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M. I'PUHYEHKO, JI. KVIIEHKO

MOJEJII BIBHEC-ITPOLHECIB MEIMYHOI'O HEHTPY
JIJIS OIJIBUILEHHA E@EKTUBHOCTI IPUMHATTS PINIEHD

IIpenverom gocuimxkenHss € mnporec mudpoBisamii pesyibTaTiB Ta0OpaTOPHUX JOCHIDKEHb 1 QopMamizamis Oi3Hec-
MPOIIECiB MEOUYHOTO IEHTPY IJIsi CTBOPEHHS iH(QOpMAIHOI CHCTEMH, OPIEHTOBAaHOI Ha IHTEJCKTyalbHWN aHANi3 JaHUX.
Merta crarTi — po3pobneHHs Moxenei, ski (opMmanizyroTh Oi3HEC-IpOoLecH MEIUYHOTO IICHTPY Y B3aEMOJIl 3 MAalli€eHTOM,
0 JacTh 3MOTY BH3HAUUTH HANPSIMH JiSUTBHOCTI, $Ki MOTPeOYIOTh aBTOMATH3aIlil Ui MiJBHIICHHSA e()EeKTHBHOCTI
HaJlaHHd  MEIUYHHX HEOOXiZTHO BHKOHATH  TaKi

Y pobori MpOaHaTi3yBaTH

nudposizanii MeauyHoi iHpopMalii Ta mpobieMu yHidikamii pe3yibTaTiB Ja0OpPaTOPHUX HOCIHIIKEHb, BU3HAYMTH OