block Coding)
Aactb 3Mory edhekTUBHO nepenaBaTh AaHi Yepes Kiflbka aHTeH i3 3abe3neyYeHHsIM CTIMKOCTI [O NepeLukos
i wymiB. [na gMHaAMIYHMX YMOB, Y HallOMy BUMagKy Ans 3abe3neveHHs CTiIMKOCTi curHany B yMOBax pyxy,
Kpalle BUKOPUCTOBYBaTU aganTBHe KoAyBaHHA B kaHany [11].

[lyxe Benuke 3Ha4YeHHsI NPUAINAETECA KOMMOHEHTAM, SKi BUKOPUCTOBYIOTbLCA B 0bnagHaHHi. OgHumm
3 TaKMX € MigcuIoBadiB NOTYXHOCTi Ha ocHoBI GaN, 3okpema QPB3810, wo Bktovae iHTerpoBaHui KOHTpP-
onep Giacy Ans onTMMarnbHMX TOMOK HanalwTyBaHHs, 3abesneyye cepeHio NOTYXHicTb 8 BT y gianasoHi
3,4-3,8 ['Tu. Lle fae 3mory 3Ha4YHO 3MEHLUNTU PO3MipU MOPIBHAHO 3 TPAANLINHUMU PILLEHHAMUN Ha OKPEMUX
komnoHeHTax QPB9380. |HTerpoBaHuin Mogynb Ans Manux knitnH BTS, wo nigTpumye noTyxHictb go 20
BT, BukopuctoByetbca and TDD i mMIMO cuctem. BiH o6’egHye ABa eTanu MigCUNEHHS 1 BUMWKaY s
NiZTPUMKN BUCOKOI MOTYXXHOCTI B KOMMaKTHOMY po3Mipi. 3aBasiku GaN nigcuntioBadyam MoXHa gocsiratv
Bucokoro KK, oTpumytoum nepesary e 1y po3Mipax nopiBHAHO 3 TPagULinHUMM PiLLEHHAMU, LLIO 0cobnu-
BO BaXXIMBO 115 3acTOCyBaHb y 5G Ta CynyTHUKOBUX CUCTEMaAX, A€ PO3MIp i Bara € KpUTUYHO BaXKNMBUMU
nokasHukamu [10].

Y ubomy HanpsaMi ocobnuee MicLe nocigaTbs nporpamy AreHTCTBa NepCcrnekTUBHUX 0O0POHHMX JOCTiA-
HuUubkMx npoekTiB (DARPA). Hanpuknag, nporpama SWIFT (Sub-millimeter Wave Imaging Focal Plane
Technology) cnpsimoBaHa Ha PO3BUTOK TEXHOMOrIN CyOMiniMeTpoBoi Bidyanidauii 4nst dooKanbHMX MAOLLMH,
a nporpama TFAST (Technology for Frequency Agile Digitally Synthesized Transmitters) 3ocepegxeHa Ha
CTBOPEHHI YaCTOTHO-ariNbHMX LM(POBUX CUHTE30BaHNX NepeaaBadiB. He MeHLW Baxnmsi po3pobku B pam-
kax nporpamu Terahertz Electronics, ska 3aiMaeTbCa CTBOPEHHSAM BUCOKOLUBUAKICHUX ManoLlyMimnBuX
TpaHaucTopis. BapTo Takox 3ragatu nporpamy NEXT, wo npautoe Hag CTBOPEHHSIM TPAH3UCTOPIB HA OCHO-
Bi HaNiBNPOBIOHNKOBUX HiTpUAIB. Lli iHHOBaLiT € Knto4oBUMM Ans BNpoBaaXeHHA TI L TEXHOMOri y cucteMu
3B’s13Ky MarnbyTHboro [4].

Tl u TexHonorii BigKpMBalTb HOBI FOPU3OHTW ANS TPAHCMOPTHMX Mepex MobinbHOro 3B’s13ky. Pagiope-
nNenHi cuctemn B LbOMY AianasoHi 3abe3nevyoTb nepegady Benukmx obcsris JaHWX, TakmX SK BigeonoToKu
yn rpadivHi gaHi, 3i wemakicTio noHag 1 MGiT/c. Taki cMCTEMM BUKOPUCTOBYHOTLCS A71S1 CTBOPEHHST KOM-
NaKTHUX i 3aBaJo3axmLLEHUX MepeX, WO Aae 3MOry CyTTEBO MIABULLUTM edEKTUBHICTb IHPpacTpyKTypu
MOBINbHOIO 3B’13Ky HOBOIO MOKOJiHHA [2].

IHHOBAUi B ranysi CynyTHMKOBMX TEXHONOTIN CNPUATMMYTb NodanbLIOMy PO3BUTKY TEHOEHLIN Y nepe-
AaBaHHi 1 06pobui iHopmaLii. FAKWO CynyTHUKN MaTUMYTb PO3LUMPEHUA PyHKLIOHanN i MOXNKMBICTb nNpa-
LI0BaTK Ha BULLMX YacToTax, Le 3abe3neduntb NokpaLleHy siKiCTb nepegadi JaHnX Ha BENWKIN LWBUAOKOCTI Ta
CTaHe BaXIMBMM KPOKOM [0 PO3B’si3aHHS Cy4acHUX NoTped y BUCOKOLLBUOKICHOMY iHTEPHETI 1 pO3LUMPEHHI
MOXIMBOCTeW rmobarbHOi Mepexi 38'a3Ky. KopycHe HaBaHTaXEHHS CYMyTHYKIB NEPCMNEKTUBHUX CUCTEM
€ GaratodyHkLioHansHUM. Noro pobota noTpebye nepegaBaHHs Ta MpUnoMy BeNMKNx obcarie iHdopmalii,
LLIO, Y CBOIO Yepry, nepegbadae HasiBHICTb LUIMPOKOCMYTOBMX BUCOKOLUBMAKICHUX KaHariB.

[ns BMpiWweHHs 3aBAaHb WBWMAKOT Nepefadi Tpadiky M 3MEeHLIEHHS Yacy peakLii MpOnoHY€ETbCS KOHLenN-
Lisi «pO3MoaifneHoro cynyTHuKay, Lo agantoBaHa nig BUMOrK iHTepHeTY peden. BoHa nepenbadae Buko-
PUCTaHHS KiNbKOX CYNyTHUKIB Manoro Kracy, siki CniflbHO BUKOHYHOTb (OYHKLIT OAHOIO BEMMKOro CYMyTHUKA.
MNpuknaam NpoekTiB:

Starlink — Tucadi HM3bKOOPOGITANbHNX CYMYTHUKIB ANS LUMPOKOCMYFOBOIO IHTEPHETY 3i LUBMAOKICTHO
po 300 Mb6it/c.

OneWeb — mepexa ans 38’a3ky y BigganeHux perioHax i3 satpumkoto 20—-30 mc.

loT-3acTocyBaHHSA — peTpaHcnAUis AaHWX Bid CEHCOPIB y peanbHOMY Yaci, Hanpuvknag, Ans MOHITOPUHTY
KniMaTy Yum NOriCTUKK.

HuabkoopbiTanbHi cuctemmn (500-1100 km) 3abe3nevytoTb 3aTpuMkn 1,67-5,2 mMc, a iHTerpauist Tymas-
HMX 0BYMCneHb Jae 3mory obpobnsaTn AaHi Ha opbiTi, 3MEHLLYHOYN HAaBaHTaXXEHHA Ha HA3eMHi kKaHanu [14].
KoopauHauis Mk cynyTHUKamm 3aiicHioeTbea Yeped GPS i mixkcynyTHuKoBI 3B’a3ku (ISL) 3 anroputMamu
Tuny «Leader-Follower». CeHcopn SAW 3abe3nevyoTe KOMMaKTHICTb Ta eHeproeeKTUBHICTb, a NPOTOKO-
nn LoRaWAN i NB-loT aganTyoTbCa 4O KOCMIYHUX YMOB.

Takun nigxig gae amMory 3aMEHLNTU Macy 1 eHEpProcrnoXnMBaHHSA CYMyTHUKIB, @ TakoX CKOPOTUTU 3aTpUM-
K1 nepegadi gaHux. Y Takii cuctemi rpyna CynyTHUKIB MOXe BUKOHYBaTU (OYHKUiOHamNbHI 3aBOaHHS, a Ta-
KOX 3abesnedyBaTy NokanbHi 064nCneHHs, WO BignoBigae KoHUenuii TyMaHHMX 0B4MCneHb, Habnmxaroum
obuncntoBanbHi MOTYXXHOCTI 40 Mkepen iHopMalLiii B KOCMOC.

BukopucTtaHHsa MiKpo- 1 HAHOCYNMYTHUKIB (30Kpema KybcaTiB) Ansi CTBOPEHHS PO3MOAINEeHOT apXiTekTypu
€ IHHOBaUIHMM NiAX0O40M Y Cy4acHi KOCMOHaBTuMUi. Po3nogin gyHKUioHansHMX 6nokiB KOPUCHOrO HaBaH-
TaXEHHA MK KiflbKOMa CynyTHUKaAMW Aa€ MOXMMBICTb ONTUMI3yBaTKn iXHi pecypcu, 3HU3UTU BUTPATU Ha
BMPOOHMLITBO Ta 3anyck, a Takox 3abe3nevnTun rHyyKiCTb Y BUKOHAHHI 3aBAaHb. Taka CTpyKTypa crpusie
CTBOPEHHHO OiNnbLLU CTiMKMX Ta aganTUBHMUX CUCTEM [5].

ApxiTeKkTypa po3nogineHoro cynyTHuka 6asyeTtbcst Ha NpUHUMNI po3noginy yHKUioOHanbHUX 3aBOaHb
MiX KiflbkOMa ManvMy KOCMIYHMMK anapatamu, TakuMy SK MiKpOCymnyTHUKKM 1 KybcaTtu, Wo npautoTb SK
eanHa cuctema. OCHOBHa iges nonsrae B TOMY, LWO6 BMKOPUCTOBYBATM NerLli Ta MEHL JOpOori anapaTu 3a-
MiCTb OZHOrO BENUMKOro cynyTHuKa. Lis koHuenuist gae amory 36inbLmT THYYKICTb CUMCTEMM 1 3a6e3nednTu
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BMKOHAHHSA CKMafHWX 3aBAaHb, TakMxX sIK 30HAyBaHHA 3emni, 3abe3nevyeHHsa TenekoMyHikauin i niaTpumka
iHTepHeTy peyen (loT).

HuabkoopOiTanbHi cynyTHUKOBI cucteMu anst |oT NponoHyoTb rnodanbHe NOKpUTTS 3aBASKU rpyni Ha-
HOCMYTHUKIB, SIKi BUKOHYOTb (DYHKLIT peTpaHcnsauii, obuncneHb i mapupyTuaauii. KoHuenuis «poanogineHo-
o CynyTHUKay iHTErpye «TYMaHHi» Ta «rpaHuyHi» 06YMCrEeHHs, Aardm 3mory 06pobnaTtu gaHi loT y peanb-
HoMmYy 4Yaci 6e3nocepeHbO Ha OpbiTi, 3MEHLLYIOUN 3aTPUMKN N HABAHTAXXEHHS HA KaHanu 3B’a3Ky. 3aTpuMKM
nepegadi gaHunx ans opbit 500—1100 km ctaHoBNATL 1,67-5,2 mc [14].
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BukopucToByeTbCs apxiTekTypa ABOX TUNIB: LieHTpanisoBaHa 1 geueHTpanizoBaHa. Konn oauH kope-
HEBUI CYNyTHUK BUKOHYE (PyHKUIT ynNpaBniHHA rpynoto, 3abe3nevyodm KOHTPOrb NoMboTy 1 KoopauHaLio
MK IHLUMMUW CYNYyTHUKaMMU, | KONy ynpasniHHS po3nogineHe MiX yciMa CyrnyTHUKaMu, WO Jae 3MOry YHUKaTh
LeHTparnbHOI TOYKM BigMOBM BigMNOBIAHO [8].

Y po3noginieHnx CynyTHUKOBUX CUCTEMAaX BUKOPUCTOBYIOTLCS adanTUBHI NPOTOKOMN, AKi al0Tb MOXIN-
BiCTb ypaxoByBaTX O0COBMNMBOCTI KOCMIYHOIO cepenoBumLLa, Taki K BUCOKI LLUBUAKOCTI, LWYM i BNANB edpekTy
Honnepa. OcHoBHI npoTokonu, fki BukopuctoBytoTbes: 3GPP (4G, 5G), LoRaWAN T1a NB-loT, a Takox
DVB-S2 [8].

[ocArHyTo 3HayHW MNporpec y BUKOPUCTaHHI CTaHOapTHUX opHonnaTtHux kommn'totepiB (COTS —
Commercial Off-The-Shelf) gnsi cTBOpeHHs1 064MCNOBanNbHUX MOAYNIB CynyTHUKIB. Lle gano amory 3Ha4yHo
3HU3WTM BapTICTb PO3PO6KM N yNPOBaOKEHHS CYMYTHUKOBMX CUCTEM, OCKINIbKN BUKOPUCTOBYIOTLCS BXeE Npo-
TecToBaHi KOMNOHeHTW. KpiMm TOro, 3aCTOCyBaHHSA TakMX TEXHONOTIN 3abe3neyye BUCOKY MHYYKICTb | MOXIN-
BiCTb LLUBWOKOrO OHOBMEHHSI anapaTHOro 3abesneyeHHs BignoBigHO 40 3MiH ¥ BuMorax loT [6].

[OKYMeHT MigKpecrnoe BaXXNMBICTb 3aCTOCYBaHHA KOMEPLUINHO JOCTYNHUX koMnoHeHTiB (COTS) y cy-
NyTHUKOBMX cuctemax. 3okpema, BukopuctaHHsa Wi-Fi-npuiimadis i GPS-npuimadis gae amory 3abesneyn-
TV e(PEeKTMBHY KOMYHiKaLil0 MK CynyTHMKaMK, a TaKOXX TOYHE BU3HAYEHHS iXHbOro BiHOCHOTO MOMOXKEH-
He. CeHCopu Ha OCHOBI NOBEPXHEBUX aKyCTUYHUX XBUIb (SAW) BMPI3HAOTECS KOMMAKTHUMK po3Mipamm
" eHeproeeKTUBHICTIO, Lo pobuThb iX ideansHMMK ANg iHTerpauii B Mani cynyTHukK, Taki sk CubeSat. [ns
3B’A3KY MK CYMyTHUKaMu BUKopucToBytoTbes ctaHaapTy IEEE 802.11 ta IEEE 802.15.4, ski, xod i po3po-
OneHi ons Ha3eMHUX CUCTEM, AEMOHCTPYIOTb 3HAYHMIA NOTEHLian y KOCMiYHOMY CepefoBULL 3aBOSAKMN CBOIl
HaginHOCTI 1 rHy4kocTi. Lle piweHHsA gae 3mory cTtBoptoBaT ©€34pOTOBI Mepexi sk AN KOMYHiKauii Mix
CynyTHUKaMu, Tak i Ana nepegadi JaHuUx ycepeamHi ogHoro cynyTHuka [7].

LLlo cTocyeTbecst koopauHaLii CynyTHUKIB, BapTO 3a3HaunTu Taki ocobnmeocTi: GPS-npuiimadi Ha Kox-
HOMY CynyTHUKY BMKOPUCTOBYIOTb curHanu Big rnobansHoi GPS-cynyTHMKOBOI cUCTEMU ON1S BU3HAYEHHS
CBOIX KOOpAMHAT y TPMBUMIPHOMY NpocTopi. Lle 34iicHI0ETLCS WNAXOM O0OYMCIEHHS 3aTPUMKU CUrHany,
O HagxoauTb Big Aekinbkox GPS-cynyTHWKiB ogHodacHo. OTpumaHi GPS-koopavHaTi BUKOPUCTOBYHOTb-
Cs1 4118 CUHXPOHI3aLii AaHux MixX cynyTHMKamun. CynyTHUKKM y dhopMaLlii 0BmiHIoITbCS iHpopMmaLieto Yepes
MiXcynyTHUKOBI 3B’a3kmM (ISL), Hanpuknag, Wi-Fi, Wwo gae amory KopuryBaTu ixHi BigHOCHI TpaekTopii B pe-
XnMi pearnbHoro vacy [7].

Ona nigTpymaHHa dopmaii CynyTHUKM BUKOPUCTOBYIOTb anropuTMm yrpasriHHA BiGHOCHOK TpaeKTopi-
et0. BukopuctoByeTtbes Leader-Follower koHdirypalii, e 0anH CynyTHUK € BEAYYMM, a iHLLi KOPUTYOTb CBOT
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TPaEKTOPii CTOCOBHO HbOr0. ANropMTMU BPaxoBYHOTb AUHAMIYHI 30ypeHHs, Taki K aepognHaMivyHuiA onip
i COHSIYHE BUMPOMIHIOBaHHS, L0 BUKNUKAKOTb 3MiLLEHHS CynyTHUKIB. [ns NiaBULLEHHS TOMHOCTI BUKOPUCTO-
BYIOTbCS (pinbTpy Kanmana, ski 06pobnstoTe aaHi GPS i KopurytoTb BiAHOCHI MONMOXEHHS 3 ypaxyBaHHAM
WyMmiB BMMIiptoBaHb i mogenen opbiTanbHoi guHamikn. Lle gae amory gocsiraTv TOYHOCTI MO3ULIOHYBaHHS
B MeXax KiflbkOX MeTpiB HaBiTb 3a YMOBM BUCOKUX LUBUOKOCTEN PYXY CYNyTHUKIB [7].

Taknm YMHOM, KOHLEeMNUis «pO3Mno4ineHoro CynyTHMKa» BiAKPUBAE HOBI MOXITMBOCTI NS 3abe3neyveHHs
LLIMPOKOCMYFOBOrO 3B’3Ky N edpeKTUBHOT 06pobKN AaHMX y pamKax iHTepHeTy pedven. Lle gacTte 3mory Bu-
pilLMTK NpobrnemMu nepeadi Benukux obcesrie Tpadiky, NOKpaLMTK Yac BiAryKy Ta CnpusiTM noganbslomy
PO3BUTKY KOCMIYHUX TEXHOMOTIN.

[MepcnekTnBm noganbLMX JOCHiIgKEHb

— IHTenekTyanbHe kepyBaHHsS NpoMeHsMu. CTBOPUTY anropyTMU MaLLMHHOTO HaBYaHHSA AN MPOrHO3y-
BaHHS TiIHBOBMX 30H Yy MDKCYNYTHUKOBMX MiHKaX i AMHAaMIYHOro HanawTyBaHHs ribpugHoi ®AP y peansHomy
yaci.

— YnbTpallinbHe kogyBaHHs npoTokonis. Po3wuputu npotokonu 5G-NTN agantusHumun cxemamum FEC,
CTiKMMK 00 ha3oBuKX LLYMIB i LONNEPIBCbKMX 3CyBiB Ha Tl U-yacToTax.

— TennoBa cTabinizauia aHTeH. [locnignTn KOMMNO3WTHI MaTepiany 3 BUCOKOI TEMSONPOBIAHICTIO 1 Ma-
M KoedilieHTOM TENMOBOro PO3LUMPEHHSA ANs1 MacuvBIB, LLO NpaLoTb Y BakyyMi.

— Opb6iTanbHui TecT-cTeHA. MNMpoBecTun micito-gemoHcTpaTtop i3 rpynoto CubeSat gns Banigauii ISL Ha
60-140 My i 36opy CTAaTUCTMKN KaHany B Pi3HNUX COHAYHUX LMKNax.

BucHoBoOK

Ormnsag y3aranbHUB KIOYOBI HAYKOBI N iHXEHEPHI JOCArHEeHHs1 y cdepi TIu-38’s3ky Ansa posnogine-
HMX CyMyTHMKOBUX CUCTEM i NoKasas, Lo koMbiHauis macusHux MIMO, ribpuagHoro hopmMyBaHHS npome-
HiB i GaN-enekTpoHik/ 3gaTtHa 3abe3neunTn KpaTHe 3POCTaHHSA MPOMYCKHOI 34aTHOCTI 6e3 HeMmoMipHOro
30iMbLUEHHST eHeprocnoXmnBaHHs. [JeMOHCTpaUivHi eKCcrnepumMeHTu JoBeny peanbHicTb NiHkiB 1200 M6iT/c
Ha gianasoHi 130-134 Ty, a Mmogenb «PO3MNOAINEHOro CynyTHUKa» nigTBepamna noteHuian CKOPOYeHHs
3aTPUMOK [0 KifbKOX MiniCeKyHz, 3aBAsikM TYMaHHMM OBYMCREHHSAM i NoKanbHi MapLipyTusauii Tpadiky.
Pasowm i3 TMM poboTa BusiBuna By3bki MiCLSI: CKITaAHICTb TEMMOBOr0 MEHEIKMEHTY, NOTPeby B afanTUBHUX
NpoTOoKoMnax Ta 0OMEeXeHHS YMHHOI perynsatopHoi 6a3n. 3anponoHoBaHi HanpsAMU ManbyTHIX OOCNIMKEHb
MalTb Ha METi 3aKpUTU Li NporanuHn, YMOXIMBMBLLM MOCTYN Big NabopaTopHMX NpOTOTUMIB A0 MOBHO-
MacLTabHMx opBiTanbHUX CEPBICIB. Y NiACYMKY MOXHa CTBEPAXYBaTH, WO cuctemn Tl L-3B’3Ky € OQHUM
i3 Kno4YoBMX KaTanidatopiB esontouii 6G-ekocnuctemun Ta rmobanbHOi IHPPACTPYKTYPU IHTEPHETY peyen,
a peanisauis 3anpornoHoBaHNX OOCHIIKeHb HAOMM3NUTb CTBOPEHHS CTIMKNX, BUCOKOLLBUAKICHUX Ta eHepro-
eEKTUBHUX CYNMYTHUKOBUX MEPEX HACTYMHOIO MOKOSIHHS.
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COMPARATIVE EVALUATION OF AI-POWERED IDES: CURSOR Al
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Abstract. The emergence of Al-powered integrated development environments (IDEs) marks a
transformative phase in software engineering, where intelligent agents actively assist in tasks such as code
generation, navigation, refactoring, and deployment. This study presents a comparative evaluation of two
prominent GenAl-driven IDEs — Cursor Al and Windsurf — with the objective of exploring their effectiveness,
usability, and limitations in real-world programming scenarios. Drawing on a case-based methodology,
both tools were deployed in the development of a Ul frontend for a backend service, allowing for empirical
observation of how these environments interpret context, respond to user prompts, and manage iterative
development cycles.

The analysis confirms that both Cursor Al and Windsurf function as agentic collaborators rather than
passive utilities, capable of modifying workflows, managing dependencies, interpreting instructions, and
adapting to runtime environments. Cursor Al offers notable flexibility by supporting its agent mode within
the free plan, thus lowering the entry barrier for developers. In contrast, Windsurf emphasizes streamlined
deployment workflows, providing Netlify integration and live previewing capabilities that enhance its utility
for rapid prototyping.

Despite their strengths, several challenges emerged. Both tools exhibited issues such as hallucinated
suggestions, redundant change cycles, and unanticipated modifications. These findings underscore the
critical role of human oversight, especially in complex tasks requiring domain-specific accuracy. Additionally,
the assistants’ behaviors reflect current limitations in aligning Al-generated logic with developer mental
models — particularly when reasoning about incomplete or ambiguous input.

This research contributes to the broader discourse on generative Al in software development by offering
grounded, comparative insights into how intelligent IDEs function under real-world constraints. The results
highlight the ongoing need for improved transparency, context retention, and user control in Al-agent design.
By treating these environments not just as tools but as evolving teammates, the study offers a perspective
for future enhancements, where productivity gains can be achieved without compromising development
quality or workflow clarity.

Key words: Al-powered development; IDE, Cursor Al; Windsurf IDE; code generation; software
engineering tools; developer productivity; Generative Al; autonomous programming assistants.

NOPIBHAJIBHA OUIHKA CEPEAOBULL PO3POBKU HA OCHOBI LUTYYHOIO
IHTENEKTY: CURSOR Al TA WINDSURF Y POBOYUX NPOLECAX PO3POBKU
NMPOrPAMHOIO 3ABE3NEYEHHA

Cepeiti lMempeHko, K.n.H., OoueHm, PieHeHCbkul OepxkagHul 2ymaHimapHuli yHieepcumem, PigHe,
YkpaiHa. https://orcid.org/0000-0002-5311-0743, serhii.petrenko@rshu.edu.ua

AHomauis. Nosiea iHmeegposaHux cepedosuuy po3pobku (IDE) 3i wmy4yHUM iHMENEKMOM 3HaMeHye
coboro mpaHcghopmayitiHUl emarn 8 iHXeHepii npogpamMHO20 3abe3rnieqyeHHs], 0e iIHmenekmyarbHi azeH-
mu akmugHo doriomazarome Yy BUKOHaHHI maKux 3aedaHb, 5K 2eHepauis K00y, Haegizauisi, pechakmopuHe i
po3zopmaHHs. Y docridxeHHi nodaHo rnopieHsnbHy ouiHKy 08ox gidomux IDE Ha ocHosi GenAl — Cursor Al
U Windsurf — 3 Memoro 8us4yeHHs ix eghekmusHocmi, 3py4HOCMI 8UKOPUCMAaHHS Ui OOMEXeHb y pearbHUX
cueHapisix npozpamysaHHs. Criuparoyucb Ha Kelic-memodosoeito, obudea iHCmpyMeHmMu 3acmocysanu
0151 po3pobKuU iHMepdgbelicy kopucmysada Os1s1 bekeHd-cepsicy, wo 0ano 3Moay eMripuyHO criocmepizamu
3a mum, 5K yi cepedosula iHmeprnpemyrmb KOHMEKCM, peagyrome Ha niOka3ku Kopucmysada ma Kepy-
oMb imepamugHUMU UuUKamu po3pobKu.

AHaniz nidmeepdxye, wo U Cursor Al, i Windsurf ¢byHKUioHyromb ik azeHmHi korabopamopu, a He
nacusHi ymurimu, 30amHi 3MiHro8amu pobouyi npoyecu, Kepysamu 3anexxHocmsMu, iHmeprpemysamu iH-
cmpykuii U adanmysamucs 00 cepedosull, 8UKOHaHHS. Cursor Al MporoHye 3HayHy eHy4YKicmb, nidmpu-
MYHOYU a2eHMCbKUU PexXumM y pamkax 6e3KoWwmoeHOo20 mapuchHO20 rraHy, Wo 3HUXYe exiOHul 6ap’ep
0n1s1 po3pobHukis. Windsurf, Hasnaku, pobume akyeHm Ha cripoweHuUx pobo4yux npoyecax po32opmaHHs,
3abesneydyroyu iHmeepauito 3 Netlify ma moxnueocmi nonepedHbo20 rnepearnsady 8 pearbHOMY 4Yaci, Wo
nidsuwyye io2o KopucHicmb 0151 WeUOKO20 CMBOPEHHS Npomomurlis.
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lMonpu HasigHICMb HU3KU CUSTbHUX CMOPIH, susierieHi okpemi npobnemHi acnekmu. Obudsa iHcmpymeH-
mu npodeMoHcmpysanu maki npobrnemu, sK 2amoyuHayii, Hadnuwikosi Yukiu 3miH i HeriepedbadyyeaHi
moducpikauii. Lli euCHOBKU MIOKpecoroms KpUmMuUYHy posb Nio0CLK020 Haarsdy, ocobnueo 8 ckrnadHUxX
3ae0aHHsIX, WO euMazarmpe creyugiyHoi moyHocmi. Kpim moeo, nosediHka acucmeHmis gidobpakae
HasigHi OOMeXeHHST 8 y3200)KeHHi noeiku LU 3 meHmanbHUMu MoOensMu po3pobHuUKie, 0cobriueo Kosu
tidembCs Mpo HernosHi abo HeOOHO3HaYHI 8XiOHi OaHi.

LocnidxeHHs1 pobumb 8HECOK y wupwuli QUCKYpC npo 2eHepamusHul LI 8 po3pobyi npoepamHO20
3abe3rneyeHHs, NPOoroHy4YU 0brpyHmMoesaHe ropieHsIbHe PO3yMIHHS MO20, SK iHmernekmyarbHi IDE ¢yHK-
UioHyromb 8 ymoeax pearibHux obmexeHb. OmpumaHi pe3ynbmamu akueHmyroms Ha cmarnii nompebi
3abesredyeHHs MPo30pocmi, 36epexxeHHs1 KOHMeKCmMy U KopucmyeaubKo20 KOHMPOITHO 8 MPOoyeci po3pobku
Al-azeHmis. Po32s51510 3a3Ha4eHUX cUCmeM He JUWe SIK iIHCmpyMeHmI8, a K €80THUIOHYIOHUX apmHepis y
KoMaHOHIU 83aemodii 8i0Kpueae rnepcrieKmueHi Harpsmu rnodasibo2o 800CKOHANNEHHS, ¥ Mexax SKuXx rio-
8UWEHHS NPpodyKkmusHocmi Moxe bymu docsieHyme 6e3 ympamu Kocmi po3pobku U Yimkocmi opaaHisauil
poboyoeo rpouecy.

Knroyoei cnoea: po3pobka i3 3acmocysaHHsM LUI; IDE; Cursor Al; Windsurf IDE; eeHepauisi kody; iH-
cmpyMeHmu iHXeHepii npoepamMHo20 3abesneqyeHHs; MPoOyKmMugHicmb po3pobHuka; seHepamusHul LUI;
aB8MmMOHOMHI MOMIYHUKU ripozgpamicma.

Introduction

In the rapidly evolving world of Generative Al (Gen Al), each day brings something new in artificial
intelligence (Al). This “new” can be ordinary or unpredictable and curious — sometimes even a potential
game changer. The current moment is a remarkable time for Al agents. OpenAl CEO Sam Altman has
declared 2025 the “year of Al agents,” envisioning a future where intelligent tools not only automate millions
of jobs but also operate entire companies independently of human oversight.

IBM defines an Al agent as a system or program capable of autonomously performing tasks on behalf of
a user or another system by designing its own workflow and utilizing available tools [5]. Based on this, an
Al-powered integrated development environment (IDE) is indeed an Al agent.

Cursor Al and Windsurf exemplify this by autonomously assisting developers in their everyday tasks —
generating code snippets, offering intelligent refactoring suggestions, performing contextual searches, and
dynamically interacting with developers through chat-based interfaces. Their ability to independently
determine workflows, apply context-aware logic, and provide proactive assistance firmly positions them as
modern Al agents in the software development lifecycle.

The emergence of such coding assistants is fundamentally reshaping software engineering. These tools
extend traditional IDEs into intelligent agents capable of generating, testing, and refactoring code across
large codebases. The evolution from conventional environments to “Intelligent Development Environments”
signals a shift where developers orchestrate workflows with the help of Al rather than writing all code
manually [6].

Empirical research has shown both potential and limitations of these tools. For example, Al coding
assistants can improve task completion and self-perceived productivity, particularly in structured or
educational contexts. However, they often produce results that require human repair, especially when
lacking sufficient project context [4]. Furthermore, a recent survey of over 400 practitioners reveals that while
developers embrace Al for testing and documentation, they remain cautious about its use in debugging or
architectural design [1].

Another key concern is how well these tools align with developer mental models. Misaligned suggestions
or unpredictable changes may hinder adoption. Researchers propose that personalized, context-aware
interfaces and interaction patterns are essential to build trust and usability [4].

An empirical evaluation of IBM’s internal Al assistant, watsonx Code Assistant (WCA), was conducted
among 669 enterprise users, complemented by usability testing with 15 participants. The study revealed
nuanced effects: while the Al assistant often yielded net productivity gains, the level of benefit varied
significantly across users. Developers reported a shift in responsibility regarding ownership of generated
code, and motivations and expectations regarding speed and quality influenced usage patterns [8]. These
findings underscore that productivity improvements hinge not only on functional capabilities but also on
factors such as user trust, perceived responsibility, and organizational context.

Cursor Al and Windsurf are prominent examples of these new Al-augmented IDEs. Both offer similar
foundational capabilities, including multi-file editing, integrated terminal commands, and LLM-powered
agents. However, they differ in implementation details, interface behavior, and available functionality, such
as memory handling or deployment tools [1; 4; 6; 8].

This study is dedicated to the analysis of Al-assisted software development environments, with a specific
focus on Cursor Al and Windsurf. These tools represent a new class of intelligent agents that support developers
in tasks such as code generation, navigation, refactoring, and contextual understanding. The article provides
a comprehensive comparison of their functionalities, interaction paradigms, and user experience design,
highlighting the ways in which these systems influence the software development process.
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To ground the analysis in practical relevance, a case-based methodology is employed using a
representative software project. This enables an in-depth exploration of how each tool integrates into the
coding workflow, handles user input, and supports iterative development tasks.

Many developers already rely on familiar IDEs with customized hotkeys and optimized workflows, the
increasing capabilities of Al-augmented environments raise the question of whether adopting such agents
can enhance productivity without disrupting existing habits. Rather than positioning these tools as mere
utilities, this paper conceptualizes them as semi-autonomous collaborators — akin to junior team members
who learn project context and evolve their behavior over time. The study also aims to address unresolved
questions in the field, including:

— the effectiveness of agent-empowered IDEs across end-to-end development workflows;

— the role of agentic interface design in aligning with developer intent and trust;

— and the actual patterns of adoption in non-experimental, developer-centered environments.

Through a mixed-methods approach — combining a controlled experiment, comparative feature analysis,
and reflective evaluation — this paper contributes empirical insights into the capabilities and limitations of
Cursor Al and Windsurf as intelligent development agents.

Research

To provide a comprehensive understanding of Cursor Al and Windsurf, the comparison covers multiple
dimensions: installation and setup, interface usability, memory and rule management, available models,
agent behavior, and overall responsiveness.

Acquaintance

The initial step involves downloading and installing the respective tools, which is a straightforward
process. Both Windsurf and Cursor Al provide direct installation options via their official websites: [9] and
[2], respectively.

The installation process is similar for both, quite fast and convenient. As shown in the screenshots, each
environment offers intuitive navigation, with the right-hand panel dedicated to interactive communication
with the Al model. This design choice aligns with contemporary UI/UX practices, facilitating fluid developer-
agent collaboration from the outset.

Fig. 1. Windsurf IDE

Fig. 2. Cursor Al IDE

41



ISSN 2788-5518

Base

Both tools are forked from VS Code, providing a familiar user environment. After installation, each IDE
conveniently offers to add all existing plugins from your current VS Code setup, greatly simplifying the
transition. Both IDEs allow you to choose models for work, including ChatGPT, Claude, and others [3; 9].

Agent mode

Composer in Cursor — an agent that can be asked to formulate tasks in natural language right in the
chat. It generates and executes commands in the terminal independently and can also determine what
context it needs to understand [3]. If you're a Composer fan, you should thank the Windsurf team — they
were the first to implement a similar idea in their Cascade [9]. While writing these materials, the Cursor has
rolled out an update, and from now on Agent, Chat, and Composer are all in one [3; 9].

Memories and rules

For Cursor Al, we should have the .cursorrules file — it allows you to define project-specific instructions
for Cursor and should be placed in the root directory of your project. Besides, Cursor has Notepads. They
are ideal for capturing architectural decisions, coding standards, reusable snippets, team guidelines, and
commonly accessed reference materials. Windsurf has a specific section where you can manage memories
(like in ChatGPT) and tune your rules, which the user manually defines at local and global levels.

Differences

Until recently, Cursor had one unique feature — commit message generation, but on April 2, the Windsurf's
team threw the same feature, though in beta. Also, Windsurf introduced Deploys (Beta), which helps to deploy
your application with one prompt to Netlify under a windsurf.build domain. One more ability that looks great
is a preview: previews in Windsurf allow you to view the local deployment of your app either in the IDE or in the
browser with listeners, allowing you to iterate rapidly by easily sending elements and errors back to Cascade
as context. An interesting thing | found in Cursor is ignoring files: .cursorignore blocks files from being added
in chat or sent up for tab completions, in addition to ignoring them from indexing. Another update is that Cursor
can now play a sound when a chat is ready for review. Both teams carefully study their competitors, so you
don't have to worry that some cool things one team has won't be available to the other.

Price

The Windsurf Pro plan will cost you $15 per month, while the Cursor Al Pro plan will cost $20 (with an
early plan, it will reduce to $16). Unfortunately, Cascade Base does not support Write mode on the Free
plan, and you need a paid plan [3; 9].

Experiment

Details

As a backend engineer, my typical interaction with end-users is limited to designing and exposing APIs.
Consequently, tasks that require a user interface (Ul) layer often present a challenge, particularly in the
absence of dedicated front-end resources. In team-based development, such responsibilities are typically
delegated to front-end specialists. However, in contexts such as personal projects or proof-of-concept
prototypes — where time and resources are constrained — developers frequently need to implement basic
Ul components themselves.

To simulate this scenario, an experiment was designed in which a frontend interface was created for
an existing backend web service [7]. The selected use case was a simple tic-tac-toe game with standard
functionality. The base project and resulting implementations are publicly available via the links provided
at the end of the article. It is important to note that the frontend was developed by a non-specialist in Ul/
UX, and therefore, the visual and structural quality is left open for evaluation by experienced practitioners.
Readers are encouraged to assess the resulting interfaces in terms of architectural clarity, adherence to
best practices, and code readability [7].

Fig. 3. The structure of base Java project
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Configuration

1. Both Al tools will work on the same base project.

2. We will use the same prompts in both systems, except when the models are halting or making
mistakes.

3. A comparison is performed on standard settings of environments using the same model. In our case,
it is Claude 3.5 Sonnet from Anthropic.

Outcomes

The initial task assigned to both Al-powered IDEs mirrored a common developer practice when
approaching unfamiliar code: performing a high-level analysis and generating a concise summary of the
project. Both Cursor Al and Windsurf completed this task effectively, demonstrating their capability to
comprehend code structure and provide meaningful overviews.

2. Project Structure:

demo/

— pom.xml
— mvnw

— mvnw.cmd

3. Key Features:

.
5. Busil Canfigursties:

Fig. 4. Windsurf's first analysis Fig. 5. Cursor's first analysis

Following the initial analysis, the assistants successfully identified the technology stack and overall
project structure. The next step involved inferring the application’s domain and underlying business
requirements. Both Al tools demonstrated the ability to extract and articulate the intended purpose of the
software with minimal guidance, effectively interpreting contextual cues and providing coherent summaries
of the system’s goals.

he board is full

2. APIEndpoints (
s  GET /board
* GET /status

* POST /move - m a h ed row and column

3. Technical Implementation

Fig. 6. Windsurf's respons Fig. 7. Cursor's response
With the foundational analysis complete, the assistants were ready to begin addressing the core

development tasks. As the interaction patterns in both Al-powered IDEs are largely analogous, the focus
shifts to examining notable interaction instances, emergent behaviors, and opportunities arising during
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agent-assisted development. Figure 8 illustrates the assistants' reasoning process and real-time code
modifications, offering insight into their operational flow and decision-making strategies.

Fig. 8. Collaboration in the chat

You'll notice that you can check and compare differences for each change. Pay attention to how detailed
each step is. It makes it easier to navigate faster and keep an eye on what's going on. In addition to that,
when you don'’t like changes in a specific file, you can discard them. Even more, you can accept or reject
them line by line (see Fig. 9).

Accept Alt+<

Fig. 9. Changes managing

We have finished with the changes, and IDE provides a command for the terminal to run our application
and 2 buttons, accept or reject. After accepting, it will open the terminal window and run the command —
looks great. In the course of deployment, the application encountered a compatibility issue related to the
Java version. Although the backend service was developed using Java 23, this version was not available
on the local machine. Remarkably, both Al-powered IDEs identified the issue from the terminal’'s stack
trace, accurately diagnosed the root cause, detected the installed Java version in the current environment,
and autonomously adjusted the project configuration to use Java 17. This behavior contrasts with typical
responses from general-purpose Al chat interfaces, which often suggest upgrading or switching tools. In
this case, the IDE agents demonstrated adaptive reasoning, behaving more like experienced developers
by aligning the application’s configuration with the actual runtime environment.

Once the application was successfully launched, functional testing commenced. Notably, although no
explicit request was made for a “new game” button, Cursor Al autonomously included this feature. This
behavior may be interpreted in two ways. On one hand, it could represent a hallucination — a known
phenomenon where large language models generate content that was not prompted. On the other hand, it
may reflect the model’s proactive behavior, where the agent inferred the utility of such a feature based on
common usage patterns and project context, thereby anticipating user needs.

The initial implementation resulted in a minimally functional application. With the core features in
place, further enhancements were explored. Two seemingly simple features were selected for integration-
deliberately chosen to evaluate the assistants’ ability to interpret visual and contextual instructions. A
screenshot was annotated with graphical markers and embedded comments to illustrate the intended
modifications. This approach allowed for testing the agents’ capacity to interpret visual prompts and
translate them into actionable code changes (see Fig. 12).

Additionally, a request was made to Windsurf to implement a reset game button. The process of
reviewing and accepting modifications in the generated files closely resembles the workflow of resolving
merge conflicts in version control systems (Fig. 13).
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Tic-tac-toe Game

Tic-tac-toe e —
X wins!
X (0]
X o
X 0]
X
X
X
Fig. 10. Windsurf's result Fig. 11. Cursor's result
Tic-tac-toe ek o s e

Fig. 12. Screen with instructions

Fig. 13. Review changes

After one more round of modifications and adding new functionality, we need to run the app again and
test it. And another feather in the cap: both agents detect that the previous server instance is still running,
stop it, and restart the application.

We are approaching the end of our experiment. The application has a Ul part, new functionality was
added, and everything works as expected. | needed 20 requests to reach this result. Windsurf calculates

prompts (each message) and flow action credits (each tool call: create, modify, analyze, search, terminal).
Cursor Al is a bit simpler and calculates requests.

Usage

Usage (Last 30 days)

Premium models 20 / 150 gpt-4o-mini or cursor-small @ / No Limit

You've used 2@ requests out of your 150 You've used @ fast requests of this model.
fast requests quota. You have no monthly quota.

Fig. 14. Cursor’s free account limits
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Failed takes

1. It is not entirely clear what prompted Windsurf to modify the controller mappings. In the Java world,
we have two approaches to annotating controllers. @RestController annotation to simplify the creation of
RESTful web services. It's a convenient annotation that combines @Controller and @ResponseBody, and
Windsurf replaced @RestController with @Controller and added @ResponseBody to each method.

2. Also, I'm not a big fan of such hardcoded parts that Windsurf did.

return String.format("%s<div id='game-status' class='status' hx-get="/tictactoe/status' hx-trigger='load,
every 500ms'>%s</div>", board, status);

3. An interesting behavior that needs to be mentioned is that Al generates code and then detects errors
in the code it just produced.

4. We are stuck in a cycle of hallucinations while fixing proper display cross out the winner line. When
Cursor needed five shoots to fix the behavior, Windsurf did in 13. Also, on each iteration, Al made a lot of
changes. Sometimes, it started checks, found issues, and automatically started to resolve them, but it took
a lot of time. After 10 shorts, | asked to remove the line and start over. Lesson learned: we should interrupt
the process when we notice such behavior.

Tic-tac-toe

Tic-tac-toe Tic-tac-toe

X wang
X wins!

Fig. 15. Hallucination examples

Conclusions

This study contributes to the growing body of research on Al-assisted software development by empirically
examining Cursor Al and Windsurf — two modern integrated development environments enhanced with
generative Al capabilities. Anchored in a case-based methodology, the evaluation focused on their capacity
to support real-world development workflows, particularly in tasks related to code generation, contextual
reasoning, and iterative refactoring.

Both tools demonstrated promising potential as agentic collaborators, autonomously adapting to
environmental constraints and user input. The comparative analysis revealed several shared strengths,
including rapid contextual understanding, multi-step interaction, and integration with LLM-based agents. At
the same time, distinct differences emerged in terms of interface conventions, feature completeness, and
pricing strategies.

Cursor Al’s inclusion of a functional agent mode in its free plan offers an accessible entry point for
experimentation, whereas Windsurf’s reliance on a paid tier for core functionality presents a limitation for
broader adoption. However, Windsurf compensates with innovative features such as real-time deployment
previews and deploy-to-Netlify integration, reinforcing its appeal for rapid prototyping scenarios.

While both environments reflect active development and feature parity trends, the observed issues — such
as hallucinated code modifications, redundant iterations, and non-intuitive decisions — highlight the need
for further refinement in aligning agent behavior with developer expectations and mental models. These
limitations underscore the importance of human oversight and interruption mechanisms in agentic IDEs.

Importantly, the findings affirm that Al-augmented IDEs should not be perceived as mere utilities but rather
as evolving collaborators. Their value lies in supporting developers through high-level orchestration, not
replacing human judgment. Future research could extend this evaluation to complex, large-scale software
systems and team-based workflows to further investigate long-term adoption patterns and productivity
impacts.

In conclusion, Cursor Al and Windsurf offer significant yet evolving contributions to the software
engineering landscape. Their success will ultimately depend on continued enhancements in usability,
transparency, and trustworthiness — qualities essential for integrating Al agents seamlessly into everyday
development practices.
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AHomauis. Y cmammi pekomeHOyembCsl BUKOPUCMaHHS (ha3o8aHUX aHMEeHHUX Pewimok y mMobirb-
HUX yugbposux KOMbBIHOBaHUX MPONOChepHUX cucmemax 8ilicbKogo2o ma crieyjaribHO20 MPU3Ha4YEeHHS.
BidmiveHo, w0 0ns opaaHisauii yrnpasrniHHs 8 ilicbKo8uX KOHGiKkmax, rnpu 8UHUKHEHHI Had3su4alHux i
nozawmamHux cumyauit y mupHul 4ac padiode’ssizok HBY diana3oHy € ocHosHUM murioMm 38’s3Ky. O0-
HUM i3 8aXX/1ugUX NMapamMempie eHep2emu4yHO20 nomeHuiany € koegiyieHm niocuneHHs nepedasasnbHOI ma
nputivanbHoOl aHmeH. BukopucmaHHS1 8UCOKOHarnpasneHux ¢haszoeaHUX aHMeHHUX pewimok y Oiana3oHi
HBY dae 3mozy cymmeso nidsuwumu HaditiHicmb i cmilKicmb 38’13Ky Ha mMporocehepHUX JTiHISIX 368°53KY.
lNepcrnekmugHuUM € cm8opeHHsT MObBINIbHO20 KOMIIEKCY Yughpo8o20 mpornochepHo20 38°s3Ky, y cknadi
K020 € MobinbHa 8y3rnoea yugposa mpornocepHa cmaHuis U yugposi mponocepHi cmaHuii pisHuUx
moducpikayit: muny P-412 MY, manozabapumHi Ha asmomobinsx murny «jeep», MepeHOCHI (MopmamueHi).
lpu ybomy mobinbHa 8y3mnosa yughposa mporocghepHa CmaHyiss € CmaHyiero, sKka npayre 3a CXemMOoro
«moyka-bazamomouka». BudineHo Hanpsmu po3sumky padiomexHornoeiti HBY diana3oHy e cucmemi gil-
CbKOB020 ma crieyjasibHO20 38°a3Ky. BidmideHo, wo OCHOBHUMU nonspu3ayiiHuMu napamempamu ¢haso-
8aHUX aHMEeHHUX pewimok € KoegbiuieHm nonspusayii ma Kym opieHmauii eninca nonspusauii. [llodaHo
nonspusayiiHi napamempu ¢hazoeaHux aHMEeHHUX PewimoK i iX xapakmepucmuKu, po3paxyHKU Kymie
ckaHyeaHHs 0t ®AP-16 | ®AP-64. NpusedeHo epapiyHi 3anexxHocmi koegpiyieHma rnonspusayii ma Kkyma
opieHmauji enirnca nonspu3sauii 8i0 Kymig ckaHysaHHs1 U 2eomempuyHux rnapamempie PAP-16 i ®AP-64.
OmpumaHo 4ucernbHi pesynibmamu, wo 0armb 3MO2y po3paxysamu nosspusauiliHi napamempu ¢haso-
8aHUX aHMEHHUX PewWimoK, a makox rnpocmexumu OuHaMiKy 3MiHU rosisgpusauitiHux napamempis rpu
Pi3HUX Kymax ckaHyeaHHS. [TokasaHo, w,o amnnimydHul po3nodin ennueae Ha nonsapulauyitiHi napamempu
3alexHo 8i0 KirnbKocmi enemeHmie ¢ha3o8aHOI aHMEeHHOI pewimKu npakmu4yHo 0OHaKoeo: Yum binbwa
8IOMIHHICMb 8 ammiimyOHOMYy po3nodini npasononsapu3ayitiHux i figononsapusayiliHux efemMeHmis, mum
binbwe KoedpiyieHm ronspu3auii npsmye 00 Kpy2080i nonspusauii moao 3Haka, amrnimyOHuUl po3mnodin
5IK020 briuxxye 00 pieHOMIPHOEO.

Knrodoei cnoea: ¢hazosaHa aHmeHHa pewimka, KoeiyieHm nonspu3auii; Kym opieHmauii enirica ro-
nsapusaujii; Kym ckaHyeaHHsI;, MObIirbHI Uugposi KoMbiHO8aHi mpornocghepHi crmaHujl.

POLARIZATION PARAMETERS OF 16-ELEMENTS AND 64-ELEMENTS
PHASED ANTENNA ARRAYS FOR MICROWAVE RADIOSYSTEMS
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Ukraine, Kyiv, Ukraine. https://orcid.org/0000-0001-7130-8668, vpochernyaev@gmail.com
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Abstract. The article recommends the use of phased antenna arrays in mobile digital troposcatter
combined systems for military and special purposes. It is noted that for organizing control in military confilicts,
in the event of emergency and abnormal situations in peacetime microwave radio communication is the
main type of communication. One of the important parameters of the energy potential is the gain of the
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transmitting and receiving antennas. The use of highly directional phased antenna arrays in the microwave
range allows for a significant increase in the reliability and stability of communications on tropospheric
communication lines. A promising option is the creation of a mobile digital tropospheric communication
complex, which includes a mobile nodal digital tropospheric station and digital tropospheric stations of
various modifications: type R-412 MU, small-sized on vehicles such as ‘jeep” and portable. In this case,
the mobile nodal digital tropospheric station is a station operating on the “point-to-multipoint” scheme. In
the article highlights the development directions of microwave radio technologies in the military and special
communications system. In the article notes that the main polarization parameters of phased antenna
arrays are the polarization coefficient and the orientation angle of the polarization ellipse. The article
presents the polarization parameters of phased antenna arrays and their characteristics, the calculation of
scanning angles for PAA-16 and PAA-64. Graphic dependences of the polarization coefficient and the angle
of orientation of the ellipse polarization on the scanning angles and geometric parameters of the FAR-16
and FAR-64 are given. Numerical results are obtained that allow calculating the polarization parameters
of phased antenna arrays, as well as tracking the dynamics of changes in polarization parameters, both at
different scans of the diagram DS and at different parameters of the amplitude distribution. It is shown that
the amplitude distribution affects the polarization parameters depending on the number of elements of the
phased antenna arrays in almost the same way: the greater the difference in the amplitude distribution of
right-hand and left-hand polarization elements, the more the polarization coefficient is directed toward the
circular polarization of the sign whose amplitude distribution is closer.

Key words: phased antenna array, polarization coefficient; polarization ellipse orientation angle;
scanning angle; mobile digital combined tropospheric stations.

BcTyn

[nsa opraHisauii ynpasniHHSA y BiiCbKOBUX KOHpriKTax, Npyv BUHUKHEHHI Hag3BMYaMHUX | No3aluTaTHMX
cuTyauin y MMpHUiA Yac pagioss’s3ok HBY gianazoHy € 0CHOBHUM TUNom 3B’A3Ky. MNMuTaHHA nigBULLEHHS Ha-
LIMHOCTI, CTIMKOCTI Ta SIKOCTi pafio3B’aA3Ky (4OCTOBIPHOCTI Nepefadi iHopmaliii) nos’a3aHi 3 eHepreTu4yHUM
noteHuianom pagioninii. OAHMM i3 BaXXnMBUX NapaMeTpiB eHepreTU4HOro noTeHuiany € koediuieHT nig-
CUNEHHA nepeaaBarnbHOi Ta NpuMarnbHOI aHTeH. LLnpoke BNpoBamXeHHSA ha3oBaHNX aHTEHHUX PELLiTOK
(oani — ®AP) y pagionokadii gano amory pekomeHayBatu BukopuctaHHs AP y LMdpoBrx KOMBIHOBaHMX
TponocgepHNx cuctemax BiICbKOBOIO 1 creuianbHOro npusHadeHHsa. Hanpuknag, kopnopadis Raytheon
BMKOPUCTOBYE AianasoH 14 [Ty Ta kpyroBy nomnsipusauito Ans KombBiHOBaHMUX TpOnochepHO-KOCMIYHMX
CTaHLi BiiCbKOBOro npmsHadeHHs [1].

BukopuctaHHs BucokoHanpasrneHux AP y gianasoHi HBY gae amory cyTTeBO MiaABULLMTU HAZIMHICTb | CTil-
KICTb 3B’sI3Ky Ha TponocdepHMX MiHisx 3B8’A3Ky. [lepCneKTUBHMM € CTBOPEHHST MOBINIbHOTO KOMMIEKCy umdpo-
BOrO TPOMNOCEPHOro 3B'513KY, Y CKIladi IKoro € MobinbHa By3rnoBa uudpoa TponocdepHa cTaHuis (gani — MB-
LTpC) i undbposi TponocdepHi ctaHuii (gani — LiTpC) pisHux mogmdikauiv: Tuny P-412 MY, manorabaputHi Ha
aBTOMOGINAX TUNY «jeepy», nepeHocHi (noptaTtmeHi). Mpu usomy MBLTPC € cTaHujeto, ska npaLoe 3a CXeMoto
«ToYka-bDaratoToykay. Cxema opraHisaLlisi 38’s13Ky Takoro KOMMIekcy npeacTasneHa Ha puc. 1.

Puc. 1. Cxema opraHisauji 3B’s3Ky «To4ka-0araToTo4dka» Ha LMdpoBUX TPONOCHEPHUX CTaHLLisIX
[Dkeperno: sukopucmaHo asmopamu 3a [1].

Biamitumo, wo ans tenekomyHikauinHux HBY cuctem ekOHOMIYHMM € BNPOBaXKEHHS Pi3HUX Moaudi-

Kauin ®PAP Ta ebeKTMBHICTb Bif Takoro BNpoBaaKeHHs Oyae BULLIOK, HiXXK MPY BUKOPUCTaHHI napaboniyHmx
aHTEH Ha wTaTHMX 3acobax 3B’A3ky HBY giana3oHy B cuctemax BiiCbKOBOTO 11 cnewianbHOro 3B’A3Ky. Tak,
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NPONOHY€ETLCSA BUKOpUCTaHHSA 16-enemeHTHOT PAP (PAP-16) i 64-enemeHTHOT PAP (PAP-64) ans Mobinb-
HOI KOMBiIHOBaHOI LIMGPOBOI TponochepHO-KOCMIYHOT cTaHLii [2] Ta MOBiNbHOT By3noBoi uudpoBoi Tpono-
cdepHoi cTaHuii [3]. ToMy koMnNekc LMdPOBUX TPONOCHEPHUX CTaHLLI BKIOYAE Take: MOBINbHY BY3roBY
uncppoy TponocdepHy cTaHuito 3 PAP-64 Ta kiHUeBi undpoBi TponocdepHi cTaHuii y BUmMAgi Mobinb-
HUX KOMBiHOBaHMX LMEPOBUX TPOMOCHEPHO-KOCMIYHMX CTaHLin 3 PAP-16 i MOBINbHUX BUCOKOLLIBUOKICHMX
uncpposmx TponocdepHmx ctaHuin 3 PAP-16 [4].

Hanpsamu po3suTKy pagiotexHonorin HBY gianasoHy B cucTeMi BINCbKOBOrO Ta creLianbHOro 3B’si3Ky
OXOMMIOKTb Take:

1) nepepayy mynsTuMeivHOT Ta rpadidHoi iHopmMaLii B 3aBaf03axmLLIEHOMY PEXUMI 3 BUCOKOIO MPOo-
MYyCKHO 3aaHICTio;

2) peanisauito 3aBafo3axmLEHNX KaHaniB LMgpoBOro panio3s’sisky 3a paxyHoOK po3pobKu HOBUX CUT-
HanbHO-KOAOBMX KOHCTPYKLM | CXeM MOZYMSALIN 3 po3LWMPEHHAM 6a3un curHanis i MiHiMi3auii LUIMPUHU CMYTI;

3) nepenayvy iHdopMmaLil N0 kKaHanax TeparepLoBOro Aiana3oHy 4acToT i BnM3bKOro 40 HLOTO AiNsIHKM
CMeKTpy rirarepLoBOro gianasoHy 4acTor,;

4) BykopucTaHHA TexHonorin ®AP pisHUX MoaudikaLin 3 By3bKOHanpaBneHnMmn giarpaMmamu crnpsiMo-
BaHOCTI;

5) yBegeHHs aganTMBHUX CUCTEM KOHTPOSIO SKOCTi KaHarniB pagio3s’s3ky.

AHani3 niTepaTtypu NOKaaye, L0 Cy4acHi pagioTexHiyHi cuctemm HBY notpebyoTb BENMKOrO pisHOMaHIT-
T8 ®AP. Tomy pi3HOMaHITHUM NUTaHHAMKU cTBOpeHHA PAP npuceaYeHo Garato nyobnikauin:

— LLUMPOKOCMYTFOBUM i LUMPOKOKYTOBUM ckaHytounm GAP — [5; 8; 11; 16; 17; 19; 21; 28; 31; 33];

— cTBOpeHHI0 PAP i3 BUCOKMM KoedpilieHTOM nigcuneHHs — [6: 10];

— pocrigxeHHo Ta ctBopeHHs PAP y Bucokux gianasoHax vactot — [7; 15; 20; 29];

— BMKOPUCTaHHIO HOBUX MatepiarniB npu KOHCTpytoBaHHI PAP — [9; 32];

— MeToauui BunpobysaHb PAP —[12; 13];

— NUTaHHAM cuHTesy PAP —[14; 34];

— CTBOpPEeHHI0 akTuBHUX ®AP [18; 22; 23; 24; 30];

— CTBOPEHHIO MOHoiMMyrnbcHOI PAP — [25];

— BMKOPUCTaHHIO (DOTOHHOT TEXHOMOTIT NPY MNPOEKTYBaHHI — [26].

AHani3 gae amory 3pobuT BUCHOBOK, LLIO OAHMM i3 TPEHAIB PO3BUTKY LIMEPOBUX PaLiOCUCTEM CUCTEM
HBY gianasoHy € BnpoBagxeHHa PAP y pi3HMX gianasoHax 4acToT i ANd pisHUX npuaHadeHb [35].

MeToto poboTu € gocnigxeHHs nonspusadinHmx napametpis PAP-64 ta PAP-16 ansa komnnekcy und-
POBUX TPOMNOCHEPHNX CTaHLiN

BukoHaHHs gocnigxeHb

OcHoBHMMM nonspu3adinHiMmy napametpamu PAP € koedilieHT nonspusauii P Ta KyT opieHTauii eni-
nca nonapusadii @, .

YBaxaemo, wo PAP cknagaetbca 3 N* eneMeHTiB KpyroBoi nonsipuaauii npaBoro o6epTaHHA (NiHikHOT
ropu3oHTanbHol nonspm3aadii) Ta 3 N- enemMeHTiB KpyroBol nonspuaadii niBoro o6eptaHHs (NiHINHOT BepTU-
KanbHOI nonsapuaadii). Y HanpsiMKy rofioBHOro Makcumymy fiarpamu cnpsimoaHocTi (gani — [C) ®AP i
nonsipu3auiviHi napaMeTpu 3anuLlyTbCHa B TaKOMy BUMMSAI:

KoeilieHT nonspu3aldil:

_|E: —E¢
tOE +E;|
KyT opieHTaLil enincy nonapuaawii:
O - D
. Pep = %
+ (N-172)  *
ne E; =| > A€o,
i:—(Nt—1/2) | Ei
4 m =
@, = arctg ,
R,<E;

+

ae AS —amMnniTygHWin po3nogin npaBonspu3oBaHUX (NiHIMHO-rOPU3OHTaNbLHO NONSPU30BaHKX) | NiIBONONS-
p130BaHUX (MiHINHO-BEPTUKANbHO MONAPU30BaHNX) enemeHTiB, @, — da3oBuMI po3noain npasonspusosa-
HUX (NiHINHO-TOPN3OHTAaNbHO MOMSIPM30BaHKX) | NIBONONAPU30BaHUX (NiHIMHO-BEPTUKANBHO MONspU3oBa-
HWX) eneMeHTIB.

3anuwemo nonspusauinHi napameTpu B Hanpsmky makcumymy C ©AP:

- koediuieHT nonapusauii — P;

— KYT opieHTaUii eninca nonspusauii ¢, ;
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— amnnitygHe po3nogineHHsa Ha OAP B j-enemeHTi:

A =8 [cos(ﬁ%ﬂ;
2N

- dhazoBun posnogin Ha GPAP B j-enemeHTi:
N d, . .
Yy, = ZRX(SIn(p - sing,, ).
Y ®AP BynyTb Taki XapakTepucTuku:
P=|TAe" -xAE" |I[SAe +zae |

_ Xy -2y
en 2 "
PospaxyHku KyTiB ckaHyBaHHs ans ®AP-16 ana senuunHn 0° < Qg < 45° 1a d/ X =0,6:0,8 nokasaHi
Ha puc. 2a, b, c, d.

Py
100
1 7 80
0,8 /':‘1 N P /f'% 60 N \ [\ _
A I R AT 40 L S
AR \ ARy :
04 ¥ -}{\ N ! 20 T ‘l \ ;
’ AY
I \ , N N ] oé 0| @
SR, v o RS Y
40 3
50100 157 200 25° 300 35° 40° 457 g

a) b)
(pE‘J'I
Py
100
1 80 ]
0.8 60 T
’ ’ 40 i ~
0.6 N~ , N
’ _r 20 v =Y
0.4 7~ == o 3
ey 0.6 0.8 aja
’ / ‘
-40
0.6 0.8 1 d/i
c) d)

Puc. 2. 3anexHicTb koedilieHTa nonapusadii Ta KyTa opieHTauii eninca nonsipuaauii
B[] KYTiB CKaHyBaHHSs 1 reomeTpuyHnx napametpis PAP-16

PoarnaHemo 3anexHicTb nonspusauiiHix napameTpiB Bif KyTiB CKaHyBaHHSA, napamMeTpiB aMnniTygHoro
posnoainy n reometTpudHux napameTpis ans ®AP-16.

Mpu manux kyTax ckaHyBaHHs (0° < ¢, <15°)inpud /A =0,6 dyHkuia P = f((pCK) 3MiHIOETLCA B Me-
xax 0 ... 0,5, npn cepepHix kyTax ckaHyBaHHs (15° < ¢, <30°) —y mexax 0,7 ... 0, Npu BENMKMX KyTax
ckaHyBaHHsi (30° < ¢, <45°)—y mexax 0 ... 0,95.

3anexHicTb KyTa Haxurny Benukoi oci eninca nonspu3adii Bif KyTa CKaHyBaHHS TakoX Mae OCLMIo-
POLIMIgI xapaKOTep. Ona Tnx camux reomeTpuyHMx napameTpis d /i =0,6 KyT ¢, 3MIHIOETbCA B Mexax
-60"...+90".

51



ISSN 2788-5518

3 rpadpikiB Ha puc. 2a, b, ¢, d BUAHO, WO NpK Manux KyTax ckaHyBaHHs (¢, <5°) KoedilieHT nonsipu-
3auii P cyTTEBO 3anexuTb Bif BiACTaHi M eneMeHTamMun BUNpoMiHIOBaHHS. Mpu cepenHix i BENUKMX KyTax
cKaHyBaHHs (¢, > 5°) koediLieHT nonsapusaLlii P Maixe 3anexuTb Bif BiAcTaHi d MK BUNPOMIHIOYMMY
eneMeHTamu.

3a3Ha4nmo, Lo Npu KyTi ckaHyBaHHA ¢, = 0 KoediuieHT nonapwusauii P=0,3.

Po3paxyHku KyTiB ckaHyBaHHsi anst ®AP-64 ans senununim 0° < ¢, <45° Ta d /A =0,6;0,8 nokasaHi
Ha puc. 3a, b, ¢, d.

Pen

Py 100
! : " N
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| S\ S
0.6 / ! \ l N
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Puc. 3. 3anexHicTb koediuieHTa nonspuaadii Ta KyTa opieHTauii eninca nonsapwusawii
Bi KyTiB CKaHyBaHHS 1 reoMeTpuyHMX napameTpis PAP-64

Po3rnsHemo 3anexHicTb nonsipusauiiHux napameTpiB Bif KyTiB CKaHyBaHHS, napamMeTpiB aMnniTygHoOro
posnoainy n reomeTpudHmux napameTpis ansa GAP-64.

Mpu Manux kyTax ckaHyBaHHs (0° < ¢, <15°)inpu d/1=0,6 dyHkuis P =f(¢, ) 3MiHIOETbCA B Me-
xkax 0,25 ... 0,95, npu cepeaHix kytax ckaHyBaHHs (15° < ¢, <30°) —y mexax 0,95 ... 0, npn Benukux
KyTax ckaHyBaHHs (30° <, <45°)—y mexax 0 ... 0,95.

Mpu cepenHix i BenMUKMX KyTax ckaHyBaHHs (15° <o, <30°) koediuieHT nonsipusauii P maixe He 3a-
NeXxuTb Bifg BigCTaHi d MiXK BUNPOMIHIOIOYMMWN eneMeHTamu.

3anexHicTb KyTa Haxury BenuKoi Ooci eninca nonspuv3adii Bif KyTa CKaHyBaHHSl TakoXX Mae OCLMIIo-
oYM xapaktep. Ons Tux cammux reomMeTpuyHux napametpis d /A =0,6 KyT ¢, 3MIHIOETLCA B Mexax
-50°...+80°.

Mpu Manux KyTax ckaHyBaHHS KoedilieHT nonspuaauii P cyTTeBO 3anexuTb Big Benuindn d/ A . Mpu
BEMNMKUX KyTax ckaHyBaHHs (30° < ¢, < 45°) koediuieHT nonsipusauii P Maixe He 3anexuTb Big BigcTaHi
d MiXX BUNPOMIHIOKUYMMU efleMEHTaMMN.

BucHoBoOK

OTpuMaHi uncenbHi pesynstaTi, Wo AaloTb 3MOry po3paxyBaTtu nonspusadinHi napametpun OAP, a Ta-
KOX MPOCTEXNTN AMHaMIKy 3MiHW MONApU3auinHMX napameTpiB SK Npu pidHux ckaHyBaHHi [C, Tak i npu
Pi3HMX NapameTpax ammnmiTyaHoro po3noginy.

[MokasaHo, o aMnniTygHUn po3noAin BAAMBAE Ha NONSpU3alinHi napaMmeTpu 3anexHo Bif KifbKOCTi
enemeHTiB PAP npakTMyHO ogHaKoBO: YMM binblua BigMiHHICTb B amniiTygHOMY po3nogini npaBonons-
pu3aLiiHuX i NiBONONApM3aLiiHUX eneMeHTiB, TUM Binblue KoedilieHT nonapuaadii npsaMye 40 KpyroBoi
nonsip13auii Toro 3Haka, aMmnIliTyaHUA po3nogin sKoro énmkye 4o PiBHOMIPHOrO.

KoediuieHT nonapwmsadii P NpakTU4YHO He3anexHo Bif KiflbKOCTi BUNMPOMIHIOKOYMX €MTEMEHTIB Npu Manunx
KyTax ckaHyBaHHsi (0° < @, <15°) Mae 3anexHicTb Bif BiACTaHi d MK BUNPOMIHIOIYMMU ereMeHTamu,
a npw cepeaHix (15° < ¢, <30°)iBenukux (30° < @, < 45°) KyTax ckaHyBaHHsi — NPAKTUYHO HE 3aneXuThb.
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3anexHicTb KyTa Haxury rofioBHOI BiCi eninca nonspusadii Big KyTa cCkaHyBaHHS — OCLMItoYa, rmmnburHa
ocuMnauil 3anexuTb Big, BUAY aMNiiTyaHOro po3nogdiny, Kinbkocti enemeHTiB ®AP i BiacTaHi Mibx enemeH-
TaMu. XapakTep 3anexHocTi KyTa Haxurny Benukol BiCi eninca nonspusauii Big BigcTaHi Mk eneMeHTamu
npu N=16 Ta N=64 ogHakoBui. [py Manux kyTax ckaHysaHHs (¢, <5°) KyT opieHTauii enincy maibke He
3anexwTb Bif BIACTaHI MK enemMeHTamMu, TOAi sIK MPU CEePeHiX i BENMKMX KyTax ckaHysaHHs (¢, <10°)
3HAYHO 3MIHIOETbLCA.

MepcnektnBHuM € PAP y MOBINbHUX KOMBIHOBaHMX LIMOPOBUX TPONOCEPHO-paaiopenenHmnx CTaHUisx
[36; 37], MOGinbHMX kKOMBiIHOBaHWX LMPOBMX TponocdepHo-ioHocdepHMx cTaHuisx [38] i MobinbHMX By3-
nosux UmMcpoBmx TponocgepHMx ctaHuiax [39].
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AHATI3 MOOENEN LUTYYHOIO IHTENEKTY ANA BUKOPUCTAHHSA
Y COEPI OLUIHIOBAHHA AKOCTI BOOU
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AHomauis. 5ikicmb 600u 6e3rnocepedHbO 8rIUBae Ha XUmmsi JIOOUHU. PO38UMOK iHCmMpyMeHmig wmyd-
HO20 iHmesneKkmy po3wuproe MOXIIugicme O e(heKmMuUBHO20 MOHIMOPUH_Y 3a 3MiHaMmu ii napamempie ma
asmomamusysaHHs1 NPouecy 8usiereHHs HerpudamHoi 0551 CrioXXusaHHs 800U. 3acmocysaHHs1 WMy4YHO20
iHmenekmy y cebepi 600HUX pecypcie Mae 8aeome 3HadyeHHs Ot besnexku sodoriocmayaHHs: ma rpoaHo3y-
8aHHS1 cmaHy 800u. Arieopummu Wmy4HO20 iHMeneKkmy Moxyms WweuoKo 06pobrissmu eenuki Macusu 0aHUXx,
8USIBISIMU 3aKOHOMIPHOCMI, SIKi HEMOXITUBO abo 8aXXKO romMimumu mpaduuitiHUMu mMmemodamul.

Y pobomi npoaHasizogaHO Haykoei Oxepera, CripsiMosaHi Ha OOCIOXEeHHSI MOXugocmeli 8UKOPU-
CmaHHs Wmy4YHoe20 iHmernekmy y cchepi 600HUX pecypcig. [JocnidxeHo modeni MawuHHO20 Hag4aHHsI ma
HeUPOHHUX MepexX, SKi Haldacmiwe 3ycmpidarombsCs 8 eKcriepuMmeHmax 3 00CiOXKeHHsIM ssKkocmi 800U,
a came: moderni Random Forest, SVM, k-NN ma LSTM. [ns po3ymiHHS KOXHOI Moderni npoaHasizogaHo
niimepamypy U ornucaHo 0CHOBHI ix ocobriugocmi. Ocobnueo 8axnuguM € MopieHIHHS eghekmueHoOCmi Uux
moOderieli | moYHOCMI, SIKy 80HU roKa3yrmb. TakKox po32/siHymo rnpuknadu npakmu4yHO20 3acmocy8aHHs
HeUPOHHUX MePEX y pealslbHUX cucmemax MOHIMOopUHay SIkocmi 60du.

Memod «eunadkosuli nicy € aHcambriegaum mMemodom, wo 6asyemscsi Ha nobydosi MHOXUHU Oepes
pilWeHb | 0eMOHCMpye 8UCOKY echekmusHicmb y Manux subipkax. SVM bydye onmumaribHy 2inepriouuHy
0r151 po30irieHHs Kracie, 8UKOpUCMO8Y4YU ONOPHI eekmopu ma s10posi epyHkyii. Arneopumm k-NN krnacucpi-
Ky€e HO8i moyKu 3a Halbnux4umu cycidamu, wo 6asyemnscs Ha obpaHiti mampuui eidcmaHri. Modens LSTM
30amHa egheKmugHO rpayrosamu 3 rocioosHUMU OaHuMu, 36epizamu 00820CMPOKO8I 3aexXHoCmi 3as-
OsIKU MexaHi3My rnam’ssmi U eopomam KOHMPOJIH0 Momoky iHgbopmaujir.

[MposedeHO OUjiHIBaHHST €KCrIepUMeHMIi8 CmMoco8HO eghekmugHocmi Modernel, OnucaHuX y HaykKogux
npausix. Y pesynbmami udHa4eHo HalieghekmuegHiuly Modesib 3 noansady movyHocmi U weudkocmi HadaHHS
iHgbopmauii npo cmaH eodu, sika Mae Ha3gy «euriadkosul ficy. 32i0HO 3 ekcriepuMmeHmamu Usi Mooerib Mo-
Ka3ye moyHicmb 8U3Ha4YeHHs1 sskocmi 800u binbwe Hix 90%. BidnosidoHo, ii MoxHa eukopucmosysamu Ors
rModasnbuiozo 8rpo8adXXeHHs MOHIMOPUHay SKOCcmi 800U 3 8UKOPUCMAaHHSI npucmpois iHmepHemy peyed.

Knroyoei cnoea: sikicmb 800u; wmyy4HUU iHMenekm, iHmepHem pedyel; Modernb «8uradkosul licy;
LSTM.

ANALYSIS OF ARTIFICIAL INTELLIGENCE MODELS FOR USE
IN THE FIELD OF WATER QUALITY ASSESSMENT
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Abstract. Water quality has a direct impact on human life. The development of artificial intelligence
tools expands the possibilities for effective monitoring of changes in water parameters and automating the
process of detecting water that is unsuitable for consumption. The application of artificial intelligence in the
field of water resources is of great importance for the safety of water supply and the prediction of water
conditions. Atrtificial intelligence algorithms can quickly process large volumes of data and detect patterns
that are difficult or impossible to identify using traditional methods.

This paper analyzes scientific sources focused on exploring the potential of artificial intelligence in the
field of water resources. Machine learning and neural network models most frequently used quality research
experiments are examined, namely Random Forest, SVM, k-NN and LSTM. To better understand each
model, a literature review was conducted and their main features were described. Particularly important is
the comparison of the effectiveness of these models and the accuracy they demonstrate. Practical examples
of the application of neural networks in real water quality monitoring systems are also considered.
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The Random Forest method is an ensemble approach based on constructing multiple decision trees and
demonstrates high efficiency with small datasets. SVM builds an optimal hyperplane to separate classes
using support vector and kernel functions. The k-NN algorithm classifies new data points based on the
nearest neighbors using a selected distance metric. The LSTM model is capable of effectively working
with sequential data, maintaining long-term dependencies thanks to its memory cell and gated information
control mechanism.

An evaluation of experiments regarding the effectiveness of these models described in scientific works
was conducted. As a result, the most efficient model in terms of accuracy and speed of providing information
about water quality was identified as the Random Forest model. According to experiments, this model
achieves water quality implementation in water quality monitoring systems using Internet of Things devices.

Key words: water quality; artificial intelligence; Internet of Things;, Random Forest model; LSTM.

BeTtyn

3aranbHOBIAOMO, L0 BOAA € O4HUM i3 [XXepern XUTTHa ANs OpraHi3miB, Ki XXMBYTb Ha nnaHeTi 3emns.
Y nepiog cTpiMkoi rmobanisadii 3aMeHLyTbLCA pecypcu, Y TOMy Yuchi 1 BoaHi. Kpim Toro, noripleHHs eko-
NOriYHOI CMTYyaLlii TaKOX BMNIIMBAE Ha CTaH BOAOWM MO BCil NNaHeTi, Big rmobanbHOro 3adpygHeHHs okeaHy
00 NoKanbHUX 3aCMiYeHb PiYvOoK, SKi € JpKepenamu Boan Ans nogen.

JIloACTBO HaBUYMNOCS OYMLLYBATU BOAY ANSA CBOEI AisANbHOCTI M nuTTA. OfgHak, 3 ornsgy Ha MnocTinHe
3abpyaHEeHHSA HaBKONULLIHBOIO CepefoBULLIa Ta HEOLLLaAIMBE BUKOPUCTAHHS BOAW, BApPTO aganTyBaTh Tex-
HOMOriT OYMLLEHHS Mig cyYyacHMI CcTaH BoaHuX pecypciB. OQHUM i3 IHCTPYMEHTIB, SKUA MOXe OOMOMOrTH
B LIbOMY, € KOHTPOIb SKOCTi MUTHOI BOAMW.

3 oSy Ha LMpOoKe 3aCTOCYBaHHSA HEMPOHHNX MepeX y baratbox cdepax AisirbHOCTI MogMHN, BapTO iHTe-
rpyBatu ix y cchepm BogHUX pecypciB i BogonocTadaHHs. Lle MocTynoBo BNPOBamKytoTh B iHLUNX KpaiHax CBITY
[3; 8; 11; 18]. BpaxoByo4n NepcrnekTMBM BUKOPUCTAHHS iIHCTPYMEHTIB Ha 6asi HEMPOHHKX Mepex, AOLNbHO
npoaHaniayBaTi, siKi Mogerni HEMPOHHMX MepPEeX i METOAN MALLMHHOTO HAaBYaHHS BXE BUKOPUCTOBYIOTb HAYKOBLI.

MeTa poboTn — NnpoaHanisyBaTy HayKoBi po6OTM CTOCOBHO BMKOPUCTAHHS LUTYYHOIO iHTENEKTY y cdpepi
BOOHWX PECYPCIB; BUOKPEMUTUN HaMBINbLL NEPCNEKTUBHI MOAENI HEMPOHHUX MepeX i MeToan MallMHHOTO

BukoHaHHs pocnigxeHb

JocniopkeHHA modenen | MeTofiB LUTYYHOro iIHTENeKTY y cdepi aHanidy aKkocTi Boau

BigHegaBHa wTyyHui iHTenekT (gani — LWWI) ctaB gocTtynHUM wmnpokomy komny nogen. HuHi BiH mae
BMMMB Ha NorerweHHs Garatbox MPOLECIB Yy pi3HMX cdepax QianbHOCTI noguHu. MNporpamu Ha OCHOBI
LI 3HayHO BNNUHYNM Ha opMyBaHHS Bi3HEC-MPOLECIB, a TakoX MOro BCE YacTille noyanu BUKOPUCTO-
ByBaTuK y cdepi eKkonorii Ta ynpasniHHi BoaHMMK pecypcamu. OgHak porb LI B ynpaBniHHI eKonoriyHmMm
pecypcamu B Gi3HeCi Onsi JOCATHEHHST CTANoro po3BUTKY 3anuliaeTbesi obmexeHor [15]. YnpoBagKeHHs
iHCTPYMEHTIB, MOB’A3aHNX i3 HEVPOHHMMU Mepexammn y cdepy AOCMIOKEHHS SKOCTi BOAM, AacTb 3MOry
€(EKTMBHO KOHTPOSOBATU 3MiHW B CKNagHUKaX NUTHOT BOAW W pOo3pobnsiTi TEXHOMOTriT ANs Ti OYNLLEHHS.
Llen dpakt € no3autuBHMM sik Anst 4o6pobyTy niogen, Tak i NS KOMEpPUiNHMX NiANPUEMCTB, siKi 3MOXYTb
LWBWAKO pearyBaTu Ha 3MiHM B SKOCTi BOAM.

CboroaHi icHye 6arato HaykoBuMX MpaLib, siKi ONUCYHOTb BUKOPUCTAHHSA LUTYYHOTO IHTENEKTY Ans aHanisy
SIKOCTi BOOHMX pecypciB. Mloro 3acTocoByoTb ANs MOAENOBAHHA MOXIMBUX 3MiH Y NPUPOLHMX BogONMaX,
aHani3y CTi4HMX BOA, NPOrHo3yBaHHS BUTPAT BOAM M aHani3dy SKiCHMX napameTpiB BOAW. 3pOCTaHHS BUKO-
pyCTaHHSA MalUMHHOIro Hae4YaHHSA Ta LI cnoHykae fo iHHOBaUin y cdepi ynpaeniHHs dkicTio Bogu. Ui gocar-
HEHHS1 CNPUYMHAIOTb 3MiHY METOZIB, LLIO BUKOPUCTOBYOTLCA A151 BAKOHAHHS aHani3y, a Takox iHtTepnpetauii
JaHnX npo sKicTb Boau. BrukopuctaHHA cuctem, kepoBaHux LUI, nocTinHO 3pocTae B ranysi ynpasniHHS
AKICTIO BOAM, LLO BKIOYAE He TifMbKM MOHITOPUHN, @ 1 NPOrHO3yBaHHS Ta pearyBaHHs Ha Taki npobnemu [15].

[1na NOBHOUHHOIO (OYHKUiOHYBaAHHA TakMX CUCTEM yCe YacTillle BUKOPUCTOBYHOTb NMPUCTPOI iIHTEPHETY
pedyen, ski NOCTINHO NepedarnTb oTpuMaHi AaHi. Came TyT cuctemu 3i LI nonerwyoTe aHania oTpruMaHmx
AaHuX Ons HaykoBLiB abo imxeHepiB. Y pesynesrtaTi cnewianictu onepaTtmBHO OTPUMYIOTb BinbLu TOYHI pe-
3ynbTaTu, CNpsiIMOBaHi Ha OOCHIMKEHHA BOOHUX pecypciB. BianosigHo, € cTaTucTuka, sika 3acsigyye, Lo
MOHITOPUHT i3 BUKOpUCTaHHAM LUI € TouHiwmm (puc. 1).

3Baxaroum Ha KOpPWUCTI, Ky MPUHOCATb iHCTpymeHTu LI y cdbepi gocnigkeHHs BOOHUX pecypcis, Jo-
rYHUM € aHani3 uMx iHCTpyMeHTiB. Lle gactb 3amory rmublie gocnigkyBat epeKkTUBHI MeTogn N Hagani
BOOCKOHamnoBaTu ix.

Ak roBopvB oguH i3 nepwmx gocnigHvkie y ranysi MapsiH Jli MiHcbki: «LUTy4HMI iHTenekT — ue Hayka
npo Te, sik 3poOUTN MaLlMHK TaknMu, LWoO BOHM pobunu pedi, siki BUMaranu 6 iHTenekTy, sikou ix pobuna
noanHar». Lig umtata gatoBaHa 1968 pokoM i 3ragaHa y noro kHu3i «Semantic Information Processing. MIT
Press». 3 Toro yacy npoino OinbLue Hix niB CTONITTS, | mrogn novanu BukopuctoysaTu LI y noBcsakgeH-
HUX cnpaBax. TePMiH «LUTYYHWUI iHTenekT» onucye B ctatTi O. bapaHoB: «LLUTy4yHUn iHTEnekT — ue neeHa
CYKYMHICTb MeToAiB, cnocobiB, 3acobiB i TEXHOMOriIN, HacaMmnepes KOMM IOTEPHUX, WO iMITYe (MOOENtoE)
KOTHITUBHI (PYHKLIT, SIKi MaloTb KpUTEpIl, XapakTepUCTUKM Ta NOKa3HWKN eKBiBaNeHTHI KpUTepisim, xapakTte-
puUcTUKam Ta NOKa3HWKaM BigNOBIOHUX KOTHITUBHMX (OYHKUIA noamnHm» [1].
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a/bTepHaTUBHUMM METOAAMU MOHITOPUHTY

Tounictb, %

TpaauuiitHi metoau MeToaum 2 LWI

Puc. 1. PisHuusa Mixk TOYHICTIO TpaguLiiHMX METOAIB MOHITOPUHTY SKOCTI Boau Ta cuctem 3i LW [15]

3 onpaubOBaHMX CTaTen CTOCOBHO AOCIiAKEHHS] BOOHUX PECYPCIB 3yCTpivaeTbCcs 6e3niy iHCTPYMEHTIB
LI, sk MalnHHE HaBYaHHSA, TaK i HEMPOHHI Mepexi. MalwnHHe HaBYaHHS Aae 3MOory cuctemam aBTOMa-
TUYHO BYUTUCS Ha OCHOBI AaHuX 6e3 sBHOro nporpamyBaHHA. MalunHHe HaBvyaHHA 3abesnevye LUl 3paTHi-
CTIO 3HAX04UTM 3aKOHOMIPHOCTI, POBUTM MPOrHO3K 11 NOKpaLLyBaTu CBOK €hEKTUBHICTL 3 HacoM. HENPOHHI
MepexXi — CYKYMHICTb MOB’A3aHMX MK CODOI0 eNeMeHTIB, siKi MOXYTb «HaB4aTUCHA» LUNAXOM KOPWUryBaHHS
BaroBuMx KoedilieHTiB nig Yac TpeHyBaHHS.

Y chepi MOHITOPUHTY SIKOCTi BoAM 34€0iNbLLIOro 3acTOCOBYHOTb METOAM MaLLMHHOIO HaB4YaHHA Random
Forest, SVM, k-NN a6o Decision Trees, a HenpoHHi mepexi — ANN, CNN, RNN, LSTM, Autoencoder. Ko-
XEH i3 UMX iIHCTPYMEHTIB TaK YM iHaKLLIe BUKOPUCTOBYETLCA Y cdhepi oCTiAKeHHS BogHNUX pecypciB. Ockinb-
K/ HEMPOHHI Mepexi NoTpebytoTb BENMKOro obcAry JaHux i pecypciB Anst ix oOpobku, Anst MOHITOPUHIY
SIKOCTi BOAW AOLiMNbHiLLle BUKOPUCTOBYBATM METOAN MALUMHHOIO HABYaHHS, ag)Ke BOHM NOTPeOyOTh MeHLUE
OaHVX | LUBMAOKO HaBYalTbCH, TOAI K HEVPOHHI MEpEeXi LUMPOKO 3aCTOCOBYHOTHCS OIS MOAEMOBaHHA Ta
NPOrHO3yBaHHA CTaHy SKOCTi BOOHUX pecypciB [6].

3rigHo 3 gocnigkeHHsMN iHAiINcbKoro B4eHoro AnapHa NoHypy Ta Moro Komner, AoLuifibHO 3aCTOCOBYBaTH
Random Forest, SVM, k-NN ta LSTM. BukopuctaHHsa TOro 4u iHWOro metody 3yMOBIEHE NOCTaBNeHUM
3aBOaHHAM i LWBUAKICTIO OTPUMaHHS iHgdopmaLil. O3HanoMMMOCs AeTarbHille 3 KOXHUM i3 3rafaHux BuLLe
MeTofiB.

Random Forest — Le meTog aHcambneBoro MallMHHOIO HABYaHHS, IKUA BUKOPUCTOBYETBLCS AK AN Kna-
cudbikauii, Tak i ona perpecinHoro aHanidy. BiH 3acTocoBye TexHiKy nakeTyBaHHsi (200 3aBaHTa)kyBallbHYy
arperakuito), sika € MEeToAOM reHepauii HOBOro Habopy AaHuX i3 3aMiHOK HasBHOro Habopy gaHux. Metog
MaLLMHHOIO HaBYaHHSA «BUMNAAKOBMI Nic» Mae ocobnueocTi [13]:

— BMBYEHHS1 aHCaMOrHo, LU0 BUKOPUCTOBYETBLCS Y «BUMNagKOBOMY iCiy», 3anobirae noro HagmipHomy nigbopy;

— NakyBaHHs Jae 3MOTy «BUMNagKoBOMY ficy» Jobpe npautoBaTt 3 HEBENUKMM HAabopOoM JaHuX;

— BUMAZKOBi AepeBa ficy MOXXHa HaByaTu naparneneHo;

— aBTOMaTUYHUIA BMOIp PYHKLiT BMUKAETLCS LUMSXOM BMBYEHHSA AepeBa pilleHb Y «BUMNAAKOBOMY JliCi».

Support Vector Machine, abo SVM — ue mMeTo4 MalMHHOINO HaBYaHHSA, SKUA BMKOPUCTOBYETLCS OIS
knacudikauii Ta perpecii. OcHoBHa igest nonsrae B NO6yA0BI rinepnnoLmMHN, ka MakCUManbHO po3ginse
06’eKTM Pi3HMX KrnaciB y NpocTopi 03HaK. Y 3aranbHomy Bunagky SVM peanidye emnipuuHy miHimisadito
pU3nNKy 3 0OAATKOBOK perynspusadieto, Lo JonomMarae YHUKHYTU nepeHaByaHHs [17].

OcobnueocTi BMKopucTaHHst metoay SVM [17]:

— LIyKae JiHito, SKa HalKpalle pOo3Ainse pisHi Knacu gaHux, Wwob MiHiMidyBaTy NOMUIKM Npu Knacudi-
Kaw,ii;

— MOXe npauioBaTu 3 AaHUMW B OyXe CKNaAHWUX MPoCcTopax, HaBiTh AKLWO BOHU He MiHINHO po3ainkbHi,
3aBAsKM cneuianbHUM MaTeMaTUYHUM OYHKLUISM (s4paM), Ski JaloTb 3MOTY «NepeHecTU» AaHi B iHLWWA
NpocTip, A€ iX MOXHa Kpalle po3ginnTu;

— y npoueci HaB4aHHA SVM BUKOPUCTOBYE nuLIe AesKi TOYKM 3 HaBYarbHUX OaHUX, SKi HA3MBalTbCS
«OMOPHMMM BEKTOpPaMM», WO Aae 3MOry Mmogeni 6yTn KOMNakTHO 1 e(PEeKTUBHOM;

— 3aBOsKM MexaHiamam perynapusadii SVM moxe npautoBaTti, KONy Aesiki AaHi MiCTSTb MOMUIKK;

— 4yum BinblUe AaHuX ANs HaBYaHHS, TUM Kpalle MOAENb MOXe 3HaNTN ONTUMAribHE PilLeHHS, TOMY Lien
meTog fobpe npavtoe, Konm obcsar AaHux 36inbLIyeTbCS.

Anroputm k-Hanbnmkumnx cycigis (k-NN) — ue HenapameTpuyHui KnacudikaTop i3 KOHTPONIbOBaHUM
HaBYaHHAM, KU BUKOPUCTOBYE OnmM3bKiCTb Anis knacudikauin abo nporHosie Woao rpynyBaHHSA OKPeMoi
TOuYkM gaHux. Lle oguH i3 monynsapHUX i HAMNPOCTILWKMX KnacudikaTopis i KnacudikaTopiB perpecii, siki BUKO-
PUCTOBYIOTLCHA CbOrOAHI B MalMHHOMY HaB4aHHi [10].
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PiweHHsa npo knacudikauito NpMNIMaeTbCS Ha OCHOBI BiACTaHEN MK TOYKOHO, L0 KnacudikyeTbes, i Tou-
Kamu B TpeHyBanbHin BuOipui. Lle pobuTtb anroputm yHiBepcanbHUM Ans 3aBOaHb kracudikadii, perpecii
Ta HaBiTb aHanisy aHoMarii, ocobnmMBo B yMOBaX, KON BiACYTHE anpiopHe 3HaHHS NPO CTPYKTYPY OAHUX.
EdekTnBHiCTb anroputmy iCTOTHO 3anexuTb Big BMOOpPY METPUKM BiACTaHi M KinbkocTi cycigiB k. Bubip
METPUKN BMU3HaAYae (popmy JfIOKanbHOro NPOCTOPY HaBKOMO TOYKK, WO KrnacudikyeTbecs, a napameTp k —
YyTNMBICTb MoAeni 4o wymy [3].

Long Short-Term Memory — ue Tun pekypeHTHOI HenmpoHHoi Mepexi (RNN), pospobneHuin ansa edektus-
HOro MoJesntoBaHHs NOCHIAOBHOCTEN AaHWX | 30epexxeHHs JOBroTpMBanux 3anexHocTen y HacoBux psaax.
Ynepue 3anponoHoBaHuii Cennom Xoxpartepom i KOpreHom Lmigxy6epom y 1997 poui. LSTM ycyBae
npobnemu 3racatumnx i BUDyxatoumnx rpagieHTiB, SKi YacTo BUHMKaKOTb Yy krnacudHux RNN npu HaB4yaHHI Ha
[OoBrnx nocnigosHoctsax [9; 12].

OcHoBHa ocobnumeicTb LSTM — Lie HasiBHICTb KOMipKM Nam’aTi, ika Aae 3mory 36epirat Baxnuey iHGop-
Mauilo NpoTarom TpuBanoro yacy. lMoTik iHpopmauii B Mepexi perynoeTbecs 3a A4ONOMOro TpbOX BOPIT:
Forget Gate — Bupilwye, siky yacTuHy iHdopmadii noTpibHo 36epertu, a Aky — BigkMHyTH; Input Gate — Bu-
3Hayvae, siki HOBi flaHi NoTpibHO AoaaTy oo komipkm nam’aTi; Output Gate — obupae, saky YacTuHy iHdopmallii
3 KOMipKM NamM’aTi nepegaty aani sk Buxig Mepexi.

LSTM-mepexi BUKOPUCTOBYHOTb KOMOIHALLiKO CUrMOiganbHOT OyHKLIT akTuBaL,i, sika 0OMeXye 3HaYEeHHS
Big 0 oo 1, a TakoX rinepboniYHOro TaHreHca, LWo Aae 3Mory MaTu sik 4oAaTHi, Tak 1 Big’€éMHi 3HadeHHs. Lle
gornomarae M’siko KepyBaTu NOTOKOM iHbopMaLii Yepes mepexy [12].

Lli apxiTekTypHi ocobnmeocTi gatoTe LSTM MoXnuMBICTb:

— ePeKTUBHO npautoBaTu 3 JOBIMMW MNOCNILOBHOCTAMY;

— 30epiraTv BaXknuBy iHopMaLlito, YHUKaum ii «3abyBaHHAY;

— YHUKaTK npobrnemmn 3aracaHHs abo BMOyXy rpagieHTIB Nig Yac HaBYaHHS.

Po3ymitoum 0cobnmBOoCTi Pi3HMX METOAIB MALUMHHOIO HaBYaHHS, MOBEPTAEMOCH A0 AOCNIMKEHHS AnapHa
[MoHypy, KU ekcneprMeHTanbHUM LUNIAXOM AOCHIANB €PEeKTUBHICTb KOXXHOTMO 3 HUX. EkcnepumeHT nondras
Y BUSIBMEHHI HaBIinNbLL edeKTUBHOIO iHCTPYMEHTa HEMPOHHMX MEPEX OISl BUKOPUCTaHHSA 1oro B napi 3 loT.

Y ctaTTi [14] 4iTKO onucaHo, WO came onpaLboBY€E TOW UM iHLLMI MeToA. Tak, MeTOA «BUNAaaKOBUI MiCy»
Kpallie BUKOPUCTOBYBAaTWU AN BM3HAYEHHS, € BOA4A YMCTOK 4M 3abpyaHEHO, HA OCHOBI BXiOHMX Xapak-
TEPUCTUK, TaKMX AK pH, KanamyTHICTb i KOHLEHTpaLia pO34YMHEHOrO KMUCH. 3a gonomoroto SVM mMmoxHa
knacudikyBaTu 3pasku Boam Sk «besneyHi» abo «3abpyaHeHi» BignoBigHO 4O OTPMMaHUX AaHUX MPO AKICTb
Boaun. Y ceoto vepry, LSTM 3anobirae BTpaTti JOBroTpMBanumx 3anexHocTen, Wo pobute Moro npuaatHum
0N BiACTEXEHHS CE30HHUX 3MiH TPEeHAiB 3abpyaHIOYMX PEHOBUH NPOTArOM TpMBanux nepiogie Yacy [14].
K-Means rpynye iHdpopmaLiito Npo SKiCTb BOAW B OKpeMi kaTeropii. ToMy MOro MoxHa 3actocoByBaTu Ans
pO3MnoAiny Ha Kractepu B Mexax iHdopmalii npo 3abpyaHeHHs Boau [5].

B ekcnepumeHTi dikcyBanmca Taki MOKa3HWKM BOAW: KUCIOTHICTb BoAM (pH), kanaMyTHICTb, KifbKiCTb
PO34YMHEHOIO KUCHIO, KifbKICTb po34mHeHux conen (TDS) i KinbkicTb opraHiyHmMx 3abpyaHeHb. JaHi none-
peaHbO onpaLboBaHO AN1A BUaneHHs BiACyTHIX 3Ha4YeHb, HopMarnisaLii YCnoBMX yHKLUIN i po3agineHo Ha
70% HaB4yanbHux, 15% nepeBipHux i 15% TectoBmx Habopis [14].

BignoBigHo, NpoBeaeHo Kinbka ekcnepuMeHTIB, SIKi anuy 3Mory OLiHUTY NPOOYKTUBHICTbL MOAenen, aBTeH-
TUYHICTb pe3ynbTaTiB NOPIBHAHO 3 yxKe BIAOMUMK 1 edbeKTUBHICTb Modernen. Kpim Toro, yyeHi Ha npakTui
NPOTECTYBanu MOAENi Ta BU3HAUYUIK, SIK KOXKHA 3 HUX Kracudikye Bogy Ha 6e3neyvHy, moMipHO 3abpyaHeHy
" 3abpyaHeHy. Kpim Toro, BUBYEHO BUKOPUCTAHHA LUX MOAENEN Y PEXMMI pearibHOro Yacy Ans BUSIBIEHHS
cepefHboA000BOT TOYHOCTI POBOTU KOXHOT MoAenNi. XapakTepuCTUKM 3paskiB AaHWUX NoKas3aHo Ha puc. 2.

ID 3paska | pH KaaamyTricrs o ‘::::;;:]:.“" Aoperricrs i;?)yli'z.‘]“i:i:[l];ﬂ XaparTepucTH-
(NTU) (ppm) P} :a AKOCT
(mg/L) (mg/L)
1 72 |13 8.1 500 10 besneuso
2 6532 6.9 800 25 3abpyaHeHo
3 80| 1.0 9.2 450 8 besneuto
4 59|45 5.5 1000 40 3abpyHeHo

Puc. 2. XapaktepucTuku 3paskiB Habopy gaHuX gnsi ekcnepumenTy [14]

PoarnsiHemo oTpumaHi pesynsrat ekcnepMMeHTiB. NepLlunm i3 HUX ByB eKCnepuMeHT Ha OOCTiAXKEHHS
ebekTmBHOCTI BUOpaHMX Mogener 3a TOUHICTIO, 3anamM’ sToByBaHHSAM Ta ouiHkoto F1 (puc. 3) [14].
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Mozes Touanicts (%) "1’““:‘;:“‘“" :“‘::;’“’::;’%) Fl-ouinka (%)
Random Forest | 92.5 91.8 93.1 92.4
SVM 89.7 88.5 90.2 89.3
LSTM 94.2 93.6 94.8 94.2
K-Means 85.3 84.1 86.0 35.0

Puc. 3. Pesynsratu gocnigxeHHst edpekTuBHOCTI mogernen LI

3 pesyneratiB BUAHO, Wo Mogens LSTM mae Havikpalli noKasHUKM No BCiX OOCNIMKYBaHMX XapakTe-
puctukax. Hawripwi pesynsrati nokasas k-NN. BapTo 3a3HaumTy, WO MoAenb «BUNagKoBUN nicy» nokasana
[OCUTb XOpOLUI pe3ynbraTtu, [ki € HabnvkeHMn 4o nigepa B LbOMY €KCNepPUMEHTI.

[ani B4eHi OuiHIoTb LWBWAKICTE OBYMCNEHHS KOXHOIT MoZeri, WO NPOoAEMOHCTPOBaHO Ha puC. 4.

Moneas Yac napuanng (c) IBnakicTs nejw:lﬁarlennn IIpuaaThicTs 1719 BUKO-
(Me/Budipra) PHCTAHHS B peaJbHOMY 1aci
Random Forest | 120 5 Bricoka
SVM 180 12 Cepeana
LSTM 300 7 Biicoka
K-Means 90 4 Bucoka

Puc. 4. Pesynsratv gocnigKeHHs ob4mcnoBanbHoi edekTUBHOCTI Mogenein [14]

Ak 6aummo, Hanwsuawmnm € metod k-NN, akuin geMOHCTpye WBMAKICTb Y HABYaHHI 1 BUAadi pesynbra-
TiB. LSTM notpebye Garato yacy ans HaB4aHHS, Lie MOXHa obrpyHTyBaTh TUM, WO LUe Mogesnb rmmnbokoro
HaBYaHHS. 3BaXkaoumn Ha MNOKa3HMKM TOYHOCTI 3 MONepeaHbOro EKCNEPUMEHTY, BapTO BULINUTU METOA «BU-
NaaKoBUM NICY», KU € TOYHUM i LLBUOKUM.

HacTynHuii Kpok nicns HaBYaHHS — KOXXHA 3 MOAENEN NOBMHHA KNnacudgikyBaTu 3pasku Boau sk 6e3neyHi,
NoMipHO 3abpyaHeHi 1 3abpyaHeHi (puc. 5). Lien ekcnepuMeHT BKOTpe nokasas, o Mogens LSTM HanTou-
Hiwe knacudikye onpauboBaHi 3pasku, ane He HabaraTo ripLi pesynsraTtv NPOAEMOHCTPOBAHO METOA0M
«BUMAZKOBUI Nic». |CTOTHI nomuriku 3pobneHo mogensio k-NN.

Moaxaeas Bemezlom; BOIA | TlomipHo 3aépyaHeHa (%) 3aépyaHena (%)
o
Random Forest | 68.4 20.3 11.3
SVM 66.2 215 12.3
LSTM 71.5 18.7 9.8
K-Means 63.1 232 13.7

Puc. 5. Pesynbratu ekcnepumeHTy 3 knacudikauii 3paskis Boau [14]
OpHUM i3 HaMBaXXNMBILLMX MOKA3HUKIB € TOYHICTb Npu poboTi B peanbHomy 4vaci. Tomy npotarom 30 gHiB

BMKOHYBaIM MOHITOPUHT siKOCTi Boan. OCHOBHOK XapaKTEPUCTMKOK ANs Liel OLiHKM cTana cepeaHbon060-
Ba TOYHICTb knacudikadii Bogu (puc. 6).
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Tens| Random Forest (%0) | SVM (%) | LSTM (%) | K-Means (%)
1 |o1s 89.0 93.9 84.2
10 |923 88.7 94.1 84.8
20 |926 89.5 94.5 85.0
30 | 925 89.7 94.2 85.3

Puc. 6. lNokasHukn cepeaHboa0060B0OT TOYHOCTI Mogernen npu knacudikauii Bogm [14]

Ak B1aHO 3 puc. 6, Harikpalli pesynsratv nokadanv mogeni LSTM i «BUNagkoBui Nic»: TXHS TOYHICTb
nepesuye 90%. bnnsbkoto 4o Takmx 3HadYeHb Byna moaens SVM, ogHak, 3 ornsgy Ha ii WWBMAKICTb poboTy
B peanbHOMY 4aci, BOHa He € KpaLlum BapiaHTOM.

OTxe, 3rigHO 3 NPOBEAEHUMWU OOCHIIKEHHAMWU, MOXHA BUAINUTM OBi Mogeni, siki MOKa3ylTb XOPOLUi
pesyneratu. BignosigHo, ue LSTM n Random Forest. OgHak BapTo po3yMiTu, SIKy X 3 HUX Kpalle LMpo-
KO 3acTocyBaTu AN KOHTPOMO AKOCTi Boau B napi 3 [oT. 3Baxatoum Ha npocTiwy peanisauito, NOpiBHAHO
3 LSTM, mogenb «BMNagkoBWIA MiC», Ha AYMKY aBTOpiB, BapTO 3aCTOCOBYBATU AN OOCNIAXKEHHS SAKOCTI
BOAMW, BUKOPUCTOBYIOUM MNPUCTPOI iHTEPHETY peyen. TOYHICTb i LWBMAKICTb Uiel Moaeni gactb 3mory edek-
TMBHO 30UpaTu 1 onpauboByBaTK iHhOPMaLLito ANns OLiHIOBaHHA CTaHy Boau. [1poTe BapTo 3asHa4nTu, Wwo
BMKopucTaHHs LSTM € gouinsH1Um npu JOBroTpuBanoMy NporHo3yBaHHi 3MiH SIKOCTi BOAM Ta il MOHITOPUHTY
3a HassBHOCTI NOTY)XHOCTEN AN TaKOro CrOCTEPEXEHHS.

BucHoBok

AHani3z HaykoBuMX CTaTen nokasas, Lo BNpoBafKeHHs iHCTpymeHTiB LUl y cdepy MOHITOPUHrY SKOCTI
BOAM € akTyanbHUM. OuiHEHO e(PEKTUBHICTb Cy4aCcHUX MoAenen MallMHHOTO HaBYaHHS Ta HEMPOHHUX Me-
pex Ang BUKOPUCTaHHS X pa3oM 3 NPUCTPOSIMU iHTEPHETY peden. Y NigCyMKy MOXHa CTBepaKyBaTu, Lo
BapTO BMKOPWCTOBYBATU MOAENb «BUMAAKOBUWI fiC», sika NOKadye BMCOKY TOYHICTb i WwBuakicte. Came Ha
OCHOBI L€l Mofeni BapTo po3BMBaTK NPUCTPOI AJ1 MOHITOPUHTY SIKOCTi BOAMW, @ TAKOX CTBOPHOBATU HOBI
riopuaHi mogeni LUI.
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AHomauiss. B ymogax HeCmpuMHO20 p0o38UMKY asmoMobinbHOI 2any3i numaHHs eubopy mMacmurib-
Ho20 mamepiany cmae 0edarni akmyarnbHiWuM, ade CcydYacHi Cuiosi azpezamu eumMazarmb MOYHO20
dompumMaHHsI MEXHOI02iYHUX HOpM i cmaHdapmis. HeegidrnosiOHa onusa moxe npudsecmu 00 3HUXEHHS
egekmusHocmi 08uayHa, 3pocmaHHs aumpam rasabHo20 U nepedyacHo20 3HOCY. A8momMamu308aHi cuc-
memu nidbopy MOMOPHOI onueu 0arme 3Moz2y nMidsuWUMU egheKmuBHICMb MEXHIHHO20 0bCr1y208y8aHHS
mpaHcrnopmHux 3acobig, 3abesnedyyodu moYHicmb, weudkKicmsb i nepcoHarnizauiro eubopy [1; 2]. Memotro
pobumu € po3pobrieHHsT arnzopummy, wWo mae adanmysamucsi 00 3MIHHUX yYMO8 eKcrislyamauji, mexHidHuUx
napamempig 0guayHa U iHOugIdyasibHUX 3arumie Kopucmysada. Y cmammi po3arisiHymo CmeopeHHs anzo-
pummy asmomamu308aHoi cucmeMu, siKka 8paxo8ye MexXHIYHI xapakmepucmuKu mpaHCnopmHo20 3acoby
(mun dsueyHa, 06’em, mypboHaddys, cmyrliHb 3HOWEHHSI), eKcriyamauiliHi yMoeu (Ce30HHICmb, cmuslb
KepyeaHHs1, HagaHmaxeHHs), HopmamusgHi sumoau (API, ACEA, ILSAC, OEM-donycku), a makox cyb’ek-
mueHi 8rnodobaHHs crioxusadya (6peHd, 6rodxem, iHmepean 3amiHu). Aneopumm dobopy 6asyembcs Ha
cucmemi ekcriepmmHuUX npasusl, Wo pearnisoeaHi y suasnsadi 0epesa npuliHImMms piwieHb 3 bazamopieHegoo
inbmpauiero. [ns KoxXHo20 eapiaHma onugu ob4yucrioemscsi pelimuHe 8idrnogiOHOCMI, KUl ypaxosye
npiopumemsdicms Kpumepiig. 3 memoro nidsuweHHs1 MpPodyKmueHOCMI cucmemu 3arnporoHO8aHoO Onmu-
Mi3ayitiHi nioxodu: iHOekcaujto ba3u OaHuUX, KellysaHHs1 pe3yribmamis, napanesnbHy 06pobKy 3anumis. IH-
meepaujisi MawUuHHO20 Hag4aHHs1 0ae 3Moz2y cucmeMi caMOHag4amucs Ha OCHOBI HaKonu4eHoi iHgbopmauii,
nidsuwyo4U MoYHICMb rnepcoHarizoeaHux pekomeHoauil. Banidauis oxonnoe aHanimuyHi Mmemodu, ro-
Pi8HSIHHS 3 oghiuiiHUMU crieyudbikauissimu U eKkcriepmHy OUiHKY. Po3pobrieHa cucmema 0eMOHCMpYe 8UCOKY
moyHicmb 0obopy, 8idno8idHICMb MiXXHapOOHUM cmaHdapmam i Mae 3HaqHul nomeHuian Or1s PaKkmMu4yHo-
20 3acmocyeaHHs1 8 2ally3i cep8iCHO20 0bcry208y8aHHS a8moMobiribHO20 mpaHcriopmy.

Knroyosi cnoea: asmomamu3oeaHa cucmema; ekcriiyamauitHi ymosu; 6aza 0aHUX;, MOMOpHa o/1uea;
anzopumm niobopy onus.

THE PRINCIPLE OF OPERATION OF AN AUTOMATED OIL
SELECTION SYSTEM

Mariia Tiahunova, Ph.D, Ass. Prof., National University Zaporizhzhia Polytechnic, Zaporizhzhia, Ukraine.
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orcid.org/0009-0009-6635-3582, dimabobyr@gmail.com

Abstract. In the context of rapid development in the automotive industry, the issue of selecting an
appropriate lubricant is becoming increasingly relevant, as modern power units require strict compliance with
technological standards and regulations. Inappropriate engine oil can lead to decreased engine efficiency,
increased fuel consumption, and premature wear. Automated engine oil selection systems help improve
the efficiency of vehicle maintenance by ensuring accuracy, speed, and personalization in the selection
process. The aim of this work is to develop an algorithm that adapts to changing operating conditions,
technical parameters of the engine, and individual user preferences. This study considers the creation of
an algorithm for an automated system that takes into account the technical characteristics of the vehicle
(engine type, displacement, turbocharging, degree of wear), operating conditions (seasonality, driving
style, load), requlatory requirements (API, ACEA, ILSAC, OEM approvals), as well as subjective consumer
preferences (brand, budget, oil change interval). The selection algorithm is based on a system of expert
rules implemented in the form of a decision tree with multi-level filtering. For each oil option, a conformity
rating is calculated, taking into account the prioritization of various criteria. To increase system performance,
optimization approaches are proposed: database indexing, result caching, and parallel request processing.
The integration of machine learning allows the system to self-learn based on accumulated data, improving
the accuracy of personalized recommendations. Validation includes analytical methods, comparison with
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official specifications, and expert evaluation. The developed system demonstrates high selection accuracy,
compliance with international standards, and significant potential for practical application in the field of
automotive maintenance.

Key words: automated system,; operating conditions; database; engine oil; oil selection algorithm.

Bctyn

OnTumaneHWi Nigdip MOTOPHOI ONMBY € OOHUM i3 KIOYOBUX (PaKTOpiB 3abe3nevyeHHst JOBroTpnaanoi,
edeKTUBHOI Ta ekornoriyHo 6e3neyvHoi ekcnnyaTauii ABUryHa BHYTPILLHLOrO 3ropsiHHA [3; 4]. Y cyyacHux
yMOBax PO3BMUTKY iHXXeHepii HECTPMMHO 3pOCTa€e akTyallbHiCTb CTBOPEHHS] aBTOMaTU30BaHUX CUCTEM nig-
TPUMKM NPUAHATTS pilleHb Yy Ui cdepi. EpekTUBHICTb TakMx cuCcTeEM BU3HAYaeTbCsl TOYHICTIO NOGYa0BU
KpUTEPIiB Nigbopy MacTUNbHMUX MaTepianis, LLO MakTb OXOMOBATH LUMPOKUIA CMEKTP NapaMeTpiB.

Mpwn NOBYAOBI HALLIMX anropuTMIB AOUINBHO Byae BUOKPEMUTN HYOTUPK KIOYOBI rpynu KpuTepiis Bubopy
MOTOPHOI ONMBM B IHOPMALINHO-aHaNI TUYHUX NNaTdopMax.

MepenyciMm HeOOXiOHO PO3IMSAHYTM TEXHIYHI NapaMeTpu CUITOBOrO arperary.

BoHM oxonnoTh KOHCTPYKLiIMHO-GDYHKLIIOHANbHI XapakTepuCTUKN ABUryHa, ki 6e3anocepenHbo Bhnu-
BalOTb Ha BMMOIM OO0 BMacTUMBOCTEN MACTUNBHOMO Matepiany. Po3rnsgHeMO OCHOBHI TeXHIYHi Xapaktepu-
CcTukun. Tvn aBuryHa — 6eH3nHOBI, AN3erbHi, ribpuaHi Ta ra3oBi yCTAHOBKN MatoTh PidHi NOTpebu y B’A3KOCTI,
PiBHI 30MbHOCTI, XiMiYHOMY CKNagdi ¥ TemnepaTypHii ctabinbHOCTi onue. Pobounin 06’em ABUryHa BusHavae
TennoBe HaBaHTaXXEHHs Ta WBWAKICTb Aerpagaii onmBK; NOTYXKHILLI ABUTYHM 3a3BMYa NoTpedytoTb BinbLu
PO3LUMpPEHUIA cknag MOTOPHOrO nakeTy. HasBHiCTb TypOiHM BMMarae 3acTtocyBaHHSA TEPMOCTIAKUX OB i3
NigBMLLEHVMM aHTMOKMCOBaNbHUMK BnacTuBocTsiMu. CTaH arperaty (Npoobir, 3HOC) — OBUIYHU 3 NigBuLLe-
HUM 3HOLLEHHSIM MOXYTb NoTpebyBaTtu BGinbLu B’A3K1X onvMB abo NpoAyKTiB i3 MogudikoBaHUMU Npucagka-
MW NS NiATPUMKM KOMMPECiT Ta 3MEHLIEHHS BUTpaT MacTuna.

Mo-gpyre, NOTPIOHO 3BEPHYTM yBary Ha ekcnsyaTtauiiHi yMOBU BMKOPWUCTAHHS TPAHCMOPTHOrO 3aco-
Oy. LLloneHHe BuKopUCTaHHA aBTOMOBINS BU3HaYae AMHAMIKY CTapiHHA MacTWibHOro martepiany, CTyniHb
TEPMIYHOrO N MexaHiYHOro HaBaHTaXXeHHs Ta 3aranbHy noTpeby B NeBHWMX TUNax 3axucTy. Ekcnnyartauis
aBTOMObinsa B 3vMoBuiA abo MiTHIA Nepiog BMMarae onuB i3 BiAMOBIOHMM TeMnepaTypHUM [iana3oHoM.
TemnepaTypHi KONMMBaHHS HABKOMMLLHBOIO CepefoBULLia 3yMOBMOKOTEL BMOIp ONuB i3 BiAMOBIOHMM iHOEK-
com B’'si3kocTi (SAE). ArpecrBHe KepyBaHHSI, IHTEHCUMBHE ranibMyBaHHsSI Ta MPUCKOPEHHS, YacTi Moi3aku
B MICbKOMY LIMKIi CAPUSIOTE LLIBUOKOMY 3HOCY 1 NOTPebyoTb ONUB i3 BUCOKMMM NPOTU3HOLLYBaNbHUMM Xa-
pakTepucTukamn. PerynspHe nepeBe3eHHs BaHTaxiB, KOPOTKi AUCTaHUii, TpuBani npoctoi abo nigsuweHa
3anuneHicTb BAAMBAKOTb Ha YacTOTY 3aMiHW 1 BUMOTM O CKNaay OnuBMK.

[Mo-TpeTe, BIANOBIOHICTE HOPMaTUBHUM BMMOraM i cTaHaapTam. ABTOMatM3oBaHa cuctemMa Mae iHTe-
rpyBaTv aKkTyanbHi TEXHIYHI pernameHTy, ski 3abesnedytoTb 6e3neky 1 BiANOBIOHICTb MOTOPHOI ONMBU KOH-
CTPYKLIHAM BMMOramM aBTOBUPOOHMKA. PO3rnsiHEMO OCHOBHI 3 HUX.

MixxHapogHi knacudikauii (AP, ACEA, ILSAC) permaMeHTytTb KaTeropii SKoCTi, TEPMOCTINKICTb, piBEHb
3abpyaHEeHHs1, okMcnoBanbHy cTabinbHicTb Towo. OEM-gonyckun — BUMOrKW, yCTaHOBIEHI BMPOBHMKamu
aBToMObiniB (Hanpuknag, Mercedes-Benz MB 229.5, VW 504.00/507.00), siki rapaHTytoTb BiANOBIAHICTb
ONMBU KOHKPETHUM cunosum arperatam. EkonorivHi ctaHgaptm (EURO-4, EURO-5, EURO-6) yctaHoB-
NOTb 0OMEXEHHS Ha XIMIYHWUIA CKnag, Ta eMicCito 3abpyaHIOUNX PEHOBWH, L0 nepegbayae 3acTocyBaHHS
Low SAPS-0mnuB i3 HU3bKMM YMICTOM CyrbcaTHOi 30nm, docdopy 1 Cipku. Takox HeobxigHO BpaxoByBaTh
0ocoBuUCTI nMpiopuTeTn N ynogobaHHSA KiHLEBUX CNOXUBaYiB. HesBaxaloum Ha TexHiYHy OpYropsiaHiCTb, Li
napamMeTpu 4YacTo MatTb BUpiLllanbHe 3Ha4YeHHs y diHanbHOMY pilleHHi KopucTyBaya: cyb’ eKTMBHE CTaB-
NEeHHs1 OO0 TOProBOi MapKW, MapKETUHrOBI KamnaHii Ta A0CBi4 nonepeaHbOoro BUKOPUCTaHHS; (biHaHcoBa
OOCTYMHICTb MacTUIbHOIO Marepiany BU3Ha4yae Moro NpuaaTtHIiCTb 4118 LWMPOKMX Pyn CrnoXuBadis; TpuBa-
nicTb iHTEpBany MiX 3amiHamMu ONMBK 3anexunTb Bif, il 6azoBoro cknagy (MiHepanbHa, CUHTETMYHA) Ta YMOB
ekcnnyarauji.

Takum YnMHOM, ePeKTMBHE BNPOBAKEHHA aBTOMATU30BaHOI CUCTEMM 40O0PY MOTOPHOI ONMBK Nepea-
Bayae He nuwe HasBHICTb AeTanbHoi 6a3n faHux, a N NobyaoBy YHiTKO BU3HAYEHO! NOriKU MNPURHATTS pi-
LWeHb. 3anponoHOBaHa cucTeMa I'pyHTYeTbCS Ha Miaxogi, Wwo 6a3yeTbCsa Ha eKCnepTHUX NpaBunax, siki onu-
CYIOTb YMOBW BMKOPUCTAHHSI KOHKPETHUX BUAIB MACTUIbHUX MaTepiarniB 3anexHo Big YMCNEHHUX BXiOHMX
napamMeTpiB.

BukoHaHHs gocnigxeHb

Po3rnsiHemo OCHOBHI MpuHUMIM anropuTmiyHoro nigxody. KoxHe ekcrnepTHe mpaBuio peanisyeTbcs
y dOopMi NOriYHOI KOHCTPYKLi, WO Aae 3MOry NoeTanHo 3BY)XXyBaTu nepenik MOXNBMX BapiaHTIB LUNIAXOM
aHanidy ogHoro abo Kinbkox napameTtpiB. Ha uii ocHOBi hOpMy€eTLCS AEPEBO MPUAHATTS pilleHb, sike 3a-
Bes3neyye NocTynoBy (hinbTpawiio 4aHux i3 noganswmMm opMyBaHHAM BNOPSAKOBAHOMO CMMCKY BiANOBIa-
Hux onue [5].

Po3rnsHemo KoXeH Kpok Takoro anroputMy. CrnovaTky BigOyBaeTbcs 36upaHHs BXigHOI iHhbopmaii. Ha
LbOMYy eTani cuctema OTPUMYE AaHi, siki MOXYTb OyTM BHECEHi Bpy4Hy KopucTyBadem abo iMmnopToBaHi
aBTOMaTM4YHO. [JO HUX HanexaTb TEeXHiYHi XapakTepUCTUKM TPaHCMOPTHOro 3acoby, yMOBW ekcrnnyaTtauii,
cTaHO4apTU aBTOBMPOOHMKA, a Takox nobaxaHHs caMoro kopucTyBada. [NepBrHHa dinbTpauis gaHux Bu-
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KOPUCTOBYETLCH 3 METOI 3MeHLIEeHHS BUBipku. Cnctema BUKOHYE BiCiB HEBIANOBIAHWX BapiaHTiB OnuvB 3a
TaKMMK KpUTEPIAMW: TUN ABUTYHa (GEH3MHOBUI, AN3ENbHUIA, NGpUAHUIA), TeMNepaTypHi YMOBW ekcnnyaTta-
uii (napameTpu B’A3kocTi 3a SAE), HasiBHICTb JonyckiB aBToBUpoOHUKa (Hanpuknag, VW, MB, BMW) [6, 7].

HacTynHuiA KpOK — OLLIHIOBaHHA M pO3paxyHOK PeNTUHIY. [INs KOXXHOro 3anuviieHoro y Bubipui BapiaHTa
pO3paxoByeTbCs KOedilieHT BiAMOBIAHOCTI, WO y3aranbHIOE CTYMiHb NPUOATHOCTI KOHKPETHOI ONMBY ANs
3aaHuX yMoB. PENTUHT po3paxoByETbCSA 3a POPMYIOLO:

Peilimutz =W, -D+W, -T+W, -S+W, -C,

- D — BiANOBIAHICTb TEXHIYHUM XapaKTepPUCTUKaM ABUTYHa;

- T — BigNOBiAHICTL TEMNEPATYPHOMY PEXUMY;

- S — BignoBigHicTe HopmaTtmeam i ctaHaapTam (API, ACEA, ILSAC);

- C — ypaxyBaHHs iHaMBigyanbHMX ynogobaHb KOpUCTyBaya;

- W....W., — BaroBi koeiuieHTu, Siki BigobpaxkatoTb NPiIOPUTETHICTb KOXKHOIO KPUTEPItO.

Ha ocHOBI po3paxoBaHUX PENTUHTIB cUcTEMa POPMYE CMMCOK PEKOMEHOOBAHNX MaCTUMbHUX MaTepia-
niB. KoxkHa nosuuisi cynpoBOaXKYETLCH KOPOTKMM NOSCHEHHSIM BUBOPY 1 OMMCOM OCHOBHUX XapaKTEPUCTUK
NPOAYKTY.

AKWO pekomMeHOoBaHa onvBa HeAOCTYMHA B HAsiBHOCTI, KOPUCTYBaYy MPOMOHYTLCS HAUONMXKYi anb-
TepHaTMBMU, AKi BIOPI3HAOTLCA MiHIMAIbHOK PI3HULIEID B PENTUHTY.

MobynoBaHa mMofenb Big3HA4YaeTbCs BMCOKUM piBHEM afganTuMBHOCTI. Cuctema gae 3mory guHamivyHo
3MiHIOBaTN BaroBi KoedilieHTV 3 ypaxyBaHHAM TUMy aBTOMOGINS, CTUMIO KEPMYBaHHSA Yn iHOMBIQYyaNbHUX
npiopnTeTiB KOpMCTyBaya. 3aBOsdku LbOMY 3abe3neyyeTbCcsa AK FHyYKMn nigxig go gobopy, Tak i Bucoka
TOYHICTb NepcoHanisoBaHMx pekomeHaauin. Ha puc. 1 npeacrasneHo 6rnok-cxeMy nocnigoBHOCTI po6oTu

anropuTmy.

36ip exigHmx
JAHHX

DinTETpaLis AaHHX

[

Pospaxynox
PEATHHTY

[
DdopmysaHHS
CITHCKY
peKOMEH 1AL

OCHOBHA. OJTHBY
OCTYTIHA]

h 4

PexomenayBaTi Ilinibparn
OCHOBHY OJIHBY ATbTEPHATHBY

Busin pesynerary
3 -
OBIPYHTYBAHHAM

Puc. 1. bnok-cxema anroputMmy yHKLIOHYBaHHS CUCTEMN
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LLlo6 3abe3neunTi BUCOKY MPOAYKTUBHICTB | HAAiNHY poboTy aBTOMaTn3oBaHO! cucteMm 4OH60py MOTOPHMX
OnvB, HEOOXiZHO 3acTOCyBaTV CyyacHi NigXo4m 4o onTuMisaLii 06pobkM AaHUX. YOOCKOHANEHHS! OXOMNSIOE SIK
noriky anropuTMmiB, Tak 1 iHpacTpyKTypHi acnektn. OgHMM i3 6a3oBuUx cnocobiB NigBULLEHHST ePeKTUBHOCTI
€ iHagekcauis cTpykTyp 6a3n gaHux, sika 3Ha4yHO MpULIBMAWNTL BUBIPKY iHdopmauii. [JogaTtkoBo, 3 METOK
3MEHLLEHHA HaBaHTaXXeHHS Ha CepBEPHY YaCTUHY, NPONOHYETLCH BNPOBaAUTU MEXaHI3M KeLlyBaHHS pe3yrb-
TaTiB 3anuTiB, WO 4ACTb 3MOTY YHUKHYTU NOBTOPHMX OBYMCEHb Y pasi CXOXUX NapaMeTpiB.

MigTpumka napanenbHoOi 06pobkM AaHuX A4acTb 3MOry ofHo4acHO obCcnyroByBaTh BEMNUKY KifbKiCTb 3a-
nNUTIB, ONTUMI3YOUYN BUKOPUCTAHHS anapaTHUX PecypceiB i 3HMXKYHUM Yac odikyBaHHs Bignosiai. Okpim Toro,
3ibpaHi icTopuYHi faHi MOXyTb OyTW BMKOPUCTaHI SIK OCHOBA 41151 HABYaHHSA NPeauKTUBHMX Mogenen [7].
3acTtocyBaHHS METOZIB MALUMHHOIO HaBYaHHA MiABULLMTL TOYHICTb pe3ynbraTiB i JacTb 3Mory hopMyBaTht
OinbL iHAMBIAyanisoBaHi pekoMeHaauii.

ApanTauisi cucTemMmn 4O KOHKPETHOIO KOPUCTYyBaya € BaXXNMBMM CKIMagHUKOM Cy4YacHOro cepsicy. Y upbo-
MY KOHTEKCTi B CUCTEMi BMKOPUCTOBYBATUMYTbCHA AaHi MPO NonepeaHi 3anutu, 3BUYKW KepyBaHHA TpaH-
CMOpPTOM, ICTOpItO 3aMiHW ONMBK 11 YMOBW eKcnyaTadii. Yce Lie 4acTb MOXIUBICTb CUCTEMI 3 KOXKHUM HOBUM
3BEPHEHHSAM TOYHiLLE BignosigaTu notpebam kopuctyBada. Takum YMHOM, NOegHAHHSA ONTUMI3aLinHUX Me-
XaHi3MiB 3 afanTUBHUMWN MOXITMBOCTAMU DOPMYE iHTENEKTYyanbHy Nnatopmy, 34aTHy 0 CaMOHaBYaHHS
Ha OCHOBI Hakonn4eHoro gocsigy [5].

[nsa rapaHTyBaHHS KOPEKTHOT pOobOTM cucTeMM HeOBOXiAHO NPOBECTM peTenbHY Banigalito BCixX ii koMmno-
HeHTiB. [lepeBipka TOYHOCTI 3anpoONOHOBaHNX pPeKoMeHAaL v 3AINCHI0ETLCS B KifbKa eTanis, L0 OXONIio-
I0Tb SIK @HaniTUYHI, TaK i NPaKTUYHI MeToau ouiHoBaHHA. Cepen nepLuoYeproBux NigxoniB — pyyHe TecTy-
BaHHs1 HA TUMOBWX MpuWKNagax, Wo BigobpaxatoTe peanbHi cLueHapii ekcnnyarauii. Lie jae amory BUsiButm
KPUTUYHI MOMUIKM B NOTiLi anropuTMiB. TakoxX BaXNMBUM € MOPIBHAHHSA pesyrnbTaTiB cMcTeMu 3 oiliitHMu
pekoMeHaauisiM1 BUPOBHUMKIB TEXHIKK, LLO 3abe3nevye BignoBigHICTb HOPMATUBHUM BUMOram.

[opaTtkoBy UiHHICTb Ja€ eKcnepTHa ouiHKa crnewianicTiB, SKi MOXYTb BU3HAYUTU MPaKTUYHY AOUINBHICTb
3anponoHOBaHMX pileHb. He MeHL BaXnNnBMM € 1 3BOPOTHUI 3B’A30K Bif, KiIHLEBUX KOPUCTYBadiB. AHani3
TaKuMX BiArykis 4ae 3Mory LUBMAKO BHOCUTM 3MiHM B NOTiKy fo60py abo yToYHIOBaTH NapameTpu anropuTMmiB.

[lo OCHOBHUMX KpUTEPIIB SAKOCTI HanexaTb BiANOBIOHICTb 3anpONOHOBAHOI ONMMBU MiXKHAPOAHWUM CTaH-
aaptam (API, ACEA, ILSAC), 6e3ne4HiCTb ii BUKOPUCTAHHS B KOHKPETHUX YMOBaX, 3MEHLLEHHS] 3HOLLEHHS
eNeMeHTIB ABUIyHa Ta CTabinbHICTb BUTpAT nanuea nicns ii 3actocyBaHHs [6; 7].

HapewwTi, 4yactota noTpebun B pydyHOMY BTPYYaHHi B Mpouec nigbopy Cnyrye nokasHUKOM CTyNeHs aB-
TOHOMHOCTi cucTemMn. Yum piglie BUHMKaE Taka HeobXigHICTb, TMM BULLA ePEKTUBHICTb (DYHKLIOHYBaHHS
nnatopmu.

lMicnsa BnpoBag)XeHHs 3anponoHOBaHOT CUCTEMY MiAOOPY ONMB OTPUMAEMO IHCTPYMEHT, 3aBOSAKN AKOMY
3HAYHO 3HM3NTLCH PiBEHb MOMWUIIOK MpWU NigOOopi oNMBKU B TEXHIKY. Hkye HaBegeHo rpadik OLiHIOBaHHS
€(dEeKTUBHOCTI CUCTEMM.

MopiBHANbHa OUiHKa ePeKTUBHOCTI CUCTEMK

Yac nigbopy (x8)
mEm PigeHb NoMUNoK (%)
BN 3anosoneHicTh (ouiHKa)

14+

12r

101

Micna BnpoBagXeHHA
CTaH cMcTemu

[o snpoBafXKeHHA

Puc. 2. MNopiBHANbHA ouiHKa e(PeKTUBHOCTI cuctemm

KomnnekcHa peanisaLis 3a3Ha4eHnXx MexaHi3amiB nepeBipku gae 3Mory JOCAITM BUCOKOIO PiBHS JOCTO-
BipHOCTI pe3ynbsraTiB i chopMyBaTU JOBIPY 4O CUCTEMU CepPen KiHLLEBUX KOPUCTYBaYIB.

BucHoBoK

Y pesynberati ocnigXeHHs po3pobreHo KOHLIENLi0 iHTENeKTyanbHOro anroputMmy nigdbopy MOTOPHOI
OnuBW, KW 30aTeH aganTyBaTUCA A0 LUMPOKOrO CMEKTPY BXiOHMX MapamMeTpiB. 3anpornoHOBaHi MeToam
onTumisauii n Banigauii 3abe3nevyoTb BUCOKY TOYHICTb Ta €PEKTUBHICTb CUCTEMMU, WO OAE 3MOTY iHTe-
rpysatu ii y ccpepy cepBicHOro 06cnyroByBaHHS aBTOMOBIMIB i CIPUATY NiABULLIEHHIO AKOCTI ekcnnyaTtawii
TEXHIKM.
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Abstract. In compiler design, the abstract syntax tree (AST) is the primary data structure used to represent
the syntactic structure of a program during translation and analysis. Traditional AST representations
model structure and data as a single entity, where structural relationships are encoded implicitly via object
references, and data is embedded directly within the objects. While intuitive, this approach complicates the
design and implementation of AST transformations, particularly under immutability constraints. Even simple
modifications often require explicit AST traversal and extensive copying, introducing accidental complexity
that may obscure the essential logic of transformations and reduce performance.

This work explores an alternative approach that explicitly separates structure from data in the AST
representation. The internal form of the AST is modeled as a pair of an array of data-only nodes and an
adjacency matrix that explicitly encodes the AST structure. This separation enables efficient transformation
by enabling independent updates to data without modifying the structure. Structural changes can also be
performed in a principled manner by modifying the adjacency matrix and the node array independently. This
separation of concerns simplifies reasoning about transformations and enables concise expression without
the accidental traversal logic.

To demonstrate the utility of this design, a compiler for a minimal data query language is presented. Three
representative AST operations are explored: verification, data-only updates, and structural modification,
illustrating how different kinds of transformations benefit from the proposed model. The proposed approach
is compared to traditional object-oriented representations and existing rewriting systems. The extensibility
and first-class role of the proposed design makes it applicable to a wide range of compiler tasks beyond
the example presented. This model serves as a useful foundation for building compilers and transformation
tools that are both robust and practical. Future directions include optimizing the internal representation and
supporting alternative traversal strategies.

Key words: compilers, abstract-syntax tree, transformation, immutability, Java.

BIAOKPEMNEHHA CTPYKTYPU BIA AAHUX B ABCTPAKTHUX
CUHTAKCUYHUX OEPEBAX ANA E®EKTUBHUX NMEPETBOPEHbDb
HE3MIHHUX OB’EKTIB

Bnaducnae binuk, IT CTE[l Yhisepcumem, Jflbsie, YkpaiHa. https://orcid.org/0009-0002-0173-0120,
vladbilyk@posteo.net

AHomauis. Y dusaliHi Komminsmopie abcmpakmHe cuHmakxcu4yHe depeso (ACL) € 0cHO8HOK cmpyKmy-
poro daHuUX, sika 8UKOpUCMO8YemMbCS Orid MpedcmaenieHHs: CUHMaKCUYHOI CmpyKmypu ripoepamu rid Jyac
mpaHcnauii U aHanisy. Tpaduyitivi npedcmasneHHss ACL modentoromb cmpykmypy U daHi sik eOuHe yirne, 0e
CMPYKMYyPHI 38’513KU HESIBHO KOOYOMbCS Yepe3d rocusnaHHs Ha 06’ekmu, a daHi € HacmuHOK camux 06 ’ex-
mig. Xo4a ueul nidxid € iHmyimueHUM, 8iH yCKnadHE MOOeo8aHHsI ma pearsnisauito nepemsopeHs AC/,
ocobrnueo 0rna He3MiHHUX 06°ekmig. Hasimb npocmi modudbikauii yacmo nompebytomb 518H020 06x00y
AC/] ma 3Ha4yHO20 KoritogaHHs, w0 dodae Opy2opsiOHy CKrnadHicmb 00 nepemaeopeHs i 3HUXYE wWeUdKoJilo.

Y pobomi docnidxyembcst anbmepHamueHUl nioxiod, sikuli S8HO 8IOOKPEMITIOE CMPYKmMypy 8i0 OaHuX
y npedcmaesneHHi ACL. BHympiwHs ¢popma ACL modenoembcsi SIK napa macusy 8epuluH, Wo Micmsims
nuwe OaHi, i Mampuyi cyMikKHOCTI, sika i8HO KoOye cmpykmypy ACL. Taka moderib yMOXIUEMe eqhex-
MUBHI nepemeopeHHs 3a805IKU He3asleXXHUM OHO8MEeHHAM daHux 6e3 3aMiHuU cmpykmypu. CmpyKkmypHi 3mi-
HU MaKoX € MOXITUBUMU, BUKOHYIOMbCS HE3anexXHO, 3MIHIOHYU Mampuuto CyMixkHOCmi U Macus 8epUlUH.
Take 8i00KpeMIIeHHS CrIPOULYE PO3YMIHHS IePEemMB0PEHb Ma yMOXITUBITIOE JTaKOHIYHEe 8upakeHHs1 6e3 dpy-
20psI0HOI cknadHocmi, Wo cmocyembcsi 06xody AC/.

Abu npodemoHCcmMpys8amu 3acmocos8HiCmb HagedeH020 idxody, npedcmasrieHo KoMissmop Orsi Mi-
HimanbHoi Mmosu 3anumig do daHux. [ocnidunu mpu munosi onepauyii Had AC/L: eepudbikauito, OHOBMEHHS
Jnuwe 0aHux, cmpykmypHy MoOudikauito, iTrlocCmpyroyu, Kk maka Moderib Cripusie pisHUM sudam rnepemaeo-
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peHb. 3arporioHosaHul nidxid nopigHEMbCS 3 mpaduuiliHuMu 06’ €KMHO-OpiEHMo8aHUMU rpedcmasieH-
HamMU U HassgHUMU cucmemMamu pepalmuHeay. PoswuprogaHicme i nepuwoknacHa rnpupoda 3arnpornoHo8aHol
modeni pobrisme i 3aCmMoco8HO0 00 HU3KU KOMIMINSAYIUHUX Mpouecie, Wo 8UXo0simb 3a paMKu npedcmas-
neHoeo npuknady. Lia modenb criy2aye ocHOB80t 0711 CmMBOPEeHHST HalilIHUX, NpaKmu4YyHUX KOMMnsmopie i
3acobis nepemeopeHHs. Ceped malbymHix HanpsiMie O0CIOXeHHSI — onmumisauisi HymMpiwHb020 rpeod-
cmaerneHHs1 AC ma nidmpumka anbmepHamugHUX cmpameait 06xo0y.

Knrovoei cnoea: komninsmopu, abcmpakmHe cuHmakcuyHe depeso, mpaHcghopmay,isi, He3MIiHHI 06’°ek-
mu, Java.

Introduction

Programming languages provide the ability to describe computations at a high level of abstraction.
For a program to be executed, it must ultimately be interpreted or translated into a lower-level language —
typically machine code that will be executed directly by a CPU. This translation is the task of a compiler,
which transforms source code from one representation into another. While it is typical for compilers to
target machine code, the codomain of compilation may be arbitrary. A compiler may translate one high-
level language into another to connect different domains, facilitating integration with external systems or
leveraging specialized execution engines (e.g., compiling a domain-specific language embedded in Java
[1] into SQL for database execution).

The compilation process is centered around an abstract syntax tree (AST) —a core data structure that represents
the syntactic structure of the source program. After parsing, the AST becomes the intermediate representation
upon which subsequent compiler stages operate. These stages typically include verification, optimization, and
code generation, each of which may involve some form of analysis or transformation of the AST.

The process of transforming an AST is often the most complex and performance-critical part of a
compiler. This work focuses on improving how AST transformations are defined and performed, specifically
in the context of immutable data structures.

Two key challenges arise during AST transformation:

1. Simplicity of definition and implementation. Ideally, the definition of a transformation should be
concise, tackling the core of the problem, without having to explicitly encode the rules for AST traversal.
Approaches such as rewriting systems [2] and source transformation systems [3] try to achieve this goal by
separating the core transformation logic from the details of the strategy for matching parts of an AST and
applying the changes. This principle is in line with Brooks’s distinction between essential and accidental
complexity [4].

2. Performance under immutability. When all data is immutable — an increasingly common choice in
modern software engineering [5] — informal reasoning becomes easier at the cost of performance penalties
of varying degree. In compiler design, each AST transformation must produce a new AST object. Naive
implementations that rebuild entire trees on each change are inefficient. Techniques such as sharing [6], the
Zipper [7], or flattened AST representations [8] aim to optimise operations on immutable data.

This work explores an alternative approach: decoupling AST structure and data into separate
representations, enabling more localized and efficient updates while preserving immutability. We propose a
model for AST design and transformation that explicitly separates structure from data. It is shown how this
design simplifies the definition of AST transformations without incurring heavy performance penalties, and
how it aligns with the goals of clarity, locality, and immutability. These ideas are illustrated using a minimal
compiler for a data query language, implemented in Java.

Query Language

To illustrate the proposed approach, we introduce a minimal language for data querying, called Query
Language (QL). QL serves as the source language in our compiler, with SQL as its target. While the final
compilation stage that emits SQL code is beyond the scope of this work, we focus on intermediate stages
involving AST transformations.

The syntax of QL is defined using a grammar in extended Backus—Naur form (BNF):

Query ::= (from Source)? yield Yield+
Source ::= <name:string>

Yield ::= Expr (as <alias:string>)?
Expr ::=Val| Column | Query

Val ::= <value:object>

Column ::= <name:string>

This grammar uses conventions extended from traditional BNF: capitalized identifiers represent non-
terminals, lowercase ones represent terminals, and postfix operators “?”, “*”, and “+” denote optionality,
repetition (zero or more), and repetition (one or more), respectively. Angle bracket notation <label:type>
(e.g., <name:string>) denotes arbitrary data of a corresponding type with a label for descriptive purposes.
<value:object> denotes a literal value of an arbitrary type supported by QL, which is expected to include
common data types used in SQL: temporal types (date, datetime), numeric (integer, decimal), etc.
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Here are a few example queries that conform to the QL grammar:

1. from users yield name, email

2. yield 1

3. from users yield (yield 1) as id, “admin” as name

To demonstrate AST transformation in this context, three key operations are defined that a QL compiler
might perform:

1. Scalar subquery verification. A scalar subquery is a Query node that appears within a Yield node.
Since such subqueries are intended to produce a single scalar value, they must contain exactly one Yield. If
this condition is violated, compilation should fail with an error. This is an example of a verification operation.

2. Alias renaming. This operation changes the alias associated with a Yield node, without modifying its
structure. This is an example of a data-only transformation.

3. Subquery inlining. If a scalar subquery yields a constant Value and does not use a Source, it is
semantically equivalent to that value and can be inlined by replacing the Query with the Value. This is an
example of a structural transformation.

These operations serve as specific use cases for the approach developed in the rest of this work.

A naive approach

A common and straightforward way to model an AST is to tightly couple its structure and data in a single
representation. For the Query Language (QL), such a model might look like the following:

interface Expr
record Query(Source source, List<Yield> yields) implements Expr
record Yield(Expr expr, String alias) implements Expr

In this encoding, Query and Yield are both nodes in the AST. The Query node is purely structural,
consisting of a source and a list of yields, while each Yield node combines a structural sub-expression expr
with a data component alias.

The limitation of this design becomes apparent when implementing AST transformations. Because the
structure and data are coupled, any transformation, regardless of scope, must begin at the root node
(Query) and recursively traverse the tree to locate and manipulate the desired parts.

For example, consider the implementation of operation 1, which verifies that each subquery yields
exactly one value:

verifyScalarSubquery(Query q)
for (Yield y : q.yields())
if (y.expr() instanceof Query sq)
verifyScalarSubquery_(sq);

verifyScalarSubquery_(Query q)
if (q.yields().size() 1= 1)
error();
else // (1)
verifyScalarSubquery(q);

In this implementation, the top-level Query node must be explicitly walked. The compiler must inspect
every Yield node, detect subqueries, and recursively apply the same verification. Line (1) illustrates a subtle
point: a subquery may itself contain nested subqueries, so the traversal logic must be repeated.

This naive representation may suffice for a toy language like QL, but in a realistic scenario with more
constructs (e.g., Where, OrderBy), the number of places where subqueries might occur would increase
significantly. The programmer would have to manually extend the traversal logic for each new language
construct. As a result, the complexity of defining even simple transformations grows rapidly because of the
traversal overhead. This is an example of accidental complexity overshadowing the essential complexity
of the task.

The proposed solution

To overcome the limitations of tightly coupled AST representations, we propose a design that explicitly
separates structure from data, enabling AST transformations to focus on the essential complexity, simplifying
both the definition and execution of transformations under immutability constraints.

The AST is defined using interfaces that distinguish structural and data components. This separation
is expressed through method declarations, with methods representing data annotated using the @Data
annotation:
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interface Query
Source source();
List<Yield> yields();

interface Yield
Expr expr();
@Data String alias();

Structural relationships, such as between Yield and Expr, are represented by unannotated methods,
while data components, such as Yield.alias, are explicitly marked. These interfaces are processed at runtime
to produce an internal representation of the AST, which is hidden from the programmer. The implementation
details of this internal data structure will be presented in a subsequent section.

Defining transformations

An AST is defined by a set of node types. An AST transformation is a function from ASTs to ASTs — an
endomorphism over the AST domain.

For example, in the QL compiler, let the AST type be QL. Then, any transformation can be expressed
as a function f: QL — QL. This general definition, while expressive, is often impractical for defining specific
transformations that target specific node types instead of the whole AST. Therefore, a notion of specific
transformations, which are then lifted into general transformations via structural traversal, is also required.

A specific AST transformation is characterized by:

1. A node type as the entry point. Let g be a transformation defined over a node type N. It can be lifted
to an AST transformation f by applying g to every subtree whose root is a node of type N. For example,
renaming a yield alias (operation 2) is defined over Yield nodes, but can be lifted to operate on the entire
AST by applying it to all nodes of type Yield.

2. The nature of the change. Transformations may involve two kinds of changes: data-only changes,
which modify just the contents of a node, without altering the tree structure; structural changes, which affect
the relationships between nodes (e.g., replacing one subtree with another).

Some operations, such as verification, may have no structural or data changes, relying solely on side
effects (e.g., error reporting). Below it is shown how each of the three QL transformations introduced earlier
can be implemented using this model.

Operation 1: Scalar subquery verification

verifyScalarSubquery(Yield yield)

if (yield.expr() instanceof Query q && q.yields().size() I= 1)
error();

This operation is defined on Yield nodes and reports an error whenever a subquery does not match
the requirements. Since the traversal is automatically handled by the abstraction, the implementation is
minimal and free of accidental complexity. Only the essential logic needs to be specified, no traversal logic
is required. This resembles a simple form of pattern matching in rewriting systems, where the transformation
is applied only at relevant nodes, decoupled from traversal concerns.

Operation 2: Alias renaming

renameYield(Yield yield, String oldAlias, String newAlias, Yield.Factory yieldFactory)

if (yield.alias().equals(oldAlias))
replace(yield, yieldFactory.make(newAlias));

This operation demonstrates a data-only transformation: it changes the alias of a Yield without affecting
its structure. The abstraction also provides a factory for each node type, which is simply a data constructor.
This enables the programmer to construct new nodes using only the relevant data components. In this case,
since Yield has only one data component (alias), the factory method has a single corresponding parameter.

The structural component (expr) remains unchanged and can be reused in the resulting AST.

Operation 3: Subquery inlining

inlineSubquery(Yield y)

if (y.expr() instanceof Query q && q.yields().size() == 1 && q.yields().getFirst() instanceof Value v)
replace(y.expr(), v);

This example illustrates a structural transformation. When a scalar subquery yields a constant value and
has no source, it can be inlined by replacing the subquery with the value it yields. Thanks to the abstraction,
this replacement modifies the AST structure without requiring the programmer to manually reconstruct the
entire tree. Notably, the transformation only replaces the relationship between a Yield and its Expr, leaving
the Yield node itself unchanged. This illustrates the benefit of separating structure from data: structural
updates can be performed without touching the data, while retaining the ability to compose them with data
changes.
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AST encoding

The internal representation of an AST consists of two components:

1. An array of nodes, where each element contains only data. The nodes are stored in the order of a
depth-first pre-order traversal of the AST. This array captures the contents of the AST while remaining
independent of its structure.

2. An adjacency matrix that encodes the structural relationships between nodes. The matrix is of size n
x n, where n is the number of nodes in the array. For a given parent-child relationship between nodes x and
y, the matrix entry at position (i, j) is present if node x = afi] is the parent of node y = afj].

An AST is defined as a tuple (a, m), where a is the array of data-only nodes, and m is the adjacency
matrix capturing the structure.

Alternatively, an adjacency list could be used instead of an adjacency matrix, which would be most optimal
for large but sparse ASTs, where the number of nodes tends to be large but the number of connections
between nodes tends to be small. If ASTs do not have a clear tendency towards sparsity or density, an
adaptive approach could be used, where the representation would be chosen dynamically based on the
properties of the parser’s input, such as its length. For illustrative purposes, an adjacency matrix is used,
as it is trivial to map the transformations from one representation onto another.

Data-only changes

When performing data-only transformations, the structure of the AST remains unchanged. Therefore,
the adjacency matrix m can be reused. To update an AST (a, m) by replacing a node x with a new version
X' that differs only in its data components, we construct a new array a' as a copy of a with x replaced by x'
at the same index. The resulting AST is (a', m).

For example, consider the AST in Figure 1. A data-only change that renames the alias “n” to “num” in
the Yield at index 2 produces a new AST as shown in Figure 2. Since the structure is unchanged, the same
adjacency matrix is retained, and only the array of nodes is updated. This example illustrates the alias
renaming operation presented earlier.

The following algorithm describes the necessary steps to perform this AST transformation:

1. Copy the array of nodes a into a new array a’.

2. For each Yield y in a, call the transformation function, and let its result be y’.

3. For each y, let its index in the array be i. Write y’to a’i].

4. The result is a new AST — (a’, m), where m is the original adjacency matrix.

]

(11
Source
name: "users”

(5]
Column
name: "id"

T TiTe

Array of nodes

Nl & ) | = o

Adjacency Matrix

Fig. 1. AST before the data-only change
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Fig. 2. AST after the data-only change

Structural changes

In contrast, structural transformations affect the shape of an AST and thus require modifications to both
the node array and the adjacency matrix.

To replace a subtree rooted at node x with a new subtree rooted at y, the following steps are taken:

1. Identify subtrees Tx and Ty, rooted at x and y, respectively.

2. Construct a new AST (a’, m’) where a' is a copy of a, with the nodes in Tx removed and the nodes
in Ty inserted in their place; m' is a copy of m, with the rows and columns corresponding to nodes in Tx
replaced by those for Ty.

For instance, consider the AST in Figure 3, where the Query at index 3 is replaced by the Value at index
5. The result is shown in Figure 4. Nodes associated with the original subtree are removed from the array,
the corresponding rows and columns in the adjacency matrix are pruned, and matrix entries are updated to
reflect the new structure. This example illustrates the subquery inlining operation presented earlier.

The following algorithm describes the necessary steps to perform this AST transformation:

1. Copy the array of nodes a into a new array a’, and copy the adjacency matrix m into a new matrix m’.

2. For each Yield y in a, call the transformation function, and let its result be (old, new), where old is the
node to be removed from the AST, and new is to be inserted in its place.

3. Find the index of old in a, and let it be i.

4. Write new to a’fi].

5. Find the index of new in a, and let it be j.

6. Write the contents of m[j] to m7i].

7. Trace and delete orphaned nodes in a’ and their corresponding entries in m’.

8. The resultis a new AST — (a’, m’).

Related work

Sampson's work [8] explores an alternative AST representation where all nodes are stored in a
contiguous array, and structural relationships are maintained through integer indices rather than pointers.
This “flattened” layout improves memory locality, and enables efficient allocation and deallocation. While this
representation is driven by performance and memory constraints, our approach complements performance
gains by explicitly separating structure and data, providing additional flexibility and clarity in transformation
definitions.

Balland et al. [9] present Tom, a strategy-based term rewriting system embedded in Java. Their work
emphasizes the separation of rewriting rules from traversal strategies, enabling modular and declarative
transformations. While Tom is a standalone language built on top of Java, our approach fits into the Java
language and can be implemented as a library. Tom relies on pattern matching over algebraic terms and
strategy interpretation at runtime, while our method encodes the AST structure explicitly via an adjacency
matrix and provides an interface to control data and structure separately.

Hemel et al. [10] present an architecture for domain-specific language compilation centered around code
generation via model-to-model transformation based on AST rewriting. Their work is focused on modular
transformation pipelines that enable modular normalization rules that operate on immutable data. Similarly

73



ISSN 2788-5518

] [2]
[3]
s Yield H (1 [2]
{ nameo:Lf'L':;‘:ars" J { aliase: “id" Query Source Yield
name: "users” alias: "id"
¢ L )
(5] /—¢—\
[4]
val
Yield [3]
{ value: 1 } val
value: 1
0 1 2131415 0 1 2 3 4 5 S
0 X[ x
0 1 2 3
Array of nodes ! 011123 0 x X
2 X
- X Array of nodes 1
4 X 2 X
5 3

Adjacency Matrix Adjacency Matrix

Fig. 3. AST before the structural change Fig. 4. AST after the structural change

to our approach, they seek to separate the essential complexity of AST transformation from traversal logic.
While they focus on a standalone transformation language, our approach presents an encoding that can be
integrated into Java directly.

Table 1 summarizes the key properties of the approach presented in this work in comparison with existing
solutions. While the comparisons are mainly qualitative, focusing on expressiveness, ease of integration,
and performance, they highlight the essential differences between the approaches.

Table 1
Comparison of AST transformation frameworks

Interface for

as a programming style

Framework Integration transformations Performance properties
Concise, high-level Adaptive choice of the AST
This work Library definition, decoupled from representation based on
traversal language properties
Helps avoid recursion
Sampson [8] Manual, must be adopted Unspecified during traversal, exploits

cache locality

Balland et al. [9]

Standalone language

Rewrite rules based
on pattern matching,
decoupled from traversal

Transformations are
optimized and compiled
into Java bytecode

Hemel et al. [10]

Standalone language

Rewrite rules with custom

Multi-stage compilation of
transformations

traversal strategies

Conclusion

This work presented an approach to AST transformation that separates structure from data, enabling
efficient operations on immutable data structures. By storing all AST nodes in an array and structural
relationships in an adjacency matrix, the encoding supports localized updates without heavy performance
penalties. Through AST transformation for a minimal query language as an example, it was shown how
this approach eliminates accidental complexity and simplifies the implementation, supporting data-only and
structural changes to the AST.

Compared to traditional object-oriented design, where transformation logic is often coupled with traversal
concerns, our abstraction takes care of the accidental complexity. This facilitates informal reasoning, which
is particularly important in modern software engineering. Unlike external systems that rely on additional
rewriting languages, our approach stays within the Java language, providing the benefits of static typing
and integration.

Future work may explore optimizations to the internal AST encoding and composability of transformations.
The principles and architecture presented in this work provide a foundation for building compilers that are
both simple and robust.
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AHOomauis. Y cmammi nposedeHO KOMIMNeKCHUU aHari3 iHmeepauii cepedosull, po3pobku 3 nidmpum-
Ko wmy4Hoeo iHmenekmy (L) e npoyec sug4yeHHs npoepamysaHHsI cmydeHmamu mMexHIYHUX creyiasib-
Hocmel. [JocnidxxeHHs1 hoKycyembcsi Ha momy, sik iHempymeHmu GitHub Copilot, Cursor, Windsurf ma iHwi
mpaHcgopmytoms mpaduyitiHi nidxodu 00 Hag4aHHSI, MPOMOHYKYU HO8I MOXXIU8OCMI 051t nepcoHani3auyii U
nidsuweHHs1 echekmusHocmi. HasedeHo OemarnbHUU MOPIBHSIbHUU aHani3 Ki4oeux rninamagopm 3a ma-
KumMu Kpumepisimu, ik 6a3osi eenuki mosHi moderi (LLM), nidmpumka Mo rnpozpamyeaHHsi, iHmezpauisi 3
pisHumu IDE {, wjo ocobnueo gaxnueo 0551 0ceimHbo20 cepedosulla, yMosu HaBaHHS OC8IMHIX IiyeH3sid.
lpu ubOMy OKPeMOo Ha2oIoWyeMbCS Ha NPaKMUYHUX acreKkmax ompuMaHHs Minb2o08o20 docmyiry: ckiao-
Howax eanidayii cmamycy cmydeHma, MOXIUBUX pe2ioHanibHUX 0OMeXeHHSIX | 3MiHHocmi ymos. Po3ans-
Hymo 8ecb criekmp pexxumie 83aemo0ii i3 LLI: 8i0 6a3zoeozo asmodonosHeHHs kody (Code Completion) i dia-
10208020 pexxumy (Chat), wo nepemsoproe IDE Ha iHmepakmugHo20 mbromopa, 00 MpocyHymoi 2eHepauii
(Generate) G aceHmMHo20 pexumy (Agent), 30amHO20 8UKOHYy8amu KOMINEKCHI bazamoemariHi 3a80aHHS.
Okpemy ysazy npudineHo po3wupeHHo yHkyioHana LUI 3a mexi IDE — e iHcmpymeHmu koMaHOHO20
psidka (CLI), wo siOkpusae HO8i 20pu3oHmMu 0511 agmomMamu3au,ii ma eug4yeHHs1 cucmemMHo20 adMiHicmpy-
8aHHSs1. Ha ocHoei Uyb020 aHani3y 3anponoHO8aHO HU3KY iHHO8aUiUHUX Hag4aslbHUX 3a80aHb, CrPSIMO8aHUX
He Ha rpocme KoniroeaHHs1 KOOy, a Ha PO38UMOK KPUMUYHO20 MUCIIEHHST, HAB8UYOK rOWYKY U 8UNpPaeneHHs
MOMUJIOK ma aHari3y SsKocmi 32eHepogeaHux piweHb. OiHanbHa YacmuHa cmammi npucesiyeHa 2rubokomy
aHarsisy pusukie, 30kpema HaOMIpHIl 3anexHocmi 8i0 iHCMpyMeHmi8, Wo Moxe npuzsecmu 0o ampoil
¢pyHOameHmMarbHUX HaBUYoK, i suknukam Ors akademiyHoi dobpodyecHocmi. 3arnpornoHO8aHO KOHKPEeMmHi
nedaeoeiyHi cmpameaii 0r1a MiHiMi3auii yux 3a2pos, Wo 8KIYamb 3MiHy napadueMu OUiHK8aHHS, yrpo-
8a0XXEeHHS YCHUX 3axucmig rpoekmie i popmyeaHHs 8 cmyOeHmi8 Kyibmypu 8idrnoegidansHo20 U emuy4yHO20
sukopucmaHHs LLI.

Knroyosi cnoea: ceHepamugHUU wmy4HUU iHMenekm, iHmezapogaHe cepedosuuie po3pobKu, Hag4aH-
HS npoepamyeaHHsi, rpozpamysaHHs, GitHub Copilot, akademiyuHa dobpodyecHicmb, eeHepauisi KOOy, Ko-
MaHOHUU psAOOK, eertuki MoeHIi Modersti, oceimHil rpoyec.
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Abstract. The article provides a comprehensive analysis of the integration of Al-powered development
environments into the process of learning programming for students in technical fields. The research
focuses on how tools like GitHub Copilot, Cursor, Windsurf, and others are transforming traditional teaching
approaches by offering new opportunities for personalization and efficiency. A detailed comparative
analysis of key platforms is presented based on criteria such as their underlying large language models
(LLMs), programming language support, integration with various IDESs, and, crucially for the educational
context, the terms of educational licenses. Special emphasis is placed on the practical aspects of obtaining
preferential access: the complexities of student status validation, potential regional restrictions, and the
changing nature of the terms. The full spectrum of Al interaction modes is examined: from basic code
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completion and chat mode, which turns the IDE into an interactive tutor, to advanced generation and agent
mode, capable of performing complex multi-step tasks. Special attention is given to the extension of Al
functionality beyond the IDE info command-line interface (CLI) tools, opening new horizons for automation
and learning system administration. Based on this analysis, a series of innovative educational assignments
are proposed, aimed not at simple code copying but at developing critical thinking, debugging skills, and
the ability to analyze the quality of generated solutions. The final part of the article is devoted to a deep
analysis of the risks, particularly over-reliance on these tools, which can lead to the atrophy of fundamental
Skills, and the challenges to academic integrity. Specific pedagogical strategies are proposed to minimize
these threats, including shifting assessment paradigms, implementing oral project defenses, and fostering
a culture of responsible and ethical Al use among students.

Key words: generative artificial intelligence; integrated development environment; learning to program;
programming; GitHub Copilot; academic integrity; code generation; command-line interface; large language
models; educational process.

Bctyn

IHTerpoBaHi cepegoBuLLa po3podku (gani — IDES) 3 nigTpyMkoro WTy4Horo iHTenekTy (gani — LWI), 30-
kpema GitHub Copilot, Cursor, Windsurf Towo, BigkpnBalTb HOBI MOXITMBOCTI OS5 MEPCOHani3oBaHoOro
HaBYaHHA NporpamMyBaHH4, WO NiATBEPIKYETLCA pedynbrataMmm emMnipudHUX JOCniaAXeHb Y Pi3HUX OCBITHIX
koHTekcTax [1; 2; 3]. MNpakTnyHe BukopuctaHHa LI gk TeroTopa abo acucTteHTa 4EMOHCTPYE 3POCTaHHS
SKOCTi CTYAEHTCbKNX MPOEKTIB, NiABULLEHHS NPOAYKTUBHOCTI Ta 3MEHLUEHHSA KOTHITUBHOrO HaBaHTaXXEHHS
[4; 5]. BogHo4ac [ocnigHMKM 3BEPTaOTb yBary Ha HEOOXiAHICTb KPUTUYHOrO ocMucneHHs poni LI B ocBiT-
HbOMY MpoLecCi, 30Kpema LWoao opMyBaHHA OOBipM OO pe3ynbraTiB reHepalii kogy N 36epexeHHsT Mo-
TMBaL,i 4O CaMOCTIlHOro MucneHHst [6; 1]. Lle Bumarae aganTauii HaB4anbHUX CTpaTerii, AKi NOEAHYOTb
nepesarn aBToMaTun3sawii 3 pO3BUTKOM anropuTMiYHOrO MUCMEHHS 1 €TUYHOI BiANOBI4ANBHOCTI.

3rigHo 3 aHaniTMYHUMK 3BiTaMK, KiNbKICTb KOpMCTyBadiB LLI-nomivHKKIB 3pocTae eKCNOHEHLINHO, a KOM-
NaHii-po3pobHMKM IHBECTYIOTL PEKOPAHI PECYPCU B iXHil pO3BUTOK. 3a CrioBamu reHeparnibHOro oupektopa
Microsoft CaTtbi Hagennn, ctaHom Ha 2025 pik go 30% Koay B KOMMaHii BXXe reHepyeTbecsi 3a JONOMOror
LI [7]. GitHub Copilot, Hanpuknag, yxe mae noHag 15 MINbIAOHIB aKTMBHMX KOPUCTYBaYiB, a iHLWi iHCTpY-
MEHTM OEMOHCTPYHOTb CTPIMKE 3pOCTaHHS NONyNsipHOCTI cepen CTYAEeHTIB | Mmonogmx daxisuis. Lien TpeHg
BigoBpaxxaeTbCca 1 y NpakTuli npauesnawTyBaHHs: yce binblie poboTogaBLUiB BKAYAKOTb NUTaAHHS Npo
Jocsig BukopucTtaHHs LUI-cepenoBuLy, y TexHidHi cniBbecign, ouiHOYM 30aTHICTb KaHAMAATIB e(PeKTUBHO
npawoBaTn 3 iHTenekTyanbHUMK iHCTpyMeHTamu. IDE 3 nigTpumkoto LI aepani akTuBHiLLE BUKOPUCTOBY-
I0TbCS He nuLie B NpodecinHin po3pobui [8], a 1 y HaB4anbHOMY npoueci. Lli iHcTpyMeHTM BUCTynaTb
SIK NepcoHarni3oBaHi LMMPOoBi aCUCTEHTH, WO IHTErpyrTbCS B HaBYarbHUIM MpoLec i CyTTEBO MOMerwyoTb
3aCBO€EHHS nNporpamyBaHHsA. OcobrnmBo ePeKkTUBHUMM Li iIHCTPYMEHTM € Ha NOYaTKOBUX eTanax HaB4YaHHS,
KOMW CTYAEHTM CTUKAOTLCS 3 TUMOBUMM TPYAHOLAMM — CUHTAKCUYHUMW NOMUITKAMK, HEPO3YMIHHAM 0K/
anropuTmis, 6pakom npuknaais.

BukoHaHHs gocnigxeHb

IDEs 3 nigTpumkoto LI 3a6e3nedytoTb CTyaeHTam JOCTYN A0 iHTEeNeKTyanbHoi NigTPUMKU B pearnbHoOMY
Yyaci: aBTO3anoBHEHHS KOAY, reHepauia yHKLiN, MOACHEHHSA MOrikK, NOLUYK i BUNPAaBMEHHA NOMUIOK i pe-
baKkTOpUHT. 3aBAsikM LbOMY 3000yBadi OCBITM MOXYThb LUBMALLE 3aCBOKBATM HOBi MOBWM MpPOrpamMyBaHHS,
€eKCNepuMEeHTYBaTK 3 KOOOM, YYMTUCS Ha NMOMUIIKaX | BOOHOYAC pO3BUBATU KPUTUYHE MUCHEHHS. 3a pe-
3ynesTrataMmu 4ocnigKeHb, BUKopuctaHHs LUI-nomivyHukiB Aae 3Mory 3aMeHLLIMTN Yac Ha BUKOHAHHS 3aBAaHb,
a TakoX MiABULLIMTU AKICTb KOQY W YNEeBHEHICTb CTYAEHTIB Y BNacHMX cunax [1; 2; 4].

MopiBHANbHWI aHani3 LUI-iHcTpyMeHTIB Anst po3pobku

[nsa o6’eKTUBHOI OLiHKM MOXIMBOCTEN cydacHux LUI-iHCTpymeHTiB npoBedeHO MOPIBHAMbHUIA aHarni3
HanNoNynsPHILWMX pilleHb Ha pUHKY. KpuTepisMu NopiBHSHHS CryryBanu OCTYMHICTb ANA 3aknagis OCBiTH,
nigTpyMka mMoB nporpamyBaHHea 1 IDE, dyHKUiOHanbHI MOXIMBOCTI 1 0COBNMBOCTI BUKOPUCTAHHS Pi3HMX
BENNKMX MOBHUX mogenen (LLM).

. . . Windsurf (paHiwe Amazon .
Kpurtepin GitHub Copilot Cursor Codeium) CodeWhisperer Tabnine
OcHoBHa LLM | OpenAl GPT-4.1/* auto Opené\I/VCI%E:I';4.1/ ’ | BnacHa mogenb | BrnacHa mogenb
BukopucrtaHHsa Tak (nnatd.
iHWwux LLM U LR VER? Amazon Bedrock) UER
Mpnbnusxa
KinbKiCTb > 15 MnH. > 1 MnH. > 1 MnH. > 1 MNH. > 1 MnH.
KOpUcTyBauiB
MigTpymyBaHi VS Code, BnachHa IDE VS Code, VS Code, VS Code,
IDE JetBrains, ... (dbopk VS Code) JetBrains, ... JetBrains, others JetBrains...
n'mﬁg':gBaH' Yci nonynsipHi moBm (Python, JS, TS, Java, C++, Go, Ruby ToL0)
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BeskowToBHMNI
nnaH (3 Tak Tak Tak Tak Hi (2025)
nimitamm)
TliyeHsist ans BeskowToBHO 1
CTynoHTIE! BeskoLToBHO pik (Cursor Pro), | 3Hwxkka 50% Ha BeskoLToBHO H/O
Y . (Copilot Pro)/+ SHWKKW ONS Pro nnan/- (Individual tier)/+
BUKNagadis .
CTYOEHTIB/-
Okpema IDE Tak Hi Tak Hi Hi
[Mnarinn go IDE Tak Hi Tak Tak Hi
«Al-first»
ABTOOMNOBHEHHS Al-first LBnake ABTOL,OMNOBHEHHS, NG
IDE, vat 3 aBTOOOMOBHEHHH,
KoAy, uar, aBTOOOMOBHEHHS, CKaHyBaHHsI
. ] .. | KogoBo 6asolo, npaute
OCHOBHI reHepauis yHkuin, roHepaLlis «3 yat B IDE, 6esneku, NOKANBHO
MOXXIMBOCTI NOSICHEHHS, " n;; ABTO- reHepadis kogy reHepadis kogy, (NigsuLeHa
pedakTopuHr, CLI- yns, . 3a KOMEHTapsIMu, pobota 3 AWS ;
) nebar, mirpadis NMpUBaTHICTb),
NMOMIYHUK, areHT areHT SDK o
KOAyY, areHt iHLWi
.Ha|7||<pau._\a mnboka
iHTerpauis, . . . Bucoka
MoTy>xHi dyHKLUT Oyxe wupoka iHTerpauisi 3 .
BenMyesHa - LIBUAKICTb,
MepeBarn . ans pobotun 3 nigtpmumka IDE, €KOCUCTEMOI .
cninbHoTa . : MOXITUBICTb
’ yCiM NPOEKTOM LIBUAKICTb AWS, akueHT Ha o
6e3KoLUTOBHO ANnst Beanelll poboTu ocnaiiH
OCBITU
MnatHi pyHKUji l-inagﬁpé]:"‘: BigcyTHin
Hepgonikn Ons NOBHOIO AV\?S MEHLL OE3KOLLTOBHUI
ocTyn L . nnad
Aoctyny yHiBEpCcanbHUN
HasBHicTb . . .
. KYMeHTaL,if, cnifibHOTa, NiATPUMK:
niaTPUMKN [okymeHTauis, ¢ oTa, niaTpnMKa

lMpumimku. Bapmo 3as3Hayumu, ujo puHok LLI-iHcmpymeHmie A5si po3pobKu akmueHO po38uBaembCsi, momy OesiKi
OaHi, HagedeHi 8 mabnuuj, MoxXymb wWeudKo 3miHeamucs U nompebyrome ymoYHeHHS1 Ha oilitiHUX pecypcax.

BapTo 3a3HaunTy, WO OTpMMaHHs GEe3KOLUTOBHOrO abo MiNbroBOro AOCTYyNy A0 LMX iIHCTPYMEHTIB 3a
OCBITHIMK Nporpamamu 3a3BuMyan BUMarae Banigadii ctaTycy cTyaeHTa um Buknagada. Llen npouec moxe
3aMMatu NeBHUI Yac i noTpebye HagaHHS BiANOBIOHWX AOKYMEHTIB. KpiM TOro, ymMoBM Takux nporpam rno-
ANbHOCTI MOXYTb NEPIOAMYHO 3MiHIOBATUCH, MaTK YacoBi 0OMexeHHs abo reorpadidHi pamku, po3noBcto-
DPKYHOUUCh, Hanpuknag, nuwe Ha neBHi perioHu, sik-ot CLUA, Bigpi3HATUCSA NS CTyAEHTIB i BUKNagadis.
Tomy nepen NMO4YaTKOM BUMKOPUCTAHHSI PEKOMEHOYETbCS PETENBbHO 03HANOMUTUCS 3 aKTyalbHUMU MpaBu-
namm Ha oiLiNnHUX canTax po3poBHUKIB.

CyuacHi WI-nomivyHmKM NponoHyoTh Kinbka hyHAaMeHTanbHUX pexnumiB B3aEMOAIT, ki MOXHa agan-
TyBaTU AN OCBITHIX Uinen. BapTo 3a3HaunTy, Lo, xo4a BinbLUiCTe CyvacHUX iIHCTPYMEHTIB NiATPUMYOTb
nepenivyeHi pexumu, ixHs peanisadia, yHKUioHan i piBEHb «areHTUBHOCTI» MOXYTb CYTTEBO BiOpi3HATUCS,
NPOMOHYOYN Pi3HY KiNbKICTb i IMMOMHY MOXNMBOCTEN. 3arariomMm MoXXHa BUAINUTY Takii pexumu:

1. Pexxum acucteHta (Code Completion) — HannowmpeHiwni pexnm, ge LI nponoHye BapiaHTh 3a-
BEpLUEHHs psigka abo uinoro 6noky Kogy B peanbHOMY Yaci. [1na CTy4eHTiB ue MUTTEBUIN CNOCi® YHUKHYTK
CUHTaAKCUYHUX NOMUIIOK i LUBUALLIE NUCATW LLABMOHHUIA KOA.

2. Pexxwum gianory (Chat/Ask) — iHTerpoBaHuii 4art, WO Aae 3MOry CTaBUTK 3anMTaHHA MOBOIO, BM3bKO0
0o npupogHoi. CTyaeHT Moxe 3anutaTn: «[losicHK, gk npaLtoe uen doparMeHT Koay», «Aka pisHuua mix let
i const y JavaScript?» abo «3anponoHyw Kpawmii cnocid peanisauii upboro anroputmy». Lle nepetsoptoe
IDE Ha iHTepakTMBHOro TbtoTOpa.

3. Pexxum reHepalii (Generate/Edit) — cTygeHT onucye 3aBgaHHsa (Hanpuknag, «CTeopu yHKUiHO, Lo
npunmae URL i noseptae JSON-gaHi»), a LI reHepye noBHWI kod. Lien pexunm Takox BUKOPUCTOBYETHCS
AN pedakTopuHry (NoKpaLLeHHsi HasiBHOro kogy) abo BunpasneHHs NoMunok (gebaridry).

4. Pexxum areHTa (Agent) — HavinpocyHyTilwmn pexxum, ae LI moxe BrkoHyBaTu cknagHi, 6aratoeranHi
3aBAaHHA. Hanpuknag, CTyQeHT MOoXe NoCTaBuUTK 3aBAaHHsA: «[poaHani3yn BeCb MPOEKT, 3HAWAM NOTEH-
LiviHi Bpa3nuBocTi 6e3nekn, 3anponoHy BUNPABIIEHHSA Ta HaNUWKW Ons HUX unit-tectuy». LWI-areHT camo-
CTiHO po301BaE 3aBAaHHSA Ha KPOKM 1 BUKOHYE iX, B3AaEMOZAi0UM 3 haifioBOK CUCTEMOIO MPOEKTY.

LLI-noMiYHMKM aKTBHO BUKOPUCTOBYIOTLCA He nuwe B IDE, a i ak iHcTpymeHTn komaHaHoro psaka (CLI),
Lo Aae 3MOry OTpUMyBaTW iHTENeKTyanbHy NiaATPMMKY 6e3nocepeqHbO B TepMiHani Ans KepyBaHHS BepCi-
MW, BUKOHAHHA CKPUNTIB Ta iHLWMX 3aBAaHb. OCHOBHI MOXINMBOCTI TakMX IHCTPYMEHTIB BKIHOYaOTh reHe-
paLito N NOACHEHHS CUCTEMHMX KOMaHA, CTBOPEHHSA CKPUNTIB aBToMartm3adii Ta gonomory B poborTi 3 Git.
Cepeq Kno4oBMX iHCTPYMeEHTIB BUAinaTbea odidinHi GitHub Copilot CLI 1 HewogaBHO nNpeacTaBneHuni
Google Gemini CLI, siki nepeTBOpIOIOTL TEPMIHAN Ha iIHTEPAKTMBHE HaByanbHe cepepoBuue. Anthropic
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TakoX Hagae oqilinHy OoKyMeHTauilo anga BukopucTtaHHs Claude 3 komaHOHOrO psgka, a Anst Mogenen
OpenAl icHytOTb YMCIEHHI IHCTPYMEHTHM Bif, CNiNMbHOTW, O PO3BUBAE B CTYAEHTIB HaBMYkM poboTn 3 API
1 aBTOMaTMK3aLlil.

JocnimxkeHHa nokasytoTb, Wo edekTuBHICTb LUI-iHCTpYyMEeHTIB 3anexuTb Bi CKNagHOCTI 3aBAaHHA Ta
LLM, wo nexuTb B iX OCHOBI. Hanpuknag, y cTaHOapTHUX TecTax Ha reHepadito koay, sik-ot HumanEval, mo-
neni GPT-4 (Copilot, Cursor) i Claude 3 Opus (Cursor) 4acTo 4EMOHCTPYHOTb HarBuLLi pedynsrati. BogHovyac
Amazon CodeWhisperer moxe 6yTn eheKkTUBHILLMM Y 3aBOaHHSAX, MOB’A3aHUX 3 iHpacTpykTypoto AWS.

Ha oCHOBI LiMX MOXIMBOCTEN MOXHa cchopMyrnoBaTK Taki BUAM HaBYaNbHUX poBIT ANsi CTYOEHTIB:

1. Kputuk WI: ctyneHT gae WI 3aBaaHHsA 3reHepyBaTh kog, ANst BUPILLEHHS NEBHOI Npobrnemu, a noTim
Mae npoaHarnizyBaTu OTpUMaHUA pesynbTaTt: 3HauTU NOMUIKK, HeedEKTUBHI MiCLs, NOTEHUiNHI Bpa3nueo-
CTi 1 3anponoHyBaTn BNacHe, NoKpaLeHe pilleHHs.

Mpuknaga. Monpocn CodeWhisperer Hanucatu dyHKLUi0 Anst 06pobkun 3aBaHTaxkeHux dannis. MNpoaHa-
ni3ywn il Ha HasBHICTb BpasnuBocTen Tuny «Path Traversal».

MepeBaru: bopmMye KPUTUYHE MUCIIEHHS, Y4YUTb HE LOBIPATA CRiNO TEXHOSMONISAM i PO3yMIiTU TMUOUHHI
acnekTn npobnemu.

2. PedhakTopuHr-yenenx: BMknagad Hagae 3actapinuii abo «noraHo HanmcaHui» Kod. 3aBgaHHs CTy-
OeHTa — 3a gonomoroto LUI-iHCTpymeHTiB NpoBECTM NOro NOBHUI pedakTOPUHT: MOKPaLLUTK YTABENbHICTD,
ONTUMI3yBaTW MPOOYKTUBHICTb, AOAATUN KOMEHTapi Ta AOKYMEHTaLto.

Mpuknag. BukopucTtoBytoun dyHKuito «Edit» y Cursor, nepetBopu uen Kog Ha OCHOBI konbekiB Ha cy-
YaCHUI CMHTaKcuc 3 async/await.

MepeBaru: HaB4Yae Cyv4acHUX CTaHAAPTIB KOAYBaHHS 1 BAXXITMBOCTI NIATPUMKM KOAOBOI 6a3u.

3. JebariHr-kBecT: BUKNaga4y HaBMWCHO BHOCWUTb Yy KOA HEOYEBWMAHY MOMUIIKY. 3aBAaHHA CTydeHTa —
BUKOPUCTOBYIOUYM MOXnmBocTi LI ana HanaromkeHHs (MOSICHEHHSA KO4Y, NPOno3uuii BUNpaBneHb, aHani3
NMOMWIOK), 3HAWTU 1 BUNPaBUTMK Ti.

Mpuknagd. Y ubomy Kofi € noMunka, NoB’d3aHa 3 aCUHXPOHHUMY onepauisimMu, ika NPU3BOAMTL 0 «race
conditiony. Bukopuctoyi 4aT GitHub Copilot, wob npoaHaniaysaty noriky Ta 3HauTu Npu4mMHy npobnemu.

lMepeBaru: po3BnBae HaBUYKM CUCTEMHOTO HamnarofKeHHsi, yunTb Bukopuctoysatu LUI sk giarHocTuny-
HWIA IHCTPYMEHT.

4. TDD-cnpuHT (Test-Driven Development): ctygeHT 3a gonomoroto LI cnovaTtky reHepye Habip unit-
TECTIB ANg We He HanMcaHoi (OyHKLIOHaNbHOCTI, @ NOTIM NULIE KOA, SKUA Mae 3a40BOMbHUTH L TECTH.

Mpuknag. Cdopmynton ana Tabnine 3anuT Ha CTBOPEHHS unit-TecTiB AN dyHKLUii Kanbkynatopa, Lo
NMOKPMBatOTb AOL4ABaHHS, BiHIMaHHS, OiNeHHSA Ha Hyrb | poboTy 3 HEYMCNOBUMMN JAHUMMU.

MepeBaru: NpULLENIOe KynbTypy TECTYBaHHSA Ta po3pobku Yepes TecTyBaHHA (TDD).

5. APl-gocnigHuk: cTyaeHTaM JaeTbCa 3aBAaHHS iHTerpyBaTu B NPOEKT HOBUI, HE3HANOMMIA CTOPOHHIN
API. BoHu noBuHHI BUKopuctoByBaTtu LUI-acucTeHT ansa BMBYEHHSA LOKYMEHTaUji, reHepauii npyknagis 3a-
NUTIB i HANMCaHHS Koay iHTerpauii.

Mpuknag. Bukopuctosytoumn Cursor, iHTerpyn APl ons nporHo3y norogu B Lewn 4oAaToK. 3reHepyn Koa
ONS 3anuUTy NOTOYHOT MOroAmM 3a Ha3Bo MicTa I Bigobpasun pesynbsrar.

MepeBaru: iMiTye MOWMpPEHE pearnbHe 3aBAaHHSA, HaB4Yae LUBMOKO OCBOKOBATW N 3aCTOCOBYBaTW HOBI
TEXHONOoTil.

6. HagiraTtop no kogy: CTyAEHTU OTPMMYHOTb BEMMKUI, HE3HANOMMIA NPOEKT (Hanpuknag, open-source
GibnioTeky) i 3a gonomoroto LLI-4aTy NOBUHHI NOSCHWUTU apXiTEKTYpPY, MPU3HAYEHHS KNHOYOBMX MOAYNIB i f0-
riky po60T! OCHOBHUX (DYHKLIN.

Mpuknaa. Bukopuctosytoun Copilot Chat, onuwim, sik peanizoBaHO MexaHi3aM MapLupyTusadii B LibOMY
BeO-peiMBOpKY.

[MepeBaru: po3BMBaE HaBMYKM aHani3y Yy»oro Kogy, Lo € KIYoBUM 4518 pob0TH B KOMaHA;.

7. ApXiTeKTop pilleHb: CTygeHT! OTPUMYKOTb ONUC NPoBreMn BUCOKOro piBHsS 1 3a gonomoroto LI no-
BMHHI pO3p0o0UTY apXiTEKTypy 3aCTOCYHKY: 06paTn TEXHOIOrII, CNPOEKTYBaTh CxeMy 6a3n AaHux, CTPYKTy-
pyBaTX NPOEKT.

Mpuknag. CnpoekTyi apxiTekTypy Ans npoctoi énor-nnatgopmu. 3anutan y Claude nopagu wopno Bu-
Oopy Mixx MOHOMITHOI Ta MIKPOCEPBICHO apxiTeKTypoto. 3reHepyi 6a30By CTPYKTYypy Nanok i dannis ans
obpaHoro niaxogy.

[epeBaru: HaB4ae CUCTEMHOIO NPOEKTYBAHHS BUCOKOMO PiBHA, CMIOHYKaE AyMaTtu Npo KOMMpoMmicu 1 ap-
XITEKTYPHI NnaTtepHu.

Monpwu 3HayvHi nepesarn, iHTerpauisa LI B HaBY4aHHA Hece CyTTEBI PU3UKK, SKi NOTPeBbyoTb AeTarnbHOro
aHanisy Ta nponpalboBaHUX CTpaTerini MiHiMi3aLii:

1. HagmipHa 3anexHicTb Ta «atpodisi» HaBUYOK: CTYAEHTU MOXYTb YTPaTUTU 30aTHICTb CaMOCTINHO
BMpilyBaT! Npobremu, OCKifbK/ 3BMKalOTb OTPMMyBaTW roToBi pileHHs Big LI, Lle moxe npussectn go
Opaky oyHOaMeHTarnbHOro PO3yMiHHS anropuTMIB i CTPYKTYP OaHUX.

2. ManumHauii Ta HeskicHun kog: LLI-mogeni iHogi reHepytoTh Kof, SKMI BUIMsgae npaBgonogioHo, ane
MICTUTb NOriYHI NOMUITKK, Bpa3nuBocCTi 6e3nekn abo € HeonTuManbHUM. CTyaeHT 6e3 HanexHoro Aocsigy
MOXXE He NMOMITUTU LUUX HEeOOoniKiB.
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3. Mnariat Ta akagemiyHa He[OBPOYECHICTb: MeXa MiXK 4OMOMOrOK IHCTPYMEHTa I nnariatoMm ctae pos-
MUTOI. BM3HaAuMTK, CTyAEHT CamMOCTIHO AiNLWOB A0 pilleHHS Yn NpoCcTo ckonitoBaB Bignosiab LI, cTae
HaA3BUYaNHO CKMagHoO Ans BUKnagada.

4. 3HWXKEHHS KpeaTMBHOCTI: MOCTIHE BUKOPUCTAHHS rOTOBMX LLUAGMOHIB MOXE MPUrHivYyBaTn 30aTHICTb
CTYAEHTIB A0 NOLUYKY HeCTaHOapPTHUX, IHHOBALiMHUX pilleHb.

Cnocobu KOHTPOMo 1 BUpiLeHHSA npobrnemMn 6e30yMHOr0 BUKOPUCTaHHS

Mpobnema «ckonitoBaB-BCTaBUB» € LEHTPanbHNUM BUKNMKOM. [Ons i BUpileHHA noTpibeH KOMNNeKCHUM
nigxig, Wo noeaHye TEXHOMNONiYHI, NeaaroriyHi 1 agMiHiCTpaTUBHI 3axoau.

3anponoHoBaHi BapiaHTW BUPILLEHHS:

1. 3miHa mapagurmMu 3aBAaHb: 3amiCTb 3aBAaHb, O MalTb O4HY NpaBuIbHY BignoBigb (Hanpwknag,
«HaMMWITb (PYHKLi0O COPTYBaHHNA»), BAPTO NPOMOHYBAaTX 3aBAaHHS BiAKPUTOro TUMy, LLIO BUMaratoTb aHari-
3y 1 OOr'pyHTYBaHHS.

Mpuknaa. JocnigiTe Tpuy pisHi anropuTMu COPTYBaHHS, 3reHepynTe ix peanisauii 3a gonomoroto LUI. Mo-
PIBHANTE IXHIO NPOJYKTUBHICTbL Ha PisHMX Habopax aaHmx. OBrpyHTynTE, AKUIA anropuTM € HarlkpaLnum Ans
KOXXHOTO BUMAAKy, i MOSICHITb, YoMy 3reHepoBaHui LU kog moxe ByTn HeonTUMansHUM.

2. YNpoBaXXeHHs YCHOT 3axXMCTy pobiT: CTYQEHT NOBUHEH OyTY rOTOBMM MOSACHUTU KOXHUIA PAOOK CBOTO
KoAy, NOriky NPUAHATUX PilleHb Ta anbTepHATUBHI LLMSXW BUPILLEHHSA npobnemu. Lle yHemoxnmentoe 6e3-
OyMHe KonitoBaHHS.

3. BukopucTaHHs iHCTpyMeHTIB Ans aetekuii LLI-3areHepoBaHoro kogy: xoya Taki iHCTpYMEHTU He € ige-
anbHMMM, BOHM MOXYTb CMyryBaTy 4OMOMIKHUM CUrHanom Ansi BUKnagada, ykasyrum Ha poboTu, Lo no-
TpebyoTb peTenbHiLoi NepeBipKu.

4. Hap4aHHs «LUI-rpaMOTHOCTI»: BKIOYEHHS B HABYambHi NporpamMmu MogyriB, NPUCBAYEHUX ETUHHOMY
n edekTnBHoMy BukopucTaHHio LUI. CTygeHTiB BapTO HaB4yaTW, SIK NpaBUITbHO (POPMYSOBaTU 3anunTh
(prompt engineering), SiK KPUTUYHO OLIHIOBATW pe3ynbTaTh Ta K MOCMaTuCs Ha BukopucTaHHs LI-iHcTpy-
MEHTIB Y CBOIX poboTax, aHanoriyHo Ao UMTYBaHHSA HayKOBUX [Keper.

5. Po3pobneHHs YiTKuX iHCTUTYLIMHMX MOMITUK: 3aknag BULLOI OCBITM Mae po3pobuTn n SOHeCTU Ao
CTYLEHTIB | BUKNaga4iB YiTKUA Kodekc akageMivyHoi gobpoyvecHocTi B enoxy LI, ne 6yge BusHaveHo, Lo
€ AONYCTUMUM BMKOPUCTAHHSAM, a L0 BBaXXKaeTbCA Mrariatom.

BucHoBoOK

OTxe, iHTErpoBaHi cepeaoBuLla po3pobku 3 nigTpumkoto LI € He nuwe iHCTpyMeHTamu aBTomaTm3adii,
a 1 NoTyXHUMK 3acobamu po3BUTKY LUMEPOBOI rPaMOTHOCTI, aHaniTUYHOrO MUCIIEHHS Ta NPOdECINHOT ro-
TOBHOCTI CTYAEHTIB [0 BUKNUKIB CydacHol IT-ingycTpil.

IHTerpoBaHi cepegoBuLLa po3pobku 3 niaTpumkoto LI cTBoproloTe HOBI yMOBW Anst ecpeKTUBHOrO, afgan-
TMBHOIO N MOTMBALINHOIO HaBYaHHSI MPOrpaMyBaHHs!, CAPUSAKOYM PO3BUTKY MPOAYKTUBHOCTI, KPUTUYHOIO
MUCNEHHS Ta LMGPOBOI rpamMoTHOCTI CTyaeHTiB. Ha ocobnusy yBary 3acnyrosye GitHub Copilot 3aBgsiku
CBOEMY LUMPOKOMY (PyHKLiOHany, NigTpnmMLi 6aratbox MOB MporpaMyBaHHs, iHTerpauii 3 nonynsapHumu IDE
Ta HasiBHOCTI 6e3KOLITOBHOIO AOCTYNy ANS BUKNagadiB i cTygeHTiB yepes nporpamy GitHub Education [9].
MopanbLi JocnimkeHHss MaloTb OyTK CNpsiMOBaHi Ha PO3pPOOMEHHS METOAMK OLHIOBaHHS HaB4YasibHOro
nporpecy B ymoBax LUI-nigTpumku, agantauii MaTepianis HaB4anbHUX KypCiB i BUBYEHHS BMMMBY TaKuX
TEXHONOriM Ha NpodpeciiHy rOTOBHICTb 3400yBadiB OCBITH.
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Abstract. This paper examines the emerging integration of adversarial objectives into diffusion-
based generative frameworks, with the purpose of systematically analyzing how hybrid architectures can
overcome the limitations of individual approaches while combining their respective strengths. We identify
and compare three distinct categories of hybrid models: distillation-based approaches that compress
diffusion models using adversarial feedback, in-loop methods that incorporate discriminators during
diffusion training, and diffusion-assisted generative adversarial networks that leverage noise processes
to stabilize adversarial learning. Our comparative analysis reveals critical trade-offs across generation
speed, sample fidelity, training stability, and application suitability. Distillation-based hybrids achieve near-
instant high-quality generation but require intensive training processes, while in-loop adversarial diffusion
methods offer superior image quality with moderate sampling efficiency. Diffusion-assisted generative
adversarial networks maintain single-pass generation while addressing traditional generative adversarial
networks instabilities through diffusion mechanisms. Empirical evidence demonstrates that these hybrid
approaches consistently outperform pure diffusion or adversarial methods in quality and efficiency metrics.
We identify significant research gaps, particularly regarding the theoretical unification of adversarial and
score-matching objectives, scaling challenges for high-resolution generation, and expansion beyond image
synthesis to other modalities. This analysis provides a foundation for understanding how complementary
strengths of diffusion and adversarial techniques can be leveraged to develop more effective generative
frameworks combining distribution coverage with perceptual realism.

Key words: diffusion models, generative adversarial networks, generative models, training stability,
sampling efficiency, hybrid architectures, deep learning.
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Bimaniii BoHOdap, 3006ysay cmyrnieHss Ookmop ¢hinocoil, Yepkacbkull OepxxagHUll MEXHOM02iYHUL
yHisepcumem, Yepkacu, YkpaiHa. https://orcid.org/0009-0002-3230-5979, v.v.bondar.asp24@chdtu.edu.ua
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AHomauis. Poboma ripucesiueHa 00CiOXXeHHI0 iHmeezpaujii mpuHyuUnie 2eHepamugHo-3MazasibHUX Me-
pex y eeHepamusgHi opeliM8OPKU Ha OCHO8I Ougby3ii 3 Memor cucmemMamu4yHO20 aHaridy wodo moeo,
K 2i6pudHi apximekmypu MOXymb nodonamu O0bMexeHHsT okpemux ridxodig, NOeOHyHU ixHi nepesa-
au. BuokpemiieHo ma rnopigHsIHO mpu kamezopii 2ibpudHux modened: nidxo0u Ha ocHosi ducmurayii, SKi
cmuckaromb Ougy3itiHi Modesni 3a JoroMo20t0 3MazaribHO20 380POMHO20 38’A3KY; Memoou NoedHaHHS 8
UUKITi Hag4aHHS, W0 BK/IoYarome OUCKpUMIHamopu rid Yac mpeHysaHHs Ougbysii; eeHepamueHo-3mMazarib-
Hi Mepexi 3 NidmpumMkoro Augby3sii, siKi suKopucmosytoms WyMosi rpouecu 07151 cmabinizauyii 3MazaribHO20
Hag4aHHs. [TopigHsbHUU aHari3 0ag 3Moey 8USI8NISIMU KPUMUYHI KOMIPOMICU MiX weudKicmio 2eHepauji,
moyYHicmro 3pa3skie, cmabinbHicmio Hag4yaHHs U rnpudamHicmio Onsi 3acmocysaHHs. [ibpudu Ha ocHoei Ou-
cmurnsayii docsiearomb Malike MUmMmMmeBOI 8UCOKOSIKICHOI eeHepauil, arne nompebyrombs iHMEHCUBHUX r1po-
uecie Hag4aHHs, modi sik 0odasaHHsI OUCKpUMiIHamopa 8 UuKu Ougy3itiHux Memooie rpornoHyrms suLly
SKicmb 306paxkeHb 3 MOMIPHOK eeKmUBHICMIO ceMroeaHHs. [eHepamueHo-3mazarnbHi Mepexi 3 rio-
mpumkoro Ougbysii 3bepieatomb 0OHOemarHy eeHepauito, supiwyrodu mpaduuitHi npobrnemu Hecmabirb-
HOCmMIi 2eHepamugHo-3MazalsibHOi Mepexi Yepes Ouqy3iliHi MexaHi3amu. EmnipuyHi daHi deMoHCmpyoms,
wo yi 2ibpudHi nidxodu rnocnidosHoO rnepesepwyroms Hucmi dugby3itiHi abo 3mazaribHi Memodu 3a rokas-
Hukamu sikocmi U egcbekmusHocmi. [TodaHo onuc eusi8rieHUX 3Ha4YHUX rpoaarnuH y OOCTiOXKeHHSX, 30Kpe-
Ma wodo meopemu4Ho20 06°edHaHHS (byHKUIU ympam 3MazanbHo20 ma Ougy3itiHux nioxodie, npobrem
MacwmabysaHHs1 0511 8UCOKOPO30inibHOI eeHepauil U pO3WUPEHHS 3@ MEXi CUHMe3y 306paxeHb Ha iHWI
modanbHocmi. [posedeHuli y pobomi aHari3 3akradae ocHogy Osisi PO3YMIHHST MOeo, SIK MOXHa 8UKOPU-
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cmamu KoMrneMeHmapHi nepesaau Oughy3itiHUX i 3MazasibHUX mexHik 051si po3pobrieHHsT eGheKmuUBHIWUX
2eHepamugHUX ¢hpeliMB8OpPKi8, WO MOEOHYOMb NMOKpUMMS po3rodiny 3 nokpaweHUM peasni3MOoM.

Knroyoesi criosa: AugbysitiHi Moderni, 2eHepamueHo-3MazarbHi Mepexi, 2eHepamueHi Moderni, cmabirb-
Hicmb Hag4YaHHS, eheKMUBHICMb CEeMII8aHHS, 2ibpudHi apximekmypu, 2rnuboke Hag4aHHS.

Introduction

Integrating adversarial objectives into diffusion models has significantly advanced the generation of high-
fidelity samples while preserving the theoretical guarantees of score-based approaches. Diffusion models
have emerged as powerful generative frameworks that learn to reverse a predefined noise process through
score matching, ensuring convergence to the true data distribution [1]. Despite their theoretical soundness,
these models often produce overly smooth or blurred outputs when sampling with limited denoising steps
or in compressed latent spaces. Integrating adversarial losses overcomes this fundamental limitation by
introducing a discriminator that distinguishes between real and generated samples, effectively compelling
the generator to capture fine-grained details that pure score matching might miss [2].

Adversarial-diffusion hybrids can be broadly categorized into several architectural approaches, each
with distinct advantages. Distillation-based methods represent a new category in which adversarial training
enhances the process of compressing a large “teacher” model into a more efficient “student”. For instance,
Adversarial Diffusion Distillation (ADD) optimizes both score-distillation and adversarial losses for a few-step
diffusion process to preserve sharp details that might otherwise be lost during compression [3]. Building on
this foundation, progressive schemes such as SDXL-lightning implement sequential adversarial refinement
across multiple distillation stages, systematically improving the student's output fidelity [4].

Beyond distillation, researchers have developed techniques that embed adversarial components directly
within the diffusion training process. Constant Acceleration Flow introduces an innovative flow discriminator
that evaluates whether intermediate denoising trajectories align with an accelerated process, thereby
enforcing more realistic dynamics and faster convergence [5]. Similarly, Structure-Guided Adversarial
Training employs a manifold discriminator operating in latent space to ensure that learned score fields
maintain consistency with the underlying data geometry [6].

The purpose of this paper is to provide a comprehensive analysis of emerging adversarial-diffusion
hybrid architectures, examining their respective strengths and limitations in terms of sample quality,
generation speed, and training stability. We aim to identify critical research gaps and promising directions
for future work, particularly regarding the theoretical unification of adversarial and score-matching objectives
and their potential applications to complex multimodal datasets.

1. Background

1.1.Diffusion Models

Diffusion models represent a class of generative approaches that learn data distributions by reversing
a gradual noise addition process through score matching techniques. These models operate by adding
Gaussian noise to data across multiple timesteps, then training a neural network to estimate the gradient
of the log data density at each noise level [1]. The generative process begins from pure noise and
progressively denoises the sample by following the estimated score function, typically implemented via
discretized stochastic differential equation (SDE) or ordinary differential equation (ODE). The training
objective minimizes the error between network predictions and the actual noise added to the data,
providing theoretical guarantees on distribution matching and ensuring robust mode coverage. Despite
these advantages, diffusion models often require numerous sampling steps during generation, resulting
in computational inefficiency and potentially blurred outputs when using fewer steps [7]. Recent research
has focused on accelerating sampling procedures while maintaining generation quality through techniques
such as distillation and improved ODE solvers [8].

1.2.Adversarial Training

Adversarial training frameworks employ a competitive learning paradigm between generator and
discriminator networks to produce high-fidelity samples. In the canonical generative adversarial network
(GAN) architecture, a generator transforms random noise into synthetic samples while a discriminator
learns to distinguish between real and generated data [9]. The generator optimizes an adversarial loss
designed to maximize the probability of the discriminator misclassifying generated samples as real, thereby
encouraging the production of increasingly realistic outputs. This adversarial dynamic enables GANs to
capture fine-grained perceptual details and high-frequency components that enhance visual quality beyond
what traditional likelihood-based models achieve. However, despite their ability to generate sharp, realistic
images, adversarial training suffers from fundamental limitations, including training instability, mode
collapse, and sensitivity to hyperparameter selection [10]. These challenges have motivated extensive
research into stabilization techniques, such as spectral normalization, and alternative objective functions,
such as the Wasserstein distance [11].

2. Adversarially-Refined Diffusion Models

Integrating adversarial training techniques with diffusion-based generation significantly improves
sample fidelity and sampling efficiency in generative modeling. Adversarially-refined diffusion models utilize
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discriminator networks to critique diffusion outputs, thereby creating a training dynamic where the diffusion
model learns to produce increasingly realistic samples. This section examines two distinct approaches:
distillation-based hybrids that compress diffusion models into faster generators and in-loop adversarial
methods that directly incorporate adversarial feedback during diffusion training.

2.1.Distillation-based Hybrids

Knowledge distillation combined with adversarial supervision enables the compression of diffusion
models while maintaining high-quality outputs. Distillation-based hybrids employ a teacher-student
paradigm where a pre-trained diffusion model (teacher) transfers its capabilities to a simplified student
model and adds the ability of accelerated generation [5]. The student receives dual supervision through a
distillation loss matching the teacher's denoising behavior and an adversarial loss pushing outputs toward
the real data distribution. This adversarial guidance effectively addresses the quality degradation typically
observed when aggressively compressing diffusion models to fewer steps.

Adversarial Diffusion Distillation (ADD) demonstrates how score-based distillation and GAN-style
training can be effectively combined to train one-step generative models [3]. In ADD, a student network
distills knowledge from a large diffusion model like Stable Diffusion while simultaneously learning to fool
a discriminator judging the realism of generated images. The discriminator provides crucial feedback that
forces the student to capture fine details often missed by pure distillation approaches. This combination
enables ADD to achieve remarkable image fidelity even when generating samples in just 1-4 denoising
steps, effectively combining GAN-like speed with diffusion model quality.

Latent Adversarial Diffusion Distillation (LADD) extends this approach by applying adversarial distillation
in latent space to enable high-resolution generation. LADD operates in the compressed latent domain of an
autoencoder but applies adversarial loss to decoded outputs, ensuring the preservation of high-frequency
details. By shifting adversarial distillation to latent feature space, LADD dramatically reduces computational
requirements for large-resolution synthesis compared to pixel-space ADD. The latent-domain discriminator
provides effective feedback on both global structure and local texture, allowing models like SD3-Turbo to
match state-of-the-art image quality using only four denoising steps [12].

SDXL-Lightning implements a progressive multi-stage distillation process with adversarial guidance at each
stage. Rather than directly distilling to a one-step model, SDXL-Lightning creates a sequence of intermediate
models with progressively fewer sampling steps. Each distillation stage employs adversarial loss to maintain
image quality while increasing generation speed. This staged approach preserves diversity in earlier phases
while focusing on detail refinement in later stages, producing a one-step generator that achieves high image
quality at 1024x1024 resolution without the fidelity loss typical of aggressive distillation [4].

Diffusion2GAN takes a different approach by framing distillation as a supervised image translation
problem. This method generates paired examples from a diffusion teacher (random noise vectors and
corresponding images) and trains a GAN to replicate this mapping in a single step. The adversarial loss
ensures the GAN's outputs match both the diffusion model's results and real images. Using pre-trained
discriminators and multiscale adversarial feedback, Diffusion2GAN stabilizes training and successfully
captures the complex distribution learned by the diffusion model, creating a one-step generator with
diffusion-level quality and GAN-like interactivity [13].

2.2.In-loop Adversarial Diffusion

Incorporating adversarial loss directly into the diffusion training process enhances model capabilities
without requiring separate distillation. In-loop adversarial diffusion methods train diffusion models from
scratch with discriminators guiding the learning process. Unlike distillation approaches, the discriminator
evaluates intermediate denoising states or sample sets during training, transforming diffusion optimization
into a minimax game similar to GANs. This direct integration helps enforce global realism and structural
consistency that standard diffusion losses might not capture.

Constant Acceleration Flow (CAF) employs discriminators to guide ODE-based diffusion trajectories
during training. CAF models the diffusion sampling with an acceleration term and trains this acceleration
predictor using adversarial objectives. The discriminator distinguishes between learned model trajectories
and ground truth diffusion trajectories from training data, effectively correcting the generation path when
it deviates from realistic patterns. This continuous adversarial guidance helps CAF avoid flow-crossing
issues and quality degradation observed in other fast-generation techniques, resulting in more accurate
few-step sampling [5].

Structure-Guided Adversarial Training (SADM) uses specialized discriminators to enforce structural
relationships present in real data. Rather than evaluating individual samples, SADM's structure discriminator
assesses the organization of multiple samples or latent representation consistency. This approach applies
adversarial loss to the diffusion model's score field in latent space, forcing the model to produce denoising
directions that align with the real data distribution structure. By adding manifold-level supervision to traditional
instance-level diffusion loss, SADM significantly improves generation fidelity and diversity, achieving better
FID scores on challenging benchmarks like high-resolution ImageNet [6].

Adversarially-refined diffusion represents a powerful synthesis of diffusion models' diversity with GANs'
realism and efficiency. By strategically incorporating adversarial feedback through distillation or in-loop
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training, these approaches overcome the traditional limitations of both frameworks, delivering high-fidelity,
high-speed generative models that represent the current state-of-the-art in image synthesis.

3. Diffusion-Assisted GANs

Diffusion-assisted GANs integrate the denoising diffusion process within GAN frameworks to address
the inherent instability of adversarial training. These hybrid models improve sample quality and training
stability by combining structured noise processes with GAN discriminator feedback. The integration occurs
through two primary mechanisms: noise-based regularization of GAN training dynamics and diffusion
processes operating in compressed latent spaces. Empirical results demonstrate that this combination
of diffusion and adversarial learning produces more realistic outputs while mitigating typical GAN training
issues, such as mode collapse and convergence difficulties.

3.1.Noise-Smoothing GANs

Noise-smoothing GANs use diffusion processes to inject controlled noise during training, effectively
regularizing adversarial learning dynamics. Diffusion-GAN uses this approach by applying a forward
diffusion chain to both real and generated images, progressively adding Gaussian noise. A timestep-
dependent discriminator then distinguishes between diffused real and diffused generated images at
multiple noise levels. This mechanism provides smoother, more consistent feedback to the generator rather
than emphasizing high-frequency details. The generator optimizes its parameters by backpropagating
gradients through the diffusion process, learning to create images that remain realistic under significant
noise perturbations. This technique stabilizes training and improves both image quality and data efficiency
compared to conventional GANs [14].

Adversarial Noise Scheduling represents another noise-smoothing strategy that optimizes the diffusion
noise schedule itself through adversarial training. Rather than using fixed schedules like linear or cosine
decay, this method trains a noise schedule generator alongside the diffusion model. The schedule adjusts
to maximize sample realism as determined by an adversarial criterion. The diffusion process learns optimal
noise injection or removal at each step based on discriminator feedback comparing generated outputs
with real images. By treating the noise schedule as a learnable component in the adversarial framework,
the model adapts its denoising trajectory to produce outputs that better deceive the discriminator. This
adversarially optimized scheduling leads to smoother denoising and higher-fidelity samples while sometimes
improving sampling efficiency compared to hand-crafted schedules [15].

3.2.Latent-Space Hybrids

Latent-space hybrid methods perform diffusion in lower-dimensional latent spaces while applying
adversarial losses either on output images or latent features. Latent Denoising Diffusion GAN (LDDGAN)
utilizes a pre-trained autoencoder to compress images into compact latent codes, where a diffusion model
then generates new samples. Since denoising operates on smaller latent representations, the model samples
significantly faster than pixel-space diffusion while maintaining distribution coverage. After decoding latent
samples back to images, a GAN discriminator evaluates them against real images, enforcing an adversarial
loss that enhances realism. This division of labor allows the diffusion model to handle coarse structure
and diversity in latent space while the discriminator refines fine details in image space. LDDGAN achieves
faster sampling without sacrificing image quality, reporting improved fidelity and diversity compared to
standard diffusion models while maintaining competitive generation speed [16].

LaDiffGAN represents an alternative latent-space hybrid that employs diffusion-based denoising as
supervision for GAN training in latent space. Unlike LDDGAN, LaDiffGAN does not perform diffusion
during inference; instead, it uses diffusion noise during training to guide the GAN's learning process. The
generator operates on latent codes that are randomly perturbed with Gaussian noise of varying magnitudes
during training. The model learns to denoise corrupted latent inputs while producing corresponding output
images. A special latent diffusion GAN loss aligns generated image features with real image features
under noise perturbations, effectively teaching the generator to reverse diffusion steps in latent space.
Simultaneously, a standard adversarial loss ensures visual realism by comparing generated and real
images. This dual training signal, combining diffusion-style denoising in latent space with image-level
adversarial loss, stabilizes the GAN and improves its ability to model complex distributions. By learning to
recover clean representations from noisy latent inputs, the generator gains diffusion-like strengths, such
as noise robustness and mode coverage, while maintaining the crisp details characteristic of adversarial
training. In unsupervised image-to-image translation tasks, LaDiffGAN outperforms conventional GAN
baselines and approaches or exceeds pure diffusion models' visual quality while maintaining efficient
one-step generation [17].

Diffusion-Assisted GANs demonstrate that incorporating diffusion processes into GANs through
adversarial objectives helps to address fundamental challenges in GAN training. Whether smoothing
discriminator learning with noise or using diffusion as a guiding mechanism in latent space, these techniques
effectively combine strengths from both approaches. The integration of adversarial loss with diffusion
stabilizes training dynamics and enhances sample diversity and fidelity. This promising direction suggests
that further exploration of adversarially guided diffusion could continue advancing generative modeling
capabilities.
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4. Comparative Analysis

Hybrid adversarial-diffusion models fall into three distinct categories, each balancing fidelity, speed,
and complexity differently. These include distillation-based hybrids that compress diffusion models into fast
samplers using adversarial feedback, in-loop adversarial diffusion approaches that integrate discriminators
during diffusion training, and diffusion-assisted GANs that incorporate diffusion processes into GAN
frameworks. All three categories aim to combine diffusion models' diversity and stability with GANs'
sharpness and speed through different architectural and algorithmic trade-offs.

Generation speed versus image fidelity represents a key comparison dimension across hybrid
approaches. Distillation-based hybrids prioritize speed by compressing generation to as few as 1-4 denoising
steps while maintaining high fidelity. Adversarial Diffusion Distillation achieves comparable quality to its
diffusion teacher in just four steps [12], while SDXL-Lightning demonstrates state-of-the-art 1024x1024
image synthesis in 1-8 steps through progressive distillation of Stable Diffusion XL [4]. The adversarial
component in these methods significantly enhances visual sharpness in low-step regimes. In contrast,
in-loop adversarial approaches vary in focus: Structure-Guided Adversarial Training prioritizes fidelity by
enforcing manifold-level realism at standard diffusion sampling speeds [6], and Constant Acceleration
Flow emphasizes speed through optimized diffusion dynamics [5]. Diffusion-assisted GANs offer single-
pass generation speed while using diffusion-based techniques to enhance image quality. Diffusion-GAN
maintains one-step generation but produces more realistic images than standard GANs through diffusion-
based noise scheduling [14]. For example, LaDiffGAN operates in one step with improved stylization
quality by incorporating latent diffusion guidance [17]. All hybrid approaches leverage adversarial losses to
enhance fidelity when generation steps are limited, though distillation and GAN-based methods specifically
target minimal-step synthesis for speed.

Training stability versus methodological complexity presents another important consideration.
Adversarial objectivesintroduce minimaxdynamicsthatcandestabilize training, requiring different stabilization
strategies across approaches. Distillation-based hybrids benefit from pre-trained teacher models that provide
strong baseline signals via score or feature distillation, anchoring training even as discriminators fine-tune
output distributions. This architecture, especially with progressive distillation, has proven relatively stable.
For instance, SDXL-Lightning gradually reduces diffusion steps while carefully designing discriminators to
prevent divergence [4]. The trade-off appears in added complexity: training requires optimizing a student
model against both teacher and discriminator, incurring substantial computational costs and hyperparameter
tuning. In-loop adversarial diffusion methods eliminate the external teacher, simplifying dependencies but
potentially complicating training. SADM directly integrates a discriminator into diffusion training to align with
real data manifold structures, achieving state-of-the-art fidelity but requiring novel “structure” discriminators
and careful training strategies to ensure convergence [6]. Diffusion-assisted GANs address traditional GAN
stability challenges through diffusion-based mechanisms. Diffusion-GAN stabilizes discriminator training
by gradually increasing noise-effectively creating a curriculum that prevents discriminator overfitting [14].
LaDiffGAN employs pre-trained diffusion models in latent space as supervisory signals, reducing mode
collapse and improving convergence [17]. Each hybrid type must navigate adversarial training instability:
some leverage existing diffusion models for stability, others modify training procedures through structural
losses or noise schedules.

Application suitability varies significantly across hybrid categories depending on deployment
priorities. Distillation-based hybrids excel when pre-trained diffusion models are available and low-latency
deployment is required. Methods like ADD or SDXL-Lightning demand intensive one-time training but
subsequently provide near-instant high-quality generation, making them ideal for real-time synthesis or on-
device applications [4; 12]. For the maximum generative quality or adaptation to new domains from scratch,
in-loop adversarial diffusion approaches may be the most appropriate. SADM offers superior image quality
and cross-domain generalization when fidelity is critical and additional training complexity is acceptable
[6]. If the goal is to reduce sampling steps without external teacher models, techniques like CAF provide
an efficient path by integrating acceleration directly into diffusion training [5]. Diffusion-assisted GANs offer
advantages when instantaneous generation is essential or in situations when classical diffusion models
underperform. For tasks like image-to-image translation or small-data generation, GANs with diffusion
guidance can outperform pure approaches. LaDiffGAN demonstrates superior stylization while avoiding
overfitting on limited data [17], and Diffusion-GAN provides sharper outputs than standard GANs with
improved stability [14]. These approaches are particularly fit for interactive applications or video synthesis
where generation speed is critical and slight diversity compromises are acceptable.
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Table 1

Comparison of hybrid adversarial-diffusion approaches across key criteria

Approach Category

Sample Quality

Generation Speed

Training Stability

Resource Efficiency

Distillation-Based
Hybrids (nADD,
SDXL-Lightning)

Very high fidelity
(near teacher model
quality even with few

Very fast sampling
(1-4 diffusion steps)

Relatively stable
training (teacher
guidance with

Heavy training cost
(requires large pre-
trained model and
discriminator); light

Diffusion (SADM,
CAF)

generative quality;
SADM achieves
state-of-the-art)

steps; faster if using
accelerated flows like
CAF)

(minimax training

requires careful design;

no external teacher)

steps) adversarial fine-tuning) | inference load (few
steps)
High training cost
High fidelity Moderate speed . (training from
In-Loop Adversarial (improved (standard diffusion Moderate stability scratch with added

objectives); inference
cost varies (CAF
reduces steps,
others do not)

Diffusion-Assisted
GANs (Diffusion-
GAN, LaDiffGAN)

High fidelity for
GAN standards
(sharper details,
better coverage than
vanilla GANs)

Instant generation
(single-step GAN-like
inference)

Improved stability vs.

standard GANs (noise

or diffusion guidance
stabilizes training)

Complex training
(GAN + diffusion
components); very
efficient inference
(generator forward

pass only)

In summary, combining adversarial loss with diffusion yields diverse hybrid techniques with distinct
trade-offs. Distillation-based hybrids deliver diffusion-quality images with drastically reduced sampling time
but require complex distillation processes. In-loop adversarial diffusion methods integrate advantages
during training without external teachers but demand careful design for stability. Diffusion-assisted GANs
achieve the fastest generation and use diffusion to enhance quality and stability, though inheriting GAN
training complexities. The selection among these approaches depends on specific priorities: maximum
quality, minimum latency, training simplicity, or performance under limited data. Table \ref{tab:comparison}
summarizes how these three categories compare across key evaluation criteria.

5. Conclusions and Future Directions

Adversarial-diffusion hybrid models substantially improve generative modeling by leveraging
complementary advantages of both approaches [6; 12]. These hybrid architectures achieve better image
quality, faster sampling speed, and more robust training dynamics than either method alone. Empirical
evidence consistently shows that adversarial components contribute to finer details and enhanced realism,
while diffusion elements provide structural coherence and prevent mode collapse. For instance, Sauer et
al. demonstrated efficient one-step generation through adversarial distillation without sacrificing quality [3;
12], and Yang et al. reported record-breaking image fidelity by incorporating discriminators into diffusion
training pipelines [6].

Current hybrid frameworks fall into three distinct categories with unique integration strategies. Distillation-
based approaches compress multi-step diffusion into single-step generators by using pre-trained diffusion
models as teachers and incorporating adversarial losses to preserve details [12]. In-loop integration
methods embed discriminators directly within the diffusion process, often using noise-conditioned
discriminators to guide each denoising step. Diffusion-assisted GANs instead enhance traditional GAN
architectures with diffusion components, employing score-based generation for initialization or guidance.
Despite methodological differences, all these approaches effectively combine diffusion's noise removal
process with the adversarial training mechanism.

The emergence of these hybrid models reveals that diffusion and adversarial objectives serve as
complementary rather than competing paradigms. Diffusion models excel at stable density estimation and
comprehensive mode coverage, while adversarial training provides powerful feedback for photorealistic
details and adaptive learning. The fusion of these properties enables adversarial-diffusion hybrids to
achieve results previously unattainable, effectively bridging likelihood-based and adversarial approaches.
This convergence suggests a broader trend toward unified generative frameworks that leverage multiple
learning objectives simultaneously.

Despite empirical successes, the theoretical foundation for combining adversarial and score-based
training remains undeveloped. Most hybrid architectures rely on experimental validation rather than rigorous
mathematical justification. The formal reconciliation between diffusion objectives (typically optimizing
likelihood or score matching) and GAN objectives (minimizing implicit divergences through minimax
games) requires further investigation. Understanding how these different training signals interact (affecting
convergence properties, mode coverage, and sample quality) would enable a more principled design of
hybrid models. Such theoretical frameworks could guide the development of specialized loss functions that
ensure stability when combining adversarial and diffusion criteria.
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Balancing image quality, generation speed, and training stability presents a significant challenge,
particularly atscale. Currenthybrid approachesinvolve inevitable trade-offs: reducing diffusion steps improves
speed but may compromise quality, while optimizing for maximum fidelity often requires more complex
discriminators that complicate training. These challenges intensify when scaling to higher resolutions or
more complex data modalities like video and 3D content. Early research demonstrates promising results for
real-time high-resolution image generation [4] and short video sequences, but generating extended videos
or detailed 3D environments at comparable quality levels remains unexplored. Advancing these capabilities
will require innovations in both model architecture and training methodologies, which may simultaneously
achieve fidelity, speed, and stability.

Extending adversarial-diffusion frameworks beyond image generation represents a promising research
direction. Current hybrid models predominantly focus on image synthesis, leaving their applicability to
other domains largely unexplored. Adapting these techniques to text or audio generation involves unique
challenges due to different data structures and evaluation metrics. While diffusion models have shown
success in text-to-image and audio synthesis tasks, integrating adversarial components for these modalities
may require fundamentally different approaches. Multimodal generation presents another opportunity,
potentially enabling hybrid models that simultaneously generate correlated content across multiple
modalities, using diffusion for cross-modal consistency and adversarial feedback for realism enhancement.
Addressing these challenges could improve generative performance across diverse domains, combining
the best aspects of diffusion and adversarial approaches to create content with superior fidelity, diversity,
and generation speed.
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nioxody € (ioeo 30amHicmb 00 caMOKOPEKU,i: Hagimp 3a Hass8BHOCMI HE3HaYHUX MOMUIIOK ¥ 8XIOHUX OaHUX
mMemod 3abe3srnedyye moyHe 8i0HO8MeHHs 8ilIKo8o20 eKksigarieHma, Wo icmomHo nidsuwiye 3azasnbHy Ha-
OiliHicmb cucmemu.

Bapmo 3a3Ha4umu, w0 3anpornoHosaHul anzopumm He 0eMoHCmMpPye Had38u4alHO 8UCOKOI eudkoOil
MOPIBHSIHO 3 OeSIKUMU iHWUMU Memodamu, 0OHaK Ue KOMMEeHCYembCS U020 MPOCMOMO, MEXHOM02IYHO
docmyrHicmio U HU3BKUMU gsumMo2amu 0o obyucrtosasibHUX pecypcie. Taka KoOMbiHauisi xapakmepucmuk
pobume ioeo Had3gu4alHO 3py4YyHUM Orisi 86ydoeaHUX cucmeM i npucmpoig 3 06MeXeHUM arnapamHum
3abesredeHHAM. An2opumm fie2ko iHmeapyemnscs 8 HasigHi yughposi nnamepopmu, 0e nepemeaopeHHsi bi-
HOMianbHUX Yucen y d8iliKosi € 8axuguM ckiiadHUKOM iHghopmauitiHoi 06pObKU.

3anpornoHosaHuli Memod € HadilIHUM, eghbeKmuU8HUM i MEXHOI02iYHO OOUiTbHUM PilleHHSIM Orsi WUpo-
K020 criekmpa 3acmocysaHb y cghepi yughposux KoMyHikauiti, 06pobku cueHarnie, Kpurnmoepadii ma iHwux
eary3sx, 0e KpUmu4HO 8aXX/Iu8UMU € MOYHICMb, cmitikicmb A0 MOMUIIoK | 6e3nepebiliHa poboma 8 ymosax
0ii 308HiIWHIX 3a8ad. 3asdsKu MOeGHaHHIO Mpocmomu peanidauii, adanmueHocmi ma 30amHocmi 00 KOpPeK-
uii, yel nidxid mae sucokul nomeHyiasn sl NPakmMu4yHo20 8rpPo8adKEeHHS.

Knroyoesi cnoea: dsitlikosi Yucna, 6iHoMianbHi Yyucna, nepebip, 3agadocmilikicmb, GiHOMIanbHi Koei-
uieHmu.
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Abstract. The article proposes an approach to converting binomial numbers into binary form. An
efficient method is introduced, based on step-by-step decoding combined with the simultaneous application
of the principle of exhaustive enumeration of possible combinations. The core idea of the method involves
gradually approximating the result through synchronized analysis of binomial and binary values. Specifically,
the binomial nhumbers are iterated in decreasing order, while the corresponding binary equivalents are
generated in increasing order, until the binomial representation reaches its minimum threshold. As a result,
the final outcome of this step-by-step transformation is a precisely matched binary number corresponding
to the given binomial value. This conversion algorithm is characterized by logical clarity, computational
simplicity, and ease of practical implementation in digital systems.

Particular attention in the study is given to the reliability of the method. Due to the inherent properties
of binomial numbers, the algorithm exhibits high resilience to external interferences and noise that may
occur during the transmission or storage of information. One of the significant advantages of the proposed
approach is its self-correcting capability: even in the presence of minor errors in the input data, the method
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ensures accurate reconstruction of the binary equivalent, which significantly enhances the overall reliability
of the system.

It should be noted that the proposed algorithm does not demonstrate exceptionally high speed compared
to some existing methods. However, this is more than compensated by its simplicity, technological
accessibility, and low computational resource requirements. This combination of characteristics makes it
highly suitable for embedded systems and devices with limited hardware capabilities. The algorithm can be
easily integrated into existing digital platforms where binomial-to-binary conversion is an essential part of
information processing.

The proposed method offers a reliable, efficient, and technologically feasible solution for a wide range
of applications in digital communications, signal processing, cryptography, and other fields where accuracy,
error resistance, and stable operation under external interference are critically important. Owing to its
simplicity, adaptability, and error-correction capabilities, this approach holds significant potential for practical
implementation.

Key words: binary numbers, binomial numbers, enumeration, noise resistance, binomial coefficients.

Bctyn

BinbLicTb cyyacHUx LUMdpoBMX cucteM 0bpobkm 11 nepedadi iHpopmalii BygyoTbCa Ha OCHOBI OBINKO-
BUX YMCEN, SKi Hanexartb 40 NPUPOAHOI ABIKOBOI CUCTEMU YMCNEHHS. BOHa 3anuwiaeTbCst HAMNPOCTILLO
3aBAsikM CBOIN HyNbOBIM CKNaAHOCTI, OAHaK ABINKOBI YMcna 6e3 4oaaTkoBOro KogyBaHHSA He 3abes3nevyoTb
MOXITMBOCTI BUSIBNEHHSI MOMWIIOK. Y 3B’A3KY 3 LIMM PO3pO00SeHi CkrnagHilli No3uLiiHi CUCTEMU YUCMEHHS,
30KpeMa BiHoMmianbHi, ki 4aloTb 3MOry NigBULNTY 3aBaJOCTINKICTb LMPPOBUX CUCTEM.

BiHomianbHi Yncna, ki reHepyTbCs B MeXxax GiHOMianbHOI CUCTEMM YNCTIEHHS], BUPI3HAOTHCS BUCOKOHD
3aBafOCTIMKICTIO 3aBASAKM CBOIN CTPYKTYpi. OgHak Ans NpakTUYHOI pearnisadii Liei CUucTeMN 4acTo BUHUKAE
notpeba B NepeTBOPEHHI BiHOMIanbHMX YMcen y ABINKOBI, L0 € BaXnMBMM Ansa 6aratbox crnedianiaoBaHux
LMPOBMX MPUCTPOIB, AKi BUMaratoTb NigBULLEHOT TOYHOCTI 1 CTIMKOCTI 4O NOMUIIOK.

MepeTBOpEHHS BiHOMianbHWX YMcen y OBIMKOBI, 3aNpornoHOBaHe B MOMEpPenHiX AOCNimKeHHsX [1; 2],
Mae 3Ha4Hy CKNagHIiCTb y peanisaLii, ocobnmBo B anapaTHux pilleHHsX. Lle Moxe 3HmKyBaTn 3aBagocCTin-
KiCTb nig yac o6pobKM JaHumX. |3 Li€l MpMYMHN HA NPaKTULi YacTille 3aCTOCOBYHOTHLCSA MPOCTILli METOAM, TaKi
sK nepebip koMOIHALIN, WO X04 i MOCTYNaKTbCsa Yy WBKAKOAIl, ane 3abe3nevytoTb CTabinbHi pesynbraTu
M nerkicTb iHTerpadii B cuctemmn nepegadi iHpopmadlii.

BiHOMianbHi cMcTeMMn YMCNEHHS, 30KpemMa, MaloTb 0COBNMBE 3HAYEHHSA AN NobygoBU CKNagHUX KOM-
BiHATOPHUX CTPYKTYP, siKi BUKOPUCTOBYHOTBLCA ONS KOAYBAHHS, CTBOPEHHS PIBHOBaXXHMX KOAIB Ta iHLIMX
komnoauuin. OgHak ons ix epekTMBHOrO 3acTocyBaHHA HeOOXiaHI edekTMBHI NepeTBoptoBadi KogiB i3 Oi-
HOMianbHUX YMCen y OBIVIKOBI, O pOOMTb PO3BUTOK TaKMX anropuTMIB akTyarnbHUM 3aBAaHHSIM Y Cy4acCHin
umndppoBi 06pobui iHdopmaui

ICHYIOTb ABi OCHOBHI 3aayi NepeTBOPEHHS, NMOB’A3aHi 3 BiIHOMIANbHUMKN YncnamMu, Anga SKux nepebopHi
anropuTMun € ePeKkTMBHUMMN pilLleHHsMM, 3abe3nevyodm BUCOKY NPOCTOTY M HafinHICTb. 3 ogHoro 6oky, ue
3agaya NepeTBOPEHHS OBINKOBUX YMcen y BiHOMIanbHi, a 3 iHWOro — 3BOPOTHE NeEPETBOPEHHST BiHOMianb-
HUX Yncen y Oginkosi. Ockinbky BGiHOMIaNbHI YMcna reHepyrThLCA 3a JOMOMOroK ABIMKOBUX BiHOMIANbHMX
CMCTEM YUCIIEHHS, BOHM MaloTb 34aTHIiCTb nepebupartu, reHepyBaT M HymMepyBaTu KOMOIHATOPHI koaw,
3abe3neyvyoun NepeLLKogoCTINKICTb, WO pobuTb iX KOPUCHUMK Ons nepeaadi, 36epiraHHst 1 00poOKK iH-
dopmalii B unposmx cucremax.

BukoHaHHs pocnigxeHb

OCHOBHMM 3aBAaHHSM poboTM € po3pobrieHHst NepebopHOro anroputTMy Ans ePeKTMBHOIO NepeTBo-
peHHs BiHOMianbHUX Yncen y ABiNKoBi. Lle ocobnmBo akTyanbHO ANst NPaKTUYHUX CUCTEM, e Micns ne-
pPETBOPEHHS OBIVKOBMX Yncen y BGiHOMianbHi 4acTo BMHMKaE notpeba BMKOHATN 3BOPOTHE MEPETBOPEHHS
OJ151 KOPEKTHOI po6oTK LUMPOBUX NPUCTPOIB. ANFOPUTM MOBMHEH 3abe3nevyBaTn MiHiMarnbHy CKIagHiCTb
i HAQIMHICTDb, WO € KPUTUYHO BaXXKNMBMM ANs cTabinbHOT po60oTn LMGPOBMX CUCTEM.

MoHAaTTA ABiINKOBMX Yucen. [BiKoBi YMcna — ue Yncna, gki npeacTaBneHi y ABIVKOBIN CUCTEMI YnC-
NEHHS, e BUKOPUCTOBYOTLCS Tinbku ABi umndpu: 0 i 1. [IBiikoBa cuctema € OCHOBOK ANst poOOTH Cy4YacHMX
Komm'toTepiB i undpoBmx NpucTpoiB. KoxHa undpa y ABiNKOBOMY Yncni HasmMBaeTbCs BIT, | BOHa Mae Bary,
AKa BU3Ha4YaeTbCs NO3uLiEt0 LUboro 6ita B YMchi.

MoHATTA GiHOMianbHUX YKncen. IcHye 6arato pisHoBUAHOCTeN BiHOMIanbHUX Yncen [1]. Y po6oT pos-
rnagarTbes HaMbINbLL NPOCTi ABIMKOBI GiHOMIanNbHI Y1cna.

[BivikoBMMM BiHOMIanbHUMK YMCNaMy HA3MBaKTLCA NOCNIJOBHOCTI po3psaaiB unudp 0i 1 3 Baramn y Bu-
rnsigi 6iHoMianbHMX KoedilieHTiB, sKi 4aloTb 3MOry NepeTBOPOBATH iX Yy HOMEPU MPUPOAHUX Yncen i 3Bo-
POTHO.

HepiBHOMIipHi 6iHOMianbHi YMcna. ICHyOTb HEPIBHOMIPHI 1 OTPUMAaHI Ha iX OCHOBI PiBHOMIpHI BiHO-
MianbHi ynicna [1]. HepiBHOMipHMM GiHOMianbHMM YMCNOM Ha3MBAETbCHA YMCNO 3 ABIVMKOBUM andasiToM
OOBXWUHW N, Y IKOMY KifTbKiCTb OAMHWLb HE NepeBuLLYE 3HavYeHHs K, a KinbkicTb HyniB n — k [1]. BoHn MatoTb
Pi3HY AOBXMHY /I TOMY MOXYTb €(PEeKTMBHO BMKOPUCTOBYBATUCA AN 36epiraHHs Ta nepedadi iHdopmadii.
Y uboMy BUNagKy GiHOMianbHi YMcra MeHLLOT JOBXUHM KOAYOTb BinbLy iMOBIpHI NOBIAOMIEHHS, @ [OBLUI —
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MeHLL iMOBIpHi. [pyrvm iX 3aBOaHHAM € Te, L0 BOHW CTBOPIOKOTbL PiBHOMIPHI BiHOMIanbHi Yncna, ski MoXyTb
BMKOPUCTOBYBATUCS 41151 NOOYyA0BU 3aBafoCTikMX LnudpoBmx npuctpois [1].

[iana3oH HepiBHOMIpHMX i, BignoBigHO. PIBHOMIPHNX BiHOMianbHMX YMcen BU3HAYaeTbCs BiHOMIanbHUM
KoedilieHTOM:

(n+21)! 8
ki(n—k+1)!"

Y Tabnuui 1 HaBeaeHi BeNUYMHKU AianasoHiB P HepPiBHOMIPHUX GiHOMianbHux yMcen anan=1,2, ..., 20
ik=2.

P=ck =cl‘l—k —

n+1 n+1

Tabnuysa 1
[iana3oHu 6iHomianbHUX yncen P
n P n P n P n P
1 1 6 21 11 66 16 136
2 3 7 28 12 78 17 153
3 6 8 36 13 91 18 171
4 10 9 45 14 105 19 190
5 15 10 55 15 120 20 210

AnropuTm nobyaoBu HEPIBHOMIPHMX BiIHOMianbHUX Yncen y 3pocTaryoMy Nopsaky 3 6yab-sAkoro BiHOMi-
anbHOro Yncra CKnagaeTbes 3 TaKMX KPOKIB:

1. B ocTaHHin po3psia cnpaBa HepPIBHOMIPHOIo GiHOMIanbHOro Yncna, y sskomy 3Haxogutbes 0, 3anucy-
€TbCs 1 i NigpaxoByeTbCS KiNbKICTb OAMHULb Y HBOMY.

2. AKWO KinbKiCTb oanHMLE Yy BiHOMianbHOMY YMcni MeHLWwa 3a K, To cnpasa Big OTPUMaHOI OgUHULI 3a-
NUCYETLCS HYNb | Aani BiAbyBaeTbCA NOBEPHEHHS OO0 KPOKy 1.

3. AKWo KinbKicTb ogMHULL y BiHOMIanbHOMY Yncni JopiBHIOE K, a HyniB nepes HUMU HeEMae, To — Ki-
Helb.

4. AKLWO KiNbKICTb 0ANHULB Y BiHOMIanbHOMY Yncni byae gopiBHOBaTH K | nepen ocTaHHIMKM 3 HUX Byae
CTOATN X04a 6 oguH Hynb, TO LUen 0 noBuHeH ByTn 3amiHeEHUI Ha 1, @ B MONOALLI CTOCOBHO HbOIO CrpaBsa
pO3psAan 3anuCytoTbCA HyIi 40 TOro Yacy, NOKM iX KiNbKICTb y YMCIi He cTaHe JopiBHioBaTh h — K.

5. lNMoBepHeHHs o Kpoky 1.

Y 1abnuui 2 ons n = 4 HaBegeHi 10 MOXNUBMX HEPIBHOMIPHMX BiHOMIaNbHUX YMCen 3niBa 3 KiNbKiCTo
oavHuupb k = 3, a cnpaBa — 3 k = 2.

Tabnuusa 2
HepiBHOMIipHi GiHOMianbHi umcnasn=4ik = 3,2
Ne BiH. yncna Ne BiH. yncna Ne BiH. yncna Ne BiH. yncna
0 00 5 1010 0 000 5 011
1 010 6 1011 1 0010 6 1000
2 0110 7 1100 2 0011 7 1001
3 0111 8 1101 3 0100 8 101
4 100 9 111 4 0101 9 1

PiBHOMipHi 6iHOMmianbHi yncna. OkpiM HepiBHOMIpHUX GiHOMianbHWX Yncen, npu nobynosi GiHOMi-
anbHUX LMdPOBUX MPUCTPOIB BUKOPUCTOBYIOTLCS PiIBHOMIPHI BiHOMIanbHi yncna. BoHu, Ha BigMiHy Big He-
PIBHOMIPHMX YMcen, MatoTb NOCTIHY AOBXMHY (AMB. Tabnuuo 3), ika MICTUTbL N po3psazis. Ix 0cobnumsicTio
€ Te, WO KiNbKICTb HYIIB Y HUX Nepes OCTaHHbOK OAMHULEIO cnpaBa He Moxe ByTu BinbLuoto n — K, wo npu-
3BOAMTb A0 iX 3aBagocTivikocTi [1]. To6To nobyaoBaHi Ha OCHOBI PiBHOMIpHMX BiHOMIanNbHUX Yncen undposi
NPUCTPOI UM Nporpamu ByayTb 3aBaJOCTilKi.

PiweHHsA 3agadi. KinbkicHMn ekBiBaneHT YyMcna n — po3psiaHoi ABiikoBoil k-6iHOMianbHOT cucTemMm Ync-
NEHHS:

A =(84, @50 8y)

i=01,..,P-1
BU3HaAYa€TbCHA YMCMOBOK OYHKLIEO:
k-q, k-q,, k-q
A=a.,C " +.+aC ;' +..+aC, " 2)
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BoHa mae gBi cuctemu ooMexeHb:

abo q, =k
k<j<n-1

abo a,=1
k=Jj-q
0<g,<k-1

Ae (g, — KiNbKiCTb OANHULIb; a, =0,

j — KiNbKiCTb po3psaais;
[=0,1, .., j—1—nopsgkosuin HoMep po3psaay;
Cyma OAMHUYHUX 3HaYeHb Lndp:

j-1
ql+1 = Z ay'

y=I+1
MaKCMmMaribHe YMCIOo Npu UbOMY:

1C, ) +1C, " +..+1C: =Cl -1=P -1

BignosigHo, KinbkicTb 6iHOMianbHMUX Yucen:
pP=cC!

Ak Bunnueae 3 dopmynu (1), Ui Yncna HepiBHOMIPHI, TOBTO MOXYTb BiAPIZHATUCSH CBOEID OOBXUHOLO.
LLlo6 oTpumatu BignoBigHW BGiHOMianbHOMY YMCny ABIMKOBUA HOMep, Tpeba niactaBuTu ue 4mcno y gop-
myny (2).

Y 1tabnuui 1 ui Yicna 3 iX KinbKiCHUMWU ekBiBaneHTamu i ABIMIKOBUMM HOMepaMu nokasaHi anst k = 4,
n = 6. Ix KiNnbKiCTb, BiAMNOBIAHO, AOPIBHIOE:

P=Ck=C{=15.

Tabnuusa 3

HepiBHOMipHi GiHOMianbHi Yncna Ta ix KinbKiCHi eKkBiBaneHTu
Ne Engr‘i;:;bHe KinbkicHun ekBiBaneHT Ne
0 00 0-C*+0.C* 0000
1 010 0-C4+1.C*+0.C? 0001
2 0110 0-C*+1.C*+1-C2+0.C? 0010
3 01110 0-C4+1.C*+1.C3+1.C2+0-C 0011
4 01111 0-C*+1.C*+1.C2+1-C2+1-C! 0100
5 100 1.-C2+0-C*+0.C? 0101
6 1010 1-C2+0-C3+1.C3+0-C? 0110
7 10110 1-C4+0.-C3+1.C3+1-C2+0-C! 0111
8 10111 1-C*+0.C3+1.C3+1.C2+1-C! 1000
9 1100 1-C2+1.C3+0-C?+0-C? 1001
10 11010 1-C*+1.C3+0.C2+1-C2+0.C* 1010
11 11011 1.C4+1.C3+0.C2+1.C2+1-C! 1011
12 11100 1-C4+1-C3+1.C?+0-CL +0.C! 1100
13 11101 1-C4+1.C3+1.C2+0-CL +1-C! 1101
14 1111 1.C4+1.C3+1.C2+1-C! 1111

BignoBigHo o (2), anropuTM NepeTBOPEHHS HEPIBHOMIPHUX GiHOMIanbHMX YMcen y OBIMKOBI yMcna
CKINaaeTbCs 3 TAKOro:
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1. 3'ix nigctaHoBkM y dhopmyny 1.

2. OBuncneHHs biHomianbHMX KoedilieHTIB y po3psgax, ae ctosaTh 1.

3. MigcymoByBaHHSA OTPUMaHKX 3Ha4YeHb BiHOMIaNbHUX KOeIiLiEHTIB.

Pesynerat 6yge HoMepom HepiBHOMiIpHOro BiHOMianeHOro Ymcna.

[lonoBHIo4YM B Tabnuui 3 po3psian cnpaea HyInsiMuM, MOXXEMO OTPUMaTK PiBHOMIPHI BGiHOMianbHi yncna,
AK Le nokasaHo B Tabnuui 4. IX KinbKiCHWI eKBiBaNeHT 3anuLNTLCH HE3MIHHUM.

Tabnuus 4

PiBHOMipHi BiHOMianbHi YMcna Ta ix KinbkKicHi ekBiBaneHTu
Ne BiHomianbHe yucno | PiBH. 6GiHOM. Yucno KinbkicHUI eKBiBaneHT Ne
0 00 00000 0-Cc*+0.C? 0000
1 010 01000 0-C{+1.C*+0.C? 0001
2 0110 01100 O~C§+1-Cf+1-C§+0~C§ 0010
3 01110 01110 0-Ci+1-C}+1-C3+1.C2+0-C! 0011
4 01111 01111 0-C2+1.C*+1.C3+1.C2+1-C! 0100
5 100 10000 1-C.§+0-C43+0-C§’ 0101
6 1010 10100 1.C*+0.C3+1-C2+0-C? 0110
7 10110 10110 1-C2+0-C3+1-Ci+1-C2+0-C! 0111
8 10111 10111 1-C2+0-C3+1-C3+1-C2+1-C! 1000
9 1100 11000 1-C4+1-C3+0.C2+0-C? 1001
10 11010 11010 1-C2+1-C3+0-C?+1-C2+0-C! 1010
11 11011 11011 1-C*+1.C3+0.C2+1-C2 +1-C* 1011
12 11100 11100 1.C2+1.-C2+1-C2+0-C: +0-C! 1100
13 11101 11101 1-C2+1.C3+1-C2+0-Cl +1-C! 1101
14 1111 11110 1.C2+1.C3+1-C2+1-C! 1111

OcobnuBicTo HEPIBHOMIPHUX BiHOMIANbHUX YMCEN € TE, L0 BOHN MOXYTb OyTW BUKOPUCTaHI ANs WBna-
Koi nepepadi indopmaLii. OgHak BOHW HEe MOXYTb BUSIBIIATY NMOMWIIKK, sIKi BUHUKAKOTL Npu ix nepegadi. Lo
3aJauvy yCnilHO BUKOHYHOTb PiBHOMIpPHI BiHOMianbHi Yncna. O3Hakot NoOMUKU B HUX Oyge nosiea B 4mchi
KiNbKOCTi oamMHMLb BinbLuoi 3a k abo nosiBa nepea 0CTaHHbO 1 3niBa Ginble n — k — 1. Takmx NOMUIKOBMX
BiHoMianbHMX Yncen anga n = 5 6yae 17. Takum yncnom, Hanpuknag, 6yae ymcno 10010 a6o uncno 11111.

MeToau nepeTBopeHHA GiHOMianbHUX Yucen y ABiINKOBI. Ha npakTuui Ana BUKOPUCTaHHS OBINKOBUX
yucen noTpibHi nepeTBoptoBadi BiHOMiIanbHUX YMCen y OBINKOBI, OCKINbKM LMAPOBI CUCTEMM, SIK NMPaBUIIO,
NpaLolTh i3 ABIKOBMMMW 3HAYEHHSIMUW. 3aranbHUin BUMMS NPOLLECY NepeTBOPEHHS BiHOMIanbHOro ymcna
y ABilikoBe 4mcno 306paxeHo Ha puc. 1.

BiHOMiaNsHe [silikose
yMcno MepeTeOpiOEaY 4ucno
e : L
Koqis

Puc. 1. NepeTBopeHHs BiHOMianbHUX Yncen y ABiKOBI

Y HbOoMy BiHOMIanbHe YMCINOo NoJAaeTbCa Ha MEPETBOPIOBAY KOAIB, SIKMIA 3anexHo Bifg obpaHoro anroput-
MY BUKOHYE NEPETBOPEHHS 3 PI3HOIO LLUBUAKOAIEO.

HanbGinbw weuakoaitoumm 6yne TabnmyHnn MeToq NepeTBOPEHHS, 3a IKOro B Nam’siTi NnepeTBoproBa-
Yya 36epiraeTbCs roTOBMIN pesynbraT, a BxigHe GiHOMianbHe Yncno BUCTYNae Ak agpeca. 3a Lieo agpecoto
MOXHa oTpMMaTy BignoBiaHe AginkoBe yncno. OgHak HedomnikoM LbOoro anroputMy € notpeba y Benukin
EMHOCTI Nam’aTi, WO 0BMeXye KinbKicTb BiHOMianbHUX Yncen, siki MoXyTb 30epiraTucs.
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MeHwW WBMAKOAIKYMM, ane 3 A0CTaTHbOK LUBUAKOAIEI 1 6€3 BENUKNX BUMOT 0 NaM’aTi € anropuTM,
SIKUIA BUKOPUCTOBYE YMCOBY (DYHKLitO Ans GiHomianbHMX Yncen. MpoTe oro peanisavisi Moxe 6yTn 4ocuTb
CKITagHo, 0COBNMBO B CXEMHOMY BUMMAL,:

I
c(nk)=——%=—.
ki(n—-k)!

To6TO anropntm OTpMMYeE 3Ha4veHHs N i k, obuncntoe BignoBigHe 3HaYeHHs1 GiHOMIanbHOro KoeilieH-
Ta, a NoTiM NepeTBOPHOE NOro y ABIMKOBY hopMmy. Lie gae 3Mory YHUKHYTU BUKOPUCTaAHHS BENUKOI Nam’saTi,
OCKIfTbKM pe3ynbraTt 064McnoeTbea 6e3nocepenHbO Nig Yac 3anuTy 1 He NoTpibHo 36epiraty Tabnuuto BCix
MOXIMBUX pe3ynbTaTiB.

OpHak peanisauist LbOro MeToy € CKnaAHiLWow, 0CobnmBo AKLWO anroputm mae 6yt anapaTHo peani-
30BaHWUM, Hanpvknag, y undposin cxeMi. [1oTpibHO BpaxoByBaT TOYHICTb pO3paxyHkKiB hakTopianis i npa-
BUIbHO 06pOBnATY BENMKI YMcna, WO MOXe YCKNaaHMTN pO3po0Ky 1 BNIIMHYTW Ha 3arasnbHy LWBUOKOAI.

HanmeHw wBmnagkoditoumm, ane npoctuMm i HagitHUM MeToAOM € NepebopHUA anropuTM, KU BUKO-
pVYCTOBYE MporpaMHO abo anapaTHO peanizoBaHui GiHOMianbHWUIA NiYMAbHKK. Lien niynnbHUK nigcymoBye
OOVHULI, @ pa3oM i3 HUM NpaLoe ABIMKOBUN NMIYMIbHUK, KW 3MEHLLYE CBOE 3Ha4YeHHA. CucTema NopiBHSAH-
HA nepesipsae, Y JOCArHYB ABIMKOBUA NIYUNBHUK HYNbOBOMO CTaHy.

Mpouec po6oTtn nepebopHOro anropuTmy:

IHiuiani3auis — GiHOMianbHUI NIYMNBHUK NOYNHAETLCSA 3i 3HAYEHHS, Sike NOTPIOHO NepeTBOPUTH, a aBIl-
KOBMWI MiYMMbHUK iHiLianidyeTbcsa Ha 0.

Mepebip — GiHOMiaNbHWUIA NIYUABHWK NOCHIAOBHO MiACYMOBYE OAWMHWLI, TOA SK ABIMKOBUM MiYUNBHUK
3MEHLLYE CBOE 3HaYEHHS.

MopiBHAHHA — NpoLec TpMBae, NOKM ABINKOBUN NiYUMNBHUK HE AOCATHE HYNbOBOrO 3HAaYEeHHS, MiCris Yoro
cXema MOpPIBHAHHA BMAAE CUrHan.

BuBepaeHHs pe3ynbsraTy — KONy ABINKOBUI NiYUMNBbHUK MEPEXOAUTL Y HYNbOBUIA CTaH, 3Ha4YEeHHS OBINKO-
BOro nivnnbHuKa Oyae JopiBHIOBATY pe3yrkTaTy NepeTBopeHHs BiHOMiansHoOro Ymcna.

BucHoBoOK

TakuM YMHOM, HagaHi B CTaTTi NepebopHi anropnuTMn NEPETBOPEHHS BGiHOMIaNbHMX YnCen y ABIAKOBI
€ HanbinbL NPOCTMMK M HaZinHUMKW. He3Baxkatoum Ha NEeBHUI HEOONMIK Yy BUMA4I Manoi Wweuakoaii, ans
BaraTboX NPaKkTUYHNX 3aCTOCYBaHb LS LWIBUOKOAIS € LifIKOM OOCTaTHbOM), WO pobuThb Li anroputMu edek-
TUBHUMW B TakuUX BUnagkax. EQpekTMBHICTb NepeTBOPEHHSA 3pOCTaEe 3aBAsKN BpaxyBaHHIO 3aBafOCTINKOCTI
OiHOMIanbHMX YmMCen, SKi 3a CBOEI MPUPOAO0 BOMNOAiTb BNACTUBICTIO CTIMKOCTI 4O MOMWIOK, WO AaE iM
3mMory 3abeanevyBaTu HagiNHICTb HaBITb B YMOBaXxX MEPELLKOA.
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Abstract. The study's relevance is due to the growing performance requirements of modern web
applications that process significant amounts of data and provide a high user experience. Under these
conditions, lazy loading is considered an effective approach to optimise resource utilisation, reduce
response times and reduce the load on network and computing resources. At the same time, it has been
established that, despite the obvious advantages, there are limitations associated with implementing this
technology that require a detailed analysis.

The study's purpose is to assess the impact of lazy loading on key performance indicators of web
applications, identify its advantages and limitations, and develop recommendations for the effective
implementation of this technology.

The study applied the methodology of experimental modelling of web applications in different
scenarios. Two versions of the application were developed: one without lazy loading and the other with
its implementation. The experiments were conducted in networks with different bandwidths (4G, 3G), and
performance was evaluated based on indicators such as page load time, RAM consumption, and network
resources.

The study found that lazy loading significantly reduces loading time (up to 50% on a 4G network) and
reduces the amount of data transferred by almost 3.5 times. This significantly improves the user experience
and optimises the use of server resources. At the same time, a number of limitations have been identified,
such as dependence on the stability of the network connection, complexity of implementation, and potential
problems with SEO indexing of dynamic content.

The conclusions emphasise the need to consider the application's specifics and users' needs when
implementing lazy loading. In particular, it is important to ensure compatibility with search engines, adapt to
weak network conditions, and consider accessibility requirements for users with disabilities.

Prospects for further research are identified in the development of approaches to optimise SEQO indexing
of dynamic content, ensure accessibility for all user categories, and integrate lazy loading into systems that
handle critical data. Another interesting area is the analysis of device power consumption when using this
technology.

Key words: lazy loading; web applications; performance; optimization; dynamic loading; loading time;
memory consumption; network resources; SEQ; accessibility.

AOCNIAXEHHA BIMJIUBY LAZY LOADING
HA NMPOAYKTUBHICTb BEB-3ACTOCYHKIB

€ezeHiss bopoeckoesa, mazicmp, iHXeHep rnpoepamMHo20 3abesneqyeHHs, AppsFlyer Ltd, Kuis, YkpaiHa.
https.//orcid.org/0009-0008-5481-8090

AHomauiss. AkmyaribHicmb 00cniO)eHHsT 3ymoeneHa ece binbwumu eumozamu 0o rnpodyKkmugHocmi
cy4YacHuUx eeb3acmocyHKis, siKi ornpaubosyromse 3Ha4yHi obcsieu OaHuX i 3abesrnedyromb 8UCOKUU pPieeHb KO-
pucmysaubko20 0oceidy. Y yux ymosax sukopucmaHHs lazy loading posanadaemscs sik dieguli ridxid 0o
onmumi3aujii 3a8aHmaxeHHs1 Pecypcig, CKOPOYEHHST Yacy 8i02yKy ma 3HUXEeHHS HagaHMaXeHHs Ha Mepe-
XKeei U obyucrrosarnbHi pecypcu. BoOHouyac ycmaHoeneHo, w0, nornpu o4esudHi nepesaau, yrnpoeadKeHHs
uiei mexHornoeii Mae HU3KYy 0BMeXXeHb, sIKi mompebyrome 0emaribHO20 aHarlisy.

Memoto pobomu € ouiHoeaHHs ernnusy lazy loading Ha Krr408i MoKasHUKU rpodykmueHocmi eeb3a-
CMOCYHKI8, 8U3Ha4YeHHs lio20o nepesaz ma 0bMexXeHb, a MakoXx po3pobrieHHs1 pekomeHdayilti wodo eghek-
MuBHO20 8rpPoBadKeHHS uiei mexHorioair.

HocnidxeHHs npoeodursiocs i3 3acmocysaHHIM Memooosioaii ekcriepumMeHmarbHO20 MOOEI08aHHS Po-
6omu seb3acmocyHKi8 y pisHuUx cueHapisx. CmeopeHo 08i 8epcii 3acmoCyHKy: 00Hy — 6e3 8UKOpUCMaHHS
lazy loading, a iHwy — 3 U020 ernposadxeHHsIM. EkcriepumeHmu rpoeoousnu 3a yMo8 MeEPEX i3 Pi3HOH
rporyckHor 30amuicmio (4G, 3G), a npodyKkmueHicmb OUiHI08au Ha OCHO8I MaKkux MOKa3HUKI8, sIK Jac
3agaHMa)keHHs1 CMOPIHOK, BUKOPUCMAaHHS oriepamueHOi nam’smi ma CrioxueaHHs Mepexxesux pecypcie.

Y pesynbmami docnidxxeHHs1 egcmaHoerneHo, wo lazy loading 3abesnedyye 3Ha4He CKOPOYEHHS Yacy 3a-
8aHmMaxeHHs1 cmopiHoK (00 50% y mepexi 4G) i 3meHweHHs obcsiey nepedaHux 0aHux malxe 8 3,5 pasa.
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Lle 3Ha4yHO nokpaw,ye KkopucmysaubKkuli docegid, ornMmuMi3ye 8UKOPUCMaHHS cepeepHuUX pecypcie. BodHo-
4yac eusierieHo HU3KYy obMmexeHb, ceped SKUX — 3anexHicmb 8i0 cmabinbHOCmi Mepexeeoz2o 3’€dHaHHS,
cknadHicmb peanizauii ma nomeryitiHi mpydHouwli i3 SEO-iHOekcaujero OUHaMiYHO20 KOHMeHmy.

Y 8UCHOBKax Ha2ormoweHO Ha 8aX/1Uu80CMi 8paxysaHHs crieyugiku 3acmocyHKy U nompeb Kkopucmyaea-
yig nid 4Yac yrnpoeadxeHHs lazy loading. 3okpema, 3Hadyywum € 3abe3riedeHHs1 CyMiCHOCMI 3 MoWwyKo8UMU
cucmemamu, aBanmauiss 00 ymos crnabkux mMepex i epaxysaHHs sumoa docmyrnHocmi O5si Kopucmyesadie
3 06MEXEHUMU MOXITUBOCMSAMU.

lNepcrnekmusu nodasnbwux AoCiOXeHb 8K4YaromMb po3pobreHHs nidxodie 0ns onmumizayii SEO-iH-
Oekcauji OuHamMiHHO20 KOHmMeHMmy, 3abesnedyeHHs docmyrnHocmi Onsl 8Cix kamez2opili Kopucmyeadie ma IH-
meepauji lazy loading y cucmemu, wo npayrrme i3 KpUmMuYHUMU OaHUMU. TakoxX 8aXrugumM HarnpsiMoM €
aHarsi3 eHep20CroXugaHHs MpUCmMpPoi8 nid Yac sUKOpPUCMaHHS ujei mexHoroeii,

Knroyoesi cnoea: lazy loading; eebsacmocyHKu; npodykmueHicmb, onmumi3zauisi; OuHaMiyHe 3aeaHma-
JKEHHS; Yac 3a8aHMaXxeHHs1; CrioxueaHHs1 nam’smi; mepexesi pecypcu; SEO,; docmyrnHicme.

Introduction

Web applications that serve many users face the challenge of efficiently managing resources, lowering
page loading speeds, and providing a quality user experience. As the amount of data loaded initially
increases, difficulties arise due to long response times, network congestion, and low performance of users'
devices. One of the most promising approaches to solving these problems is using lazy loading technology,
which allows you to optimize the downloading process by delaying its loading.

This problem is of great scientific importance, as it requires research into the impact of different loading
strategies on the performance of web applications, considering the specifics of modern frameworks, browsers,
and network protocols. The practical significance lies in increasing the efficiency of web applications,
reducing the load on servers, and improving the user experience, which is critical for developers, online
service providers, and end users.

The topic of researching the impact of lazy loading on web application performance is actively developing.
Many scientific works focus on analyzing the principles of this technology, evaluating its effectiveness, and
practical approaches to implementation.

The works of R.-M. Béara, C. A. Boiangiu, and C. Tudose investigate the impact of lazy loading on key
performance indicators of web applications, including page load time and memory usage. The authors
consider implementation scenarios and offer recommendations for their optimization [1]. Similar aspects are
analyzed by S. Turcotte, Gokhale, and F. Tip, who studied how lazy loading can increase the responsiveness
of real-time web applications by reducing delays [2].

In their work, E. Mjelde and A. L. Opdahl investigate methods for reducing the loading time of web
applications on different devices, focusing on devices with limited resources. Their analysis covers lazy
loading as one of the key elements of web application performance [3]. S. K. Shivakumar takes a closer
look at the optimization of mobile web applications, particularly the impact of lazy loading on saving network
resources and reducing data volume [4].

The study by F. Yan, Z. Xu, and their colleagues aims to optimise front-end development performance.
The authors propose a solution to improve the efficiency of dynamic web applications using lazy loading
[5]. Wickham M. focuses on the practical aspects of implementing lazy loading for images, which is critical
for reducing the loading time of large pages [6].

I. Shvedov investigates the feasibility of using lazy loading in web applications, emphasising its role in
improving speed and reducing computing resources [7]. |. Khlysta and A. Bondarchuk consider the problem
of partial content updating in SPA applications, using lazy loading as a key approach [8].

A. V. Antonenko and his colleagues describe innovative methods of implementing this technology in
their work. The authors analyze the peculiarities of displaying information in web browsers and the role of
lazy loading in reducing server load [9].

M. Hajian studies the use of lazy loading in the performance of Angular applications, focusing on
improving the performance of large dynamic systems [10]. O. Kostenko and V. Furashev investigate the
regulatory aspects of web space development, including technological challenges and their impact on
users [11].

K. Chyzhmar and his co-authors analyse information security in the context of web application
development, paying attention to the role of optimisation, in particular lazy loading [12]. F. Al-Hawari, in
his work, considers design patterns for data management in web systems, highlighting lazy loading as an
element of big data management [13].

In his book about progressive web applications, S. Domes demonstrates practical cases of using lazy
loading in React applications to achieve loading speed and interactivity [14].

Thus, the analyzed studies demonstrate significant interest in implementing lazy loading as a key tool
for optimizing web applications.

Despite studying the principles of lazy loading and its impact on performance, several key aspects still
need to be solved. The conditions for using this technology in real-world web applications with complex
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architectures require further research, especially in cases with high server loads or poor network quality (for
example, in 3G networks). A limited number of studies analyze in detail how lazy loading affects the power
consumption of mobile devices or performance in multimodule systems.

Special attention is drawn to the problems of SEO indexing dynamic content. Search engines are often
unable to fully index pages with delayed loading, which can negatively affect websites' visibility in search
results. Approaches to ensuring the accessibility of dynamic content for users with disabilities are also
insufficiently developed, which is critical in terms of meeting modern standards of inclusiveness.

The proposed research will contribute to solving these problems. Experimental analysis will allow us to
assess the impact of lazy loading in complex practical scenarios, particularly in conditions of low network
speeds. It will also develop recommendations for optimizing SEO indexing of dynamic content and ensuring
accessibility, which will help adapt the technology to modern web development needs. This will not only
broaden the understanding of lazy loading capabilities but also help eliminate existing limitations for its
effective implementation.

The article aims to investigate the impact of lazy loading technology on web application performance,
identify its advantages and limitations, and provide practical recommendations for implementation to
optimize the user experience and resource efficiency.

Obijectives of the article:

1. To investigate the principles of lazy loading and assess its impact on the performance of web
applications, including page load time, memory, and network resource consumption.

2. To conduct an experimental study of the implementation of lazy loading in various web application
scenarios to identify the main advantages and limitations of its use in practical conditions.

3. To develop recommendations for the effective implementation of lazy loading in web applications
based on the analysis of the results obtained and the identified limitations.

Research results

Lazy loading is an important approach in web development that allows you to optimize application
performance by loading resources only when needed. The main principle of this technology is to reduce the
initial load on the system by deferring the loading of modules, images, videos, or other components that are
needed only at a specific moment of the user's work. This approach aims to improve page loading speeds,
reduce network resource use, and optimize RAM consumption. In web applications that often contain large
data or have a complex structure, lazy loading is a key tool for ensuring high performance (Table 1).

In today's environment, lazy loading is widely used to solve several problems related to the performance
of web applications. For example, multi-page websites like e-commerce platforms avoid loading all pages
simultaneously. Only those pages that the user accesses are loaded during the session. Also, delayed
loading significantly reduces system response time on media platforms with a lot of video content.

Using attributes such as loading=‘lazy’ allows the browser to control the loading process automatically.
For example, in static websites, images or iframes are loaded only when they are in the user's visible area.
This significantly reduces the consumption of network resources, especially on mobile devices.

Table 1
Basic principles of lazy loading in web applications
How it works Explanation

Modules are loaded dynamically only when the user goes to a specific
section or page.

Upload images on demand Images are loaded only when the user scrolls to the appropriate area.
The loading=‘lazy’ HTML attribute allows the browser to automatically
implement delayed image loading.

Dynamically connect scripts The download is performed using JavaScript depending
and styles on the user's actions.

Deferred loading of modules

Using special attributes

In frameworks such as Angular, the lazy loading principle is implemented through modular connection
mechanisms. This means that instead of loading the entire application on the first visit, only those modules
that correspond to the functionality selected by the user are loaded. In React, similar functionality is achieved
using libraries such as React-lazy and Suspense, which simplify the implementation of deferred component
loading. As a result, the user gets faster access to content, load times are reduced, and developers ensure
more efficient use of server resources. This approach is ideal for optimizing multifunctional platforms and
websites that target a global audience.

As an approach to optimizing web applications, lazy loading affects key performance indicators,
including page load time, RAM consumption, and network resource usage. This method reduces the load
on the system by delaying the loading of content or modules only when needed. As a result, resources are
optimized, the user experience is improved, and load times are reduced. Page load time is a critical metric
because it affects the first impression of the user, as well as the overall performance of the application.
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Using lazy loading allows you to download only the necessary data, significantly reducing the amount of
traffic, especially in conditions of weak network connections (Table 2).

Today, lazy loading is proving to be effective in various industries, such as e-commerce, education, media,
and entertainment. For example, in e-commerce, stores that use lazy loading of product images ensure that
the first screen is displayed quickly, even if the catalog contains thousands of items. The user sees relevant
content without delay, which increases conversion and reduces bounce rates [2]. In educational platforms
that include interactive tasks or multimedia content, lazy loading allows you to load only active modules.
This provides quick access to learning materials, reducing memory and time consumption. For example,
video tutorials in eLearning platforms load only when the corresponding module is opened.

In media applications that focus on streaming video or displaying galleries, delayed loading allows you
to optimize your traffic consumption. This is critical for mobile users with limited data. It allows consumers
to get quick access to the content they need, avoiding network or device overload.

Table 2
Impact of lazy loading on key web application performance indicators
Performance indicator Explanation of the irppact without Expla_nation of the impact
Lazy Loading with Lazy Loading
All resources are loaded simultaneously, | Only the necessary elements are loaded
Page load time which leads to longer loading times, at the time of use, which significantly
9 especially with large amounts of content reduces loading time, especially for the
and multimedia data. first screen and on weak devices.

Only the data that is needed at a
particular moment is transmitted,
reducing server load and traffic

The need to load all resources (images,
Amount of data transferred videos, modules) regardless of their
relevance to the current user session.

consumption.
High memory requirements due to the Reduced load due to gradual data
RAM usage simultaneous loading of all modules, loading, which optimises memory usage
9 which can cause delays or crashes on low and reduces the risk of overloading
performance devices. devices.
Significant delays due to the transfer
of large amounts of data in a single Optimised loading reduces latency,
Network performance session, which is especially problematic improving the user experience even on
for low-speed networks or limited mobile low-bandwidth networks.
connection resources.
Power consumbtion of Increased power consumption due to high Rational energy consumption by
devicesp processor and memory requirements, which | reducing the amount of computing and
reduces the battery life of mobile devices. optimising the use of resources.

Lazy loading is becoming an important tool in improving the performance of web applications, allowing
not only to adapt the operation of applications to the needs of users, but also to ensure the efficient use of
computing and network resources. Its implementation is strategically important for modern developments
focused on interactivity and a high level of user experience [1].

An experimental study of the implementation of lazy loading in web applications was conducted to
assess its impact on key performance indicators in various scenarios. The main goal of the experiment
was to analyze the loading time, RAM, and network resource efficiency in a web application environment,
particularly in the example of multi-page websites built on the Angular framework.

The experimental conditions included simulation of a web application with 10 pages, where the probability
of visiting all pages during one session is low. For comparison, two versions of the application were created:
without using lazy loading and with its implementation. The metrics used were the initial amount of data
downloaded, the time to first page display, and resource consumption under different network conditions
(4G and 3G).

The use of lazy loading in this experiment was implemented through the mechanism of dynamic module
loading using Angular. The code for routing was as follows: export const routes: Routes = [{ path: 'user’,
loadChildren: () => import('./pages/user/user.module').then(m => m.UserModule) } I;

This approach allows you to download only those modules the user needs at a particular moment,
avoiding system overload (Table 3).

The analysis of the results showed that lazy loading significantly reduces the time it takes to load the
first screen and optimizes RAM consumption. For example, in a 4G environment, an application with lazy
loading achieved a load time of 1 second, while without this approach, the time was about 3 seconds. On a
3G network, the results were even more impressive, showing a reduction in time from 5 to 1.5 seconds. In
addition, the amount of downloaded data was reduced by almost 3.5 times, which helped reduce the server
and network infrastructure load.
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The experiment's practical results prove that lazy loading is an effective tool for optimising multi-page
web applications. It provides faster access to content for users with different levels of access to resources,
increasing the system's overall efficiency and adaptability. This approach is recommended for use in
applications targeting a global audience, especially in a mobile environment with limited capabilities [10].

Table 3
Comparison of web application performance with and without lazy loading
Scenario of use No Lazy Loading With Lazy Loading
The initial volume of data ~2.5MB ~700 KB
Download time (4G) ~3 seconds ~1 second
Download time (3G) ~5 seconds ~1.5 seconds
RAM usage High due to simultaneous loading Low due to the step-by-step loading
process
User experience Low due to long waiting times High due to quick access

Lazy loading is a key web application optimization tool that provides significant performance benefits.
However, its implementation is accompanied by several limitations that must be considered when
implementing it in practice. This technology helps to improve the efficiency of web applications, especially
multi-page platforms, by dynamically loading modules, resources, or content only when needed. This
reduces the server load and optimizes the speed of displaying the first screens.

Among the main limitations of lazy loading is the increased complexity of implementation. To integrate the
technology, developers must adapt the application architecture, ensuring the correct routing and management
of dynamic module loading [6]. This can increase development time and costs, especially in large-scale
projects with many components. There may also be difficulties in ensuring technology compatibility with
different frameworks or third-party libraries, which requires additional resources for testing and debugging.

Another important limitation is the dependence on the stability of the network connection. Although lazy
loading optimizes traffic consumption, real-time resource loading can create delays if the user's connection
is slow or unstable. This is especially true for multimedia content, such as videos or large images, where
delays can negatively impact the user experience.

Another limitation is the risk of deteriorating SEO (search engine optimization) performance [14]. Since
most search engines index the content of pages during the first load, lazy loading can result in some
dynamic content remaining unavailable for indexing. This can affect your site's search engine rankings,
especially if the content is key to driving traffic.

You should also consider potential accessibility issues for users with disabilities. For example, dynamic
loading may not consider specific requirements such as keyboard navigation or screen readers. This can
create additional barriers for such users, reducing the accessibility of the web application.

Effective implementation of lazy loading in real-world web projects requires careful planning and
adherence to several practical recommendations to ensure maximum performance and user experience.
One key aspect is a preliminary analysis of the web application architecture to determine the most
resource-intensive modules or components that should be loaded dynamically. This requires testing with
performance monitoring tools, such as Lighthouse or WebPageTest, to identify bottlenecks in the content
loading process.

An important step is to properly organize the routing. In multi-page applications, modules should be
structured in such a way that only the necessary components are loaded according to the route selected by
the user. This can be implemented through modern frameworks, such as Angular or React, which support
dynamic import mechanisms. In particular, it is useful for Angular to use a modular loading mechanism,
where each module is connected only when the corresponding route is activated. This approach minimizes
the initial amount of uploaded data and reduces the server load.

To optimize multimedia content, such as images or videos, it is recommended to use built-in browser
attributes, such as loading=‘lazy”” which allow you to automate the process of delayed loading. This is
especially effective in cases where a significant part of the page contains large files that can affect the
first rendering time. Additionally, for interactive elements such as videos or iframes, you need to take into
account their impact on the loading time and ensure that they load only after user interaction.

Particular attention should be paid to optimisation for mobile devices that have limited resources. In this
case, it is necessary to test the performance of lazy loading on low-speed networks, such as 3G, to ensure
stable and fast loading even under difficult connection conditions. It is also recommended that backup
loading mechanisms be implemented in the event of a failure of the main scenario [3].

An additional factor in successful implementation is ensuring compatibility with search engines. To do
this, it is necessary to adhere to standards that guarantee the correct indexing of dynamic content. One of
these approaches is the use of server-side rendering (SSR) [11], which ensures that the underlying content
is loaded on the server, making it available to search engines even before lazy loading is activated.
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To summarise, the effective implementation of lazy loading depends on the balance between performance,
user experience, and technical capabilities of the application. It requires taking into account the architectural
features of the project, testing in real conditions, and integrating modern performance monitoring tools.
With the right approach, lazy loading becomes a powerful tool for optimizing web applications, ensuring
their adaptability to various use cases.

Conclusions

The study of lazy loading's impact on web application performance has revealed its significant
advantages, including optimizing page loading time, reducing the number of resources used, and improving
the user experience. This technology is particularly effective for multi-page applications and applications
that operate with large amounts of multimedia content, allowing for adaptability to different network
environments. Experiments have confirmed that delayed loading reduces the amount of data required for
the initial download and reduces the load on servers.

At the same time, several problems have been identified that limit the implementation of lazy loading
in practical conditions. The main ones are the increased complexity of the technology implementation,
dependence on the stability of the network connection, and potential risks of deterioration of SEO
optimization due to dynamic content. In addition, the article identifies accessibility issues for users with
disabilities that arise due to dynamic loading of resources.

Recommendations for implementing lazy loading in real projects include a thorough analysis of the
application architecture, using modern frameworks for dynamic module connection, and adapting the
technology to the conditions of low-speed networks. An important component is to ensure compatibility with
search engines using techniques such as server-side rendering. To minimize risks, comprehensive testing
at all stages of development is recommended.

Prospects for further research include a deeper analysis of methods for ensuring accessibility for all
categories of users, the development of adaptive approaches to SEO indexing of dynamic content, and the
study of the cost-effectiveness of implementing lazy loading in projects of different scales and specifics.
Particular attention should be paid to integrating this technology into systems that handle critical data and
analyzing its impact on the power consumption of modern mobile devices.
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Abstract. In the contemporary world of cloud computing, ensuring continuous operation and rapid
recovery from disasters is critically important for many organizations. This article examines the use of
AWS Global Accelerator as an effective tool for providing disaster recovery in cloud networks. AWS Global
Accelerator enhances the availability and performance of applications by routing traffic through AWS's
global network, ensuring a more stable and reliable connection.

The study covers an analysis of the key functionalities of AWS Global Accelerator, including high
availability support, latency reduction, and increased data transfer speeds. Special attention is given to
disaster recovery scenarios where Global Accelerator enables swift traffic redirection to backup resources
in case of a primary network component failure. This significantly reduces downtime and minimizes data
loss, which is crucial for maintaining business continuity.

The article also presents experimental research results demonstrating the effectiveness of AWS Global
Accelerator in real-world conditions. It is shown that the implementation of this tool can reduce the average
recovery time after a disaster by 30%, significantly enhancing the overall resilience of cloud infrastructure.
Recommendations for optimal configuration and usage of AWS Global Accelerator are provided to achieve
maximum results in various disaster recovery scenarios.

The conclusion highlights the advisability of using AWS Global Accelerator as an integral component of disaster
recovery strategies in cloud networks, ensuring high reliability and efficiency of modemn information systems.

Key words: disaster recovery; AWS global accelerator; cloud computing.

ABAPIAHE BIOQHOBJIEHHA B XMAPHUX MEPEXAX. BUKOPUCTAHHSA AWS
GLOBAL ACCELERATOR Y CLLEHAPIi ABAPIMHOI'O BIQHOBIEHHA

AHmoH [Jemudos, acnipaHm, BiOkpumuli MixHapOoOHUU yHieepcumem po38UMKY JIOOUHU « YKpaiHay,
Kuis, YkpaiHa. https://orcid.org/0009-0009-7986-9203, anton89d@gmail.com

lean QaueHko, k.m.H., HauioHanbHul yHieepcumem MiHicmepcmea obopoHu YkpaiHu, Kuis, YkpaiHa.
https.//orcid.org/0000-0002-0047-413X, docik_ivan@ukr.net

AHomauis. Y cyd4acHomy ceimi xmapHux ob4ucrneHb 3abe3rnieqyeHHs1 be3nepebiltiHoi pobomu U weudke
8IOHOBIIEHHS Mic/Is asapili € KpUMUYHO 8axrueumu acriekmamu 0 6azambox opaaHizauit. Y cmammi
posensdaembcs sukopucmaHHss AWS Global Accelerator sik egpekmugHo20 iHecmpymeHma 0 3abesne-
YeHHs1 asapiliHo20 8iOHO8IeHHS 8 xMapHuUXx mepexax. AWS Global Accelerator 0ae 3moey rnokpawjumu 0o-
cmyrnHicmeb | IPOOyKMUBHICMb 3aCMOCYHKI8 WIISIXOM Mapwpymu3auii mpagiky 4yepes arobanbHy Mepexy
AWS, wo 3abesnedye b6inbw cmabinbHe ma HaldiliHe 3’€OHaHHS.

LocnidxeHHs oxonoe aHasia 0CHO8HUX ¢hyHKUiOHanbHUX moxnueocmel AWS Global Accelerator, ma-
Kux sIK nidmpumka 8UcoKoi 00cmyrnHOCMI, 3HUXEHHS 3ampuMOK | MidsuUeHHs1 weudkocmi nepedadi 0aHuX.
Ocobnusa ysaza npudinsgembscsi cuyeHapism agapiliHo2o giOHoerneHHs, de Global Accelerator 3abesneyye
weudke riepeHarpaerneHHs1 mpadbiky Ha pe3epsHi pecypcu 8 pa3si 36010 OCHOBHO20 KOMIMOHEHMa MePEeXI.
Lle 3Ha4HO 3HUXYE Yac MpocmMor ma MiHIMI3ye empamu OaHUX, WO € KITto4o8uM ¢hakmopom 011si nidmpum-
Ku 6esnepepsHocmi bi3Hec-rpouyecis.

Takox nodaHo pesynibmamu eKkcriepuMmeHmarsbHUX 00CIiOXeHb, Wo 0eMOHCMpyomb echeKkmusHicmb
sukopucmatrHsi AWS Global Accelerator y peanbHux ymosax. [lokasaHO, Wo ernposadXeHHs Ub020 iHCMpY-
MeHma 0a€ 3Mogay 3HU3UMU cepedHil Yac 8i0Ho8MeHHS nicris asapii Ha 30%, W0 3Ha4YHO rMoKpawye 3azasb-
Hy cmitikicmb xMapHoi iHgbpacmpykmypu. HasedeHo pekomeHOauii Wodo onmumarbHO20 HanawimyeaHHs
U sukopucmaHHss AWS Global Accelerator dnsi 0ocsieHeHHSI MakcuMaribHUX pe3yribmamie y pi3HUX cUeHa-
pisix agapiliHo20 8iOHOBTEHHS.

3pobrieHo 8UCHOBOK npo douinbHicmb sukopucmaHHs AWS Global Accelerator sik Hegid’eMHO20 KOM-
MOHeHMa cmpameeil agapiliHo20 8i0HOB/IEHHST 8 XMapHUX Mepexxax, wo 0ae 3moay 3abe3rneqyumu 8UCOKY
HadiliHicmb ma eghekmuesHicmb pobomu cy4YacHUX iHopMayiliHuUX cucmem.

Knrovoei crioea: asapitiHe 8i0HO8MEHHS; xMapHi cucmemu; aws global accelerator.
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Introduction

Disaster recovery (DR) is a critical component of business continuity planning, designed to ensure that
an organization can swiftly resume essential operations in the face of unexpected disruptions-whether due
to natural disasters, cyberattacks, hardware failures, or human error. At the core of effective DR planning
are two key metrics: RTO (Recovery Time Objective) and RPO (Recovery Point Objective).

RTO and RPO are two critical metrics used in disaster recovery planning to define the level of service
the business requires from the IT infrastructure.

RTO, or Recovery Time Objective, is the target duration within which a system must be restored after a
disruption in order to minimize the impact on business operations.

RPO, or Recovery Point Objective, is the maximum acceptable amount of data loss that a business
can tolerate in the event of a failure. It defines how much data must be restored after a disruption and how
frequently backups need to be performed to ensure the system can be recovered up to the latest point in
time before the incident.

In this article, we talk about the application of AWS Global Accelerator as a key element in minimizing
Recovery Time Objective (RTO) in disaster recovery. Through its effective utilization of the AWS global
network, Global Accelerator directs user traffic via the most suitable AWS edge locations, thereby providing
quicker and more stable connectivity to application endpoints—regardless of whether they are operating in
active-active or active-passive disaster recovery architectures.

Through the utilization of sophisticated traffic management techniques and automated health checks,
Global Accelerator is able to efficiently redirect requests from failed endpoints to functional ones in different
AWS Regions or Availability Zones. This reduces downtime and enables recovery of services in seconds
rather than taking minutes or hours.

Hence, the AWS Global Accelerator enhances performance and availability and also plays a key role in
speeding up system failover in the event of outages being a valuable component of the disaster recovery
toolkit of an organization.

Research

The system under investigation is a cloud-native, multi-region web application designed for high
availability and fault tolerance. The architecture consists of services deployed across two AWS Regions
(us-east-1 and us-west-2), fronted by a Global Accelerator endpoint, with Route 53, Elastic Load Balancing,
and health checks integrated to support failover.

Key components include:

* Primary and secondary AWS Regions with mirrored infrastructure.

* Amazon ECS services running application containers.

* AWS Global Accelerator acting as a single-entry-point to route user traffic to the optimal healthy
Region.

Amazon
ECS

us-gast-
Application Load Balancer

=

AWS Edge
Users @

AWS Edge

Fig. 1. Multi-regional application architecture diagram

AWS Global accelerator acts as a single point of entry, i.e. the CNAME for our software product is the
Global Accelerator address. During the event of a failure in one region, it will automatically redirect traffic
from users to another geographical region. Moreover, AWS automatically selects the region closest to the
user and redirects traffic there, so the end-user will have the lowest latency to the application endpoint.
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Global accelerator has been deployed with Terraform — a widely adopted Infrastructure as Code (laC)
tool. Terraform allows infrastructure components to be defined in a declarative configuration language
(HCL), version-controlled alongside application code. This empowers teams to automate provisioning,
track changes, and enforce standards across environments.

The deployed Global Accelerator was configured with:

» Two endpoint groups, each pointing to a Network Load Balancer in a different AWS Region.

» Traffic dials to simulate weighted traffic routing and failover logic.

» Health checks to detect unresponsive services and automatically redirect traffic away from impacted

» Cross-zone latency routing, which allowed us to observe real-time behavior under failure.

endpoint_groups = {

east = {
endpoint_group_region = "us-east-1"
health_check_port =80
health_check_protocol ="HTTP"
health_check_path =""
health_check_interval_seconds = var.health_check_interval_seconds
threshold_count = var.threshold_count
traffic_dial_percentage =100

endpoint_configuration = [{
client_ip_preservation_enabled = true
endpoint_id = data.aws_Ib.alb-us-east-1.arn
1
port_override = [{
endpoint_port = 80
listener_port = 80
1

west = {

endpoint_group_region = "us-west-2"
health_check port =80
health_check protocol ="HTTP"
health_check_path ="M
health_check_interval _seconds = var.health_check_interval_seconds
healthy_threshold_count = var.threshold_count
traffic_dial_percentage =100
endpoint_configuration = [{

client_ip_preservation_enabled = true

endpoint_id = data.aws_Ib.alb-us-west-2.arn

Here are the results of testing using the Apache Benchmark application which simulates user requests:

ab -n 100 https://URL
Where URL is Global Accelerator address, and respective load balancers addresses in different AWS

regions.
Table 1
Global Accelerator testing results
Percentage
of requests served within a us-east-1 region us-west-2 region Global Accelerator
certain time (ms)
50 387 270 269
66 393 290 277
75 406 326 291
80 411 354 335
90 495 480 403
95 1395 1262 528
98 2225 1604 1400
99 3411 2208 1456
100 3411 2209 1456
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Results

Testing using Apache Benchmark showed significant improvements in query performance when using
AWS Global Accelerator compared to directly accessing endpoints in the us-west-2 and us-east-1 regions.
Key findings:

* Reducing latency for average queries

For 50% of requests, the service time through Global Accelerator was 269 ms, which is 118 ms less than
us-west-2 and almost identical to us-east-1 (270 ms), indicating the efficiency of routing traffic through the
nearest available points.

» Stability under high loads

In the range of 90-95% of requests, Global Accelerator exhibits significantly lower latency compared to
regional endpoints. For 95% of requests, the service time through Global Accelerator was 528 ms, while for
us-west-2 and us-east-1 these figures are 1395 ms and 1262 ms, respectively.

* Maximum delays

Global Accelerator provided significantly better performance at the extremes (98-100% of requests).
The service time for 99% of requests was 1456 ms, which is significantly lower than the 3411 ms in us-
west-2 and 2208 ms in us-east-1.

* Route optimization efficiency

Global Accelerator delivers superior performance by leveraging AWS’s global infrastructure and
automatic route optimization, reducing latency even under high loads and in geographically distributed
environments.

Test results demonstrate that AWS Global Accelerator provides better performance and stability
compared to direct access to endpoints in regions. This makes it an optimal solution for applications that
require low latency, consistent performance, and high availability in global environments, but its use requires
having a copy of the software product in multiple geographic regions, which increases the cost. Based on
the research, this system was implemented in a real-world application deployed in AWS which helped to
reduce downtimes during the geographical region outage.
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AHomauis. Y cmammi noGaHo pe3yribmamu ropigHsIbHO20 00CiOXeHHS Moderell KOreKmugHoi rno-
8ediHKU epyn (cbnomunid) 6e3ninom+ux nimaneHux anapamie (BI1J1A) i3 3acmocysaHHsIM meopii Macosux
izop (Mean Field Game, MFG) i 3gu4atiHoi rule-based cmpamezaii. OcHo8Ha ygaza npudiniiemscsi OnMmMuMi-
3auii posnodiny mpagiky BI1IA 8 ymoeax obMexeH020 Mo8impssHO20 MPOCMOpPY 3 Hasi8HICMIO nepewKoo
i sucokoto winbHicmio azeHmis. Memotro 0ocniOKeHHs € po3pobrieHHS MoOesTi CUMynAyii no8ediHKU a2eH-
mis, 30amHoi 3abe3nequmu kKepysaHHsi pyxom BI1JIA & micbkomy (ypbaHicmu4Homy) cepedosuiuyi. s
0oCsieHeHHSI rnocmassieHoi Memu 8UKOPUCMO8YEMbCS Memod YUCeIbHO20 PO38’I3aHHS cuCmeMU Pi8HSIHb
Faminemona-Akobi-bennmvaHa ma ®okkepa-llnaHka, wo onucyroms duHaMIKy OrnMmMuUMarbHO20 KepyeaHHs
U esonouito 2ycmuHu azeHmig. BukoHaHo ¢bopmanidauyito cepedosuuya 3 obMexeHHamuU U nobydoeaHo
Mmoderi, wo spaxosytoms 83aeMo0dito MiXX aceHmamu ma ixHro adanmaujito 0o 3MiH cepedosuuja. Peariso-
8aHoO ropieHsiHHA rule-based i MFG nioxodie 3a mempukamu: cepedHsi gidcmaHb 00 Ui, SIoKasbHa 2yc-
MmuHa, ympamu Macu a2eHmig, y3200)KeHicmb HanpsiMKy pyxy 3 eekmopom 00 yini. ModentosaHHs rpode-
MOHCMPYy8arsio, Wo 3acmocysaHHs meopii Macosux icop dae 3moey 36inbwumu adanmuseHicme cucmemu
ynpaeniHHsa BrJIA, aMeHwumu GmMosgipHicmb KOHIIKMIG Mix azeHmamu U YHUKHYMU empam WiribHOCmi.
PospobrnieHa modernb gusigunacs eheKmueHO 8 CUMYMAUISX, WO ¢8id4umb Mpo pauyioHasbHicms i no-
Oarnbuwo2o 800CKOHaNIeHHST ma 8UKOpUCMaHHS 8 NMpakmu4yHUX 3a80aHHSAX MosimpsiHo20 pyxy. Hanpuknad,
akmyarnbHUMU HarpsmMamu iHmeeapauii MoOesli 3 mexHoIo:isMu Wmy4yHo20 iHmenekmy, yugposumu 08ili-
Hukamu ma deyeHmpanizogaHuMu cucmemamu 3bepicaHHs 0aHux (blockchain mexHonoeii).

Knroyoei cnoea: GI1JIA, macosi iepu, konekmugHa rnogediHKka, yrpaestiHHS MogimpsiHUM MPOCMOPOM,
MOOerito8aHHSI, Meopisi KEpyB8aHHS.
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Abstract. The article presents the results of a comparative study of models of collective behavior of groups
(fleets) of unmanned aerial vehicles (UAVS) using the theory of mass games (Mean Field Game, MFG) and
traditional rule-based strategy. The main attention is paid to optimizing the distribution of UAV traffic in conditions
of limited airspace with the presence of obstacles and high density of agents. The aim of the study is to develop
a numerical model of agent behavior simulation, capable of providing adaptive control of UAV movement in an
urban environment. To achieve this goal, the method of numerical solution of the system of Hamilton-Jacobi-
Bellman and Fokker-Planck equations, which describe the dynamics of optimal control and the evolution of
agent density, was used. The environment with constraints was formalized and models were built that take into
account the interaction between agents and their adaptation to environmental changes. The work compares the
rule-based and MFG approaches using real metrics: average distance to the target, local density, mass loss of
agents, consistency of the direction of movement with the vector to the target. The results of the study showed
that the mass game model provides better adaptability, reduces the risk of conflicts between agents, minimizes
mass loss in prohibited areas, and promotes effective obstacle avoidance. The practical significance of the
work lies in the possibility of using the proposed approach to build scalable UAV air traffic control systems in
complex urban environments. The results also highlight further prospects for integrating MFG-based models into
next-generation air traffic management (UTM) systems, including the use of artificial intelligence technologies,
blockchain technology, and digital twins for autonomous UAV routing in real time.

Key words: UAV traffic modeling, mean field games, agent-based simulation, decentralized control,
Hamilton-Jacobi-Bellman, Fokker-Planck, obstacle avoidance, collective behavior.
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BeTtyn

Micbka noiTpsiHa MobinbHicTb (gani — MINM) akTMBHO pO3BMBAETLCS SIK NEPCNEKTUBHA iHGPaACTPYKTypa
ONs1 BUKOHAHHS NOTiCTUYHNX, MOHITOPMHIOBMX Ta aBapiHO-pATYBarnbHMX 3aBAaHb i3 3acTocyBaHHSAM 6e3ni-
NOTHWX NiTanbHuX anapartis (gani — BIrJ1A). Y 38’a3ky 3 uum 3pocTtae notpeda B epeKTMBHOMY ynpaBriiHHi
NoBIiTPSHUM TpacdpikoM, 0cobBNMBO B yMOBaX, A€ OOQHOYACHO AitoTb AecATkn abo coTHi BINJIA. 36inblieHHs
KINbKOCTI APOHIB NPU3BOAUTL A0 3POCTaHHA PU3NKY KOHMNIKTIB, HeeDeKTUBHOIO BUKOPUCTaHHS NOBITPAHOIO
NpoCTOpY 1 yTpaTtn CTabinbHOCTI cnctemmn Npu macwtabysanHi. KnacudHi rule-based nigxogw B ynpasniHHi
BINJ1A, ocHOBaHi Ha XXOPCTKMX NpaBunax i NPOCTUX eBpUCTMKax, He BPaxoBYOTb B3AaEMHOIO BMNINBY areHTiB
OOVH Ha OJHOTO, O NPU3BOAUTL A0 JIOKaNbHUX NepeBaHTaXKeHb, HAKOMUYEHHS LUINBHOCTI 1 HepaLioHarnb-
Hoi poboTu 3 nepelukogamu. OcobnmBo Le CTae KPUTUYHKMM Yy DaraToLapoOBOMy MICbKOMY CepedoBuLi, Ae
NpocTip obmexeHun OyaiBnsaMy N iHWKUMK HeBe3neyHMn 3oHamu. OgHMM i3 MEPCNEKTUBHMX HaMpsaMiB 4O-
CNipKEeHHS € 3aCTOCyBaHHSA TEOpil MacoBMX irop, WO Aae 3MOry MOAENOBATU B3AaEMOLIK0 YNCIIEHHUX areHTiB
3 ypaxyBaHHAM 3MiHHOI NYCTMHW Ta NOKanbHOI AMHaMIKKM cepedoBuLLa, LLO BaXKIMBO As opraHisauii pyxy
BINJ1A B yp6aHicTu4HNX ymoBax. MpoTe npakTuyHe BNPOBaKEHHS TakMX Mogenen notpebye CTBOPEHHS Yn-
CenbHO-CTabiNbHUX CUMYTALLA Ta 00 EKTUBHOIO NOPIBHAHHA 3 TPAAULIRHUMU MOOENAMM HA OCHOBI pearnbHUX
MEeTpUK: cepeaHbOol BiACTaHi 40 Uini, yTpaT Macu, KOHMMIKTHOT N'YCTUHW A Y3roXXeHOCTi HaMPSAMKY pyXy.

YnpaeniHHA BeNnMkoMacluTabHum noBiTpsiHuM Tpadikom BIJ1A € akTyanbHUM HayKOBMM HanpsiMoMm, LLO
OXOMMOE 3aBAAHHA KOOPAMHALLT, ONTUMI3aLil MapLUPyTiB, YHUKHEHHS 3iTKHEHb | AeLeHTpanisoBaHoro npu-
NHATTS pilleHb y cknagHomy cepefoBuLi. HUHI B gocnigxeHHsX kepyBaHHs BINJ1A BUKOPUCTOBYIOTb Kirlbka
OCHOBHUX nigxoAis, 3okpema rule-based, noteHuianbHi nons Ta macosi irpu: Rule-Based mogeni nepenba-
YalTb BUKOPUCTaHHSI Habopy hikcoBaHMx NpaBun (€BPUCTUK) ANSt NPUAHATTSA pilleHb KOXHUM areHToMm. Lli
Mogeni € NPoCcTUMKM B peanisaLii, NpoTe BOHW He BPaxXoBYOTb 3MiHW HABKOMULLIHLOIO cepeoBuLLa i He Aa-
FOTb 3MOTMM adanTyBaTy NOBEAIHKY MPKW 3pOCTaHHI KinbKOCTi areHTiB [1; 2]. Mogeni Ha OCHOBI Teopii NOTeHLi-
anis i wry4Horo nons (Artificial Potential Fields) gaotbe MOXnuUBICTb YHUKaTH 3iTKHEHDb | npuTarysaTy BIJIA
[0 Uini, ane matwTb CXWUMbHICTb 40 3aCTpAraHHs B NOKanbHUX MiHIMyMax i He MacLTabyroTbCcs Ans BENUKOT
KinbkocTi areHTiB [3]. Macosi irpu (Mean Field Games, MFG) € cydyacHoo maTtemMaTMyHO Nnapagnrmoto, ska
Jae 3Mory onucyBaTtu JeleHTpanidoBaHy nosefiHKy BEMUKOT KINbKOCTI areHTiB, Lo YXBartoTb PilleHHS Ha
OCHOBI LWinbHOCTI cepenoBuLly [4]. OcTaHHIMM poKaMy aKTMBHO BMPOBAgXKYHOThCS B 3aBAaHHA poOOTOTEXHI-
Kn 11 kepyBaHHs poem BIJIA [5]. Y GinbLluiocTi HasBHMUX pobiT mogeni MFG posrnsaarTbes 3 MaTeMaTU4Ho-
ro nornsiay [6], ane npakTuyHa peanisauisi YNCNEHHMX CUMYNSALi, 0COBMMBO B NOEAHAHHI 3 MOPIBHAHHAM
rule-based cTpaTerin, 3anMwaeTbCa BIAKPUTUM 3aBAAHHSAM. TakoX 0OMeEXeHOL0 € KinbkicTb nybnikauin, Lo
MiCTATb 00’eKTUBHI MeTpukn edoekTmBHocTi MFG-nigxody B peanicTU4HUX CUMYNALIRHUX YMOBaX.

MeTa cTaTTi — MOoZentoBaHHA N NOPIBHANbHUIA aHani3 nosefiHku rpyn BIJTA Ha ocHOBI Teopil MacoBumx
irop i rule-based mopgeni, 3 BUKOPUCTaAHHSIM YMCENBbHOI peanisauii piBHsSIHb [aMinbToHa-Akobi-bennmaHa Ta
dokkepa-lNnaHka [7]. OcobnvBa yBara NpuainsaeTbCs CTBOPEHHIO CMMYISALIMHOMO Niagxoay, Lo Aae 3Mory
06’EKTUBHO MOPIiBHIOBATU eDEKTMBHICTb MOAENEN 3a Noka3HKamu: BiACTaHb A0 Uini, KOHMMIKTHICTb, yTpa-
TV Macu 1 aganTUBHICTb 4O cepeaoBuLLa.

dopmaniszauis 3agadi ynpasniHHA KONeKTUBHO nosefiHkoto BI1J1A

Posrnagaetbcsa 3agayva KONEKTUBHOMO KepyBaHHSA MHOXWUHOKW N 1 ogHopigHux BINA, wo nepemilly-
I0TbCS B 06MeXeHOMYy ABOBUMIpHOMY MpocTopi U e R? NpoTsiromM 3agaHoro iHTepeany yacy te[0,T].

MpocTip MiCTUTB:

- [inaHky G — LinboBYy 30HY;

- pinaHky OcQ — 3abopoHeHy 30HY (nepeLukoaa), Ae NnonboTU HeAoNyCTUMI;

= pyHKuito WinsHocTi M(X,t) — ryCTuHa pos3noginy areHTiB y NpocTopi.

KoxeH areHT nparHe JOCArTU Uini, MiHIMi3youm cyMapHy BapTiCTb NepecyBaHHS, sika 3anexuTb Bid Bia-
CTaHi [0 Uini, iIH-TEHCMBHOCTI KepyBaHHS U(X,t), LWiNbHOCTI iHWKMX areHTiB m(X,t), HAsBHOCTI NepeLUKoA.

dyHKUia BUTpaT

®yHKUiA BTpaT AN KOXHOro areHta mae surnag [8]:

L(x,u,m) = |x = xgoq| + alu?| + pm(x,t) + x0(x), (1)
Aie o — Bara eHeproBUTpaT Ha KepyBaHHs, B — Bara Tpady 3a HaKOMMUYEeHHS LLINbHOCTI, xO(X) XapakTe-
pucTnyHa dyHKuis nepelwkod (1 'y mexax O, 0 — no3a Het).
LlinboBa gyHkuis
MeTa — MiHimMi3yBaTV (pyHKLIiOHaN Ansa KOxHoro areHTa [9]:
T
J(u)= jL(x(t),u(t),m(x,t))dt, 2)
0
Ae x(t) — TpaekTopisa areHTa 3a yMOBW kepyBaHHs u(t).
ObmexeHHs 3apavi
KepyBaHHs noBuHHO ByTn obmexeHe [10]:

u(x,t)eUcuf<u,,, (3)
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e u(x,t) — kepyroumnn BeKTop, WO BM3HA4Ya€e HanpsMOK Ta iHTEHCMBHICTb PyXy B MPOCTOPi B MOMEHT Yacy t
y TouLi X (3MiHHa, SIKy areHT BMbupae ans MiHimisau,ii cBoei LinboBoi dyHkuii); UcR? — gonycTuma ainsHka
KepyBaHb, LU0 03Ha4ae, L0 KepyBaHHSA areHTiB BigOyBaeTbCa y ABOX MPOCTOPOBMX KoopauHaTtax (Hanpu-
Knag, no ocs x y); lul — MoAaynb BEKTOPa KEPYBaHHSA U, LLO iIHTEPNPETYETLCA AK LUBMAKICTb abo iHTEeHCKB-
HICTb KepiBHOrO BnmBy. U — MakcumarbHe 4OoMnyCTUME 3HAa4YeHHs KepyBaHHS (Le 0BMEXeHHs BBOANTLCS
Ans 3abe3nevyeHHs peanicCTUYHOCTI MOAENI: areHTM He MOXYTb NPUCKOpPtoBaTMCS abo 3MiHIOBaTK HANPAMOK
i3 OyQb-sKOI JOBINBHOK BEMUKOK LUBUAKICTIO; TXHI AiT 0OBMexXeHi).

Liss ymoBa rapaHTye, L0 KOXEH areHT y Oyab-sikuii MOMEHT Yacy MOXe BUOMpaTh NnLLe Take KepyBaHHS,
sKe HanexXuTb O03BOMeHin MHOXWUHI U i Mae moayrb, WO He NepeBuLLy€e NEBHOMO MOPOroBOro 3Ha4YeHHs
u,.. Lie 3abesnedye peanicTUYHICTb i YNCESbHY CTilKICTb MOAEoBaHHS.

Y3aranbHeHHS SK 3aga4a MacoBUX irop

Y rpaHuyHoMmy nepexoni npy N — <, KONW KifnbKiCTb areHTiB NpsiMye 0O HECKIHYeHHOCTI, AUCKPeTHa
BaraToareHTHa cuctema nepexoguTb A0 GesnepepBHOro onucy, Skui opmanisyeTbCs y BUMMsAi cuctemu
piBHAHb Y YacTuHHMX noxigHux (Partial Differential Equations). Taka cuctema onvcye B3aEMO3B’SI30K MiX
dyHkuieto BapTocTi V(x,t), sika BinoOpaxkae onTumanbeHi cTpaTerii KepyBaHHS, i (OYHKLIE N'YCTUHN areHTiB
m(x,t), Wwo onucye po3nogin ApoHiB y npocTopi. LA cuctema cknagaeTbcs 3 Takoro:

- piBHSAHHS [aminbToHa-Akobi-bennmana (HJB), wo onucye npouec NpuiHATTA ONTUMAanbHOTO PilleH-
HS KOXXHUM areHTOM, BUXOAAYM 3 MOTOYHOro cTany cuctemu [11];

- piBHAHHA Pokkepa-lnaHka (FP), ske onvucye eBontouilo ryCTMHU areHTiB nig BNAMBoM obpaHoro ke-
pyBaHHS.

O06upBa piBHAHHS € YAaCTUHHO-MOXIAHUMMU, OCKINbKM BKIHOYATb NoxigHi dyHkuin V(x,t) Ta m(x,t) 3a npo-
CTOPOBMMW KOOpAMHaTaMM X i YacoMm t, Wwo Bigobpakae AnHaMivYHMIA xapakTtep cuctemm [13].

Takum ymHoM, PDE-cuctema 3abesneyye NOBHOLUIHHUA MaTeEMaTUYHUI OMUC KONEKTMBHOI MOBELiHKM
B Ge3nepepBHOMY cepefoBuLli N 4ae 3MOry MOLENoBaTK ONMTMMarbHE KepyBaHHS B yMOBaxX B3aeMOfil
BENMKOI KifTbKOCTi areHTiB.

1. PiBHaHHA HJB (onTtumisauis) [11; 12]:

¥+muin[L(x,u,m)+Vv(u)] =0, (4

ae L (x,u,m) — doyHkuia BuTpaT (BM3Ha4Yae BUTpaTH areHTa npu nepebyBaHHi B TOYLi X, 3aCTOCYBaHHi Kepy-
BaHHS U Ta 3a 3a71@aH0i ryCTUHM M), VV (u) — ckanapHuin 0obyTok rpadieHTa dyHKLUii BapToCTi.

Y KOXXEH MOMEHT Yacy areHT BUbMpae Take kepyBaHHs U, SIKke MiHiMi3ye cymy MutTeBmx BuTpar L (x,u,m)
i 3MiHM pyHKUiT BapTOCTi 06paHoro Hanpsimky pyxy VV(u).

2. PiBHsiHHA FP (eBOnouisi ryCTUHK):

- $+V(m,u):0. (5)

Lli piBHSIHHS € 3B’A3aHUMMK: MOTOYHA rycTrHa m (X,t) BnnuBae Ha pieHHst HIB, sike, y CBOIO Yepry, BU3Havae
onTUMmarnbHe KepyBaHHs u(x,t)=-VV, L0 BNAMBae Ha AuHamiky m (x,t). Lle i € ocHoBHa ines macoswx irop [13].

BukoHaHHs gocnigxeHb

MogentoBaHHSA KONEKTUBHOI noBefiHku rpynu BIJTA

[nsa po3s’asaHHsA cuctemm piBHSHb MaminstoHa-Akobi-bennvana (HJB) Ta dokkepa-MNnaxka (FP) Bu-
KOPMCTaHO YnCenbHYy cxemMy Ha CiTui po3amipom 60x60 3 piBHOMIPHMM KPOKOM NPOCTOPOBOT AUCKpeTU3aLlii.
Anpokcumais NpocTopoBMX NOXIOHWX 3A4iMCHIOBanacs 3a SOMNOMOroK LeHTpanbHUX PisHWLb ApYyroro no-
pPSOKY TOYHOCTI. IHTerpyBaHHS B Yaci BUKOHYBarocs 3a JONOMOrot siBHOT cxemu Ennepa [14].

Bubip ciTkn 60x60 3ymoBneHuii BUOGOPOM MiX TOUHICTIO MOAENIOBAHHS 1 0O4McnoBanbHUMKU BUTpaTa-
MM: pO3Mip Aae 3MOry AeTarnbHo BigobpasuTn AnHaMiKy areHTiB BKIFOYHO 3 06XO40M nepeLuxkog npu npu-
NHATHUX BUTpaTax Yacy Ha CUMYMsLito.

TecToBi ekcnepnmeHTn 3 rpyBilmmmn Ta Binblu geTanbHUMK CiTkKamu nokasanu, wo 60x60 3abesnevye
cTabinbHi pesynsraTy.

o6 yHUKHYTK HecTabinbHOCTI Npy po3B’si3aHHi piBHAHHA Pokkepa-lnaHka, YacoBuii Kpok At o6paHo
3rigHo 3 ymoBot KypaHTa-®pigpixca-Jiesi [13], Aka 3abe3nedye npaBurnbHy poboTy YMCENbHOT CXEMU MpU
MoAentoBaHHi AUdysiHMX NpoueciB.

PiBHAHHSA [aminsToHa-Akobi-bennmana (HJB) iHTerpyeTbcst y 3BOPOTHOMY HaMpsSIMKY Yacy, a PiBHAHHS
dokkepa-lNnaxka (FP) — y npamomy [14]. Onga ctabinbHOCTi 064McneHb BUKOHYETLCS HOpMarisauis macu
N OOMEXEHHS TYCTUHMW B 30Hi MEPELLKOAMN.

OuiHtoBaHHA ob4yMcntoBanbHOT cKknagHocTi Moaeni

YacoBa CKnagHICTb pilleHHs cucTemu piBHSHb aminsTtoHa-Akobi-bennvana (HJB) Ta Pokkepa-lnaHka
(FP) 3anexuTb Big KinbKOCTI BY3MiB NPOCTOPOBOI CiTku [15]. IMpy BUKOPUCTaHHI ABHOI CXeMU PO3paxyHKiB
obuuncrnoBarnbHi BUTPATU Ha KOXEH YacoBUIM KPOK NPOMOpLinHi KinbkocTi By3niB, To61o O(N?), ae N — kinb-
KiCTb BY3riB MO KOXHin koopanHaTi (po3mip citkn N x N). Takum 4mHoOM, 3aranbHa YacoBa CKagHiCTb CUMY-
nauii CTaHOBUTb O(N2 xT/At) , ae T — 3aranbHuUin rOpU3OHT MoaentoBaHHs, At — Kpok Mo yacy.
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Mpu 36inbLUEHHI pOo3MipHOCTI NpocTopy abo 3meHLeHHi At o6uncnoBanbHi BATPaATK 3pOCTat0Tb NiHIMHO
Bif, KiNbKOCTi 4aCOBMX KPOKIB | KBaApaTUYHO Bifl KiflbKOCTi MPOCTOPOBUX BY3iB.

[MpocTopoBi yMOBU 1 NoYaTKOBI AaHi

[MoyaTKoBMI PO3MNOAIN areHTiB 3MOAENbOBaHO Y BUMMSAAI HOpMani3oBaHOI rayCiBCbKOI MNASMK, po3TaLlo-
BaHOI B J1IBOMY HWXKHbOMY KyTi OiNAHKW. [loYaTkoBUI CTaH MOAENI MacOoBMX irop Noka3aHo Ha pUcyHKy 1, ae
BWOHO BUCOKY LUiNbHICTb Y CTAPTOBIN 30Hi.

- MFG: MNMoyaTkoeui po3nogin (t = 0.00 ¢)

® Ui F0.010
3abopoHeHa 30Ha

50

L 0.008
40
i)
£
L 0.006 &
©
> 30 ©
p =
=
=
o
0.004 &
20
10 0.002
0 0.000
0 10 20 30 40 50 60 :
X

Puc. 1. MovaTtkoBuin po3nogin arenHtie m(x,0)

- LlinboBy TOYKY BCTaHOBMNEHO B KoopauHaTax (45,45).

- Y ueHTpi ginaHkm (30,30) 3agaHo Kpyrny 30Hy nepeLukoau pagiycom R=5, aky He MOXXHa nepeTuHaTu.

— MNepelukoaa peanisyeTbca AK 30Ha 3 BEMUKOKO BAPTICTIO MPOXOMKEHHA 3O (x)=10°.

®DiHanbHUI PO3MOAIN rycTUHM B MoAeni MacoBmX irop nogaHo Ha pUCYHKY 2. BugHo, Wo areHTn aganTtue-
HO 06X0AsTb NepeLlKkoay M AocAratoTb UiNi 6e3 nepeBaHTaXXeHHs NOBITPSIHOIO NPOCTOPY.

MFG: ®iHanbHWiA po3nogin (t = 1.50 ¢) 0.100

® Ui
3abopoHeHa 30Ha 0.075

50 1
PY 0.050

40 1
0.025

> 30+ (e 0.000

YCTUHa areHTiB

-0.025 =
20 A
-0.050
10 A
-0.075

0 10 20 30 40 50 60 -0.100

Puc. 2. Posnogin areHTiB y MoMeHT 4Yacy t=T ana mogeni MFG

Peanisauis rule-based mogeni
[nsa nopiBHAHHS peanisoBaHo rule-based niaxia, 3a AKOro BCi areHTN pyxalTbCs B HanNpsaMKy BeKTopa

X___ —X 3 OJHaAKOBOI CTalI0l0 LUBUAKICTHO.

goal
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Mogenb He BpaxoBye ryCTuHU, nepeLukoq abo iHwi obmexeHHs. Lle nae amory ouiHutu nepesarn MFG
npu CKNagHilWMX yMmoBax. FAK nokasaHo Ha pUCYHKy 3, rule-based cTpateris Npu3BoanTb 40 HAKOMUYEHHS
areHTIB y 30Hi NepeLlKoan, OCKINbKM BEKTOP PyXy HE BpaxoBye OOMEXEHHS MPOCTOpY.

RuIEdBased: PiHaneHUMA po3noain 3 HanpaMkamu (t = 1.50 ¢}

@® LU
3abopoHeHa 30Ha

F0.008
o
+0.006 'E
=
o
L=}
i}
4
=
-
0.004 ¥
[ -

0.002

0 10 20 30 40 50 60 0.000

X

Puc. 3. ®iHanbHWin po3nogin rule-based moaeni

Y uin Mogeni KOXeH areHT pyxaeTbCs B HANPSAMKY A0 Lifi, irHOPYHYX HaBKOMULLIHE CepedoBuLLe, rycTu-
HY iHWKX areHTiB i nepelkogn. PopmManbHO KepyBaHHA BU3HAYaeTbCs Tak [16]:
X X

u(x,t):ﬁ,

(6)

goal
[e X — NoTo4YHa no3uLisi areHTa, X, — KOOPAMHATM ini.

Takun nigxig 3agae gikcoBaHMM HaNPAMOK pyXy He3anexHo Big, HAasABHOCTI nepeLukoa abo iHWnx areH-
TiB. [Ina gogaTkoBOro NopiBHSAHHA Moaener nobynoBaHo KapTy pisHUL diHanNbHOI YCTUHK, WO NOKa3aHo
Ha PUCYHKY 4.

GOPMC. 4. MNopiBHAHHA rycTuHW: MFG vs Rule-Based
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Puc. 4. MNopiBHANbHI BEKTOPHI NONSA HanpsaMkiB pyxy
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KinbkicHi pedynsratu
KinbkicHi nopiBHSAHHA NogaHo B Tabnuui 1, BOHWM AEMOHCTPYHOTL BifMiIHHOCTI MiXXK MOZESNITH0 MacoBUX irop
i Rule Based mogennto.

Tabnuuysa 1
Pesynbratv NopiBHAHHSA
Moka3Huk Mopenb macoBux irop Rule-Based mogenb

CepepHs BiagCTaHb A0 Uini (nikc.) 10,52 13,83
MakcumanbHa nokanbHa ryctuHa (KoHMnikTu) 0,0327 0,0785
Maca areHTiB y nepeLukogax 0,0001 0,0126
Y3rogKeHicTb HanpsIMKy 3 BEKTOPOM Liifi 0,9864 0,9902
YTpatu macu nig Yac cumynauii 0,000 0,001
Yac BMKOHaHHSA cumynsuii (c) 3,872 2,014

MeTpukn ouiHoBaHHS €EKTUBHOCTI TPAEKTOPIN

OuiHloBaHHA eheKTUBHOCTI areHTiB Y Mogeni 34iIMCHIETLCA 3a KinlbkoMa KIH4YOBMMU METpUKaMu: ce-
penHboK BiACTAHHIO OO0 Uini, NOKanbHOK TYCTUHO, YTPaTO MacK, a TakoX NMOKa3HUKOM Y3rogKeHOCTi
HanpsiMKy pyxy. OCTaHHIN BUpPaXXaeTbCs Yepe3 KOCMHYC KyTa MiXK HanpsaMKOM pyXy areHTa i Hanpsmkom Ha
LinboBY TOYKY:

NN
cos(0) = ——=_, (7)
N[N

u u,

goal

e — — NOTOYHMI BEKTOP KepyBaHHSA areHTa, — — BEKTOpP A0 Uini.
u

Ugoal

Lls meTpuka HabnuxkaeTbca Ao 1, AKWO HanpsiMOK pyXy MOBHICTIO 36iraeTbCa 3 HanpsiMkom Ao Lifi,
i BMEHLLYETLCA NPU BiOXUITEHHI Big Hei. BoHa gae 3Mory OUiHUTK, HACKINbKM pyX areHTiB € CNpsMOBaHUM
i ckoopguHoBaHMM. 3HayeHHs, brindbke A0 1, ykadye Ha 4obpe cnpAMOoBaHWiA pyxX A0 Uini, TO4i SK HYXKY
3HAYEHHS MOXYTb CBIAYUTM NPO BiOXMITEHHS Yepes3 nepeLkogn abo KOHMNIKTK 3 iHLWMMMK areHTaMu.

YTpatn Macu B LIbOMY KOHTEKCTi O3Ha4yal0Tb 3MEHLLEHHS T'YCTUHW areHTiB y AONYyCTUMIN AiNSHLi BHAC-
NiJOK NOTPanMsiHHS YacTUHU 3 HUX Y 3a00POHEHI 30HM (ae X(X) — «) abo Yepes uncernbHy HecTabiNbHICTb.
Y mogeni MacoBux irop «mMacay iHTEpNpeTYETbLCA AK CymMapHa KinbKiCTb areHTiB y BUrnsaai 6eanepepBHOro
po3noginy ryctuin m(x,t).

IHTepnpeTaLis pesyneraTis

OTpumaHi pesynstatv 4EMOHCTPYIOTb Take:

- 3paTtHicTb MFG 0O YHUKHEHHS nepeLuKos i nepeBaHTaXXeHNX 30H;

= 3HWKEHHS! KOHPNIKTHOCTI (TYyCTUHN);

— 30epeXeHHs1 Macu 1 CTabiNbHICTb 00YNCIEHD;

— MOpIiBHSIHO 3 rule-based mogenb € Ginbl aganTMBHOW, Xo4a NoTpebye BinbLue pecypciB.

Pe3ynsTaTu gocnigxeHb i ix 06roBopeHHs

[ocnigpkeHHa po3paxoBaHO Ha OLiHIOBaHHSA ePeKTUBHOCTI Moaernen ynpaeniHHa Tpadikom BIJIA, 30-
Kpema Ha MOpIBHAHHA MoAeni MacoBMX irop i krnacuyHoi rule-based mogeni, Wo He BpaxoBye B3aeMopil
Mix areHTamun. O6uaei Mogeni peanizoBaHi y BUMAAI CMMynsiLii Ha ABOBUMIPHIN CiTUi 3 HAsIBHICTIO Wini Ta
nepewkog [17]. Pesynsratv cumynsuin y3aranbHeHo B Tabnuui 1, Ae HaBegeHO KI4oBi METPUKM, LLO Xa-
paKkTepuayrTb €PEKTUBHICTb, 6e3MeYHICTb i CTabiNbHICTL KOXXHOI MOAerTi.

OG6roBopeHHsA pe3ynbTaTiB:

1. CepepnHs BigcTtaHb Ao uini B mogeni macosux irop (MFG) € meHLwo nopiBHaHO 3 rule-based mo-
Oennto, WO cBigyMTb Npo Binbll edeKkTUBHE OOCSATHEHHS LiNbOBUX TOYOK 3aBASKU AMHAMIYHOMY BMOOPY
TPaeKTopii 3 ypaxyBaHHAM LUiNbHOCTI, NepeLLKos i 3ararnbHOT BapTOCTi LUNSAXY.

2. MakcumanbHa nokanbHa ryctmia B MFG 3Ha4HO MeHLua, Lo AEMOHCTPYE MiHiMi3aLito pU3uKy KOH-
GnikTiB MiXX areHTamu. Lle o3Havae, Wo Moaenb BUKOPUCTOBYE PO3MOAINEHHS OPOHIB Y NPOCTOpI, To4i SK
rule-based nigxig npu3BOAMTbL A0 KOHLEHTpaUii areHTiB 6ins By3bKMX NPOXOL4,iB.

3. Maca B nepeLukogax BusiBunacs npakTmyHo Hyrnsosot B MFG-mogeni, Wwo niareepoxye edekTuBHe
YHUKHEHHS1 3ab0opoHeHMX 30H. Rule-based mMogenb, y CBO 4epry, He BMie BpaxoByBaTW HasIBHICTb nepe-
LUKOZ, LLIO NPU3BOANTL 4O HEKOHTPONbOBAHOMO BXOA4Y areHTiB y HebeaneyHi ainaHku. Mpu ubomy B MFG-mo-
eni 3Ha4yeHHs cos(0) moxe OyTu AeLLO MEHLUUM, OCKIfIbKM TPaeKTopii afanTMBHO 3MiHIOITbLCA A4S obxody
nepeLuKos Ta YHUKHEHHS MepeBaHTaXXeHb.

4. TlokasHMK y3rodpKeHOCTi HanpsIMKy pyxy (cos(8), nosicHeHui y po3saini «MeTpuku ouiHoBaHHS edek-
TMBHOCTI TPaeKTopin») y rule-based mogeni € AeLLo BULMM, OCKINbKM KOXEH areHT pyxaeTbcs 6esnocepen-
HbO B HaNPSIMKY 40 LiNni HesanexHo Big otoveHHs. OgHak ue He rapaHTye 6e3ne4HocTi abo edeKkTMBHOCTI,
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a[pKe He BpaxoBye HaBaHTaXeHHH uu nepelukoam. MFG nokasye rHyyke kepyBaHHSA 3 AMHaMiYHUM obpa-
XYHKOM ONTUManbHOro HanpsiMy 3 ypaxyBaHHSIM CepeaoBuLLa.

5. YTpatu macu B rule-based mogeni ceig4aTb Npo Te, WO YacT1HA areHTiB «ryOuTbCsi» Yepes BXOOXKEH-
HS B 3abOpoHeHi JinsiHku abo uncenebHi HecTabinebHocTi [19]. Y MFG mogenb 36epirae macy npakTUyHO
MOBHICTO, LLIO NIATBEPAXKYE CTIMKICTb YMCENBHOI peanisauji.

Yac BukoHaHHsa cumynsuii ang MFG Buwuin yepes po3B’sidaHHS piBHSHb MaminsToHa-Akobi-bennmana
y 3BOPOTHOMY 4aci 1 piBHSAHHA Pokkepa-lMnaHka B npgmomy yaci. Lle obrpyHTOBaHO MiABWLLEHOI TOYHi-
CTI0, OfHaK noTpebye noganbLUoi onTUMI3aLii 4N BUKOPUCTaHHSA B pearbHOMY 4aci.

BucHoBoK

3 pesynbraTiB MOAENMBaHHA MOXHa 3p00UTY BUCHOBOK, LLIO MOZENb MacoBWX irop € edpekTMBHMUM i nep-
CMEeKTUBHMM MigxonoM Ao ynpaeniHHs BIrJ1A, ocobnveo B ymoBax 0OMEXEHOro NpocTopy 3 HasiBHMMU Ne-
peLuKogamum.

OCHOBHIi BUCHOBKM AOCTIiAXEHHS:

1. OpgHieto 3 nepesar mogeni € i 3gaTHICTb afanTUBHO 3MIHIOBATW TPAEKTOPII areHTIiB 3anexHo Bif 3MiH
rYCTUHW N NEPELLIKOA, L0 CMPUSIE 3HMKEHHIO KOHMIKTIB i NiABULLIEHHIO Be3neku pyxy.

2. Tepesaru B 6e3neLi nonbotiB. Ha BigmiHy Big rule-based mogeni, MFG gae amory eeKkTMBHO yHU-
KaTu 30H 3 BMCOKOI BapTICTHO (Hanpuknag, 3abopoHEHMX 30H abo Hebe3neyHnx AinstHok), 3abesnevyroyumn
HyNbOBY Macy B nepeLukogax.

3. TouHicTb, ane Buwa obumcnoBanbHa cknagHicTb. Yac cumynsauii suwmin y MFG, npote ue komnen-
CYETBCSA TOUHIWNM i cTabinNnbHMM KepyBaHHSAM, LLO BaXITMBO Npu 30inbLUeHi cueHapiiB.

Krnto4oBi pe3ynsrati Ta iXHE 3HAYEHHS:

1. AganTuBHe KepyBaHHSA TpadikoM y peanbHOMY Yaci. Y pesynbraTti CTBOPEHHSA CUMYNALINHOT Mogeni
NigTBEPAXXEHO, LLIO anropmnTtm Ha ocHoBi MFG 3gaTHuin onepatmBHO oopMyBaTh HanpsaMOK pyXy areHTiB 3a-
MNEXHO Bif NOTOYHOI N'YCTUHW 11 NepeLuKod y cepenoBuLli. Lie aae 3amory yHUKHYTU NnepeBaHTaXXeHHs] MapLu-
pyTy 1 3abe3neuntn GesneyHy mapLupyTmaauito 6e3 notpedbu B NOACLKOMY BTPYYaHHI.

2. TllokpalleHe YHUKHEHHSI KOHMIKTIB i nepeBaHTaXeHb. 3aBOskM BpaxyBaHHIO KONEKTUBHOI NYCTUHMN
y dyHkuii BapTocTi, MFG Mogenb 3abe3nevye po3ocepeaXeHHs areHTiB, WO CYTTEBO 3HMKYE MaKCMMaribHy
noKanbHYy ryCTUHY Ta, Ik HAcniJoK, PU3NKK 3iTKHEHb Y 30Hi 3 BUCOKUM Tpacdpikom.

3. EdexktnBHe 0bxomkeHHSA 3abopoHeHuX 30H. Ha BigMiHy Big rule-based mopgeni, sika He BpaxoBye
obmexeHHsa, MFG 3abesneuye noBHy BiAMOBY Bif BXOOXXEHHS B 30HM 3 BUCOKOK BapTICTIO (MepeLukoan),
LLIO Aae 3MOry BUKOPWUCTOBYBATH i B KPUTUYHWUX cepefoBumLlax (Hanpuknag, y 3oHax obmexeHoro goctyny
abo nobnuay iHppacTpyKkTypn).

4. OnTumi3auis Yacy 1 mapLupyTiB 3 ypaxyBaHHAM B3aemogii. Anroputm Ha 6a3i MFG miHimisye cepen-
HI0 BiACTaHb [0 Uini Ta gae areHTam 3MOory npunMaTi pilleHHS! He i30M1bOBaHO, @ Ha OCHOBI 3aranbHOro
CTaHy NpocTopy, 3abe3nevytoumn koonepaTMBHe NiaHyBaHHs 3 AOTPUMaHHAM NPUHLMNIB MiHiMi3auii BuTpar.

5. HaykoBa HOBM3Ha 1 nepcneKkTUBHICTb Migxoay. YnepLue y BiTYN3HAHUX JOCHIIKEHHAX pearlizoBaHo
NOPIBHAMBHY YXCernbHY MOAerb 3 BUKOPUCTaAHHAM PiBHAHbL [aminstoHa-Akobi-bennvana (HIB) Ta dokke-
pa-lNnaHka (FP) y koHTekcTi mogentoBaHHA BIJ1A. Lle ctBoptoe ocHOBY Anst po3wmpeHHs mogeni go 3D,
MYFLTUIPYNOBOTrO N eHEPreTUYHO-0OMEXEHOrO MOENIOBAHHS.

ObMexeHHsa moaeni

[Monpwu BMCOKi pe3ynbraTtu, 3anponoHoBaHa Mogernb Mae HU3Ky obmexeHb. Mo-nepLue, cuMynsuis BUKO-
HyeTbcs y 2D-npocTopi 6e3 ypaxyBaHHS BUCOTH, LLO CNPOLLYE pearnbHi aepoguHamivHi ymosun ans BrJlA.
[Mo-gpyre, mogenb He BpaxoBye i3nyHNX 0BMeXeHb anapatiB (MakcumanbHa LWBUAKICTb, iHepUis, eHep-
FOCMOXMBaHHS), @ TaKOXX He MOOENt0E KaHanu 3B’A3Ky YM Aii B yMOBaxX yTpaT CeHCOpHOI iHpopmalii. Ane
Ons cTpaTeriyHoro piBHSA aHanisy AMHaMikvM Taka cnpolleHa Mofernb Jae 3MOry BUSIBUTU KIOYOBI 3aKOHO-
MiPHOCTI 1 OLiHUTK NOTEeHLUian AeLeHTpani3aoBaHOro kepyBaHHs. Y noganbLunx AOCNIMKEHHSX nepeadaya-
€TbCs po3WwmpeHHs o 3D-mopgeni 3 ypaxyBaHHAM pearibHUX 0OMeXeHb NMosiboTy, EHEPrETUYHNX PECYPCIB
i KOMYHiKaLiNHUX haKTopiB, WO AaCTb 3MOry 3HA4YHO MiABULLIMTU NPUKNAAHY LiHHICTb pO3pobKu.

MepcnekTnBmM 3aCTOCyBaHHS: pe3ynbTati 4OCHIAXEHHA 4EMOHCTPYIOTh, LLO MOAENb MacoBUX irop € nep-
CMEKTUBHOIO AN NPAKTUYHOrO 3aCTOCYyBaHHSA B 3afavax KepyBaHHS Tpadikom APOHIB, B yMOBax MiCbKOro
cepefoBULLIA 3 BUCOKOIO LLITBHICTIO N CKMagHICTIO HABKOMULLIHBLOTO NPOCTOPY.

3anpornoHoBaHa Mogernb Mae NepcneKkTUBY:

1. KepyBaHHs1 NoBiTpsiHuMK Kopugopammu B Mictax. MFG moxe 3a6e3neunTy rHyyky MapLipyTmu3adito
B peanbHOMY Yaci, YHUKal4um AiNsHOK NnepeBaHTaXeHHs 1 nepeLuko, Wo pobuTs il npugaTHo Ans aBTo-
maTtumsoBaHux cuctem UTM (UAV Traffic Management).

2. IHTerpauis B po3ymMHy iHdpacTpykTypy MicT. Mogenb moxe OyTu 3acTocoBaHa B LMPOBMX ABIN-
HMKaxX MOBITPAHOIO NMPOCTOPY ANSA CUMYNSLi, nependbadeHHs HaBaHTaXEHHST N MPURHATTS PilleHb OO
OVNHAMIYHOro 3aKpUTTS abo BiOKPUTTS NMOBITPSIHUX KOPUOOPIB.

3. OcHoBa g5 aBTOHOMHUX KOMEKTUBHUX MiCii. 3aBOSKM MOXITMBOCTiI KONEKTUBHOTO MilaHyBaHHA 6e3
LeHTpani3oBaHoro ynpaeniHHsg, Mogenb Moxe ByTy BUKopucTaHa Ans KoopauHadii rpyn ApoHiB, WO BMKO-
HYIOTb CMiNbHI 3aBOaHHA (NOLUYK, AOCTaBKa, MOHITOPUHI TOLLO).

4. Po3wupeHHs Ha 3D-cueHapii 1 eHepreTuyHi 0BMeXeHHs. Y HaCTyMNHUX AOCHIOKEHHAX MOOENb MOX-
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Ha aganTyBaTu 40 TPMBUMIPHOTO NPOCTOPY, A€ A0O4ATKOBO BPaxXOBYBATUMYTbCS €HEPrOoCNOXUBAHHS, BiTPO-
Bi yMOBYM Ta GaraTopiBHEBE NnaHyBaHHS.

5. IHTerpauia 3i WTy4Hum iHTenekToM. MoeaHaHHsa MFG 3 meTogamu rmunbokoro HaB4aHHsS abo nocune-
Horo HaB4YaHHs (Reinforcement Learning) moxe 3abe3neunty po3yMHi AMHaMiYHi cTpaTterii 419 aBTOHOMHO-
ro KepyBaHHS BenvkuMmn mepexamm bBIrJlA.
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3ACTOCYBAHHSA WUTYYHUX HEUPOHHUX MEPEX ONA NPOrHO3YBAHHA
HEPIBHOMIPHOCTI CNOXXWBAHHSA ENEKTPOEHEPTII MPUBATHUMU
AOMOroCcrnogAPCTBAMMU

Kceruy A. I., k.m.H., IsaHO-®paHKieCbKuUl HaujioHanbHUU MexXHIYHUU yHieepcumem Haghmu i 2a3y, leaHo-
®paHkiecbk, YkpaiHa. https://orcid.org/0009-0007-6569-951X, andrii.ksenych@nung.edu.ua

AHomauis. Y cmammi po3ansiHymo akmyaribHy rnpobremy rnepexody Ha 6i0HoernoeaHi dxepena eHepaii
8 YKpaiHi, 30kpema, 8 yMogax 8ilicbko8020 cmaHy, Ko/u UeHmpariizogaHa eHepeocucmema 3a3Ha€e 3Ha4HO20
HasaHmaxkeHHs1 U MowKoOXeHb. B ymosax eHepeemuy4HoOi HecmabinibHocmi ece binbwe npusamHux 0oMo-
2ocrnodapcmes ycmaHO8/IMb a8MOHOMHI COHSIYHI ennekmpocmaHuii (ACEC) sik Oxepero be3nepebiliHozo
)xueneHHs1. O0Hak eeHepauis enekmpoeHepeaii ACEC, wio mae nepegaxHo deHHUU npoirb, He 3aexou 8idrno-
gidae HepieHOMIipHOMY O06080MY CrIOXKUBAHHIO eHepaii crioxusadamu, Wo rnopodxxye npobrnemy y3200KeHHs
nonumy i nporno3uyii. Memoto docnidxeHHs1 € po3pobrieHHs nidxody Ao npoaHo3ysaHHs 0060801 HepigeHOMIp-
HOCMI CriousaHHs1 eflekmpoeHepaii npusamHum 0oMo20crnodapcmeoM 3 8UKOPUCMAHHSM IHCMpyMeHmie
Wmy4HO20 iHmereKkmy, 30Kkpema wmy4HUX HelpoHHUX mepex (LLUIHM), peanizoeaHux Ha ocHosi bibriiomexu
Keras. 30ilicHeHO KOMIeKCHUU aHari3 3aKOHOMIpHOCMeU eneKmpOCoXUBaHHST Ha OCHO8I crmamucmuy-
Hux OaHuUx pearsibHO20 rpusamHo2o domozocrodapcmea 3a neeHuUl rnepiod. Po3arnsHymo mpu eapiaHmu
Kracucbikayii 006080i HepieHOMIPHOCMI, Orisl KOXHO20 3 HUX MPo8edeHo MamemMamuy4He MOOero8aHHs ma
po3paxyHOK cepedHboKk8adpamuyHOI MoXUubKU Mpo2Ho3y8aHHs, Wo 0arno 3Moay OUiHUMU MOYHICMb 0bpaHux
moOQernel. Pe3ynbmamu rnoka3sanu, wo HaliMeHwa rnoxubka rnpo2Ho3y docsieacmbCsl rpu aHasisi 3aKoHOMIp-
Hocmeu y po3pi3i OKpeMux OHI8 MUXXHSI, MPO WO C8i0YUMb Hasi8HICMb HYimKo 8upaeHoi noeediHKkosoi Moderi
crioxueaHHs. Y rpoueci 0ocioxeHHs 06paHO onmumaribHy apXimekmypy Helpomepexi, Memoou i Hag4aH-
Hs U napamempu moderi, siki 3abe3nedyrome 8UCOKY MOYHICMb MPO2HO3y8aHHS. 3arpornoHosaHul nioxio
Oae 3moay chopmysamu 0brpyHmMosaHi rMpo2Ho3uU Wo00 CrioXugaHHS erleKmpoeHepaii, Wo Moxe bymu 8uKo-
pucmaHo 5K 0ns nidsuweHHs1 eHepeoeghekmusHocmi domoaocriodapcms, mak i 0ns onmumisauii pobomu
aBMOHOMHUX eHepaocucmeM i cucmeM Hakornu4YeHHs1 eHepeil. Pe3dyrnbmamu 00CiOXeHHs1 Maromb rpakmuy-
Hy yiHHicmb 0ns ernacHukie ACEC, po3pobHukige cucmem «po3yMHO20 O0My» U y4acHUKI8 eHepaemuyHo20
PUHKY, WO fpaurorome y cehepi OeueHmparnizoeaHo20 eHep20rocmaqaHHsI.

Knrovoei crosa: wmy4dHi HelipoHHi Mepexi, Keras, asmoHOMHI COHSIYHI erlekmpocmaHuii, enekmpo-
CIOXKUBAHHSI.

USING ARTIFICIAL NEURAL NETWORKS TO PREDICT ELECTRICITY
CONSUMPTION BY PRIVATE HOUSEHOLDS

Andrii Ksenych, Ph.D., Ivano-Frankivsk National Technical University of Oil and Gas, Ivano-Frankivsk,
Ukraine. https://orcid.org/0009-0007-6569-951X, andrii.ksenych@nung.edu.ua

Abstract. The article considers the current problem of switching to renewable energy sources in Ukraine,
in particular under martial law, when the centralized power system is experiencing significant load and
damage. In conditions of energy instability, more and more private households are installing autonomous
solar power plants (ASPPs) as a source of uninterrupted power supply. However, the generation of electricity
by the ACES, which has a predominantly daily profile, does not always correspond to the uneven daily energy
consumption by consumers, which creates the problem of matching supply and demand. The aim of the
study is to develop an approach to forecasting the daily unevenness of electricity consumption by a private
household using artificial intelligence tools, in particular artificial neural networks (ANNSs), implemented on the
basis of the Keras library. The article provides a comprehensive analysis of electricity consumption patterns
based on statistical data from a real private household for a certain period. Three options for classifying daily
unevenness are considered, and for each of them mathematical modeling and calculation of the mean square
error of prediction are carried out, which made it possible to assess the accuracy of the selected models. The
results showed that the smallest forecast error is achieved when analyzing patterns in the context of individual
days of the week, as evidenced by the presence of a clearly expressed behavioral consumption model.
In the process of research, the optimal architecture of the neural network, its training methods and model
parameters were selected, which ensure high accuracy of prediction. The proposed approach allows to form
reasonable forecasts of electricity consumption, which can be used both to increase the energy efficiency of
households and to optimize the operation of autonomous power systems and energy storage systems. The
results of the research have practical value for owners of ACES, developers of “smart home” systems and
energy market participants working in the field of decentralized energy supply.

Key words: artificial neural networks, Keras, autonomous solar power plants, electricity consumption.
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Bertyn

Y BinbLIOCTi KpaiH CBITY B OCTAHHE OECATWUNITTS CMOCTEPIraeTbCs YiTKUN TPeHn eHepreTU4Hoi TpaH-
cdopmallii B Bik 3eneHoi reHepalii. Hanpuknag, y €sponi BnpoBag)KeHHs BiZHOBMIOBAHWX [)KePen eHeprii
(mani — BOE), Taknx gk COHAYHA €Heprisi, € OCHOBOK AN JOCArHEHHs Line €Bponencbkoro 3erneHoro
KypCy, 30Kpema CKOPOYEHHS BUKUAIB NapHMKOBUX rasiB Ha 55% 8o 2030 poKy N AOCATHEHHS KNiMaTUYHOI
HevTpanbHocTi Ao 2050 poky [1]. YkpaiHa Takox crigye TpeHAam Po3BUTKY COHSAYHOI reHepalii Ta iHLmnX
BIE, i ue HabGyBae 0cobnmMBoOro 3Ha4eHHs B YMOBaX BillHW 3 POCI€t0, AKa CUCTEMATUYHO 3HULLYE ENEMEHTHU
KPUTUYHOT eHepreTUYHoI iHpaCcTPYKTYpU. Y LIbOMY KOHTEKCTI BCe Binblue yKpaiHLUiB BCTAHOBMOTL aBTo-
HOMHI COHs1uHI enekTpocTaHuii (gani — ACEC) ang cBoix AoMorocnogapcTs.

MopisHiotoum nepesarn ACEC 3 TMu, Lo NpauooTb 3a «3eNeHNM TapugomM», MOXHa BUAINMUTU HU3KY
OCHOBHMUX:

— HesanexHicTb Big eHepromepexi. CEC 3a «3eneHnm Tapmdom» npauioTb Nnwe 3a yMOBU NigKIo-
YeHHSA 00 LeHTpanbHOI Mepexi. Y pasi BigknioyeHb enekTpoeHeprii Yepes obcTpinm 4m asapii Ui cuctemu
aBTOMAaTMYHO NpUNMHATL reHepadito. ACEC 3 akymynaTopamu 3abesnedye 6e3nepepBHy nogady eHeprii;

— aKymynioBaHHs1 eHeprii ans BrnacHux notpeb. ACEC ocHaleHi cuctemamm 36epiraHHs eHeprii (aKy-
MyrnsiTopamu), Lo AA€E 3MOTy HakonuyyBaTh eHeprito, BUpobneHy BAEHb, | BUKOPUCTOBYBATH i BHOMI Yu Nig
Yyac BigCYTHOCTI COHUS;

— CTIRKICTb 40 BilHM Ta Kpu3. B ymMOBax 3HMLEHHSA OB’eKTIB eHepreTMYHOI iHpacTpyKTypy Aepxasa
MOXe obMmexyBaTh BUKYN enekTpoeHeprii 3a «3eneHnm tapndom». ACEC gae aMory yHUKHYTU 3aneXHOCTi
BiJ Takmx obMexeHb;

— eKororiyHa 1 eHepreTuyHa Gesneka. BukopuctaHHs aBToHOMHUX CEC 3MeHLIye HaBaHTaXeHHs Ha
HauioHanbHy eHeprocucTemy, Lo cnpusie ctabiniszauii Ta 6e3neli it poboTn B yMOBax Kpus.

Mopspg i3 cytTeBMMN nepeBaramy aBToHOMHI CEC matoTh | HU3Ky HeaonikiB. 30kpeMa, Taka enekTpo-
CTaHUiA reHepye eneKkTpoeHeprilo HEPIBHOMIPHO, 3amnexHo Big 4Yacy Aobu, MOrogHUX yMOB i MOPU POKY.
OcHoBHa x npobnema nongrae B HEBIAMNOBIAHOCTI MiX reHepauieto eHepril Ta il CNoXUBaHHSAM A4OMOrocno-
napctBoM. HaBegemo ABa OCHOBHI BUKINKK, 3 IKUMW CTUKAKOTbCS BNAacHUKM aBTOHOMHUX CEC:

— HaANMLWOK eneKkTpoeHeprii BOeHb. Y AEHHUI Yac, KONy COHSIYHA reHepallisi € HaliBULLIOK, BUPOONSIETb-
Cs1 3Ha4YHa KiNbKiCTb eneKkTpoeHeprii, 4acTo BinbLue, HiXX MOTPIOHO AN NOTOYHOrO CNOXMBAHHA AOMOrOCMo-
[apcTBa. SAKLLO B Len Yac akyMynaTopHi 6atapei 3anoBHeHI, HAANULLIOK eHeprii He MoXe ByTn edhekTUBHO
BMKOPUCTaHU abo 36epexeHuni, Wo npu3BoanTb Ao ii BTpaTty;

— HefocTaTHA reHepauisd B MOXMYPHY MOrody Yv B HiYHMIA 4ac. Y MOXMypHY norogy obcar reHepalii
€nNeKTPOoEeHeprii € KpaTHO MEHLLNIA, HXX Y COHSYHY, a B HIYHWI Yac reHepauist Bi4CyTHSA MOBHICTIO, TOMY [0-
MOrocrnoaapcTBO 3MyLLEHE BUKOPUCTOBYBATU €HEPrito, HAKOMUYEHY B akyMyrnsaTopax npoTarom AHSA. AKLo
baTtapei po3psaKeHi, MoXe BUHUKHYTK AediumT eHeprii, 0cobnvMBo B yMOBax NigBULLEHOIO BEHIPHLOIO CMo-
XKMBaHHSA (OnaneHHs, OCBITNEHHs, NoOyTOBI Npunagu).

YCyHYTW Ui HEOONIKN MOXHa LUNAXOM MiABULLEHHSA EMHOCTI cMcTeM 36epiraHHs enekTpoeHeprii B Noea-
HaHi 3 BUKOPUCTaHHAM CUCTEM PO3yMHOro ByanHky (Smart Home) onsa ontumisadii CnoxvBaHHS enekTpoe-
Heprii Ta il oNTUManbLHOro Nepepo3noainy NpoTAroM AHS.

BukoHaHHs gocnigxeHb

Omsag JoCTyNHMX CUCTEM PO3yMHMX ByamHkiB, Takmx 9k Home Assistant Ta OpenHAB, nokasas, Lo
ONTUMI3aLiss CMOXMBAHHS ereKTPOEeHepril peanidyeTbCs KOPUCTYBaAYeM LUIISIXOM MPOMNMUCYBAHHS MEBHUX
npaswn Ta yMOB, 3a KUMKW eHeprocucteMa ByanHKy 3MiHIOE CBili pexxum pobotu [2; 3]. MNpw ubomy Ui npa-
BMMa 3aKragatTbCH, BUXOOAYM 3 aHarnidy obcary 1 HepiBHOMIPHOCTI CNOXMBAHHSA enekTpoeHeprii NpoTs-
FOM OHS1, TWXKHS UM Micsius. Takum YHOM, YMM LOCTOBIPHiLLE MOXHA CNPOrHO3yBaTu 06CArv CNOXMBaHHS Ta
reHepalii enekTpoeHeprii B po3pisi OHS UM TWXHS, TUM eddeKTMBHILLE Ti MOXHa Oyae BUKOpUCTaTU M ONTU-
MarbHO Nepepo3noaiNuUTN B 3a3Ha4YEHOMY YaCcOBOMY MPOMIXKKY.

AHanisy4um 4acoBi 3aKOHOMIPHOCTI, SIKi BNNIMBAKOTb HA BENNYUHY CMOXUBAHHSA €NEKTPOEHEPrii TUMOBUM
[OMOrocnogapcTBOM, MOXEMO BULINNUTU KITHOYOBI:

— [060Ba HEPIBHOMIPHICTb 3yMOBIIEHa 3aKOHOMIPHOCTSIMU NMOBEAIHKU CNOXUBaYiB NPOTArom 4obv (paH-
KOBI Ta BeYipHi Mik1 CNOXUBAHHS, SKi YepryloTbCs 3 AEHHUMMW 1 HIYMHUMKW cnagamu);

— TWXKHEBA HEpPIBHOMIpHICTb. 3a3Bunyan y OyaHi OHI CyMapHe CMOXMBaHHA € MEHLUUM, OCKINbKU Binb-
WiCTb MeLUKaHLiB npautoe nosa JOMOM. Y BUXIOHI OHi 3aranbHUN PiBEHb CMOXMBAHHS € BULLUM Y 3B’A3KY
3 OiNbLUOK aKTMBHICTIO BUKOPUCTAHHSA NobyTOBMX NpunagiB yaoma;

— MiCsiYHa HepiBHOMIpPHICTb. TyT Hacamnepes BapTo BUAINUTA CE30HHICTb — 3UMOKD CMOXMBAHHS € Binb-
UMM Yepes OnaneHHs | Tpusanilnin nepiof poboTU OCBITNIEHHS, NITOM € 3POCTaHHS CMOXMBaHHS Yepes Ko-
HOWLiIOBaHHS NOBITPS, @ BECHA/OCIiHb Ma€e HaMHMKYe CepedHE CroXXMBaHHS, OCKiNbKM MeHLLUa notpeba B Kni-
MaTU4HOMY obriagHaHHi. TakoX Ha 3MiHy MaTepHIB CNOXMBAHHS BMIIMBAE HAsIBHICTb CBATKOBMX AHIB i KaHiKyr.

IcHye 11 6e3niy iHWKX dhakTopiB, SKi BNNIMBAKOTL HA 0OCAT | HEPIBHOMIPHICTb CMOXMBaHHSA eHeprii npuBaT-
HUM ByaUHKOM. IX BNUB i BpaxyBaHHS LLMIIXOM MaTeMaTU4HOro MOZENOBaHHSA € HeOLiNIbHUM, OCKIMNbKM
4acTO BOHM MatloTb BMMaZAKOBMIM XapakTep i He niggatTbCs MOAENOBAHHIO 3 JOCTAaTHLOK BipOrigHICTHO.

Y poboTi MPONOHYETLCA BUKOPUCTAHHS HEMPOHHUX MEPEX ANSA NMPOrHO3yBaHHSA BEMUYNHW CMOXUBAHHS
€neKTPoeHeprii OKpeMMM OMOroCcrnogapCcTBOM.
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LLnaxom gocnigXeHb YCTaHOBMNEHO, L0 CepeaHe roauHHE CNOXUBAHHSA €NeKTPOEHep il NPOTSAroM AHs,
3anexHo Bif MicAUS, TUXKHS, AHS N TOAUHN, MOXe OYTU NPOrHO30BaHO 3 BUCOKOK AOCTOBIPHICTIO HEPOHHOH
Mepexeto, gka Mae KOHdirypauito, npeacraBneHy Ha pucyHky 1.

BxigHWi  [MpuxoBaHWidl  MpuxoBaHWA TpuxoBaHUid  TMpuxoBaHWid  MpuxoBaHWiA [MpuxoBaHWi MpuxoBaHWi MpuUxoBaHWA TMPUXOBAHWA  BuXiaHMi
wap wap 1 wap 2 wap 3 wap 4 wap 5 wap 6 wap 7 wap 8 wap 8 wap

Puc. 1. KoHdirypauist HeMpOHHOI Mepexi Ans NporHodyBaHHA 060BOI HEPIBHOMIPHOCTI CMOXUBAHHS
enekTpoeHeprii NPoTAroM Micsaus

HelpoHHa mepexa mMae Taki napameTpu:

— KinbkicTb WwapiB — 11 (BXigHWI, BUXiAHWIA, 8 NpuxoBaHUX);

— (pyHKLUis akTuBaUil 4Na NnpuxoBaHuUX Wapis — relu;

— anropuMTM HaBYaHHS — METOA 3BOPOTHOMO MOLUMPEHHS MOMUITKY;

— KinbKiCTb enox (umkniB) HaB4aHHSA — 50000.

[na peanisauii Ta HaB4aHHS Uiei mogeni BubpaHo 6ibnioteky Keras, ockinbku Lie B1ucokopisHeBa 6ibni-
oTeKka AN MalMHHOIO HaBYaHHS, sika npautoe noeepx Gidniotekn TensorFlow [4]. BoHa Hapae 3py4HuiA
i 3po3yminuin iHTepdenc Ansg CTBOPEHHS Ta TPEHYBaHHSA HEMPOHHUX MEPEX.

Anpobauis mogeni npoBeaeHa Ha OCHOBI JaHMX CMOXMBAHHS peanbHOro Jomorocnogapctea, obnagHa-
Horo aBToHOMHot CEC i po3TtawioBaHoro B M. IBaHO-®paHkKiBCbKy, YkpaiHa. 3a OCHOBY B3ATO CMOXMBaHHS
enekTpoeHeprii NpoTarom rpygHs Micaus 2024 p.

3aKOHOMIPHICTb CNOXMBAHHA BU3HAYEHO LUMSAXOM aHanidy 1 MaTeMaTU4yHOro ModentoBaHHA A51s TPbOX
BapiaHTiB HEPIBHOMIPHOCTI:

— foboBa HeEPIBHOMIPHICTb MOPIBHAHO 3 ycepeaHeHO A0O0BOK NPOTAroM MicsLs;

— foboBa HePIBHOMIPHICTb y pO3pi3i ycepeaHeHOI! Ansi NEBHOMO OHA TUXHS;

— [oboBa HepiBHOMIPHICTb Y po3pisi ycepeaHeHoi ana OyaHix OHiB (MOHEeLINOK-M'ATHUUSA) | BUXIOQHUX
(cyboTa-Henins) OHIB TVXKHS.

BiaxvneHHs nporHo3yBaHHS 4060BOI HEPIBHOMIPHOCTI BU3HAYEHO LUNSXOM OBYMCIEHHS cepefHbOoKBa-
OpaTn4HOI NoXnbKM 3a Tako hopMyrioko:

MSE = ~ 3, (Y — ¥))?2, (1)

Ae N — KiMbKIiCTb TOYOK, LUT; Y; — peanbHe roarHHe crnoxvisaHHs, Br/rog; Yl-’ — ycepenHeHe cnoxveaHHg, Br/rog,.

3a pesynsratamu JOCriaXeHHs1 BCTaHOBMNEHO, LLO AN HaBe4eHOoro 4OMOorocnogapcTea HanMeHLUa KBa-
ApaTuyHa noxmbka Bignosigae A0OOBIN HEPIBHOMIPHOCTI ANst NEBHOMO AHSI TWXKHS, OCKINbKM BOHA € Hawi-
Oinbl BMpaXXeHOK MPOTSroM AOCHigKYBaHOrO Micsus. Tomy came Lel BapiaHT yCepeOHEHUX BenuyuH
€HeproBMTpaTHOCTI OyAMHKY B MOAANbLUOMY BMKOPWUCTAHWWA ANS HaBYaHHS LUTYYHOI HEMPOHHOI Mepexi
N HaBegeHUn rpadiyHo Ha PUCYHKY 2.

LLInaxom MogentoBaHHSA Ta HaBYaHHSA OTPMMaHO HEMPOHHY MEPEXY, sika 3 BUCOKOK JOCTOBIPHICTb Npo-
rHO3ye cepeaHbOrOAMHHE CNOXUBaHHS eneKkTpoeHeprii Ans AocnigKyBaHOro goMorocrnogapcTsa. Ak npu-
Knapg, Ha pUCyHKy 3 NnogaHo pesynbraTu NOPIBHSAHHA OTPUMaHUX 3Ha4YeHb AN OAHOro AHA — MNOHeinka.

AK BUOHO 3 pucyHKa 3, NPOrHO30BaHe 3HAYeHHS 3 BUCOKOK JOCTOBIPHICTIO 30iraeTbCsi 3 peasnibHUM cro-
XMBaHHAM Ha BCbOMY YaCOBOMY MPOMiIXKKY [0OW, OCKiNbKM cepeqHbOKBagpaTUYHe BiOXMIEHHS ANs LbOro
BapiaHTa CTaHOBUTb MeHLUEe Hix 5 (BT-rog)?. AHanoriyHa KkapTuHa 1 Ang iHWuX gHiB TwxHSA. Lle ceigunTb
npo Te, WO 3anpornoHOoBaHa apxiTekTypa HeMpoMepeXxi, MeToau ii HaBY4aHHS N napameTpu Mogeni 3abesne-
Yyl0Tb BUCOKY TOYHICTb MPOrHO3yBaHHA AOOOBOI HEPIBHOMIPHOCTI CMIOXXMBaHHA €NeKTpoeHeprii npuBaTHUM
AOMOrocrnofapcTBoM.
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Puc. 3. Pesynbratv NOpPiBHAHHA PakTUYHMX | MPOrHO30BaHNX HEMPOMEPEXED 3HAYEHb

BucHoBoK

Y xopi pocnigpkeHHs po3pobneHo 1 anpoboBaHO Miaxig A0 NPOrHO3yBaHHsSI 40OOBOI HEPIBHOMIPHOCTI
€HEepProcrnoXmBaHHA MPUBATHONO JOMOrOCNOAapPCTBa 3 BUKOPUCTAHHAM LUTYYHUX HEWPOHHMX Mepex. 30-
Kpema, YCTaHOBMEHO KOHirypauito, MeToan Ta napameTpy HaB4YaHHS LUTYYHOT HEMPOHHOIT Mepexi, ska
3 BMCOKOI JOCTOBIPHICTIO NPOrHO3YE ycepeaHeHe CNoXMBaHHSA eNekTpoeHeprii npMBaTHMM Jomorocnoaap-
CTBOM Ha OCHOBi CTAaTUCTUYHUX AAHUX CMOXMBAHHA 328 MUHYNNA Yac. HameumLa TOYHICTb TaKoro NporHo3y-
BaHHS JOCArHyTa Npu Knacudikawii CNoXXmMBaHHA B pO3pisi AHIB TWXHS, WO CBIAYMTb NPO BMSIMB CMOXUBYMX

cepengHEeHOoro eHeprocnoXXmBaHHA 6y,EI,I/IHKy ONst OHA TWXKHA — NOHeainka
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3BMYOK JOMOroCnogapcTB i HEOBXiIAHICTb ypaxyBaHHS LibOro YMHHMKA npu po3pobui mogenen. OTpumani
pe3ynbTaTy NigTBEpAUNY epeKkTUBHICTb 3aCTOCYBaHHS iIHCTPYMEHTIB LUTYYHOrO iHTENEKTY, 30kpema bibnio-
Tekn Keras, ons MogentoBaHHA CKNagHUX NoBediHKOBMX 3aKOHOMIPHOCTEN eHeprocroXXnMBaHHS.

3anponoHoBaHWi Nigxia Mae NPakTUYHY 3HAYYLLICTb B YyMOBaX EHEepreTMyHoi HecTabinbHOCTI, 3yMoBre-
HOI BiICbKOBUMW OisiMn B YKpaiHi, i gae 3mory 6inbll epeKTUBHO iHTErpyBaT aBTOHOMHI COHSIUYHI eNeKTpo-
CTaHLUii B eHepreTuyHy cucrtemy gomorocnogapcts. [JoCTOBipHE NPOrHO3yBaHHSA CNOXMBAHHA OAE MOXIMW-
BiCTb KkpalLle onTuMidyBaTn poboTy CUCTEM HaKOMUYEHHsT eHepril, MNiABULLNTIY piBEHb eHeproeeKTUBHOCTI
1 3abe3ne4nTn GesnepebiiHe eHepronocTayaHHs B KPUTUHHUX YMOBaX.
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Abstract. Understanding and predicting user behavior on social media is challenging due to the
dynamic nature of users' online interactions. Monte Carlo methods are one of the methods for modeling
user engagement, content virality, sentiment evolution and personalized recommendations in dynamic
environments.

The article investigates the application of Monte Carlo methods for modeling and predicting user behavior
in social networks. Several variants of this approach are considered, including the quasi-Monte Carlo, the
classical Monte Carlo method, and the Metropolis-Hastings methods, which demonstrated better efficiency
for the selected data set due to more uniform coverage of user behavior scenarios, taking into account the
selected parameters of user activities. Convergences by Monte Carlo methods with a sample of 10000
values are also displayed, and based on the main selected parameters for modeling user behavior, namely
likes, shares and comments, the effectiveness of the selected methods with such a data set with many
parameters is studied.

Based on the data obtained, a basic predictive analytics system was developed, which can be further
developed through integration into recommendation systems to increase content personalization and
improve the analysis of user activities in social networks. In addition, the VADER lexical analyzer was used
to assess the emotional tone of users and their virality on social networks was investigated. The results
obtained allowed us to display the distribution of likes, comments and expansions in social networks and
to carry out predictive analytics, which can be integrated into recommender systems based on the results
of modeling. The process of modeling virality and expansion of content is also shown and the principle of
operation of the program is schematically presented. The results of the performance evaluation confirm the
feasibility of using a combination of quasi-Monte Carlo methods and show their effectiveness and accuracy
of prediction in the analysis of user activity for a comprehensive study of behavior in social networks. Virality
prediction reflects the spread of viral content.

Key words: Monte Carlo simulation, social media analytics, user behavior modeling, machine learning,
predictive analytics.
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AHomauiss. Po3ymiHHsI ma rpo2Ho3ysaHHS 1o8ediHKU Kopucmysadie y couiallbHUX Mepexax € cKriao-
HUM 3a80aHHsIM Yepe3 OuHaMiYHUU xapakmep oHnaliH-e3aemo0ill kopucmyesadie. Memodu MoHme-Kaprno
€ 00HUM i3 Memo0ie MOOer8aHHs1 3arly4eHOCmi Kopucmyeadis, 8ipyCHOCMIi KOHMeHMY, e8orloUii Hacmpo-
ie i nepcoHarizosaHux pekomeHoauil y duHamiyHux cepedosuuax.

Y cmammi docridxeHo 3acmocysaHHs Mmemodie MoHme-Kaprio 01 moderntosaHHsI ma rpo2Ho3y8aHHS
rnosediHKU Kopucmysaudig y coujiarnbHUx Mepexax. Po3arnsiHymo OekKirnlbka eapiaHmie Ub020 ridxody, ceped
Kux — keasi-MoHme-Kaprno, knacudHut memod Moxnme-Kaprno t Mempononic-lacmuHec memoodu rnpode-
MOHcmpys8anu Kpauwly echekmueHicmb 07151 o6paHo20 Habopy OaHux 3aB0sIKU PIBHOMIPHIUIOMY OXOMIEHHIO
cueHapiie mosediHKU Kopucmyeadig, ypaxosyr4u obpaHi napamempu ixHix akmusHocmed. Takox gidobpa-
)XeHo 36ixxHocmi memodamu MoHnme-Kaprno 3 subipkoro y 10000 3Ha4yeHb | Ha OCHO8i OCHOBHUX 06paHuX
napamempig 0r151 Moderto8aHHs1 Mo8ediHKU Kopucmysadie, a camMe naukig, mowupeHb i KoMeHmapis, docri-
OXeHo eghekmuesHicmb 0bpaHux memodig npu makomy Habopi OaHux 3 bazambMa rnapamempamu.

basyrouucb Ha ompumaHux 0aHux, po3poburu 6a3o8y cucmeMy fMpPoeHO3HOI aHamimuKu, sika MoXe om-
pumamu rodanbuull po38UMOK 3a80siKU iHmezpauil 8 pekomeHOauiliHi cucmemu 015 Mi08UUEHHST MePCo-
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Hanizauji KoHmeHmy U rokpaw,eHHs1 aHasisy akmuesHocmel Kopucmyeadig y couianbHux mepexax. Kpim
mozo, 3acmocosaHo fekcuyHul aHanizamop VADER 0ns ouiHro8aHHS eMouyiliHo20 mMOoHYy Kopucmyseadie i
oocnidxeHo ix sipycHicmb y couianbHUX Mepexax. OmpumaHi pe3yribmamu 0anu 3moey eidobpazumu pos-
rodin natkie, KOMeHmapie i NoWuUpeHb y coujanbHUxX Mepexax. Takox aidobpaxkeHo npouec MoOeno8aHHs
8ipycHocmi Ui po3ro8CtOOKEHHSI KOHMEHMY, cxeMamu4HO nodaHo rnpuHyun pobomu rnpozpamu. Pesynbma-
mu oujiHoK eghekmugHocmi nidmeepdxyroms OOUinbHICMb 8UKOpUCMaHHs1 KoMbiHauii keasi-MoHme-Kapiio
memodie i nokasyroms ix eghekmugHicmb, MOYHICMb MPO2HO3y8aHHS Mpu aHarizi akmugHocmeul Kopuc-
mysauig 05151 KOM11eKCHO20 AoCiOXeHHS NoeediHKU 8 coujanbHUX Mepexax. [TpoeHo3yeaHHs 8ipycHocmi
8i00bparkae rNoWUpPEHHSs 8ipyCHO20 KOHMeHMY.

Knroyoei cnoea: modentosarHHs memodom MoHme-Kaprio, aHanimuka couianbHUX Mepex, Mooerto-
8aHHs1 M08eJiHKU Kopucmyesadie, MalwUuHHe Hag4aHHs, rpo2HO3Ha aHaslimuka.

Introduction

Social media platforms have become almost the main method of communication in the development of
digital communication, influencing public opinion, marketing strategies and online interactions, etc. Modeling
user behavior using digital platforms is crucial for businesses, researchers and policymakers looking to
predict engagement trends, optimize content delivery and identify anomalies such as misinformation or bot
activity and match users with better content.

However, user interactions, such as likes, shares, comments, and their changing moods, are inherently
uncertain and depend on various external factors, making it difficult to make more accurate predictions when
analyzing social media or displaying incompatible content on digital platforms. The Monte Carlo method is
widely used in probabilistic modeling and analysis of results and offers a powerful approach to modeling
behavior of social media users. By generating multiple results based on probabilistic distributions, Monte
Carlo modeling allows you to estimate, for example, the probability of different patterns of interaction, the
spread of viral content, and changes in user sentiment over time. This method will help eliminate uncertainty
in the dynamics of social media, making it significant in forecasting and analyzing data, recommendation
systems, and fraud detection. This article explores the application of the method Monte Carlo for modeling
and predicting user behavior in social networks, as well as highlighting the advantages and problems of using
probabilistic modeling in the dynamic environment of social networks. By using the Monte Carlo method,
it is possible to improve decision-making in the platform's content strategy, advertising, and moderation,
ultimately improving user experience and online security. Predictive analytics and modeling allows you to
optimize your posting time for maximum user engagement for social media marketers and analysts.

Social media user behavior modeling research mostly focuses on machine learning, statistical
modeling, and relationship analysis in graph structures. However, a small number of studies have used
probabilistic methods, including Monte Carlo methods, for some cases of predicting patterns of interaction,
dissemination of information, and mood dynamics in social networks. In general, the areas studied in this
area can be divided into the use of probabilistic models for the analysis of social networks, Monte Carlo
methods in predicting social networks, the study of user behavior and network dynamics and application in
recommendation systems and personalization.

The first group of studies from the above used probabilistic approaches to analyze social media data.
For example, Bayesian networks and hidden Markov models (HMM) were used to simulate the evolution
of user sentiments and online discussions, in particular in the papers [1; 2]. Similarly, Monte Carlo Markov
chain techniques (MCMCs) have been used to estimate the probability of specific user behaviors, such as
content distribution and the likelihood of interaction at work [3]. As a result, the methods described allow
us to investigate the stochastic nature of online interactions and improve behavioral predictions, which is
important for general understanding.

The second group is the Monte Carlo methods in social network forecasting, used to estimate uncertainty
in social media analytics. Studies [4] have demonstrated their effectiveness in predicting content virality by
modeling different distribution scenarios based on historical interaction data. The papers [5; 6] integrated
Monte Carlo methods with deep learning to refine trend predictions in social networks, particularly in
dynamic environments where deterministic models face difficulties due to rapid changes in content.

The next group of related works can be attributed to studies of user behavior and network dynamics,
namely how users interact with content on social networks using stochastic and networked approaches.
Agent-based modeling and Monte Carlo simulations were combined to study cascades of information and
the role of influencers in content distribution as implemented in the work [7].

Regarding the use in recommendation systems and personalization, the paper [8; 9] shows that Monte
Carlo-based reinforcement methods can improve adaptive recommendation systems by predicting how
users will react to different types of content.

Presentation of the main material and discussion of the results

To collect potential data for the study, publicly available social media datasets were selected, including
user interaction (likes, shares, comments) and content functions (text, images, and metadata), and the
time of publication was performed based on [10]. The main purpose of the data collected is to display
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user engagement metrics across different types of publications, including news articles, user-generated
entertainment content.

The collected data has been pre-processed to remove irrelevant information, such as spam or duplicate
posts. Also, emotions or empty comments appear on social networks most often. Data preprocessing
provides a clean and representative set of real-world data that is well standardized for display and modeling.
For example, the collected dataset on the social network Instagram mostly contains collections of photos
and comments, likes and shares, that is, engagement indicators that are associated with popular hashtags.
The data obtained from the social network Facebook contains publications from public pages and groups
that are not combined with each other by type of content, but are active in user interaction with publications.

The Monte Carlo method was used to model user behavior under different conditions and aspects of
user behavior. The Monte Carlo method involves the use of not only based simulations of user activities
in social networks, but also improved approaches of this method using Markov chains. Basic Monte Carlo
simulations estimate engagement levels by generating random samples using probability distributions.
When simulating more advanced methods. For example, using the Monte Carlo method with Markov chains
(MCMC). This method is used to simulate complex user behavior and check the virality of content.

In Fig. 1 it is shown that the data collected by likes, shares on comments from the social network
Instagram and Facebook, as the main parameters of engagement when modeling user behavior. This
parameter allows you to simulate user interactions for posts with different content characteristics and time
of publication dependence, which shows the amount of potentially engaged for this type of content based
on a random sample of engagement distributions of previous historical data.

Data Preparation Monte Carlo Methods:
(post length, hour, content type) MC, MH, QMC
v
Engagement Generation
(likes, comments, shares)

Train Random Forest Regressor

Model Evaluation (MSE)

\J

Estimate Expected Value

Plot Convergence Graph

Visualization:
- Actual vs Predicted
- Feature Importance
- Best Posting Time

Fig. 1. Scheme of the program

The paper uses popular Python libraries, including NumPy and Pandas for generating and processing
synthetic data, as well as Matplotlib for visualizing the results. Scikit-learn was used to build and evaluate
the machine learning model, including the Random Forest Regressor algorithm and the standard error
(MSE) metric.

In the first step, a dataset [10] is created that simulates social posts with three characteristics: length,
time of publication, and type of content. Based on these parameters, interaction values are formed — likes,
comments, and shares — with the addition of random noise. The built Random Forest Regressor model
learns to predict the number of likes using these parameters. The accuracy of the prediction is estimated
using the standard error. Additionally, graphs are created that visualize the correspondence between actual
and predicted likes, the importance of signs and the optimal time to publish a post. The second stage
analyzes three methods for estimating the expected number of likes: classic Monte Carlo, Metropolis-
Hastings and Quasi-Monte Carlo. The classic Monte Carlo is simple and fast, but less accurate. Metropolis-
Hastings is more accurate, but slower due to the use of Markov chains. Quasi-Monte Carlo provides the
best balance between accuracy and efficiency through the use of Sobol sequences.

The number of values for research was chosen to be 10000. Organic user engagement and focused
importance sampling, the basic Monte Carlo method, the improved Monte Carlo method using Markov
chains, the Metropolis-Hastings and Quasi-Monte Carlo method are also displayed.

Atthe same time, the value of the error in each of the methods was significantly correlated. The estimation
results show the values obtained by three different methods: the conventional Monte Carlo method (MC), the
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Metropolis-Hastings method (MH), and the quasi-Monte Carlo (QMC) method. In this case, the convergence
of methods is shown in Fig. 2. The MC method gave a score of 0.4064 and worked very quickly (0.0017
seconds). This shows that it is effective in simple tasks, although its accuracy depends on the number of
simulations. The Metropolis-Hastings method, although it belongs to the improved stochastic methods,
showed a significantly higher score (0.7124) and worked the longest (0.0888 seconds). This may indicate
an insufficient number of iterations or an imperfect setting of the probabilistic transition, resulting in a less
accurate result. This method requires careful adjustment to ensure stability and convergence to the correct
solution. The quasi-Monte Carlo (QMC) method showed a score of 0.3929, which is close to the result of
a conventional MC, but at the same time shows slightly higher stability. Although it took longer to complete
(0.017 seconds), it often provides a lower variance in estimates, especially with fewer simulations.

Convergence of Different Monte Carlo Methods

—— Monte Carlo

— Metropolis-Hastings
1.0+ T —— Quasi-Monte Carlo (Sobaol)
=== True Mean ~MC

=]
@
=
——
¥

Estimate of Expected Likes
o
o

Ed
|

0.2 4

T T T T T T
0 2000 4000 6000 8000 10000
Iterations

Fig. 2. Display of convergence by Monte Carlo methods (10000 values)

The next parameter that helps assess the likelihood of viral content due to active distribution and user
engagement at the initial levels is the virality of the content.

Another parameter that allows you to check the dependence of sentiments on a certain topic or post are
popularized over time, taking into account the activities of users, is the evolution of sentiments.

The simulation was carried out using the Monte Carlo method in the Python programming language. In
addition, several basic NumPys were used to randomly sample the data and SciPy to statistically analyze
the data obtained. And directly for data visualization, the most popular library matplotlib was used, which
provides and provides an integrated approach to modeling uncertainty and predicting social media trends.

Data for modeling user behavior was obtained over 10,000 iterations to account for a wide range of
possible outcomes and provide reliable statistical reliability. The user behavior model was built on the
basis of a probabilistic structure that took into account user interaction and the engagement model from
the distribution with the parameters evaluated from the dataset. The process of modeling content diffusion
is used to investigate branching in the distribution of a publication and is determined by the level of
engagement and its impact on the social network. Sentiment tracking simulation is also carried out. When
tracking changes in user sentiment over time, sentiment analysis is applied on pre-trained models such as
VADER (Valence Aware Dictionary and sEntiment Reasoner) to analyze the textual content of posts and
comments. At the same time, the sentiment score is updated at each step of the simulation based on user
activities (likes and comments, shares) to reflect the emotional tone of user interactions in social networks.

Modeling virality and content distribution (Fig. 3) is carried out by changing the initial number of
interactions and the number of users and determining the factors that are responsible for the spread of
viral content on social networks. Also, from the collected data, you can determine the dynamics of user
sentiment among the provided post texts. Then the resulting parameter shows the evolution of sentiment
regarding a certain trend (negative area of the Sentiment Score is negative, positive area is positive) or
topics in social networks, taking into account external influences. For example, how holidays in Ukraine
or marketing campaigns or news affect sentiment and how they fluctuate depending on user behavior and
engagement.
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User Engagement and Sentiment Over Time
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Fig. 3. Displaying the distribution of content: likes, comments and shares

Modeling virality and content distribution is done by changing the initial number of interactions and
the number of users and determining the factors that are responsible for the spread of viral content on
social networks. Also, from the collected data, you can determine the dynamics of user sentiment. Then
the resulting parameter will show the evolution of sentiment regarding a particular trend or topic in social
networks, taking into account external influences. For example, how holidays in Ukraine or marketing
campaigns or news affect sentiment and how they fluctuate depending on user behavior and engagement.
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Fig. 4. Display of the Monte Carlo Efficiency Assessment

To evaluate the effectiveness of Monte Carlo modeling in predicting user behavior, as can be seen in
Fig. 4, several performance indicators were used, such as: prediction accuracy, virality prediction, and
exposure threshold. Prediction accuracy reflects the model's ability to predict actual engagement levels
(e.g., the number of likes, shares, or comments) compared to real data, and virality prediction shows the
accuracy of propagation modeling viral content, measured by the percentage of content that exceeded a
predetermined engagement level. First, a dataset of 10.000 entries from prepared publications [10] and
their interaction metrics such as likes, comments, and shares are presented. Next, this data is broken
down into training and test samples to train the model. The Random Forest Regressor algorithm is used
as a model, which learns to predict the number of likes. After training, the quality of the model is evaluated
using the standard error (MSE), which shows the accuracy of the predictions. To better understand the
results, three graphs are constructed: a comparison of actual and predicted likes, the importance of traits
in the model, and recommendations for the best time to publish a post. The recommendation of the time
of publication is based on the model's forecasts for different hours of the day, taking into account the fixed
length of the post.

Conclusion

As part of the study, several variants of the Monte Carlo method were applied to model and predict user
behavior in social networks. In particular, quasi-Monte Carlo methods turned out to be quasi-optimal for the
selected dataset — they provided higher accuracy and stability of the results due to the reduction of sample
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variance and more uniform coverage of the space of possible scenarios. Basic predictive analytics was
developed, which, based on the results of simulations, can be integrated into recommendation systems.
Such a system is potentially able to adapt the content delivery according to the intended level of user
engagement, which opens up opportunities for personalizing marketing, optimizing news delivery and
improving interaction with the audience. To analyze the emotional tone and identify the potential virality of
the content, the lexical tool VADER (Valence Aware Dictionary and sEntiment Reasoner) was used, which
made it possible to effectively classify the sentiments of messages in a large sample. This made it possible
to better model the evolution of community sentiment and its impact on the dissemination of information. In
general, the results of the study confirm the feasibility of using Monte Carlo methods, especially their quasi-
deterministic variants, for a comprehensive analysis of user behavior in social networks.
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AHomaujisa. Y cmammi po3ansHymo nioxid 0o npoekmyesaHHs1 iHmernekmyarbHOI cucmemu nidmpumKu
suknaday4a 8 npoueci hopMysaHHsI mecmosux 3as0aHb Ord HagqasibHUX OUCUUIIIiH 3 MameMamuYHUM
cknadHukom. OCHOBHY y8aay rpudineHo po3pobIieHHK apXimeKmypu npoepamMHO20 PileHHS, Wo 3abes-
rnedye rnoedHaHHsI Cy4yacHUX MOBHUX mModenel 3 wabrnoHamu, cghopmMosaHUMU 8i0rMo8iOHO A0 pieHie mak-
coHomii briyma. Takul nidxid 0ae 3mo2y agmomamu30o8aHO CMeopreamu mecmu 3 ypaxyeaHHsIM PieHs
cknadHocmi U ¢pbopmu 8i0roeidi.

3arnporioHosaHa cucmema 8KIIHYae I1’simb OCHOBHUX KOMITOHEeHMI8: MOOYsib 2eHepauii 3anumadps 3 rio-
mpumMKoro makcoHomii briyma, iHmeeposaHutl LLM-modyrnb 0ns 06pobku rnpupodHoi Mosu, Mamemamuy-
Hul Modyrbk Ansi pobomu 3 hopmynamu y chopmami LaTeX i nepesipku ekgisaneHmHocmi MamemMamuyHUX
supasie, sebiHmepagbelic Ha basi Streamlit i cepsic ekcriopmy y chopmamu LMS.

Okpemo onucaHo pearizauito MO0y 2eHepauii MamemMamu4yHUX 8upasie i hopmMyn 3 BUKOPUCMAHHSM
mosu posmimku LaTeX, wjo 3abesnedye 3pyyHy eidyanizayito KoHmeHmy 0Ons guknadada U cmydeHma.
Obpobka sidkpumux gidrniosidel, siki nepedbadaromb yeedeHHs hopMyr1 abo eupasie, peanizoeaHa 3a 00-
rnomoezoto 6ibniomeku cumeosnibHUX ob4ucneHb SymPy, wo d0ae 3mozy 30ilicHoeamu asmomamusoseary
repesipky mMamemamu4yHoi KopekmHocmi gidrnosided. [nsi nobydosu iHmepghelcy cucmemu eeHepauii
mecmie sukopucmaHo pelimeopk Streamlit, wo 3abesnedvye iHMepakmMueHy 83aEeMo0it0 ma rnpPocmomy
po32opmaHHs. 3anporoHogaHa cucmema rnepedbayae iHmezpauiro 3 nornynsapHUMU OC8IMHIMU rnnamagop-
Mamu, 3okpema Moodle, i nidmpumye ekcriopm 32eHeposaHux 3asdaHb y 8i0rnosiOHi gpopmamu imropmy.

lMposedeHo ekcriepumeHmarbHy nepesipKy byHKYioHanbHUX MoXnueocmel cucmemu 8 Hag4yarnbHOMY
rpoyeci, sika 3aceidqurna rnid8uuweHHs egbeKmu8HOCMI OUiHIO8aHHS, CKOPOYEHHS Yyacy Ha rnid2omoeKy 3a-
80aHb | BMEeHWEeHHST HagaHMa)eHHs1 Ha euknadadig. Ocobrnugy UjiHHICMb cucmemMa crmaHo8UMb 8 yMogax
ducmaHuiliHo2o ma 3MilWaHo20 Hag4aHHs, 0e agmomamu3ay,isi MPoUEecie OUIHIBAHHS € KPUMUYHO 8aX/1u-
8010 01151 3abe3reyeHHsT SKocmi ocgimul.

Knroyoei cnoea: iHmenekmyarnbHi cucmemu, 2eHepauiss mecmig, suwa Mamemamuka, MO8HI MoOeri,
Streamlit, Moodle, makcoHomis Briyma.
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Abstract. The article considers an approach to designing an intelligent support system for a teacher
in the process of creating test tasks for academic disciplines with a mathematical component. The main
focus is on the development of a software solution architecture that combines modern language models
with templates formed according to the levels of Bloom's taxonomy. This approach allows for the automated
creation of tests, taking into account the level of difficulty and the form of the answer.

The proposed system includes five main components: a question generation module with support for
Bloom's taxonomy, an integrated LLM module for natural language processing, a mathematical module for
working with formulas in LaTeX format and checking the equivalence of mathematical expressions, a web
interface based on Streamlit, and a service for exporting to LMS formats.
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Separately, the implementation of the module for generating mathematical expressions and formulas
using the LaTeX markup language is described, which ensures convenient content visualization for the
teacher and student. The processing of open-ended answers, which involve the input of formulas or
expressions, is implemented using the SymPy symbolic computation library, which allows for the automated
verification of the mathematical correctness of the answers. To build the interface of the test generation
system, the Streamlit framework was used, which provides interactive interaction and ease of deployment.
The proposed system provides for integration with popular educational platforms, in particular Moodle, and
supports the export of generated tasks to the appropriate import formats.

An experimental verification of the system's functional capabilities in the educational process was carried
out, which showed an increase in the efficiency of assessment, a reduction in the time for preparing tasks,
and a decrease in the workload of teachers. The system is of particular value in the conditions of distance
and blended learning, where the automation of assessment processes is critically important for ensuring
the quality of education.

Key words: intelligent systems, test generation, higher mathematics, language models, Streamlit,
Moodle, Bloom’s taxonomy.

BcTyn

CyyacHi nigxoam 0O OUiHIOBAHHS 3HaHb CTYAEHTIB MOTPebytoTb He nuwe opManbHOrO KOHTPOSO,
a M THYYKMNX iIHCTPYMEHTIB, 34aTHUX aganTyBaTMUCs 40 3MICTY AUCLMNIIIHK, PiBHA NiArOTOBKKM 3000yBaviB i Lji-
nen HaB4aHHs. OcobnmMBO Lie CTOCYETLCS AUCUMMIIH MaTeEMaTUYHOIO CNPsSIMYBaHHS, e TeCTOBi 3aBAaHHs
MaloTb CneundidyHy CTPYKTYpy: MICTATb popMynun, rpadikvi, aHaniTU4Hi BUKNadkuM Ta BIiOKpWTI Bianosifi.
PyyHe CTBOpeHHS Takux 3aBOaHb — CKIafHWM i TPYAOMICTKMI NpoLeC, WO BMMarae BUCOKOT KBaniduikauil
BMKMNadaya, Yacy Ha nigrotoBKy 1 MepeBipKy, a TaKOX 3HAHHSA TEXHIYHMX 3ac0obiB NogaHHS MaTeMaTUYHUX
dopmyn.

3acTocyBaHHS iHTeNeKTyanbHUX TEXHOSOTIN Aa€ 3MOry aBTOMaTU3yBaTu PYTUHHI €Tanu LbOro npowecy,
HaJaluun BYKNagayeBi iIHCTPYMEHTUN NS reHepallil, peaaryBaHHA 1 NepeBipkX TECTIB Y HaniBaBTOMaTUYHO-
My pexmMi. OcobnmnBoi akTyanbHOCTI Taka aBToMaTun3alisi HabyBae B yMOBax AUCTaHLiHOro abo 3milluaHo-
ro HaBYaHH4, ge ocBiTHI nnatdopmu Tnny Moodle, Google Classroom abo Canvas BMKOPUCTOBYHOTBCS SIK
OCHOBHE CepefoBuLLEe B3aEMOAii 3 ayanTopieto.

Y cTaTTi onucaHo po3pobneHHs N OOCMIMKEHHA CUCTEMU, LLO NOEAHYE MOXIMBOCTI BENTMKUX MOBHUX
mMogernen, iHtepderncHmx 6ibniotek Ha 3pasok Streamlit, 0G4MCnOBanbHUX IHCTPYMEHTIB AN poboTn 3 ma-
TeMaTU4YHMMM BUpas3aMn, a TakoX MNiIOTPUMKY Pi3HUX cphopmariB iHTerpauii 3 HaB4YanbHMMK nnatgopma-
Mu. CuctemMa gae 3MOory He nuvlle reHepyBaTy TECTOBI 3aBAaHHA BignNoBiAHO 4O piBHIB TakcoHOMIT briyma,
a  oopmMyBaTH 3aBAaHHS 3 MaTteMaTUYHUM 3MICTOM, 3[iNCHIOBATX Banigauito Bignosigen tTa ekcnoprysaTu
3aBOaHHs B npygatHoMy cpopmati ansa LMS.

BukoHaHHsA gocnigxeHb

IHTenekTyanbHa cucTema NiATPUMKM BUKNadada nig Yac popmMyBaHHSA TECTIB 3 MaTeMaTUYHUM cKnag-
HMKOM NOGyaoBaHa 3a MOAYSIbHOK apXiTEKTYPOIO, LLO 3abe3neyye rHy4qkicTb, MacluTaboBaHICTb i MOXIU-
BiCTb iHTerpauii 3 pisHMMM OCBITHIMKU NnaTdopmMamu.

OCHOBHi KOMMOHEHTY TaKi:

1. Mogynb reHepadii 3anuTaHb.

— ®opmye TeCTOBI 3aBAaHHsI HA OCHOBI 3a4aHOl TEMU, ANCUUNIIHK Ta PiBHS CKNaaHOCTI.

— MNigTpnmye WwabnoHn BiANOBIAHO A0 TakCOHOMIi Bnyma.

— ['eHepye AK TeKCToBI, Tak i POpMYrbHi 3aBAAHHS AN KYPCiB 3 BULLOT MaTeMaTtuKu, Teopii NIMOBIPHOCTI,
iHdbopMaLiHUX TEXHOSOTIN, IHTeNeKTyanbHOro aHanisy faHux ToLLO.

2. MoBHa mogens (LLM) + LangChain.

— 3abesnevye reHepaLito NPMPOSHOMOBHUX IHCTPYKLiA, MUTaHb i BiANOBIAEN.

— B1KOpMCTOBYE MeXaHi3aMM ceMaHTUYHOI inbTpauii Ta nepesipku Bignosigen.

3. MatematnyHui mogyne.

— BukoHye reHepauito doopmyn, ix BinobpaxeHHs y chopmarti LaTeX.

— 3acTocoBye 6ibnioteky SymPy Aons cnpoLleHHsa BUpasiB i MepeBiIpKN eKBiBaNeHTHOCTI (Hanpuknag,
$xA2 + x$ i $x(x+1)3).

4. IHTepenc KkopucTyBaya.

— PeanizoBaHun Ha ocHoBi Streamlit.

— [ae Buknagavesi amory 3agaBsaTtv napameTpu reHepadil, nepernsgatv, pegarysatv 1 eKcrnopTyBaTty
3aBOaHHs.

— MNigTpumye Bisyanisadito bopmyrn, TabnuyHy opraHisadito Ta ginbTpauito 3anuTaHb.

5. Cepsic ekcnopty B LMS.

— eHepye davinn y popmartax XML (Moodle), PDF, Word.

— [lae amory rpynyBaTtu 3aBOaHHs 3a piBHEM CKMaAHOCTI, TEMO Y/ TUMOM 3anUTaHHS.

TakcoHoMis OCBITHIX Linen bengxamiHa bnyma LIMPOKO BMKOPUCTOBYETLCA ANA Knacudikauii piBHiB
ni3HaBanbHOI aKTUBHOCTI CTYOEHTIB. Y KOHTEKCTI reHepauii TecTiB BOHa [a€ MOXIUBICTb PO3NoginnTu
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3aBAaHHA 3a CKNagHiCTIO N BU3HAYMTN METY KOXHOrO 3anuTaHHA: Big NPOCTOro BiTBOPEHHSA akTy A0
OLiHIOBaHHs1 abo cUHTE3y HOBOI iHhopMalLii.

Y cuctemi peanisoBaHO pO3MeXyBaHHA 3aBOaHb Ha LUICTb PiBHIB:

1. 3anam’ATOBYBaHHS: Bi4TBOPEHHS BM3HA4YeHb, POpMyr, BNAacTMBOCTEN (Hanpuknag, O3Ha4YeHHs Mno-
XigHoi abo npasuna goodyTky).

2. PosymiHHS: iHTepripeTauis rpadikiB, CIOBECHWUI ONUC MaTeEMaTUYHNX SBUILL,.

3. BacTocyBaHHSA: 0buYMCNeHHs 3HaYeHb 3a HOPMYIOoL0, NiACTaHOBKA YMCen, BUPILLEHHSA TUMOBKX 3a4au.

4. AHani3: NopiBHAHHA PO3B’A3KIB, BUSIBIEHHS MOMUIOK, pO3Krag BUpasiB Ha MHOXHUKN.

5. OuiHoBaHHS: NnepeBsipka NpaBUIbHOCTI JOTiKN MipKyBaHb, apryMeHTaLia Bubopy metogy.

6. CTBOpeHHs: nobygoBa MaTeMaTUYHNX MOAENEN, CaMOCTiiHe (hOpMyMOBaHHA YMOB 3aJau.

B3aemogitoun i3 cyqyacHMMy reHepaTMBHUMMN MOBHUMW MOLENSIMU, CUCTEMAa MOXe reHepyBaTh 3anuTaH-
HS i3 3ag4aHnM piBHEM cknagHocTi. Hanpuknaga:

— [ng kypcy 3 Teopii nmoBipHOCTI: «Po3paxyvTe NMOBIPHICTb TOro, WO NPY KUOAHHI TPbOX rpanbHUX
KybukiB cyma byae KpaTHOI TPbOMY.

— [ns moayns 3 Hepomepex: «[MosicHITb, YoMy dyHKUiS akTuBaLuii ReLU He BUKOPUCTOBYETLCS B OC-
TaHHbOMY LLAapi Mepexi Knacudikawii.

— [Insa po3ainy 3 BULLIOI MaTeMaTUKK, y AKOMY CTYAEHTU BUBYAKOTb aHaNITUYHY reomeTpito: «lMobygynte
MHOXWHY TOYOK Ha MMOLLMHI, WO 3a40BOSbHATbL 3aaHy CUCTEMY HEPIBHOCTEN 3 ABOMA 3MiHHUMMN Y.

Y moayni reHepaluii peanisaoBaHO MexaHiaM 06po6KM iIHCTPYKLIiN, LLO NOEAHYE LWAaBMOH, KMYoBi napame-
TpuW, NPeaMETHY AINSAHKY 1 piBeHb briyma. Ha oCHOBI LIbOro hopMy€eTbCA TEKCT 3anuUTaHHS, 4O4ATbCA Ma-
TeMaTu4Hi BUpasu, 34iINCHIETLCS NepeBipka CUHTAaKCUYHOT KOPEKTHOCTI. Pedynbratu Banigadii npoxoaatb
yepes inbTp, | NLWe y3rodkKeHi 3 KpUTepiaMy 3anMTaHHa NoTpannsioTb y diHanbHUI Habip.

[eHepauia TeCToBMX 3anuTaHb y CUCTEMI BiaOyBaeTbCsl Y ABA OCHOBHI eTanun: CeMaHTUYHE KOHCTpPYHo-
BaHHSA 3anuUTy M CUHTaKCcMYHa obpobka pesyneraTy. Ha nepluomy etani kopuctyBad (Bukragad) obuvpae
npegMet (Hanpuknag, Teopis NMOBIPHOCTEN, aHaniTU4YHa reoMeTpisi, OCHOBM HEMpoMepeX), ykasye baxa-
Hu piBeHb bnyma 11 3agae KinbkicTe 3aBaaHb. Cuctema 3a 4ONOMOro MOBHOT Mogeni (hopMy€e KOHTEKCT-
HO perneBaHTHi 3anMTn 4o WwabnoHHoro reHepartopa. Hani areHepoBaHi 3annTaHHsi MPOXOAAThL eTan mare-
MaTM4HOI 06pobku. Hanpuknag, yncna y Bupasi

«OBYMCniTh 3HaYeHHs Bupasy $a’2 + b"2$

npu $a = 33, $b = 4%»

aBTOMAaTUYHO 3aMOBHIOTLCS 3 BUKOPUCTAHHAM reHepartopa Linux 3HavyeHb y A0MyCTUMOMY [ianasoHi.
Taka mMogernb € rHy4kow [OJ71s1 BCiX PIiBHIB CKMagHOCTI: Big NPOCTMX obyMcneHb 0O CKNagHilwmx 3agady Ha
aHani3 abo MogentoBaHHS.

Cwvctema nigTpuMye pisHi TUNK 3anuTaHb:

— 3 ofHieto abo gekinbkoma npaBUbHUMK BiOMNOBIAAMN,

— 3 BiKpUTOLO BignoBsiaao,

— Ha MoLUyK BiANOBIAHOCTI,

— 3anoBHEHHSAM NPOMYCKIB,

— KOMDiHOBaHI.

Y 3aBAaHHsX 3 BiAKPUTUMU BIiAMNOBIASMU 30INCHIOETLCA NepeBipKka Ha MaTeMaTUYHy eKBiBaneHTHICTb:
nBa Bupasu $x22 + 2x + 1$ i $(x+1)*2$ posnisHaroTbCs K TOTOXHI. Lle 0cobnvBo akTyanbHo nig Yyac cTBo-
PEeHHS TECTiB 3 BMLLOI MaTeMaTukm abo Teopii MOBIPHOCTI, A& CTYQEHT MOXe BBECTU BignoBidb Y pisHOMY
BUrMsAAI. AKLWO CTYQeHT yBOAUTbL aHaniTUYHMIA BUpa3, cuctema cnpotlye obuasa supasun (npaBuibHUN | Ha-
OaHWI CTygeHToM) 3a JornoMoroto GibnioTekn SymPy 4 NOpiBHIOE iX Y KAHOHIYHIN chopmi.

[na reHepauii 3anuTaHb 3i cdhepu iHTENEKTyanbHOro aHanisy gaHux abo Helipomepex nependadveHo
BEKTOP TEPMiHiB, NOB’A3aHMX i3 BiAMOBIAHOK OUCLMMMIHOW, WO MiABaHTaXyeTbCs 3 nonepeaHbo cknage-
HUX CMMCKIB NOHATL | TeM. Hanpuknag, 3aBgaHHs 3 Temu «[lepuenTpoH» MoXe aBTOMaTUYHO reHepyBaThCs
3 BapiauisiMu 3anuTaHHsA Npo (PyHKLi0 akTuBauii abo reomeTpuyHy iHTepnpeTauito Mexi knacudikadii.

dopMyBaHHS TECTOBUX 3aBOaHb 3 MAaTeMaTUYHMM 3MICTOM CYMPOBOMAXKYETLCA HU3KOK TEXHIYHUX i Me-
TOONYHUX TPYOHOLLIB, NOB’A3aHMX i3 TOYHICTIO 3anucy, Bidyanisauieo dopmyn, NiGTPUMKOI CUHTaKCUCy
1 0OpobKoto BBEAEHMX CTYOEHTOM BigMNoBIiAen. Y cucTemi peanisoBaHO KOMMMIEKCHWUIA Nigxig 4o dopmynio-
BaHHs, 30epeXeHHs1 Ta NepeBipKM Takux 3aBgaHb.

OgpHieto 3 kntovoBMX Npobrem € npeactaeneHHs oopmyn y doopmarTi, NpuaaTHOMy ANS OHManH-nepe-
rmagy n pegaryBaHHs. Ons LbOro BUKOpPUCTOBYETLCA hopmaT LaTeX, wo € ge-gakto cTaHAapToOM y cu-
ctemax Moodle, Open edX Ta iHwux LMS. [na ix Bidyanisauii 3actocoBytoTbcs 6ibniotekn MathJax a6o
KaTeX, siki cymicHi 3 6inbLiicTio 6paysepis i MOBINbHUX NPUCTPOIB.

Hanpwvknag, 3aBgaHHs Tmny:

«OBuncniTh noxigHy dyHkuii $f(x) = \sqri{x*2 + 1}$»

3anucyeTbea gk pagok LaTeX | nepegaeTtbes y BidyanbHUIM pegaktop. Y cucteMi 3abesnevyeHo aBToMa-
TUYHY reHepavuito Takmx opMyn i3 napameTpu3oBaHMMU 3MiIHHUMW 1 OAaTKOBUMW CTURAICTUYHUMN OBMe-
XeHHAMU (Hanpwvknag, yHukaTn apobis abo norapmudmis 4NA NOYaATKOBOIO PiBHA CKMagHOCTI).
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Bibnioteka Streamlit € cyyacHUM iHCTPYMEHTOM AN CTBOPEHHS iHTEpakTMBHUX BebiHTepdenciB Ao
Python-gonatkiB. BoHa po3pobneHa creuianbHo Anst 3agay aHaniTuky, Bidyanisawii Ta MalWMHHOIO HaBYaH-
HS1 1 Aae 3mory OyayBaTy NOBHOLHHI (DPOHTEHA-PILLEHHS 3 MiHIManbHUMK 3yCUInsamMu 3 60Ky po3pobHuKa.

Y KOHTeKCTi peanisauii iHTenekTyanosHoI cucteMyn oopMyBaHHA TECTIB ANg MaTteMaTU4HMUX AUCUUNIIH
Streamlit 3ab6e3nevye HU3Ky KNHOYOBUX NepeBar:

1. MutTeBun 3anyck 6e3 BebnporpamyBaHHA. YCi enemMeHTu iHTepdency (KHOMKKu, CMCKKU, crangepu,
TEKCTOBI Nons) CTBoptotoTbes 6esnocepenHbo y Python-kogi.

2. MNigTpumka matematumyHoro dgopmaty. Streamlit HatueHO nigTpumye Markdown Ta LaTeX, wo pae
3MOry nerko peHaepuTu opmynu, Hanpuknag:

st.latex(r"f(x) = \int_0" x2 dx")

3. IHTepakTmBHICTb. MOXHa nerko peanisyBaTty fOriKy 3aneXHOCTi MiXX ernemeHTamu opMu: Hanpu-
knag, npv Bubopi piBHA Briyma 3MiHIOETLCA neperik JOCTYMNHUX LWabroHiB.

4. 36epexeHHs cTaHy. Yepes st.session_state nigTpumyeTbeca nepegada 3miH MK 3anyckaMmum gyHKLiN,
LLIO flae 3MOry KepyBaTu KiflbkoMa Kpokamu reHepalii (Bubip napameTpie — reHepaldis — pegaryBaHHs —
eKkcnopr).

5. Bisyanisauisi. IHTepdeiic Mmoxe MiCTUTK rpadpikv, Tabnuui 3 AaHMMK, iIHAMKATOPWU CKNagHOCTI 3aBAaHb
TOLLIO — yCe Lie BUKOPUCTOBYETBLCS AMS 3BOPOTHOIO 3B’SI3KY 3 BUKMa4avyeM.

6. MNigknoyeHHsT 40 30BHILWHIX Spkepen. Streamlit gae amory nigkntoyatuca go 6as gaHux, APl cepsicis
Moodle, Google Sheets abo LMS uepes 6ibniotekn requests, sqlalchemy ToLwo.

7. IHTerpauis 3 MalLMHHUM HaBYaHHSAM. AKLLO reHepalis TecTis Bkntovae LLM abo mogeni knacudikadii,
pesynbraT iXHbOoi poboTM MOXe MUTTEBO BifobpaxaTtucs y BebiHTepdelici.

Streamlit 3abe3nedvye gocTaTHIN piBeHb Ge3nekn 1 MoXe po3ropTaTucs SIK Ha NOKanbHOMY CepBepi, Tak
i B xmapi (Hanpuknag, Streamlit Cloud, Heroku, Google Cloud). Cepeg HenonikiB BapTo Big3Ha4yMTK obme-
XeHy KacTomisauito iHTepdency nopisHsHO 3 React/Angular, npoTte ons 3aBaaHb akageMiyHOro TecTyBaH-
HS L€ HE € KPUTUYHUM.

Bubip Streamlit sk nnatcpopmun anst NobynoBKn iHTepdency 3yMOBNEHWIA MO0 LUBMAOKICTIO pO3pO6KY,
NpocToToH iHTerpauii 3 Python-6ibniotekamu Ta pokycom Ha noTpebu kopuctyBadiB 6e3 gocsigy nporpa-
MYyBaHHS.

BucHoBoOK

Y cTaTTi po3rnsaHyTO KOHLIENLi0 Ta peanisaLito iHTenekTyanbHOI CUCTEMM NiATPUMKM BUKNadaya nig yac
PopMyBaHHA TECTOBMX 3aBAaHb 3 MareMaTu4yHMM 3MiCTOM. [MokasaHo, Lo NOEAHAHHSA CyYacHUX MOBHUX
mMogenen, 6ibniotek reHepadii MaTteMaTUYHUX BUPA3IB i CUCTEM KepyBaHHSA HaBvaHHsaM (LMS) Bigkpusae
HOBI MOXITMBOCTI NSl aBTOMaTtuM3aLii OCBITHbOroO npouecy. Takuin niaxig He nvile 3MeHLIYe HaBaHTaXKeHHS
Ha BMKNagaya, a v nigBuLLye SKiCTb OLHIOBaHHA 3aBASKW afjanTauil 40 piBHA 3HaHb CTyAeHTa, NiaoTpumui
pi3HMX TUMIB 3aBAaHb i POPMYSIHOBaHb Y TakMx ranyssax, sk Buwa matemaTtuka, Teopis IMOBIPHOCTI, iHTe-
neKTyanbHUN aHani3 aHux i HerpoMepexi.

3anponoHoBaHa cucTeMa Mae MOAYMbHY apXiTeKTypy, WO Aae 3MOry FHy4ykKO HanaliToByBaTu MpoLec
reHepauil 3aBgaHb AN Pi3HUX AUCLUNNIH, aBTOMaTU30BaHO NEepeBIpsATM MaTeMaTUyHy eKBiBaneHTHICTb
Bignosigen, iHTerpyeatu cuctemy 3 nnatcopmammu Moodle, Google Classroom i 36epiratv iHOuBIgyanbHi
TpaekTopil HaB4YaHHS.

MoganbLwi gocnigpkeHHSA OOUINbHO CNpAMYBaTY Ha pearisaLito 3BOPOTHOrO 3B’A3Ky 3 LMS, iHTerpadito i3
cucTeMamm OLiHIOBaHHA Ha ocHOoBI IRT, a Takox Ha 3abe3neyeHHs NigTPUMKM MaTeMaTUYHMX 3adad y ce-
penosuLax ONOBHEHOT abo BipTyanbHOI peanbHOCTI.

Takum YMHOM, 3anpPOMNOHOBaHE PiLLEHHST € NePCNEKTUBHUM KPOKOM Y HanpsiMi CTBOPEHHST aaanTUBHUX,
iHKNIO3MBHUX | MacLLTaboBaHMX OCBITHIX TEXHOMOrI AN MateMaTUYHUX OUCLIUMNITIH.
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MYNbTUATEHTHA CUCTEMA AN BUABNEHHA IHOOPMALIMHUX
MAHINYNAUIA B OHNAWH-CEPEQOBMULLI
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AHomauis. NowupeHHs1 iHbopmauiliHuX MaHinynayit cmaHo8umb 3HaqyHy 3a2po3y Orisl Cy4acHO20 Cy-
crinibcmea, 0cobriugo 8 KOHMeKcmi giliHu ma noaimu4YyHoi HecmabinbHOCMI, 3 IKOK cmuKaembscsl YkpaiHa.
Y cmammi docnidxeHo cyqacHi Memoou asmomMamu308aH020 8USIBIIEHHS, aHaridy U OuiH8aHHs1 0cmo-
8ipHOCMI HOBUHHO20 KOHMeHMmYy. 3anpornoHo8aHO HO8UU, MyrbmuazeHmHul nioxid, 0e creujanizoeaHi
rpozpamHi aezeHmu, 4ull MoMmMiK 8UKOHaHHSI KEPYEMbLCST 8EIUKUMU MOBHUMU Modensamu, bepymb Ha cebe
YimKO 8U3Ha4YeHi pi3Hi posi Onsi ecebidHo20 O0CIOKEHHS aKmyarbHO20 HOBUHHO20 KOHMeHmy. Bukopu-
cmaHHs OeKinbKOX a2eHmis, W0 KOHKypytomb MiX coOb0 ma HaMa2armbCs npoaHanidyeamu PisHi ro-
ensa0u Ha HOBUHHUU KOHMeHM, MpodeMoHCmpy8sano ehekmugHicmb Myrbmua2eHmHo20 nioxody 8 eanya3i
odocnidxeHHs iHghopMauitiHo20 npocmopy U 8usierieHHs1 iHghopmauitiHux MaHinynsuid. Cucmema iHmezapye
8er1uKi Mo8HI Modersii s pemesibHO20 BUKOHaHHS WUPOKO20 Ccriekmpy 3asdaHb, 108’sa3aHux i3 2nubokum
aHaslisoM meKcmogoao KOHMeHMmYy, pO3yMIHHAM KOHMeKcmy, ghakm-4eKiHaoM, ¢hopMyeaHHSIM 06rpyHMo-
8aHUX BUCHOBKI8 | 2eHepaujero 38imig, a makox sukopucmosye rnepedosi bibriiomeku 0511 opkecmpauii ma
sidcmexeHHs Oill azeHmis, WO Kepyrombcsi MOBHUMU Modensamu. [ns 3abesnedeHHs scebidHo20 aHani3y
HOBUHHO20 KOHMeEHMy cucmema 38epmaembcs 00 Pi3HOMaHIMHUX 308HIWHIX pecypcig: nowyKosux cuc-
mem 01151 3Haxo0XXeHHS perieeaHmMHoI iHgbopmauii 8 iHmepHemi, HOBUHHUX agpeaamopie 051 docmyrny 00
cmameu nepedosux 3MI, nnamgbopm Onsi 36opy mexkcmosux GaHux i3 couianbHUx mepex. OmpumaHi
pesynbmamu rnidmeepOxyrmb, WO 8rpo8adKeHHs 8efTUKUX MOBHUX Moderneli ma aceHmHO-opieHmosa-
Hoz2o nidxody 8 pamkax N-pigHesoi apximekmypu 0ae 3moay nidsuwumu pieeHb aHasisy iHghopmauiliHo2o
cepedosuuya U ydocKoHanumu rpoyec 8Uusi8reHHs iHgbopmauyitiHux mMaHinynsayid.

Memotro cmammi € susHadyeHHs1 HeobXiOHOCMI 8UKOPUCMAaHHS Myfbmua2eHmHuUX cucmem 011 Macul-
mabyeaHHs U no2nubneHHs Mmemodie 8USIBNEHHS iIHGhopMauitiHUX MaHirynsyid.

Knrovoei cnoea: desiHgpopmauisi, iHgbopmayitiHi MaHinynsuii, wmy4Hul iHmenekm, 8efuKi MogHi Mode-
7, Mynibmuag2eHmHi cucmemu, aHasni3 HoguH, Langchain, Langgraph, susisrieHHs1 ¢helikis.

MULTI-AGENT SYSTEM FOR DETECTING INFORMATION MANIPULATION
IN THE ONLINE ENVIRONMENT

Oleksii Postovyi, Lviv Polytechnic National University, Lviv, Ukraine. https://orcid.org/0009-0002-3935-
6912, o.postovyi@gmail.com

Shkrab Roman, Sr. Lect., Lviv Polytechnic National University, Lviv, Ukraine. https://orcid.org/0000-0001-
9813-2877, roman.r.shkrab@lpnu.ua

Abstract. The spread of information manipulation poses a significant threat to modern society, especially
in the context of war and political instability faced by Ukraine. This paper investigates modern methods of
automated detection, analysis, and evaluation of news content reliability. The paper proposes a new, multi-
agent approach, where specialized software agents, whose execution flow is guided by large language
models, take on well-defined different roles to comprehensively investigate relevant news content. The
use of several agents competing with each other and trying to analyze different views on news content has
demonstrated the effectiveness of the multi-agent approach in the field of information space research and
detection of information manipulation. The system integrates large language models to thoroughly perform a
wide range of tasks related to in-depth analysis of textual content, contextual understanding, fact-checking,
drawing reasonable conclusions and generating reports, and uses advanced libraries to orchestrate and
track the actions of agents guided by language models. To provide a comprehensive analysis of hews
content, the system uses a variety of external resources: search engines to find relevant information on
the Internet, news aggregators to access articles from leading media outlets, and platforms to collect text
data from social networks. The results obtained confirm that the introduction of large language models and
an agent-based approach within the framework of the N-level architecture allows to increase the level of
analysis of the information environment and improve the process of detecting information manipulation.

The purpose of the article is to determine the need to use multi-agent systems to scale and deepen the
methods of detecting information manipulation.

Key words: disinformation, information manipulation, artificial intelligence, large language models,
multi-agent systems, news analysis, Langchain, Langgraph, fake detection.

131



ISSN 2788-5518

Bertyn

Y cy4acHoMy CBiTi YKpaiHa CTUKaeTbCs 3 MpobrnemMoto iHpopMaLinHOI BiiHM, sika € YaCTUHOK POCINCLKOT
arpecii. IHhbopmauinHi MaHinynauii BUKOPUCTOBYHOTLCA ANS BNAMBY Ha rPOMaCbKy OyMKy, AecTabinisa-
Ljii cycninbcTBa Ta NigpuBy AeMOKpaTU4HMX npouecis. MaHinynATUBHUN KOHTEHT aKTUBHO MOLLMPIOTHCH
yepes couianbHi Mepexi, MeceHoKepu, HOBUHHI CanTu W HaBiTb TPaguULiNHi Megia, CTBOPHOYKN 3arposy
iHdopMaLiriHin 6esneLi ykpaiHCbKOro cycninbcTaa.

OfHUM i3 OCHOBHMX JKepen MaHinynsuin € nponaraHaMCTCbKi pecypcu, SKi NOLIMPIOTL BUrigHI Hapa-
TMBU, CNPSIMOBaHI Ha POpMyBaHHS BUKPUBIEHOIO YSIBNEHHS NpOo nogii B YkpaiHi Ta cBiTi. Taki HapaTtueu
4acTo MICTSITb €MOLIiHO 3abapBreHi Meceaxi, Cnekynsauii Ha couianbHO YYTNMBUX TEMaXx, BUKPUBIEHHS
ICTOPUYHNX (PaKTiB i HaB’A3yBaHHA HEOOCTOBIPHMX TBepAXeHb. JocnifXeHHs MoKasyloTb, Lo Axepena
MaHinynsuin mMatTb iHWWA CTUSb HanMCaHHA, CPSMOBaHWI Ha NErkiCTb NPOYUTAHHA 1 nowmnpeHHs [1].
HesiHdopmauia nerwa gns o6pobku 3 nornagy KOrHiTMBHoro 3ycunns (Ha 3% nerwa gns YnTaHHs, Ha
15% MeHL nekcu4Ho pisHomaHiTHa) i 6inbw emouinHa (y 10 pasiB 6inblie noknagaeTbCs Ha HeraTMBHUN
CEHTUMEHT, Ha 37% GinbLue anentoe Ao mopani) (puc. 1), Hixk HaginHi gxxepena [1].

A - Cognitive Effort - Readability
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Puc. 1. TNokasHuKkn YntabenbHOCTI AN PisHUX TUMIB iHOpMaLiMHUX MaHiNynsLin

YuM nerwe yntat¥ HOBMHHUIM KOHTEHT, TUM iIMOBIPHILLIE BiH HanNeXuTb A0 KaTeropin KnikoenTy, Teopin
3MO0BW, (benKkoBnx HOBUH abo yyTok [1]. Hanpuknaa, denkosi HOBUHW B cepegHboMy Ha 8% npocTiwi ans
yuTaHHsa 1 Ha 18% npocTiwi B nnaHi nekcuku, a Takox Ha 18% bGinbLue noknagatTbCa Ha HeraTUBHI eMO-
uii Ta Ha 45% Ginble anentoTs 40 Mopani, Hbk dakTonoriyHi HoBuHM [1]. BUKkopyCTaHHs MoparnbHOi Ta
€MOLNHOT MOBU € OAHMM i3 OCHOBHUX (PaKTOPIB KOMYHiKaLiiHUX cTpaTerin maHinynauii [1]. dakTonorivHi
HOBWHW, Ha BiOMIHY Bif HWX, €, MO CyTi, HENTpanbHMMK 3a eMoLiHMM 3abapenerHam (-0.19). [ns nopis-
HSHHS1, po3nartoBaHHS HEHABUCTI Mae HaMBULLE HeraTMBHE 3Ha4YeHHs eMoLinHoro 3abapenerHsi (-6.01), 3a
HUM igyTb denkoBi HOBUHM (-3.51) i Teopii amoBwm (-3.41) (puc. 2).

C - Sentiment Analysis
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Puc. 2. MNokasHukn emouiiHoro 3abapBneHHs Ans PisHUX TUNiB iIHPOPMAaLINHUX MaHinynsauin
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IHdbopmaUinHi MaHinynsauii B ykpaiHCbKOMY iHpOopMaLiiHOMY NPOCTOPiI MOXYTb CTOCYBaTUCH Pi3HMX
TeM — BiZ BiiHM Ta MXHAPOAHOI NONITUKN 40 €KOHOMIYHMX KPU3 i BHYTPILWHBbONONITUYHMX npoueciB. Ok-
pemMo BapTO BMAINUTU MaHinyn4uii, cnpsiMoBaHi Ha NigpuB JOBIPU A0 AepXKaBHUX IHCTUTYLIN, 30Kpema [0
apMmii, MpPaBOOXOPOHHUX OpraHiB Ta ypagy. Yacto Taki maTtepianu nogalTbCa Mg BUMMAOOM «aHaniTUKuy
abo «eKCrnepTHMX AYMOK» Yy couianbHUX Mepexax, L0 YCKIaAHKE iX BUKPUTTA 6e3 creuianbHUX MeTo-
4iB aHanisy 1 4ogaTkoBOro MoLwyKy iHpopmauii npo axepeno HoBuHKW. MNnatdopmu Ha KwTanTt Facebook,
Instagram, X, Telegram, TikTok i YouTube MiCTSTb 3HAYHWUN OBCAT KOHTEHTY, KW BaXKKO MOLEPYETbCS Ta
BUKOPUCTOBYETLCS ANS1 iHOopMaLiiHMX aTak.

BusaBneHHs iHpopMaLinH1X MaHINynsayii B OHNanH-cepefoBULLi € KPUTUYHO BaXXNMBUM 3aBAAHHSM, LLO
BMMarae aBTomMaTtM3oBaHuX Migxo4iB yepe3 6e3npeLeneHTHUN 06CAr KOHTEHTY, KU LWOAHSA NyonikyeTbes
y BULLE3ragaHux couianbHnx Mepexax, HOBUHHUX pecypcax i briorax [1; 2].

ABTOMaTM30BaHi METOAM aHani3y KOHTEHTY AatoTb 3MOry ePeKTUBHO 3HaXOAUTU NOTEHLIMHO MaHinyns-
TUBHWIN KOHTEHT LUMASXOM aHanidy CTUMICTUYHUX, NEKCUYHMX | CeMaHTU4HuX ocobnmeocten [1].

OaHuM i3 KNIYOBMX eTaniB € aHani3 TEKCTY 1 knacudikauis iHpopmauinHux maninynauin. JocnigpkeHHs
BKa3yl0Tb HA MOXITMBICTb BUKOPUCTAHHSA MOAENen MallMHHOTO HaBYaHHS ONs BUSBMEHHST (PeNKOBUX HOBUMH
[12]. Y nybnikauii aBTopu nopisHooTe Naive Bayes, SVM i KNN ans knacudikauii HOBUH ykpaiHCbKO
MoBoto [12]. Llen nigxig nepenbayae HasiBHICTb gaTaceTy 3 TEKCTOBMMU OAaHUMU, NPENPOLIECUHT TEKCTY
y BUMNAAi TOKeHi3aLil Ta BekTopumaauii 3a gonomoroto TF-IDF, o aae amory HaTpeHyBaTtu BULLe3ragaHi Mo-
Aeni MalvHHOro HaBY4aHHSA Ta BUKOPUCTATU iX AN BU3HAYEHHSA herikoBOT HOBMHU Ha paHiwe He bayeHoMy
MOZENIo KOHTEHTI [12].

IHWi X nigxoan nepenbavatoTb BUKOPUCTAHHSA areHTa 3 MEeBHOK MOCMIAOBHICTIO eTanis aHanisy [13].
B ocHOBI Takoro areHTa BMKOPUCTOBYETLCS BENMKa MOBHA MOAEMb, sika Kepye MOTOKOM yNpaBmniHHA Mpo-
rpamun. AreHT obnagHaHum iIHCTPYMEHTaMm NoLUyKy Ta BebckpaniHry Anst nowyky iHgpopmauii Npo HOBUHY
B 30BHiLLHIX Axepenax. LLM ananisye 3ibpaHy iHbopmaLito, OUiHIOE 11 4OCTOBIPHICTb, CUHTE3YE A0OKasun W,
3peLUTO, BUHOCUTb BEPAMKT LLOAO NPaBAMBOCTI HOBMHK, Hagawoum noscHeHHs. Llen npouec moxe Bytn
iTepatnBHUM, ge LLM yTouHtoe 3annTu Ta 36upae [oaaTKoBi AaHi 3a NnoTpedu. CtaTTst 4eMOHCTpYe edhek-
TUBHIiCTb FactAgent Ha TpboXx peanbHux gaTtacetax (Snopes, PolitiFact Ta GossipCop) i nopiBHIOE i 3 iHLWK-
MU MeTogaMM BUSABMEHHA (DENKOBUX HOBUH. Pe3ynbTaTy MoKasyloTb, Lo Ler areHT nepesepLuye iHWi nig-
X04M, 30Kpema Ti, WO FPYHTYHTLCA Ha HABYEHUX MOAENSAX, CTaHOAPTHUX 3anuTax i naHutorax aymok [13].

ApXiTeKTypa MPOEKTHOrO PiLLIEHHSA

Y po3pobneHin nporpamHin CUCTEMI BMPILLEHO BUKOPUCTOBYBATU areHTHO-OpPIiEHTOBaHMI nigxia 3 ge-
KinlbkoMa Kpokamu Anst OpMyBaHHA ¢piHanbHOrO BUCHOBKY.

[onoBHOK 0COBMMBICTIO PO3POBNEHOT CUCTEMM € BUKOPUCTAHHSA MYNbTUAreHTHOI B3aeMogii Ta CTBO-
PEHHS KOHKYPEHLLii areHTiB Ansi BcebiYHOro aHanidy nogaHoro KOHTEHTY, Ha BiAMiHY Bif 3anpOnoOHOBaHOMO
nigxoAdy, Wo nepenbavyae BMKOPUCTAHHSA NnuLle ofgHoro areHTa [13]. TakoX y Uil CUCTEMI € IHCTPYMEHTU
ONd aHanisy couianbHux mepex, Takmx sk X (Twitter) i Telegram. Kpim TOro, cuctema mMoxe BUSIBASTU Ha
nomivaTu iHpopmauinHi MaHinynauii HacTynHUMK no3Hadkamu: «Fake Newsy, «Hate Speech», «Clickbaity,
«Conspiracy», «Rumours». 3a ocHoBy Ans knacudikauii B3ATo HaBegeHi B gocnigxkeHHi The fingerprints of
misinformation: how deceptive content differs from reliable sources in terms of cognitive effort and appeal
to emotions Tunu maninynsauin [1].

HesBaxkaloum Ha BUKOPUCTaAHUI areHTHO-OpiEHTOBaHUI nigxig, 3a apxiTekTypy B3ATO N-piBHEBY cuCTe-
my. Cama X B3aemogis areHTiB BiabyBaeTbCsi Ha piBHi BisHec-noriku.

PiBeHb Bi3Hec-norikv BKMOYae Taki cepsicu:

» Cepgic aHanidy HOBUH. LieHTpanbHMI cepBic, L0 NOKPOKOBO peariidye npoLuec aHanidy HoBMHWU. BiH
iHiLitoe Ta koopanHye poboTy LUI-areHTiB, a Takox BignoBigae 3a 36epeXeHHs pe3ynbTaTiB AOCNioKEHHS
B B/.

* AreHTn. 3a 4ONOMOrO MOBHUX MOZENEN KOHTPOJTHOKTL NOTIK BUKOHAHHA NPOrpamMm i BUPILLYHOTb, SKi
IHCTPYMEHTU Ta CepBiCY BUKOPUCTOBYBATU. TUMNN CTBOPEHUX areHTiB:

— AreHT-«Cyaasa» — roroBHUI areHT, SKMN Kepye NpoLecom aHaniady. BiH oTpuMye HOBUHY, iHilitoe po6o-
Ty iHLIKX @reHTiB i Ha OCHOBI TXHiX 3BITIB hopMye hiHanNbHMIN BUCHOBOK, 6a3younCh Ha 3BiTax iHLUNX areHTiB.
AreHT BukopucToBye LLM o4-mini Big OpenAl. [Insa peanisauii Lboro Tmny areHTa, Lo BUHOCUTb diHanbHUM
BEPAMKT LWOA0 iHPOopMaLiMHUX MaHInynsuin y HOBUHI, y CUCTEMi BUKOPUCTAHO NaTepH CTBOPEHHS areHTiB
Orchestrator [9].

— AreHT-aHaniTvk. € CnifnbHMM Kracom AMis «MpPOKypopa» (LyKae O3Haku MaHinynsauii) n «agBoka-
Tay (WyKae niaTBepmKeHHs npaBamBoCTi HOBUHWM). KoxeH i3 uux areHTiB Bukopuctosye LLM Big Google
(Gemini Flash 2.5) i Habip iHCTpymeHTIB Ans 36opy iHdopmaLii. MpUHLMNOBOI Pi3HULIED MidK «a0BOKAaTOM»
i «<MPOKYPOPOM» € CUCTEMHUI NPOMMT, KU 3aa€ TOH AN B3aemofil aHaniTuka i3 cepegosuilem. [ng pe-
anisavuji areHtiB-aHaniTukis BukopuctaHo ReAct natepH [11]. Y npoueci po3pobku rpad Lboro Tuny areHTa
MOANIKOBaHO A5 rapaHTOBAHOMO HamnucaHHs (PiHanbHOMO 3BiTY W BUTATYBaAHHA BUKOPUCTaAHUX DKepern
Ons noganblioro 36epiraHHs B 6asi gaHux.
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— AreHT-«uMTay». AHanidye HagaHun TeKCT HOBMHU 6e3nocepenHbo AMs BUSIBIEHHS MOXIMBUX TUMIB
MaHinynsuin Ha oCHOBI BM3HayeHux npomnTiB Ans LLM. HuHi peanidye niHinHWIA NOTiK BUKOHaHHS, npoTe
B ManbyTHLOMY MOXe OyTu HagineHu cnewianisaoBaHMM iHCTPYMEHTaMU i KEpyBaTW MOTOKOM BUKOHAHHS
CaMOCTINHO.

ETART

O

read
news

f)
construct
report

EVD

Puc. 5. [liarpama apxiTekTypu areHTa-«4mtaday

* IHcTpymeHTapil Ans areHTiB. CepB.icy, WO MICTATb Pi3Hi TMNKW IHCTPYMEHTIB Ans areHTiB. [ns peanisa-
Lii 32 ocHoBY B3ATO kKoHLenuito Toolkit (iHcTpyMeHTapis) i3 openmBopky Langchain [10]:

— IHcTpymeHTapin ansa Beb-nowyky BukopuctoBye Tavily Search APl n OpenAl Search APl gns nowwuyky
peneBaHTHOI iHbopMmauii B IHTEpHETI.

— IHCTpymeHTapin ansa ckpaniHry HoBuH B3aemogie 3 NewsAPI ans nowyky HOBUHHUX CTaTewn, NoB’si3a-
HWX 3 aHani30BaHWM KOHTEHTOM.

— IHcTpymeHTapin ang couianbHUX Mepex NpusHadyeHu ons 36opy AaHux i3 couianbHUX Mepex, Takmx
sk Telegram Ta X, 3a gonomoroto nnatcgopmu Apify.

BukoHaHHa gocnigxeHb

Onsa gemoHcTpadii poboTy cuctemun M OUiHIOBaHHSA il e(PEeKTUBHOCTI Y BUABMEHHI iH(popMaLinHUX ma-
HINynAUin po3pobneHo gekinbka cueHapiiB gocnimpkeHHs. KoxXeH cueHapii Mogentoe TUMoBY CUTyaLlito,
3 AKOK MOXe 3iTKHYTUCHA KOPUCTYBaY Npu aHanidi HOBUHHOIO KOHTEHTY.

CueHapin 1. AHani3 HOBMHM 3 0O3HakaMu «MoBUM BopoxHedi» (hate speech). Kopuctysay Hagae cuctemi
TEKCTOBUI oparMeHT HOBMHU, SIKa MICTUTb O3HaKN MOBU BOPOXHEYi 1 po3nantoBaHHA HEHaBUCTI (puc. 6).

News Detail

Date: 2025-05-26

Content:

BopoBaswWwmit MOBNAKM Yy OAHOKNACCHUKOB CbiH MYyCOpa, KOTOPbINA
06BOPOBbIBaN MbAHBIX MACCAaXMWPOB 3NEKTPUYEK, NbITABLWWACA KpbllLeBaTb
HapkoToproeato B Oaecce, No3xe MbiTaBLUKWACA 0BN0XKUTL MeNKWiA G1sHec
JaHbkO, W, HaKoHeL, HaleAWwWid ceba n 0BBOpoOBaBLUNI B BOWHY
TYMOroNoBbIX POTO3€€B MUHWMYM Ha 5 MUNNMOHOB A0ANapOB NMYHO ANA
cebs, CTepHeHKO Tenepb peLuna LWaHTaxknpoBaTe BU3HeC, KOTOPbIA He

»Kenaet eMy oTCTervBarthb. Monarato, ©HW 3TOr0 BNOAHE ,B,OCTOHHbI.

Puc. 6. HoBrHa 3 MOBOIO BOPOXKHeU
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OuikyBaHWU pesynbraT: cucTema Kracudikye HOBUHY SIK MOBY BOPOXHEYI, Hadae [oKasu ii Henpasaueo-
CTi 1 NOCUNaHHSA Ha aBTOPUTETHI AXepena, Lo ii CNpOCTOBYHOTh.

CueHapin 2. AHani3 HOBMHW, LLIO MMOBIPHO MoLuMpoe Teopito 3MoBu (Conspiracy) abo 4yTku (Rumours).
KopuctyBay Hagae TeKCT HOBUHW, sika NpocyBae HeobrpyHTOBaHy Teopito 3MOBM abo NoLMpPIOE Henepesi-
peHi 4yyTkn. Taka HOBMHaA 4acTo MOCUIAETLCA Ha aHOHIMHI JXepena, «ekcnepTiB» 6e3 YiTKoi ineHTudikawii
abo byaye cknagHi, ane noriYHo He NigkpinneHi 38’a3k1 Mix nogigmu (puc. 7).

News Detail

Date: 2025-05-24

Content:

BozmoxHo - MemopaHaym Poccum no YkpanHe (Kak MOXeT BbIrNAAeTs
nepemMupue Kak 3Tan K Mupy), 6yaeT 3aKoHUeH B NOHeAeNbHUK.
BO3MOXHO OH B OCHOBHOM rOTOB U BO3MOXHO ero gopaboTatoT B
BbIXOAHEIE. W oH ByaeT cpasy nepeaaH Aeneraunn YkpanHel. BosmoxHo, B
3ToM MemMopaHayme He ByaeT HUKaKMX YCTYNOK €O CTOpPOHLI Poccun.
BO3MOXHO, YKPaMHCKWIA PeXKnM JacT OYeHb HeraTMBHbIA OTBET Ha 3ToT
MemopaHaym Poccus. BosmoxHo B cepeanHe Heaenun ByaeT ykpauHcKui
oTtseT. BosmoxkHo CLUA, Tpamn B KOHLY 3TOI Heaenw ByayT BeIHYX/AEHbI

chOpMyIUpPOBaTh: KTO BUHOBAT B TYTWKe B MUPHbIX NepPeroBopoB.

Puc. 7. HoBuHa, Wwo nowmptoe cnyxm ta/abo Teopii 3MoBM

OuikyBaHUI pesynbraT: CUCTEMA OMUCYE HOBUMHY, sika MOLUMPHE HeOoOrpyHTOBaHy Teopio 3MoBKu abo
YYTKM, MOSICHIOKYM BiACYTHICTb LOKA3IB i MOXIMBI MOTMBU NOLUMPEHHS Takoi iHdopmaluii, abo B pasi Hego-
CTaTHiX AOKasiB Ha KOPUCTb NPUCYTHOCTI TEOopii 3MOBU MOSICHIOE, YOMY HOBMHA € NPaBAMBOLO.

CueHapin 3. AHani3 ¢akTonoriyHol HOBMHU 3 HadinHoro axepena. Kopuctyead Hagae cuctemi TekCT
HOBWHW, onybnikoBaHOI BigomMum Ta aBToputeTHUM 3MI. HoBMHa BMCBITNIOE peanbHy nogito, nogae gaktu
3b6anaHcoBaHO, NOCUNAETLCS HA KOHKPETHI Axkepena abo odiuinHmx ocib, yHMKae HagMipHOT eMOLINHOCTI
" ceHcauinHocTi (puc. 8).

News Detail

Date: 2025-05-25

Content:

Bonoanmmnp 3eneHcbKuid yBiB y Aito
(https://www.president.gov.ua/documents/3452025-55053) caHkuii PHBO
npoTu ekcHapaena Iropa Mociitvyka, cuna excnipesugenta «Motop Ciui» —
OnekcaHapa borycnaeBa, BnacHvika oHnanH-kasuHo Pin-Up [lMutpa

MyHiHa Ta iHWwWX.

Puc. 8. MNpuknag HOBUHK 6e3 iHdopMaLinHUX MaHinynsLin

OuikyBaHUI pe3ynsraTt: CUCTEMa OMNMCYE HOBUHY SIK JOCTOBIPHY 1 TaKy, WO HE MIiCTUTb iH(DOpMaLinHMX
MaHinynsuin. Y 3BiTi HABOAATLCS NOCUMAHHA Ha iHLII aBTOPUTETHI Jpkepena, Wo NiaTBEPAXKYOTb BUKNaaeHi
dakTu, i 3a3Ha4YaETbCs BiACYTHICTb BUSBNEHUX MaHINYNATUBHUX TEXHIK.

MeToto gocnimxeHHs 6yno OuUiHUTY NOTEHLiIMHY ePEKTUBHICTb CUCTEMMN Y BUSIBAEHHI PI3HUX TUNIB iH-
dopmMaLiiHUX MaHinynsauin, a Takox 11 30aTHICTb KOPEKTHO ifeHTUikyBaTn oakTonoriyHo JOCTOBIPHI HO-
BMHW. Y X0[i [OCMiOXEHHS TaKOX nepesipeHo poboTy CUCTEMU Y Pi3HUX CLIEHAPISAX.

Ha ocHoBi getanbHOro po3bopy KOXHOro cueHapito (derikoBi HOBUHW, KMIKOENT, Teopii 3MOBU/YyTKN,
doakTororiyHa HoBMHA) cMCTEMa NMPOAEMOHCTPYBasia BUCOKY €PEKTUBHICTb Y AOCArHEHHI MOCTABNEHUX Lji-
nen.

Y Bunagky cueHapito 1 (posnantoBaHHS HEHaBUCTI) CUCTEMA YCMILLHO iAeHTUdIKyBana HOBMHY SK Taky,
Lo MICTUTb MOBY BOpOXHedi. KnoyoBy ponb BigirpaB areHT «Yutau», akuii BuaBsmB o3Haku Hate Speech
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y caMoMy TekcTi. PiHanbHU BUCHOBOK areHTa «Cyani» YiTKO aprymMeHTyBaB pO3narntoBaHHA HEHaBUCTI
B TEKCTi HOBWHM (puc. 9).

Judge Report

The original news content from the Telegram channel makes a series of
severe, unsubstantiated allegations against Serhii Sternenko, portraying him
as a lifelong criminal engaged in theft, extortion, drug trafficking cover-up,
wartime profiteering of at least $5 million, and blackmailing businesses.
However, extensive checks against credible sources such as Wikipedia, major
news outlets (unian.net, tass.ru, meduza.io), and official court records do not
confirm any of these claims except for Sternenko's well-documented
conviction related to a politically contentious kidnapping case and illegal
arms possession (which he disputes). The Telegram post uses inflammatory,
derogatory language and omits significant context, like the recent
assassination attempt on Sternenko, which undermines its reliability and
suggests deliberate manipulation. These factors indicate that the piece
constitutes a deliberate disinformation campaign aimed at maligning
Sternenko's reputation, amounting to clear fake news and hate speech.
Therefore, the piece contains significant information manipulation and

should not be accepted as factual reporting.

Pwuc. 9. BUCHOBOK MPO HOBWHY, LLO MOLLMPIOE MOBY BOPOXKHEMI
Y npouecy aHanisy Takox ycrilHo igeHTudikosaHo MmaHinynsuii Hate Speech i Fake News (puc. 10).

Manipulations

Fake News

Hate Speech

Puc. 10. BusaBneHi maHinynsuii

TakoX MOMITHO, LLIO areHT-«aABoKaT» Ansl 3aXUCTy TBEPLKEHb Y HOBUHI Binblue CXMnsiBcst 4O NPOpPOCiii-
Ccbkux mxepen (puc. 11).

Media Sources by Type

BN rcutral NN pro russian

Media Sources by Origin

2 -
o I
telegram website

Total unigue sources: 4

Puc. 11. [Dxxepena, 0o SKMX 3BEPTABCS areHT-«aABoKaT» Anga aHanidy HOBMHU 3i cLieHapito 1
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AreHT-«NpoKypop», y CBOK Yepry, npoaHanidysaB BinbLue mpreper, cepeq skux Bynm npoykpaiHCbKi.

Media Sources by Type

I pro_ukrainian [ neutral

| pro_russian

Media Sources by Origin

0 I L

telegram X website

Total unique sources: 8
Puc. 12. [xepena, 00 SKUX 3BEPTaABCHA areHT-«NPOKypop» ANd aHanidy HOBMHU 3i cLieHapito 1

Y Bunagky cueHapito 2 (Teopist 3MOBW/HYTKI) cMCTeMa €(DEKTMBHO BUABMIIA O3HAKM YYTOK. AreHT-«4u-
Tay» yKasaBs Ha xapakTepHi pucv Rumours. /loro BUCHOBOK CTaB OCHOBOIO 151 BUCHOBKY areHTa-«Cyagi»,
OCKIITbKN areHT-«4ntav» 3Mir BUSSBUTM JOBOMi HEOBI'PYHTOBaHI TBEPAXEHHS, SKi HE MiATBEPAXKEHI Hi areH-
TOM-«MPOKYPOPOMY, Hi areHTOM-«agBokaTtom» (puc. 13).

Judge Report

The piece of news dated May 24, 2025, is largely speculative and lacks
factual grounding. It repeatedly uses the word “"BosmoxHo" (Possibly),
signaling that its content is conjectural rather than based on verified
information. Despite discussing a potential Russian memorandum on
Ukraine aimed at a ceasefire and peace, no credible sources confirm the
memerandum'’s imminent completion or transfer to the Ukrainian
delegation by May 26, 2025. Furthermore, the article pre-emptively predicts
negative Ukrainian responses and assigns a narrative of blame involving the
United States and Donald Trump, which are not supported by available
evidence. The use of politically charged terms such as "ykpanHckuii pexum”
reflects biased framing intended to delegitimize Ukraine's government.
Taken together, these elements demonstrate that the news piece employs
unverified possibilities to create a misleading narrative, functioning as a
form of information manipulation through rumour propagation and pre-
emptive framing. Therefore, the original news contains significant

information manipulation and should be considered untrustworthy.

Puc. 13. BUCHOBOK CMCTEMU MPO HOBUHY, LLO MOLUMPIOE Teopii 3MOBU 1M/abo YyTKu

Y npouecy aHanidy Takox ycrniwHo igeHTudikoBaHo maHinynsuito Rumours (puc. 14).
Manipulations

Rumours

Puc. 14. BusisneHi maninynsuii
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AreHT-«agBoKaT» HamaraBscs 3HaNTW NiATBEPOXKEHHS HOBUHU B HEMTPpanbHUX axepenax (puc. 15).

Media Sources by Type

I neutral

Media Sources by Origin

. _
0

website

Total unique sources: 15
Puc. 15. [xepena, 0O SKMX 3BEPTABCS areHT-«afABoKaT» Ars aHaridy HOBMHMU 3i CLieHapito 2
AreHT-«NpoKypop» TEX BUKOPUCTaB nule HenmTpanbHi gxepena (puc. 16).

Media Sources by Type

I ncuiral

Media Sources by Origin
10

; _
0
website

Total unique sources: 7

Puc. 16. [xepena, 00 SkMX 3BEPTABCHA areHT-«NPOKypop» AN aHanidy HOBMHU 3i CLieHapito 2

Y Bunagky cueHapito 3 (pakTonoriyHa HOBMHA) cMCTEMa MPOAEMOHCTpyBana 34aTHICTb NPaBUNbHO
iAeHTMdIKyBaTM OOCTOBIPHY iHopMaLilo. «HuTay» He BUSBMB MaHinynsuin, «NpoKypop» 3Mmir SOBECTH,
LLIO HOBMHa NMpaBAMBa, HadaBLUM YMCINEHHI NiATBEPOXKEHHS] 3 aBTOPUTETHUX AXKEPEN, a «aaBoKaT» He 3Mir
3HaNTU NepeKkoHNMBUX OOoKa3iB HernpaBaAMBOCTI HOBUHU. BUcHOBOK «cyani» nigTBepaus akTomMoriyHiCTb
i BiACYTHICTb MaHinynsuin (puc. 17).

Judge Report

The original news piece from the Telegram channel reports that Ukrainian
President Volodymyr Zelenskyy enacted Mational Security and Defense
Council {NSDC) sanctions against former MP lhor Mosiychuk, Oleksandr
Bohuslaiev (son of the former Motor Sich president), Dmytro Punin (owner
of the online casino Pin-Up), and others on May 25, 2025, This report is
supported by multiple reputable Ukiainian news sources, including Radia
Svoboda, Espreso.tv, Korrespondent.net, Fakty.com.ua, and Tsn.ua, all citing
Presidential Decree Mo. 345/2025 as the basis for the sanctions. These
sources confirm the accuracy of the original information, including the
inclusion of these individuals @n the sanctions list. Although there exists a
conflicting report from imi.org.ua suggesting these sanctions were not
applied, it appears to be an outlier and possibly erronecus or outdated
Importantly, the original news includes a direct link to the official
presidential decree, enhancing iits transparency and verifiability
Consequently, the news piece does not demonstrate evidence of
information manipulation or disinformation. It presents a factual and verified
update on recent sanctions enacted by the Ukrainian government,
conveying the information in a neutral and objective manner without
misleading or deceptive elements.

Puc. 17. ®iHanbHUn BUCHOBOK CUCTEMU AN HOBUHM 6e3 iHdhopMaLiiHUX MaHinynsiwiv
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AreHT-«agBoKaT» BUKOPUCTaB Binblue HENTpanbHUX [Keper, Xo4a LWyKas iHopMaLlilo Takox i B Npo-
Media Sources by Type

yKpaiHCbKkunx gxepenax (puc. 18).

I pro_ukrainian M neutral

Media Sources by Origin
10

5 -
0 ——"
telegram website

Total unique sources: 9

Puc. 18. [xepena, 0O SKMX 3BEPTABCS areHT-«afABoKaT» Ans aHaridy HOBMHM 3i cLieHapito 3

AreHT-«npoKypop» BUKOPUCTaB Binblue NPOYKPaTHCbKMUX AXKepen, HiXX areHT-«agBokaT», NpoTe Tex ne-
peBaxHO nepernsigas HenTpaneHi Axepena (puc. 19).

Media Sources by Type

B pro_ukrainian [ neutral

Media Sources by Origin

4 -
0 e |
telegram website

Total unique sources: 6

Puc. 19. [xepena, 00 SKMX 3BEPTABCHA areHT-«NPOKypop» AN aHanidy HOBMHM 3i cLeHapito 3

BucHoBoOK

JocnigpxkeHHA gano 3Mory BCTaAHOBUTH, LLO MyMbTUAreHTHUI Nigxig Ansg BUABMeHHS iHdopMaUuinHnx ma-
HiNynauin € gososi epekTUBHUM. Y BCiX TPbOX CLEHapisx, siki aMOAenb0BaHO B XOA4I AOCHILKEHHS, cuctema
BMAana npaBUNbHUA pe3ynbTaT, HagaBln AeTanbHUn po3Bip HOBMHU 3 MiAKPINIEHHAM i3 Pi3HOMaHITHMX
oxepen.

Po3pobrieHa mynsTMareHTHa apxiTekTypa TakoX Aa€e 3MOry rHyYKO iHTerpyBaTth pisHOMaHITHI HOBI gxe-
perna gaHux Ta iHCTPYMEHTK, Aatoun 3Mory 3abe3nevmnTi we rmubLie OoChigKEeHHS KOXHOI HOBUHM.
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CUMYNATOPU APOHIB: TPEHYBAHHA B BE3NEYHUX YMOBAX

Cepeda A. B., Biokpumuti MixkHapoOHUU yHigepcumem po3sumky /ito0UHU « YKpaiHa», IHcmumym KoM tomepHUX
mexHorioeiti, Kuis, YkpaiHa. https.//orcid.org/0000-0002-4779-5475, andrew.sereda@gmail.com

Hauerko I. I., k.m.H., dou., Bidkpumuti MixHapoOHUL yHisepcumem po38UmKy foOUHU « YKpaiHay, IHcmumym
KomITromepHUx mexHosoeit, Kuis, YkpaiHa. https://orcid.org/0000-0002-0047-413X, docik_ivan@ukr.net

AHomauis. Y cmammi posensidaembCsi 3aCmocy8aHHs 8ipmyaribHUX CUMYrsimopie OpoHie sik besrney-
HO20, e¢heKmuBHO20 Ui EKOHOMIYHO OOUITbHOZ20 IHCmpyMeHma nid2omoeKku ornepamopie 6e3ninomHux rii-
marbHux anapamie (BIN1/1A). 3 oensdy Ha cmpimMKul po3sumok 6e3nimiomHUX mexHosnoeil i 3pocmaHHs
nompebu y sUCOKoOKeanihikogaHuX oriepamopax y pisHUX 2ary3sx — 8i0 060pOHHOI 00 azpapHOi — numaH-
HS opaaHi3auji sKicHo20 U 6e3rne4yHo20 Hag4aHHs1 € Had3su4yalHo akmyarnbHuM. TpaduuiliHa nideomoska
rnompebye 3Ha4yHUX pecypcie, Nog’s3aHa 3 puaukamu YUIKOOKeHHsT 0briaOHaHHS, a maKkoX 3anexums 8io
Mo2odHuUX ymos. ToMy 8ce Yacmiwie 8UKOPUCMOBYMbCS CUMYISMOPU, SiKi daromb 3Mo2y mpeHyeamu Ha-
BUYKU KepysaHHS y 8ipmyarnbHoMy cepedosuuli. Memoro docnidxeHHs1 6yo nposecmu ropieHsIIbHy OUjH-
Ky wiecmu nonynspHUX Ha puHky npozpamHux rmiameopm: DRL Simulator, Liftoff, Uncrashed, Al Drone
Simulator, FPV SkyDive ma FPV Freerider. OuiHioganu 3a n’smbMa Kpumepismu: peanicmudHicmio mMo-
OentoeaHHs, adanmuesHicmio 00 Pi3HUX cueHapiig, 3py4Hicmio iHmepgbelicy Kopucmysada, MOXIUSICMIO
iHmezpauji 3 peanbHUM obrnadHaHHSIM (yribmamu, OKyrspaMu, KOHmporepamu) i 3azaibHo 00CMyIriHi-
cmio (8apmicmb, CyMicHICMb, cucmeMHi sumoeu). [ns 06’ekmugHo20 subopy 8UKopucmaHo Memoo aHa-
nisy iepapxit (AHP), skuli nepedbayae rnobydosy iepapxiyHoi Modesi 3 ypaxyeaHHSIM 8a208UX Koeilj-
eHmie kpumepiis. [NposedeHo onumyesaHHsi 10 ekcriepmiag: guknadadyie Hag4aslbHUX UeHmpis, iHxeHepie
BlJ1A-nnamgbopm i cepmucbikogaHux oriepamopis. PecrioHOeHmu oyiHUMU 8aX/ugicmb KOXHO20 Kpume-
pito 3a 10-6anbHO0 WKaroto, ricssi 4020 0aHi HopmasidoeaHi 0515l yCyHeHHS iHOugidyarnbHUX yrnepedXeHsn.
8a ompumaHumMu oyiHkamMu po3paxoeaHo iHmezpanbHUl ban P 0 KoxHo20 cumynsmopa. Jlidepom cmas
DRL Simulator, skull nokasae Halisuwii pe3yribmamu 3a80sIKu peasliicmu4yHocmi rnonibomy U WuUpOKUM MOX-
JiugocmsM HasawimyeaHHs cyeHapiie. 3a Hum — Liffoff ma Uncrashed. HalHuxyi 6anu ompumanu FPV
Freerider ma FPV SkyDive. Pe3ynbmamu QocridxeHHs 0eMOHcmpyromb egpekmusHicms AHP sk memo-
Oy miOmpumMKuU rnputiHamms piweHb npu subopi Hag4anbHo20 13. Cmamms micmums pekomeHdauii 0ns
oceimHix ueHmpie, docnidHuubKux r1abopamopiti, ornepamopie OpoHie i PO3POBHUKI8 mMpeHaxepis, 3auikas-
JIeHUX y 8rpoeadXXeHHi echbeKmuBHUX HagyarbHUX piweHb y cehepi BITA.

Knroyoei cnoea: BI/1A, gipmyarnbHi Hag4arbHi Mosi2coHU, OpOH, mpeHaxep, MoOeso8aHHs1 cepedosu-
wa, cyeHapii miciti, abanmueHe Hag4YaHHs, yughposi mpeHy8aHHs, arn2opummu rnoabomy, cmumynsauitHi
rnnamegopmu, asmomamusauis yrpasriHHs.

DRONE SIMULATORS: TRAINING IN SAFE CONDITIONS

Andrii  Sereda, Open University of Human Development “Ukraine”, Kyiv, Ukraine.
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Ivan Datsenko, Ph.D., Open University of Human Development “Ukraine”, Kyiv, Ukraine.
https://orcid.org/0000-0002-0047-413X, docik_ivan@ukr.net

Abstract. The article explores the implementation of virtual drone simulators as a safe, efficient, and
cost-effective alternative to traditional UAV (Unmanned Aerial Vehicle) operator training. With the increasing
demand for skilled drone pilots in both civilian and defense sectors, simulation-based training offers an
attractive solution by reducing risk, lowering operational costs, and providing consistent learning conditions.
The study evaluates six widely used drone simulation platforms — DRL Simulator, Liftoff, Uncrashed, Al
Drone Simulator, FPV SkyDive, and FPV Freerider — according to five comprehensive criteria: (1) realism of
flight dynamics modeling, (2) adaptability to various flight environments and training scenarios, (3) usability
and intuitiveness of the user interface, (4) capability to integrate with real UAV hardware and controllers,
and (5) overall accessibility, including cost, hardware requirements, and availability across platforms. The
Analytic Hierarchy Process (AHP) was employed as a structured methodology for multi-criteria decision-
making. Ten subject-matter experts — including certified drone pilots, UAV instructors, and aerospace
engineers — participated in a survey to assess the importance of each criterion on a 10-point scale. The
collected data were normalized to reduce personal bias, and final scores (denoted as P) were computed
for each simulator. The results showed that DRL Simulator ranked highest due to its superior realism and
training adaptability. Liftoff and Uncrashed followed, showing strong overall performance. Simulators like Al
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Drone Simulator, FPV SkyDive, and FPV Freerider scored lower, often limited by hardware integration and
interface quality. The findings, visualized through comparative charts, confirm the effectiveness of AHP in
simulator evaluation and offer practical guidance for training centers, research institutions, and engineers
choosing optimal software for UAV operator development.

Key words: UAV, virtual training grounds, drone, simulator, environment modeling, mission scenarios,
adaptive learning, digital training, flight algorithms, simulation platforms, control automation.

BeTtyn

Y cy4acHMX yMOBax CTPIMKOrO po3BUTKY Ge3MinoTHMX TEXHOMOrIN 3pocTae notpeba y BUCOKOKBanidiko-
BaHMX onepaTtopax ApoHiB. OOHUM i3 KIMYOBMX eNeMeHTIB e(peKTUBHOI NiArOTOBKN € BUKOPUCTAHHS BipTY-
anbHUX HaBYarbHUX MOMIFOHIB — crewjanisoBaHnx nporpamMHuX nnatgopMm, BiZOMUX SK CUMYNATOPU Opo-
HiB. BOHV MOAENIoTL LWMPOKUIA CNEKTP pearnbHUX YMOB KepyBaHHS 6e3ninoTH1MK nitTansHuMn anapatamm
(mani — BINJIA), wo gae amory HaB4aTUCA 63 PU3UKY MOLLKOMKEHHS TeXHikM abo 3arpo3u ans 6esneku nio-
aen. CuMynsiTopy OPOHIB CTalOTh BaXNMBUM CKMaAHMKOM Cy4acHOT OCBITHLOIT iIHPpacTpyKTypuy, aHanoriuHo
00 MOBINbHOT OCBITK, sika 3abe3neyvye OOCTYMHICTb | THYYKICTb HaBYanbHOrO npoLecy. 3aBosku aganTUBHUM
CLieHapisiM TpeHyBaHHS onepaTopu MOXyTb HabyBaTu HAaBUYOK pearyBaHHSA Ha HeCcTaHOapTHI cuTyauii, Big-
npaLboByBaTV TEXHIKY NOMbOTY B Pi3HNX MOrOAHNX YMOBAX i BOOCKOHanNoBaTy cTparerii Micin. Take 6esneyHe
cepeoBuLLIE Aae 3MOry 3HaYHO NMPUCKOPUTU NPOLEC 3aCBOEHHS HEOOXiAHMX 3HaHb | BMiHb. PO3BUTOK CcuMmy-
NATOpPIB BigKpVBaAE HOBI MOXIMBOCTI ANA CTaH4apTM3auii NigroToBKM onepaTtopiB, 3MEHLLYH4YM BAUTPATU Ha
pearnbHi TpeHyBaHHS 11 NiABULLYOYM 3aranbHUi piBeHb 6e3nekn y cdepi ekcninyaradii BIJA.

BukoHaHHs gocnigxeHb

OuiHOBaHHA CUMYNATOPIB APOHIB 34iNCHIOBANOCA MeTodoM aHanidy iepapxin (AHP) 3a HusKow Kkrto-
YOBMX KpUTEPIiB, WO BU3HAYalOTb €QEKTUMBHICTb TPEHyBanbHOro cepegoBuwia. [Jo nepeniky KpuTepiiB
YBINLLMAM peaniCTUYHICTb MOAEMOBAHHSA MOMbOTHOI AMHAMIKM, adanTUMBHICTb A0 PiBHOMaHITHMX CLeHapi-
1B BUKOPUCTaHHS, 3PYYHICTb | AOCTYMHICTb iHTEpdency KopnucTysada, MOXMNMBICTb iHTerpauii cumynsaTopa
3 peanbHMMK anapaTtHUMK nnatopMamMu, a TakoXx 3ararnbHa AOCTYMHICTb NporpamMHoro 3abesneyeHHs
ONs KiHUeBOro KkopuctyBaya. [ns ouiHoBaHHA 0O6paHo LWiCTb HanbInbL NONYMNSiPHUX HA PUHKY CUMYINs-
TopiB: FPV SkyDive, Uncrashed, Liftoff, FPV Freerider, Al Drone Simulator i The Drone Racing League
Simulator. KoxxeH cumynsTop oLiHIOBaBCA 3a BUSHAYEHNMU KPUTEPIAMMN LLINSIXOM EKCMEPTHONO OMNUTYBAHHS.
Y pocnigxeHHi B3snu yyacTb 10 ekcrnepTiB, SKMX MNOAINEHO Ha TPU OCHOBHI KaTeropii: BUknagadi HaB4yanb-
HMX LEeHTPIB i3 nigrotoBkn onepatopiB BIJIA, TexHidHi iHxeHepun 6e3ninoTHMX NnaTtdopM i cepTndikoBaHi
onepaTtopu LPOHIB. Y4acHMKam 3anpornoHOBaHO OLIHUTM BaXIMBICTb KOXHOrO kputepito 3a 10-6anbHoto
Wwkanot (ae 1 — MiHiManbHa BaxnusicTb, 10 — makcumarnbHa). OTpuMaHi pesynstaTi HopmarisoBaHi Ans
YCYHEHHS cy0’eKTMBHMX BigxuneHb. Ha ocHOBi Hopmani3auii cchopMOBaHO NiACYMKOBY Tabnuuto cepeqHix
OLiHOK KpUTEPIiB | po3paxoBaHO HOpMarii3oBaHi BaroBi KoediLieHTM AN noganbLIoro aHaniay.

Tabnuus 1
CepenHe 3Ha4yeHHs 11 HopMani3oBaHa Bara no Kputepisx
Kputepin CepeaHe 3Ha4YEeHHsA HopmaniszoBaHa Bara

PeanictnyHicTb mogentoBaHHs (R) 8,8 0,29
ApanTuBHICTb cueHapiis (A) 7,6 0,25
IHTepdenc kopuctysaya (U) 5,2 0,17
IHTerpauis 3 obnagHaHHsaM (1) 5,4 0,18
Baprticte/gocTtynHictb (C) 3,0 0,10

OTpumanu Tabnmuto cepefiHix OLiHOK CUMYNSTOPIB 3riAHO 3 KPUTEPISMU, HaJaHUMK eKcrepTamu.

Tabnuuga 2

OuiHKa cuMynsTOpIB 3a KpUTEPIMU
CumynsaTtop R A U | C
FPV SkyDive 7 6 9 6 10
Uncrashed 9 8 8 9 7
Liftoff 8 10 8 9 6
FPV Freerider 6 5 7 5 10
Al Drone Simulator 8 9 7 8 7
DRL Simulator 9 10 9 10 6

3acTocyemo iHTerpanbHU po3paxyHOK METOAOM aHarnidy iepapxin Ansa ob4McneHHs 6any KoXHOro i3
CUMYNATOPIB:
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P=R-0.29+A-0.25+U-0.17+/-0.18+C-0.10 (1),

P — iHTerpanbHuin 6an cumynsitopa,
R — oujHKa peanicTM4HOCTi MOOENOBaHHSA,
A — ouUiHKa afanTUMBHOCTI [0 Pi3HUX CLeHapiiB,
U — ouiHKa 3py4HOCTI iHTepdency Kopuctysaya,
| — oujiHKa iHTerpaLii 3 peanbHUM o6rnagHaHHAM,
C — ouiHKa JOCTYNHOCTI ngoryaMHoro 3abe3neveHHs, )
* koediuyientn 0,29, 0,25, 0,17, 0,18 i 0,10 — Hopmani3oBaHi Baru BigMOBIAHUX KPUTEPIIB, OTPUMaHI
LUMNSXOM OMUTYBaHHSA eKCnepTiB.
OTpuMaHi 3HadeHHs P onsi LecTn CUMYnSTOPIB, WO OLIHYIOTBCS, BigoOpaxeHo Ha rpadiky.

ooooooh
[0}

BucHoBOK

FPV SkyDive — 6e3kowToBHUI cumynaTtop Big komnaHii ORQA, opieHToBaHMI Ha novaTkisuis. Ekcnep-
TV BMCOKO OLiHUNK iHTEpdIenC KopucTyBava (9/10): BiH IHTYITMBHUI, 3 MiHIMaNbHMM HaBaHTaXXEHHSIM 415
HoBaukiB. Mogene nonboTy gocuTb cnpolleHa (7/10), ToMy cumynsTop Kpalie nigxoauTb Ans 6a3oBoro
HaB4YaHHS, a He npodecinHoro TpeHyBaHHsA. CueHapii obmexeHi (6/10), npoTe cMMynAToOp BiAMIHHO CrpaB-
naeTbea 3 imiTauieto ctaptoBux ymoB. FPV SkyDive niatpumye ctaHgapTHi reimnanm 1a gxxouctuku (6/10)
i Ma€e rornoBHy nepesary — noBHy 6e3koLToBHICTL (10/10).

Uncrashed FPV Drone Simulator Bucoko ouiHeHuI 3a peanicTuyHicTio mogeni noneboty (9/10), wo po-
OuTb 1Oro nNpuaaTtHMM Ans NPOCYHYTMX TpeHyBaHb. AJanTUBHICTb cueHapiiB (8/10) gae amory cTBOpHO-
BaTU TPEKM, LLO BiAMNOBIAAKTb PI3HMM YMOBaM MOMbOTIB, 30KpEMa B 3aKpUTUX NPUMILLEHHSAX i Ha BYmuLi.
|HT\e})Cbel7IC npocTun, ane yHKUioOHaNbHWA 68/10). BaxrMBo nepeBaroko € rapHa iHTerpauis 3 6inbLUicTo
FPV-koHTponepis (9/10). Llina nomipHa (7/10), wo pobuTtb Lew cumynsatop 3banaHcoBaHWM BapiaHTOM Ans
iHOMBIAYaNbHOIO N HAaBYaNbHOIO BUKOPUCTAHHS.

Liftoff — oguH i3 HanBigomimx FPV-cMMynsaTopis, KMl akTMBHO BUKOPWUCTOBYIOTb SK NoBuTeni, Tak
i npodecioHanu. BiH oTpumaB HamBuMLLy OLHKY 3a aganTuBHiCTb cueHapiiB (10/10): y rpi gocTtynHa Be-
nuKa KinbKiCTb Tpac, pefakTop TPekiB, pexum kap’epu ta mynbsrunneep. PeanictuyHicTs nonboty (8/10)
TaKOX BMCOKO OLiHEeHa, Xo4a AesiKi NifioTy Big3Ha4aloTb HE3HAYHI CNPOLLEHHS B aepoanHamiui. IHTepdenc
3py4dHun (8/10), a nigTpumka obnagHaHHA maike nosHa (9/10). Heponikom € BapTicTb (6/10), npoTe BoHa
BUNpaBAaHa LWMPOKNM GOYHKLIIOHAIOM.

PV Freerider — oaunH i3 HannepLumx cumynatopis FPV-gpoHis. BiH BUPI3HAETLCS CBOEKD MPOCTOTOHO
Ta OOCTYMHICTIO, MA€ HU3bKi CUCTEMHI BUMOTU 1 BE3KOLUTOBHY AEMO-BEPCIt0. Ane peaniCTUYHICTb NoMbo-
Ty — Ha 6a3oBomy piBHi (6/10), WO oOMexye MOXNIMBOCTI NpodecinHOi NiAroToBKN. AQanTUBHICTb (75/10)
MiHiMarbHa, yCbOro Kifibka TpekiB 6e3 rHy4koro ge,uaryBaHHﬂ. IHTepdbenc npocTtuin, ane 3actapinui (7/10).
MigTpumka kOHTponepiB He 3aBxXaun cTabinbHa ( ), WO
pObUTL OO0 XOPOLLMM CTapTOM 151 HOBAYKIB.

Al Drone Simulator — cumynaTop 3_BiZKpUTUM KOAOM, OpieHTOBaHMN He nuwe Ha FPV, a n Ha gocni-
[XXEHHS B ranysi WTYYHOro iHTenekTy. Moro gisvka nonboTy ouiHeHa Ha piBHi 8/10, ockinbkn 6a3yeTbes Ha
peanicTmyHoMy pyLwii. MHyYKicTb cueHapiiB Bucoka (9/10), Bknoyadu nigTPUMKY KACTOMHUX CLEH | CUMY-
Nsauito ceHcopiB. IHTepdenc aewo TexHivHui (7/10), Tomy HoBaukam Moxe ByTu cknagHo. IHTerpauisa 3 pe-
anbHMM obnagHaHHaM gobpa (8/10), ocobnmeo Yepes API. LliHa — 6e3kowToBHUA (7/10), xo4a NOTPIOHO
GinbLue Yacy ANns HanawTyBaHHS.

The Drone Racing League (DRL) Simulator — odiuinHuin cumynatop Jlirn neperoHis ApoHis, po3pobne-
HUW cneuianbHO Ana npodoecinHoro FPV-TpeHyBaHHA. BiH nigvpye B yCix Kateropisx: peanicTU4HICTb —
9/10 (NonNbOTU Mawxe iAeHTUYHI peanbHUM Tpacam DRL), apganTtueHicTb — 10/10 (Benukun BUGIp Tpekis,
LLOTUXHEBI 3MaraHHs, TpeHyBarnbHi Micii), iHTepdenc — 9/10 (I'I%OCDGCWIHVIVI, ane iHTyiTuBHun). MNigTpumka
koHTporepis nosHa (10/10), ocobnueo ipmosoro nynsta DRL. BapTicTb He HalHwxYa (6/10), ane sunpas-
JaHa sakicTio. |geanbHo nigxoanTb ANS CEPUO3HOIT NIArOTOBKM FOHLLMKIB-APOHIB.

3a pesynsratamu AHP-aHanisy, The DRL Simulator € Harikpalumm FPV-cumynatopom ang nigarotosku
onepaTopiB ApOHIB. oro nepesarn: BUHATKOBA peaniCTUYHICTb, KACTOMHI TPeKM, iHTerpauis 3 peanbHUMN
nynsTammn i akTyanbHa nigTpumka iHgyctpii. Liftoff — BiamiHHWIA BUOIp Anst TpeHyBaHb y cepenoBuLLi cu-
Mynsuii 3 BigKkpUTUMK Tpekamm 1 mynstunneepoM. Uncrashed 3anmae TpeTe micle 3aBAsiku GanaHcy mix
peaniCTUYHICTIO 1 LiHO. Takox xoueTbes BigMiTuTK FPV Freerider 3a HU3bKi cMCTEMHI BUMOTM Ta Nerkum
nopir BXxoAy Ansa HoBauKiB.

/10). OcHoBHa nepeBara — noBHa AocTynHicTb (10/1
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CUHTE3 NEPUENTPOHHOI CTPYKTYPU ONA 3A0AYI PO3MNISHABAHHA
ENNEMEHTIB TEKCTY
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lepacin O. C., k.m.H., 0oy., HauyioHanbHul yHisepcumem kopabnebydysaHHs1 iM. admipana Makapoea,
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Manynsik I. 3., K.m.H., doy. leaHo-®paHKiecbKull HauioHaIbHUU MeXHIYHUU yHigepcumem Haghmu i 2asy,
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Cmpineubkuli 10. W., d.m.H. npogb., lsaHo-PpaHKiscbKull HauioHabHUL MexHiYHUl yHisepcumem Haghmu
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AHomauis. Y cmammi po3ansadaembcs npobriema cuHme3sy HelipOHHOI MepeXxi Ha OCHO8I nepuenmpo-
Hig KoperayitiHo2o murny 051 3adaqyi aemoMamu308aH0O20 PO3rii3HagaHHsI CUMBOJI8 1amuHCbKO20 arngha-
simy. Po3pobrieHa cmpykmypa Mepexi opieHmoeaHa Ha gukopucmaHHs 8bydosaHux 3acobie rpozpam-
Hoao cepedosuuja Matlab, 30kpema (oeo crneuyianizogaHux ¢yHKUil i 6ibrriomeKk MawUuHHO20 Hag4aHHS.
Sk HaeyanbHi OaHi Ord ¢hopMysaHHSI 8XiOHUX i BUXIOHUX Mapamempie HelUpPOHHOI Mepexi 3acmoco8aHo
cmaHOapmHul eeHepamop prprob, sKkuli cmeoproe biHapHIi pacmposi npedcmaesneHHs1 TamuHCbKUX Jlimep
po3mipom 5x7 riikcenig. Pe3ynbmamom € Mampuusi 8xiOHUx aHux X i Uirbosux 3Ha4yeHb T, Wo ¢hopmyroms
OCHO8Y 01151 Hag4YaHHs1 MEPexXi.

OcHosHa ysaza rnipudineHa cuHme3sy 080wapo8ol HelPOHHOI MepeXi NPSIMO20 MNOWUPEHHST cuaHary.
lMepwut wap nobydosaHo 3 25 npuxosaHUx ModughbikogaHUX rnepuernmpoHis, WO 8UKOPUCMO8YHOMb cue-
MOIOHI ¢byHKUiT akmuseauji, Opyaul wap € niHitHUM. Lle 3abe3nedyye nidguweHy eHy4Kicmb MOPIBHSHO 3
KnacuyHUMU repuernmpoHamu 3 rnopo2o8umMu hyHKUiMU akmueauii. OKpeMo po321s10aembCsi MUMaHHs
cmabinizayii eunadkoeoi iHiujanizayii eazosux KoeghiuieHmig ds151 3abe3rneyeHHs1 8i0Meopr8aHOCMI pe3yrib-
mamie Hag4yaHHS. HaguyaHHs1 nepwoi HelipOHHOI MepeXxi BUKOHaHO Ha emarsiOHHUX 306paKeHHsIX fimep.

Takox 0emaribHO ornucaHo ekcriepumMeHmarbHi O0CIOKEeHHSI cmilikocmi HelpOHHOI Mepexi Ao 3awym-
neHux exiOHuUx 0aHux. HasuaHHs1 Opy20i Mepexi nposodusiocs 3 ypaxyeaHHsM 000amKogoao Wymy y exio-
Hux obpasax. AHari3 pe3ynbmamig rokasas, Wo Mooerib, Hag4eHa Ha 3awyMiieHUx 0aHux, OeMOHCMpPYyeE
MeHwWUul 8i0COMOK MOMUJIOK PO3Mi3HaBaHHs Mpu PI3HUX PIBHSIX wWyMy, w0 rniomeepoxeHo epaghidyHumu U
qucnosumu pesynbmamamu. [NodaHo aneopumm obyucrieHHsT cepedHbokeadpamuyHoi nomunku (MSE)
07151 OUIHI0BaHHS IKOCMI Hag4YaHHs U pe3yfibmamu HYucsi08020 Moderio8aHHs pobomu Helpomepex, Has-
YeHUX 3a PIi3HOI KinbKocmi Hag4yarnbHUX rpuknadis.

Pesynbmamu docnidxeHHS MOXymb 6ymu sukopucmati 05151 po3pobku adanmugHuUx cucmem po3srii3-
HagsaHHs1 mekcmy, 30amHux rpayreamu 8 yMosax 308HIWHIX Nepewkod, a makox sK rnpuknad nobydosu
rpakmu4HUx HelipOHHUX Mepex y cepedosuwyi Matlab dnsi Hag4anbHUX uined.

Knroyoesi crioea: nepuyernmpoH, iMOBIipHICHI OUiHKU, UUgbpo8i KOMMIOHEeHMU, HelipOHHE Hag4YaHHSI, /102iy-
Hi ¢byHKUT.
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Abstract. The article considers the problem of synthesizing a neural network based on correlation-type
perceptrons for the task of automated recognition of Latin alphabet characters. The developed network
Structure is oriented towards the use of built-in tools of the Matlab software environment, in particular
its specialized functions and machine learning libraries. As training data for forming the input and output
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parameters of the neural network, the standard prprob generator was used, which creates binary raster
representations of Latin letters with a size of 5x7 pixels. The result is a matrix of input data X and target
values T, which form the basis for training the network.

The main attention is paid to the synthesis of a two-layer neural network of direct signal propagation.
The first layer is built from 25 hidden modified perceptrons using sigmoid activation functions, the second
layer is linear. This provides increased flexibility compared to classical perceptrons with threshold activation
functions. The method of stabilizing random initialization of weight coefficients to ensure reproducibility of
training results is considered separately. The first neural network was trained on reference letter images.

The article also describes in detail experimental studies of the stability of the neural network to noisy
input data. The training of the second network was carried out taking into account additional noise in the
input images. Analysis of the results showed that the model trained on noisy data demonstrates a lower
percentage of recognition errors at different noise levels, which is confirmed by graphical and numerical
results. An algorithm for calculating the mean square error (MSE) for assessing the quality of training
is presented and the results of numerical simulation of neural networks trained on different numbers of
training examples are presented.

The results of the study can be used to develop adaptive text recognition systems capable of operating
in conditions of external interference, as well as as an example of building practical neural networks in the
Matlab environment for training purposes.

Key words: perceptron; probabilistic estimates; digital components; neural learning; logical functions.

Bctyn

OpHieto 3 OCHOBHMX Mpobnem, WO BUHUKAE NpW PO3B’si3aHHi 3a4ad, MOB’siI3aHUX i3 po3ni3HaBaHHAM
PYKOMMUCHOIO TEKCTY, € CKIagHiCTb chopmanisauii anroputMivyHoro nigxogy. TpaguuiiHi metoan obpobkm
iHdopMaLii BUMaratoTb YiTKOro BU3HAYEHHS NpaBusl, 3a SKMMU cUCTeMa Mae igeHTUdikyBaT KOXeH CUm-
Bon. [poTe B ymoBax BapiaTUBHOCTI PyKOMMUCHOTO NMCbMa — 3MiHW HaxXuIly, TOBLUMHW MiHiR, iHAMBIOYanbHMUX
0Cco6NMBOCTEN HanUcaHHs — CTBOPEHHS YHIBEPCANbHOIO anropuTMy CTUKAETLCS 3 YACTIEHHUMU BUHSATKAMU
M yHIKanbHUMW BUNagkamu, ki ckrnagHo nependayqnty Ha eTarni NPOeKTYBaHHS.

3 ornsgy Ha Ui TPYAHOLLI, 3HAYHOIO MOLUMPEHHSA HabyB anbTepHaTMBHMIA MiOXi4 Ha OCHOBI LUTYYHMX
NepLenTPOHHNX MepeX, SKi AatoTb 3MOry BUpiLLyBaTK NpobnemMy po3nidHaBaHHA PYKOMMUCHUX CUMBOSIB i3
BMKOPWCTaHHSIM HaBYanbHUX npuknagis. Llen nigxig rpyHTyeTbCcsa Ha 30mpaHHi Bennkoro obcary pykonmc-
HUX CUMBONIB, AKi (POPMYIOTb HaByanbHy BUBIpKY. Ha oCHOBI Ui€i BMBipK/M CTBOPIOETLCA MOAenb, 34aTHa
HaBYaTUCS, BUSIBNSAOYN NPUXOBAHI 3aKOHOMIPHOCTI, MpUTaMaHHi LM CUMBOMaM.

HelpoHHa Mepexa, cnpuiMarodn HasdanbsHi Npuknaan, opMmye BnacHy cuctemy npasun Ans posmnis-
HaBaHHS, L0 He 3a[a€ETbCH ABHO, @ BUHWKAE BHACNILOK y3aranbHEHHS JOCBigY. Takum YMHOM, Wo Ginblie
npvknagie Oyae NnpeAcTaBneHo Nig Yac HaB4aHHS, TO BULLLA MMOBIPHICTb TOrO, WO MOAENb AOCATHE BUCOKOT
TOYHOCTI B pO3ni3HaBaHHi HOBWX, paHile He BayeHnx cumBoniB. [NepuenTpoH, Sk 6azoBa MOAenNb LUTYYHOrO
HerpoHa, Bigirpae dyHaaMmeHTanbHy porb y CTPYKTYpPi Ta YHKUIOHYBaHHI HEMPOHHUX MEPEeX, LLIO BUKO-
PUCTOBYIOTLCS ANA 3a4ay po3ni3HaBaHHS PYKOMMCHOro TekcTy. Llen enemeHT, 3anponoHoBaHmn ®peHkomM
PoseHbnartTom, € nepLuoto cnpoboo MaTteMaTUYHOro MoAentoBaHHs 6ionoriyHOro HeMpoHa ¥ Noknae noya-
TOK PO3BUTKY Cy4aCHUX HEMPOMEPEXEBUX TEXHOIONIN. Y KOHTEKCTI po3ri3HaBaHHsS PYKOMUCHUX CUMBOIIB,
nepLenTpoH BUCTYMAE K eNemMeHTapHa OAMHULS OBUYUCIIEHHS, WO Aa€e 3MOry knacudikyBaTu BXigHi gaHi
LWNAXOM 0BYMCNEHHS MiHIMHOT KOMOGIHALT BXiAHMX CUTHANIB i3 HACTYMHMM 3aCTOCYBaHHAM (OYHKLiT akTuBa-
uii. Came 3aBAsikM 34aTHOCTI 40 HAaBYaHHS — 3MiHM BaroBuMx KOeqilieHTIiB HA OCHOBI MOMUIOK — nepLen-
TPOHW JalTb 3MOry Mofeni aganTtyBaTUCs A0 PisHOMaHITHMX 3paskiB HanmcaHHA cumBoniB. binbLue Toro,
y GaratolapoBux HEMPOHHUX Mepexax, Ae NPOCTi NepuenTpoHn o6’eqHYHTLCA B CKNadHi apxiTekTypu,
3a6e3nevyeTbCs MOXIMBICTb anpoKcUMallii CknagHux yHKLUIN | po3nidHaBaHHSA BUCOKOPIBHEBUX MaTEpPHIB.
3aBaskM Ui BMACTMBOCTI NEPLENTPOHN CTann HEBIA4' EMHOK YAaCTUHOK anropuTMiB rMUMOOKOro HaBYaHHS,
LLIO JEMOHCTPYHOTb BUCOKY eDEKTMBHICTb Y 3adadax knacudikadii, 3okpema y cepi onTMYHoro posnisHa-
BaHHS cumBoniB (gani — OCR).

YNpOoaoBXK OCTaHHIX POKiB YMCNO AOCTIAHWKIB Y rany3i po3mni3HaBaHHsI PyKOMUCHOrO TEKCTY HEMPOHHUMM
Mepexamu 3Ha4yHO 3pocno. Lle saymoBneHo wmpoknm 3actocyBaHHAM OCR y umdpoBisauii JOKYMEHTIB,
aBToMaTtmM3aLii BBOOY AaHMX Ta OCBIiTHiX npoektax. OcobnvBoO akTUBHI OOCMiOXEHHA BegyTbcs B YKpai-
Hi 1 32 KOPOOHOM: YYeHi OpPIEHTYIOTbCS Ha onTumisauito mogenen Ha 6asi nepuentpoHiB, CNN, RNN,
Transformer-apxitektyp. Benuky yBary npuginatotb aganTtauii nigcTpotoBaHHS Mig 0cobnmeBoCTi MOBM 1 py-
KOMWUCHI 3pasku pisHMX KynbTyp i MoB. ABTopu [1] 3anponoHyBanu apxitektypy Ha 6asi nuwe 1D-CNN wa-
piB, sika Jae 3MOory JOCArTM NpoayKTMBHOCTI, nopiBHsAHHOT 3 RNN/Transformer-mogensamu. YBeaeHo HOBY
ctparterito ayrmeHTauii «Tiling and Corruption (TACO)» Ta mogynb Squeeze and Excitation, wo 3Ha4HO
NigBMLLYIOTE TOYHICTb. Mogenb nokasana Hanmkpalli pesynsrat Ha 6asi IAM npu poGoTi 3 oOMexeHUMm
Habopom TpeHyBarnbHMX AaHKX. Y npaui [2] 3anponoHoBaHo nigxig «Text Perceptron», Wo € ckiHyeHo-pery-
NAPHOK MOAENM0 NSt pO3ni3HaBaHHA TEKCTY HecTaHAapTHoI dhopmu. 3aegsakm Shape Transform Module
3abesnevyeTbCca €auHa mMogernb AN AeTeKuil M po3ni3HaBaHHS 3i CKNEeEeHUM onTuMi3auiiHumM (OPOHTOM.
HocsarHyTto Bucokoi TouHocTi Ha ICDAR i SCUT CTW1500. Y po6orTi [3] mogenb Self ONN i3 camoopraHiso-

146



IHdbokoMyHiKaLiHi Ta komn'toTepHi TexHonorii, Ne 1 (09), 2025

BaHUMM onepauinHnmmn HeripoHamu 3amiHioe CNN, BUKOPUCTOBYOUM HEMiHIHY NnapameTpu3aLito HEMPOHIB.
BukopuctaHHs deformable convolutions 3abe3neyunno kpally aganTtauito 4O PiBHOMaHITHOCTI PYKOMMUCHMX
3paskiB. Pesynsratn Ha IAM i HADARAS8OP nokasanu 3ameHweHHss CER i WER nopiBHSAHO 3 KnacuyHumu
CNN-apxitektypamu. Y ctatTi [4] mogenb DAN o6’egHye cermeHTauiio Ta po3nisHaBaHHSA B EAVHUIA TpaH-
cchopmep-6a3oBaHMiA KOHBEEP 6e3 SBHUX CErMEeHTaUiNHNX MITOK. [N NOKPOKOBOro BMBEAEHHSI CUMBOJIIB
3i cTpykTypoto XML BukopuctoByetbca FCN-eHkogep i ctek Transformer-gekogepis. JocsarHyto CER =
3,43 % Ha READ 2016, L0 € KOHKYPEHTOCNPOMOXHUM pedyrnbTaToM. Y npaui [5] npegctaBneHo pekypcuBHi
HelipoMepeXxHi Mogeni Ans 3MeHLIEeHHS po3mipy Mogeni 6e3 yTpath ToYHOCTi. BukopucTtaHo noBTopHe 3a-
CTOCYyBaHHS Bar, MacluiTabyBaHHA SAepHUX OYHKLiM | NOBTOPIOBAHI LIapu, WO Aa€ 3MOry 3MeHLIUTU obcar
nam’qati. [NokasaHo, Lo Taki mogeni 36epiratoTe abo nigBuLLYyOTE TOUHICTE Ha HTR-6eHYMapkax NopiBHAHO
3i ctaHgapTHUMK CNN/RNN. YkpaiHCbkuin gocrnigHuK y po6oTi [6] MOpiBHAB LWirbHi HEMpOoHHI Mepexi (DNN)
i CNN y posnisHaBaHHi pykonucHux umdp. Busaenero, wo DNN BTpavaloTb NpoayKTMBHICTb 3i 30iMbLUeH-
HSAM pO3Mmipy BXigHoOro 3o6paxeHHsi, Toai sk CNN 3abesneuvytoTb cTanicTb i TOYHiCTb. PoboTa nigTBepaxye
BaXXNMBICTb BMKOPUCTAHHS NEPLENnTPOHIB y Wapi knacudikauii Ta apXiTeKTypHUX pilLEHHAX Ang iHTerpauii
rloKanbHMX O3HaKk.

TakuM YMHOM, 3HaYEHHS NepuenTPOHIB Y HEMPOHHUX Mepexax Mornarae He nuile B iXHIN iCTOPUYHIN
poni, a n y NpakTU4Hin e(peKTUBHOCTI sk 0A30BOro enemeHTa, Lo 3abeaneyye 3aaTHICTb CUCTEMM 40 y3a-
ranibHEeHHS, aganTauii Ta TOYHOro PO3ni3HaBaHHA CKNagHWUX BidyalnbHUX CTPYKTYP.

MeTa pocnipxeHHs nondrae B po3pobneHHi cMctemmn po3snidHaBaHHS CMMBONIB 3a AONOMOTOH LUTYYHOI
HEMpPOHHOI MepeXxi, pearni3oBaHoil y BUMMsAAi nporpamMHoro 3acoby. MNepenbadvaeTbcsi CTBOPEHHS Nporpam-
Horo 3acoby, 34aTHOro NpUIMaTK Ha BXif NiTepw, 3aincHoBaTh ix 00pobKy 3a 4ONOMOror HaBYEHOT Mogeni
Ta NoBepTaTu NOKa3HUKM TOYHOCTI PO3Mi3HaBaHHS.

OcobnuBy yBary B paMkax JOCHiIKEHHSA NNaHyETbCA NPUAINMTY AMHaMILi HaBYanbHOro NpoLecy, a came
3abe3neyeHHI0 cTabinbHOro 3pOCTaHHs TOYHOCTI Mepexi Ha KOXXHOMY eTari HaBYaHHS.

OcobnuBOoCTi OYHKLIOHYBaHHSA nepLenTpoHa Ta BUMOr 4O CUCTEMU PO3Mi3HaBaHHS eNleMeHTIB TEKCTY

MepuenTpoH € oaHieto 3 hyHAAMEHTANbHUX MOAENEeN LWTYYHUX HEMPOHHUX Mepex, sika Mae CyTTe-
BE aHaniTU4yHe 3Ha4YeHHs B TEOPIl MALUMHHOIO HaBYaHHA 1 obuncnioBanbHoro iHTenekTy [7]. WMoro pobota
I'PYHTYETLCS Ha 0O6POOLI KINbKOX BXIOHWX CUTHarIB, SKi, Ik NpaBuio, NogakTbCs Y BUMSA ABIKOBMX 3Ha-
yeHb. KoxeH BXigHUIA curHan nosHavaeTbes K X, Ae ¥ 3MIHIOETbCA BiA 1 A0 N, WO BIANOBIAAE KiNbKOCTI
BXO[iB HEVPOHHOIO efneMeHTa.

OCHOBHUM (DYHKLiOHANbHUM €NleMEHTOM KITaCMYHOro nepuenTpoHa € Tak 3BaHWU MOPOroBUIN €NEMEHT,
KU 30iACHIOE NiHIHE 3BaXKyBaHHSA BXiAHWUX CUrHarIB i NpuiMace pilleHHs NpPo akTUBaLlito BUXo4Y Ha OCHOBI
NOpPIBHSAHHSA pe3ynbTaTy uiei onepadii 3 gikcoBaHUM abo aganTMBHUM noporomM. ®opmMarnbHO BUXIOHWIA CUT-
Han y LUbOro enemMeHTa Moxe HabyBaTu nvLle OBOX ANCKPETHUX 3HadveHb: 0 abo 1, wo Bigobpaxkae npuHLmN
OiHapHoI knacudikau,ii [8].

MaTtemaTtunyHuii onuc poboTn NOPOroBOro eNeMeHTa Mae BUMMsa4;

n
0, AKWOY WX, > W,,
i=1

y= R
1, AKWo Y WX, <W,,
i=1

Ae W, — BaroBi koedilieHTw, Lo BiANOBIAAITb 3HAYYLLOCTI KOXXHOrO BXOAY, a W, — BEeNnn4mHa nopora cnpa-
LbOBYBaHHS enemMeHTa.

[MepLuy TexHiYHy Moaenb 30pOBOro aHanidatopa, siky po3pobus ®. PoseHbnaTT, aBTop Ha3BaB nepen-
TpPOHOM (BiZ aHrnincebKkoro cnosa perception — cnpunHATTA). CTpyKTypa nepBuHHOI Moaeni PoseHbnar-
Ta BKMO4Yana peuentopHun wap S, wo cknagascsa 3 400 cdotoenemeHTiB, Aki hopmyBany NpsAMOKYTHe
peuenTtopHe none po3mipom 20x20 enemeHTiB. KoxxeH dpoToenemMeHT yHKLiIOHYBaB SIK eneMeHTapHuin
CEHCOpPHWI OETEKTOP, LLIO NEPETBOPIOBAB ONTUYHE 306paXKeHHs1 Ha enekTpUYHI curHanu. IHdopmauis 3 pe-
LeNTOPHOrO LWapy nepefaBanacs Ha BXig enemMeHTiB HaCcTYMHOro PiBHSA — MOPOrOBUX HENPOHIB NEePETBOPIO-
tovoro wapy (enemeHTiB A). Ycboro B Mogerni peanizoBaHo 512 Taknx enemeHTiB. KoxeH HenpoH wapy A
mMaB no 10 Bxopais, LIO BUNAgKOBUM YMHOM MigKNYanuces 4o pisHnUX poToenemMeHTiB peLenTopHOro nonsi.
MonoBwuHa i3 LMx BXxoAiB Mana 3bymKyounii xapakTtep i3 koeilieHToM nocuneHHs +1, iHwa nonosmHa —
ranbMiBHUI xapakTep i3 KoediuieHTom —1. [MoporoBe 3Ha4YeHHS AN akTMBaLil HEMPOHa BCTaHOBMOBaNoCs
PiBHUM Hymto, WO Bignosigano GiHapHii mogeni poboTn enemeHTa (akTmBauis abo HeakTmBauisi). BuxigHi
CUrHanu HENpoHIB NepeTBOPIOYOro LWapy A nogaBanncsa Ha BXif pearytdoro HerpoHa — enemeHTa R,
KU BUKOHYBAB POSb IHTErPaTUBHOMO BY3ra, 34iMCHIOYN OCTaTOYHE pilleHHS NPO pO3ni3HaBaHHSA BXigHOT
iHdopmauii [8—11].

PoarnsiHemo matematnyHy Mogenb yHKLiIOHYBaHHA KITAacMYHOMO NepLEenTpoHa, sika ctana dyHaameH-
TOM 4151 TO4ANbLUOro PO3BUTKY LUTYYHUX HEMPOHHUX MEPEX:

1. ®opmMyBaHHA BXigHOro curHany. Ha nepwiomy etani B peLenTopHOMy noni hopMyeTbCa CurHarn,
AKWUIA BIOMNOBIAAE 30BHILLHLOMY MOAPa3HUKY. Lien curHan nogaetbes y BUMA4i BEKTOPHOT BENMYMHKN X. Kox-
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He peLenTopHe 3akiHYeHHs (peuenTop) nepeaae [OCUTb NPOCTUI curHan — abo reHepye imnynsc, abo He
reHepye 1oro. 3 MmaTeMaTUyHOro Nornsay Le 03Ha4vae, Lo BEKTOp X € GiHapHUM, TOGTO Or0 KOMMOHEHTM
NPUIAMaKTb 3HAYEHHS nuwe 3 MHOXMHK 0 abo 1. Takum YMHOM, peuenTopHe Mnorne 34INCHIE KOAYBaHHS
BXigHOI iHdbopMaLii y Burnsgi 6iHapHoro Bektopa.

2. NMepepava 7] nepeTBOpPEHHA curHanis apyrum Lwapom HEeMpOHIB.
CdopmoBaHuin GiHapHWUIA BEKTOP X NepeaaeTbcs 4O APYroro wapy HevpoHiB, Ae BiabyBaeTbCsa MOro TpaH-
cdopmallis y BUXiGHUA BEKTOP Y, KNI TakoX € BiHapHuM. Llel npouec onvcyeTbesa pyHKUiOHanbHUM chiB-
BiHOLIEHHAM y = f(x). XapakTep NepeTBOPEHHs BU3HAYaETbCA ABOMAa OCHOBHVMM NPUHLMNAMU:

a) NoporoBuI xapakTep o64ncneHb: TpaHchopMaLis BXiGHUX CUrHanIB 34iIMCHIOETLCH 3a A0NOMOroH0
NMOPOroBMX EMNEMEHTIB, KOXEH i3 SKUX aKTUBYETbCS, KONU CyMa BXiAHUX CUrHaniB, NOMHOXEHNX Ha BignoBia-
Hi BaroBi KoeiuieHTn, nepeBuLLYye 3a0aHUn Nopir;

0) BUNnagkKoBe 3’€AHaHHs BXOAIB: 3B’13KN MidX peLienTopamMu NepLLOro wapy “ NoporoBUMM erneMeHTa-
MW ApYroro wapy hopMyoTbCs BUNAAKOBUM YMHOM, LLIO IMITYE BUNALKOBY OpraHisaLito HEMPOHHMX 3B’A3KIB
y BionoriyHnx Mmepexax.

3. Knacudikauis Ha ocHOBi akTMBaUii BUXigHUX HeWpoHiB. Moaenb nependavae, Wo nepuenTpoH
BiAHOCUTb BXIiAHWA BEKTOP [0 NEBHOMO MOHATTS j, SKLWO aKTUBYETLCS SMLLE j- pearylodun HEeMpOH, a BCi
iHLWI HEPOHW 3aNMLIAKTLCA HEAKTUBHUMU. IHaKILLE KaXyuu, BUXIOHUA BiHApHWIA BEKTOP ¥ = (Y, Vs V)
3aJ0BOSIbHSAE TaKy CUCTEMY HEPIBHOCTEWN:

YW, 20
i=1

m
dw,,y, <0,ana8BCIXK # .
i=1

Y LUMX HEPIBHOCTSAX w,, — KOEWILIEHTV NOCUINEHHS K-ro pearytoHoro HepoHa.

4. Mpouec popMyBaHHA NMOHATb Yy CTPYKTYpPi NepLenTpoHa, 3anponoHoBaHoro ®. PoseHbnaTtTom, rpyH-
TYETbCA Ha KOPEKTHOMY HanalwTyBaHHi BaroBux KOeqilieHTiB, L0 BignNoOBigalTb KOXHOMY €NeMeHTOBI
Lapy pearyludmx HeMpoHiB (Mo3Haunmo uei wap sk R). OCHOBHOK METO € BCTaHOBMNEHHS TaKMX 3HAYEHb
Bar, siki 3abe3nevyoTb NpaBunbHe pearyBaHHS Mogeni Ha BXif4HiI curHanm.

Hexaii o UbOro MOMEHTY iCHYOTb Aesiki Barv enemenTiB Ri w, ;, w,;, ..., w,; — Baru j-Toro enemeHTa.
Y MOMeHT Yacy t Ans knacudikauii Ha BXig nepuenTpoHa HaaxoamTb CUrHan, LWo OonncyeTbCst BEKTOPOM X(t).
BekTop x(t) moxe abo Bignosigatn NoHATTIO j abo He BignosigaTy omy. PosrnsHemo obuaBea Li BUunagku.

Bunagok nepwmii. Y LboOMy BUNAAKy OYiKyBaHOK peakuieto j-ro HEMpOHa € akTuBauis, To6To npaBuibHa
Bi4NOBIOb CMCTEMM MOMNsirae B TOMY, LLO HEVPOH 30ymMKyeTbCs Y BiANOBiAb HA nogaHui curHan x(t). Mare-
MaTUYHO Lie BUPaXaeTbCs y BUIMSAAI Takoi HepiBHOCTI:

iwm.y,. >0.
i=1

Akwo Barn enemeHTa j 3abesnevyloTb NpaBuUnbHy peakuito Ha BekTop X(t), TO BOHW He 3MiHIOTHCS.
AKLo X Bary He 3abe3nevyoTb NpaBuUIbHOT peakLii enemeHTa j, TOOTO BOHM Taki, Lo

m
ZW,Jy, <0,
i=1

TO Bary ernemMeHTa j 3MiHIITLCS 3a NpaBUIIOM:
W, (t):w,,j (t-1)+y,.

Bunagok apyruin. Y cutyauii, konu BXigHuin BekTop X(t) He HanexuTb 40 NOHATTS j, NpaBuUIibHA peakLis
nepLenTpoHa nosnsrae y BioCyTHOCTI akTMBaUil BignoBiAHOMO HEMPOHHOTO enemeHTa. Lle o3Havae, Wwo ene-
MEHT j Ma€ 3anuLuaTtmucs HeakTUBHUM Y BiANOBIAbL Ha uen cTumyrn. MatematnyHo Taka ymoBa BUpaXaeTbCs
y BUrMsSiAi Takoi HepiBHOCTI:

iw,vjy, >0,

i=1
AKWo NoToYHI 3HaYeHHsA Bar 3abes3nevytoTb MpaBuUNbHY peakuilo enemeHTa j, ToOBTo Konu HaBedeHa

HEpPIBHICTb BUKOHYETLCS, Baru 3anuwatTbCcs He3aMiHHMMK. OfHaK SKLWO Bara enemeHTa j He 3abesnedye
npaBubHOI peakuii, TOGTO BUKOHYETLCS NPOTUIEXHA YMOBA:

iw,y,y, >0,

i=1

TO Baru 3MiHIOKOTbCS BiANOBIgHO 4O NpaBuna:

W, ; (t):Wi,j (t_l)_yi'
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[Mpwn 3QiNCHEHHI HABYaHHA aHaNoriYHO 3MIHIOKTLCS Baru BCix R-enemMeHTiB nepuenTtpoHa. Takum YMHOM,
KOpWUryBaHHsi BaroBux KoedilieHTiB ycix R-enemeHTiB 3abe3nevye y3rompkeHy aganTaLito BCiei Mepexi, Lo
crnpuse NiaBULLIEHHIO TOMHOCTI Knacudikau,ii.

Burnag nepuenTtpoHa Ta 3i0bpaHoi 3 NepLenTpoHiB CTPYKTYpPU MokasaHui Ha puc. 1. [aHi 306paxeHHs
nepuenTpoHa 1 NepLenTPOHHOI CTPYKTYPY BBaXKatTbCs 3aranbHUMK OIS MEPLUOYEProBOro eTany NpoeKTy-
BaHHS CMCTeM po3nidHaBaHHs [12].

> guXid

a &

Puc. 1. MNepuenTpoH i Moro CTpykTypa: a) OKpeMuii NepuenTpoH 3 BaroBUmMmn KoedilieHtamm
Ta 3aranbHUM 3MilLEHHAM; B) maTtemaTnyHa Mofdernb Mepexi NepLUenTpOoHiB

AHanisyoum cxemy, NpeacTaBrneHy Ha pUcyHKy 1, 6, MOXeMo crnocTepirati HasBHICTb AEKINbKOX BEPTU-
KanbHWUX Fpyn eNeMeHTIB, SIKi yTBOPIOKTbL CTPYKTYpOBaHi psau, abo wapwv nepuentpoHis [13]. Taka 6arato-
piBHEBA CTPYKTypa € XapaKTepHOK pUCOH GaraToLapoBMX HEMPOHHMX MEpeX, Oe KOXEH HAaCTYMHWUI wap
3[iicHI0e 06pO6KY iHGopMaLii, sika € pe3ynsTatoM PoboTH NONepeaHbOro Lwapy.

Mepwmn wap nepuenTpoHiB BiANOBIAAE 3a NEPBUHHUI PiBEHb NPUMHATTS pilleHb, 3A4INCHIOYM 0B4YuC-
NEHHS Ha OCHOBI 3BaXXEHOTrO MiACYMOBYBaHHS BXiOHWX curHanis. KoxeH HEMPOH LbOro Lwapy aHarnisye cupi
OaHi, Wo HaaxoasTb 6e3nocepenHbO i3 30BHILLUHBOrO cepefoBuLLa abo peLenTopHUX enemeHTiB. Opyrui
Lap nepLenTpoHiB NpUMae Ha BXig pesynbrat 06pobku, 30iMCHEHOI NePLUMM LIapoM, i BUKOHYE BinbLu
cknagHy obpobky, KOMOIHYHOYM 1 MEPEOCMUCTTIOYN Li MPOMDKHI pe3ynstaTi. Takum YMHOM, OPYrui Lwap
30aTeH BUAINATM CKagHilli 3akOHOMIPHOCTI Ta 3B’A3KK, HiXK nepLlini. AHanoriYHo Ha TpeTboMy piBHi (Tpe-
TbOMY LIapi) BiabyBaeTbCs LWe mubLue y3aranbHeHHst iHdopmalii, Wo Aae 3MOory HEMPOHHI Mepexi dop-
MyBaT1 BUCHOBKM LLIE BULLOTO piBHsI abcTpakuii. Ller nigxig oemoHcTpye iepapxivyHy npupogy o6pobku aa-
HWX y BaraToLlapoBUX HEMPOHHUX MepPEXax, 4e KOXEH HACTYMHUIA Wap BUKOHYE Aeaani CKnagHiwwi dyHKLi
aHanidy. OKpemo BapTo 3a3Ha4YMTH, LLIO B KNACMYHOMY BUIMAAi NEPLENTPOH, ik MOAEMNb OKPEMOTO HEMPOHa,
Ma€ nvie ouH BUXIOHWIA CUrHanm, WO BignoBigae noro GiHapHOMY pPilLEeHHI0 — akTuBaujii abo BigCyTHOCTI
akTuBauii. OgHak Ha cxemi, npeacTaBneHin Ha PUCYHKY 1, ANs HAOYHOCTI MOKa3aHo, Lo Lieln BUXig ogHo4vac-
HO MOXe ByTV MiOKNOYEHUN A0 KiNMbKOX HEMPOHIB HACTYMHOTO Lwapy. Takum YMHOM, (POPMYETLCS YABIEH-
HSA NPO MHOXWHHE BUMKOPWUCTaHHS OOHOr0 BMXIQHOMO CUrHamy: oguH BUXIOHWA CUrHan nepuenTpoHa Moxe
BUCTYNaTK SK KiNbka BXiQHWUX CUTHANIB ANg pi3HUX HEMPOHIB HACcTynHoro wapy. Lle He o3Havae HasiBHICTb
OEKINbKOX isn4HUX BMXOiB Yy NepLENnTpoHa, a nuiwie Bigobpaxkae MOXNMBICTb po3ranyXeHHs iHdopma-
LIIHOrO MOTOKY Y CTPYKTYPi Mepexi.

OTxe, HaBedeHa Mofernb AEMOHCTPYE NPUHLMN NOLWapoBoi 06pobku iHhopmaLlii, Ae KOXEH Lap BUKO-
Hye (OYHKLIIO y3aranbHEeHHs 1 YCKNagHEeHHs NPUAHATUX PillleHb, @ BUXiOHI CUrHanM KOXHOro HepoHa Mo-
XYTb OOHOYACHO BMMMBATU Ha AeKiNbKa HaCTYNHUX enemMeHTIB Mepexi, POpMytoUn TakMM YMHOM CKNnagHy
GaraTopiBHEBY CUCTEMY B32EMO3B SA3KIB.

BukoHaHHs gocnigxeHb

PosrnsHemo 3agadvy poasni3HaBaHHs Oyab-sIKOro i3 CMMBOSIB NMaTMHCBLKOrO andagiTy 3a OOMOMOror
nepLenTPOHHOI HEMPOHHOT MEpPEXi, sika CTBOPIOETLCA Ta HABYAETLCA 3a JOMOMOrol BOyaoBaHMX OYHKLi
Matlab [14]. Ans BupileHHs uiei 3agadi goLinbHO po3pobuTu BigNOBIAHY METOANKY, SKa MICTUTb TaKi KPOKU:

1. leHepyBaHHS MacuBy BXigHMX AaHuX (BykB NaTMHCbKOro andasiTy). [Ans uboro HeobxigHo 3anycTuTH
BOygoBaHui ckpunt Matlab:

[X, T] = prprob;

CkpunT prprob Bu3Hadae matpuuto X 3 26 KorloHKamu, No OfHiN Ans KoxxHoi Oykeu andasiTy. KoxHa ko-
noHka Mae 35 3HayeHb, siki MOXyTb JopiBHioBaTV abo 1 abo 0. KoxeH ctoBneup i3 35 3Ha4eHb ABnse coboto
pacTpoBe 300paxkeHHs1 OykBu 5x7. Matpuus T — Le OAMHMYHA MaTpuLs po3mipoM 26x26, sika Bigobpaxae
26 BXigHMX BEKTOpPIB y 26 Knaci..

HeobxigHo 3a3HaunTy, Wo Ans poboTtn komanau prprob HeobxigHo BcTaHoBntoBaTh tollbox deep learn
abo NoBHICTIO 3aaaBaT il K OyHKLIIO B KO Nporpamu nepes BUKIMKOM.

2. Bubip i nobynoBa 300paxeHHs eTanoHHOI Nitepu 4nsa po3nidHaBaHHsA (N — Homep niTepu):

plotchar (X (;, N));
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Y pesynbraTi BUKOHaHHS LIiET KOMaHAM OTPUMYETLCSA 306paXkKeHHs eTanoHHOI NiTepu y BUrNsgi BiToBil kapTu.

3. CTBOpEHHSA nepLUoi ABOLLIapOoBOi NepLenTPOHHOI HEMPOHHOT MepeXi NPSMOro 3B’A3Ky 3 25 npuxosa-
HUMK HEMPOHaMM AN Knacudikauii Oyke naTMHCbKOro andasiTy:

setdemorandstream(pi);

net1 = feedforwardnet(25);

view(net1)

Hidden Output

25 0

Puc. 2. IHiuinoBaHa HeMPOHHa Mepexa

OcKinbKM HEVPOHHA MepeXa iHILItETbCA BMNaaKOBMMY NOYATKOBMMMW BaraMu, pesyrnsraTu nicnsi Hae-
YaHHs1 OyayTb HE3HAYHO BiOPI3HATUCA KOXHOMO pasy nicns 3anycky ckpunty. LLlo6 no3bytuca uiei Bunag-
KOBOCTI, BUMagKoBa CTana 3a AonoMorok byHKuii setdemorandstream BCTaHOBMHETHCS KOHCTAHTOHO.
Y pesynbraTti BUKOHAHHS CKUNTY OTPUMYETLCS 300paXXeHHs] HEMPOHHOI MepeXi NPSIMOro MOLUMPEHHS, Lo
HaBefdeHo Ha puc. 2. Lis mepexa MiCTUTb 2 wapu, npu4yomy mMoandikoBaHi nepLenTpoHM NepLloro wapy
MICTATb CUrMOIAHI PYHKLUIT akTMBaUii, @ 4pyroro — MiHinHi. Takuin nigxig gae 3amMory po3LwmnpuT Mexi 3acTo-
CYBaHHS HEMPOHHMX MepexX Ha 6asi Kracu4HUX NepLEnTPOHIB 3 MOPOroBUMU yHKLISMWU akTuBaLii.

4. HaB4yaHHs1 CTBOPEHOI HEMPOHHOI Mepexi 3a 4ONMOMOrok qoyHKLii train:

net1.divideFcn =",

net1 = train(net1,X, T,nnMATLAB);

dyHKUisa train ginMTb BXigHI AaHi HA TPU MacuBK — ANS HABYaHHS, Banigadii (NepeBipku) i TeCTyBaHHs (BU-
NpobyBaHHS) HEMPOHHOI Mepexi. HaB4anbHWIM Habip BUKOPUCTOBYETLCS Arsi OHOBIEHHS BaroBux koeqiLlieHTiB
Mepexi. BanigauinHuii Habip AaHMx NoTpideH AN 3ynyHKM Mepexi, NepLl HixX BiaOyAeTbCa NepeHacuyeHHs
HaBYanbHMMK gaHuMKn. Habip anst TeCTyBaHHsI BUCTYNAE sIK MOBHICTIO HE3aneXHa Mipa Toro, Hackifibku gobpe
MOXHa OMiKyBaTW BMKOHAHHSA MOCTABMEHOI 3adadvi Mepexer Ha HOBUX BXIOHMX curHanax. HaBuaHHa npunu-
HSIETBCS, KON Mepexa BXXe He MOXE MOKPaLLMTLK CBOI pesynkTaTti 3a paxyHOK HaBvanbHMX abo BanigauinHmx
HabopiB aaHux. Bnactueictb divideFcn o6’ekta HEMPOHHOI MepEXi BU3HAYae, AKMM YMHOM AaHi aBTOMATUYHO
nogiNATUMYTBCS Ha Ui TPy Habopu (MiAMHOXWHK) Nepen HaB4aHHAM. [Ans nepLuoi HEMPOHHOT Mepexi Bcs BUBIp-
Ka BYKOPUCTOBYETLCA ANs HaB4aHHS. CTPyKTypa HaBYEHOI HEMPOHHOI MepeXxi HaBeeHa Ha PUCYHKY 3.

HaB4yaHHS nepLuoi HeMpoHHOT Mepexi Tpmearno 11 iTepauin (4 ¢) metogom JleBeHOepr-MapkBapaTa 3a
KpUTEepiemM MiHiMyMy cepeaHboKBafpaTuyHoi nomunku (mse . = 1,2-107°).

Oani gouinbHo gocniguTun, sik Mmepexa byae po3nisHaBaTh He nuLle igeansHo cchopMoBaHi NiTepu, a i ix
3alwymrieHi Bepcii. Tomy HeobXigHO CTBOPUTM M HABYUMTU APYry MepPEXy Ha 3allyMITEHUX OaHUX | MOPIBHATY
il 30aTHICTb 00 y3aranbHEHHS 3 MEPLLOK MEPEXELD.

5. CTBOpeHHs1 MacuBy BXiOHMX AaHUX 3 AOAATKOBUM 3a0pyaHEHHSIM CUrHaniB:

numNoise = 30;

Xn = min(max(repmat(X,1,numNoise)+randn(35,26*numNoise)*0.2,0),1);

Tn = repmat(T,1,numNoise);

Llen ckpunt cTBOptoEe Habopu gaHux i3 30 konin KoxHOT OykBM 3 MacuBy X, O OOAATKOBO 3abpydHeHi
wymom. lMpryomy 3abpyaHEHICTb LLYMOM BUPE&XAETbCA B TOMY, O 3HAYEHHS BiANOBIAHWX KIITUH Macusy
npeacTaBneHHs YacTuHu nitepn (5x7) obmexxeHi Ha npomidkky Mix O i 1. Takox BU3HA4eHO BigMoBiaHi uini Tn.

Hidden Output

25 26

Puc. 3. CTpykTypa HaB4YeHO| NepuenTPOHHOT HEMPOHHOT MepeXxi
Ansi knacudikauii 6yks naTMHcbKoro andasity

6. MobynoBa 306pakeHHs eTanoHHoi BykBK, 3abpyaAHEHOT LLyMOM:

figure

plotchar(Xn(:,N));

MopiBHAHHSI €TanoHHOro 306paXXeHHs 11 3abpyaHEHOoro WyMoMm 306paxkeHHs Ans nitepn «A» HaBegeHo
Ha puc. 4 (pe3ynbTaT BUKOHAHHS KPOKIB 2 Ta 6 MeTOAMKN).
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X

a [
Pwuc. 4. Bisyanisauis nitep y Burnagi 6itoBmx kapr:
a — eTarnoHHe 306paxeHHst; 6 — 3abpyaHEHE LLYMOM 300paXkeHHs

7. CTBOpEHHS 1 HaBY4aHHS HEMPOHHOT Mepexi Anst poboTun 3 3abpyaHEHUMN JaHUMMU:

net2 = feedforwardnet(25);

net2 = train(net2,Xn,Tn,nnMATLAB);

HaeuaHHSA gpyroi HepoHHOI Mepexi Tpuaano 28 itepauii (101 ¢) metogom JleBeHGepr-MapkeapaTa 3a

KpUTepiem MiHiMyMy cepefiHboKBazpaTuyHoi nomunkn (mse = 1,345:103).

8. AHani3 poboTn 060X CUHTE30BaHMX HEMPOHHNX MEPEX {"nepLuo'l' Ta gpyroi) ansa 30 Habopis 3aLlymne-

HUX OaHUX 3a 4O0NOMOIOK TaKOoro CKpunTty:

noiseLevels = 0:.05:1;
numLevels = length(noiselLevels);
percError1 = zeros(1,numLevels);
percError2 = zeros(1,numLevels);
fori = 1:numLevels
Xtest = min(max(repmat(X,1,numNoise)+randn(35,26*numNoise)*noiseLevels(i),0),1);
Y1 = net1(Xtest);
percError1(i) = sum(sum(abs(Tn-compet(Y1))))/(26*numNoise*2);
Y2 = net2(Xtest);
percError2(i) = sum(sum(abs(Tn-compet(Y2))))/(26*numNoise*2);
end
figure
plot(noiseLevels,percError1*100,'--',noiseLevels,percError2*100);
title('Percentage of Recognition Errors');
xlabel('Noise Level');
ylabel('Errors');
legend('Network 1','Network 2','Location’,'NorthWest';
Pesynerat nopiBHAHHA pobOTM OBOX HEMPOMEPEX OIS Pi3HMX PIBHIB LLUYMY HAaBEOEHUA HA PUCYHKY 5.

Buxogsaum i3 uboro 3o6paxeHHst (puc. 5), nepa mepexa, HapdeHa 6e3 wymMy, mae GinblLli 3HaYEHHsI NOMU-
MNOK Yepes LWyM, HiX Apyra Mepexa, sika Oyna HaB4YeHa 3 WymoM. 3pobreHo BUCHOBOK, LU0 MPY BUPILLEHHI
3aBAaHHA po3ni3HaBaHHS €NEMEHTIB TEKCTY B yMOBaxX NPUCYTHOCTI LWyMY AOLiNbHO MPOBOAUTH HaBYaHHS
HeripoMepeXeBOoi CTPYKTYpY 04pa3y Ha OCHOBI 3allyMITEHNX AaHUX.

Percentage of Recognition Errors
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Puc. 5. MNopiBHAHHA NOMUNOK po3ni3HaBaHHA CUMBOJSIIB NepLUOHD
Ta 4pyrol NepuenTpOHHUMU HEMPOHHUMU Mepexamu
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9. BusHauveHHs KinbkocTi HabopiB 3alwymMneHnx gaHmx, HeobXiaHWUX ANs HaBY4aHHSA NEPLEnTPOHHOT HEeN-
pomepexi.

[ns BM3HA4YeHHS HEOOXIiAHOI KiNbKOCTI KONl KOXHOT NiTepy HeobXiAHO BUKOHATU KPOKM 5—8 HaBYaHHS
Opyroi Mepexi Ha pi3Hii KinbKocTi HabopiB BXigHMX 3alwlymneHnx gaHnx. PparmMeHT pesynbraTiB Mogento-
BaHHS NepLENTPOHHMUX HEMPOMEPEXK, HABYEHNX Ha PI3HIN KiNbKOCTi HAbOoPIB BXiQHWX OaHUX, HABeOEeHI B Ta-
6nuui 1, ae MSE_K — nokasHuk cepeHbOKBaapaTUYHOI MOMUIKK, PO3paxoBaHWiA 3a BUPa3oM:

MSE_k=(1/length(percError2))(percError2-MSE_0)"2;

ne MSE_0 — eTtanoHHe 3Ha4eHHs nomunku, MSE_0 = 0.

Tabnuus 1
Pesynbtati MogentoBaHHS poboTu Helpomepex

KinekicT Habopis KinbkicTb iTepauin Momunka Banigauii.
3awymneHumx HABYAHHS Yac HaBYaHHS, € 102 ’ MSE_k

BXiAHMX AaHuXx, k
10 15 22 9,024 2,57
20 25 61 2,749 1,97
30 28 101 1,345 2,08
40 22 106 2,538 1,71
50 32 180 0,962 2,36

Buxogsum 3 oTpumaHux pesynbratiB (Tabnuua 1), ons BUPILLEHHS 3adadi po3ni3HaBaHHS erleMEHTIB
TEKCTy OinbLU NpMAATHO € NepLenTpOHHa HEMPOHHA Mepexa, ANd HaB4aHHS KOOI BUKOPUCTOBYBanocs no
40 konin 3awymneHux nitep. MNepesaroto LbOro Habopy TakoX € HeBENWMKa KiNbKICTb iTepaui i NPUAHATHUI
Yyac HaBYaHHS NOPIBHSAHO 3 iHLWKMMK Habopamu.

BucHoBok

Y pob6oTi HaBeAeHO METOAMKY CUHTE3Y NEePLENTPOHHOI CTPYKTYPU ON1S 3a4adi po3nisHaBaHHS eNeMEeHTIB
TEKCTY, HaNMCaHOro NnaTuHMLE. PO3rmsaHyTO MexaHiamm reHepaldii BXiGHNX HaBYanbHUX AaHUX ANsi eTanoH-
HUX | 3aWwymneHnx fnitep y BEKTOPHOMY chopMarTi, SKUA NpUaaTHUIA AN noganbLuoi 06pobkn HEMPOHHO
Mepexeto, MokasaHo cnocib ix Bidyanisauii. OTpMmMaHO ABOLLAPOBY CTPYKTYPY HEVPOHHOI Mepexi NpsiMoro
NOLLUMPEHHS 3 MOAMIKOBAHUMW NepLIENTPOHaMU, Y SIKUX, 3aMiCTb MOPOroBMX OYHKLIN akTuBaLlil, BUKOpU-
CTaHi curmoifanbHi (NepLumri, MPUXOBaHWIA, WAP) i NiHIAHI (Apyrvn, BUXigHWA Wwap). Jani BAKOHAHO HaBYaH-
HS1 OBOX TaKMX CTPYKTYP NEPLENTPOHHMX MEPEX: a) Ha eTanoHHUX AaHuxX i 6) Ha AaHuX, SKi MICTSATb LUYyM.
PeaniszoBaHO NpoLec TeCTYBaHHSA HABYEHNX MEPEX HA AAHWX i3 PiI3HUM PiBHEM LLYMY, 06YMCIEHO BigCOTOK
NMOMWIOK PO3ni3HaBaHHA AN KOXHOT Mepexi 1 nobygoBaHo rpadikv 3anexxHOCTi MOMUIKW Bif PIBHA LUyMY.
AHani3 eekTMBHOCTI pobOTU ABOX MepeX Nnokasas BULLY NPUCTOCOBAHICTb (MEHLUWIA Bi4COTOK MOMUIIOK)
00 po3ni3HaBaHHS 3allyMNeHUX OaHUX NEePLENTPOHHOK MepPEXeto, ika HaBYeHa Ha 3allyMMeHUX OaHuX.
Kpim TOro, BuaHauyeHo HeobXigHy KiMbKIiCTb 3allyMIIEHUX KOMIl KOXHOI NiTepyn ANsi HaB4aHHSA NepuenTpo-
HHOT HEMPOHHOT Mepexi, Wob MiHiIMi3yBaTh cepeaHbOKBagpaTUYHY MOMMUIIKY.
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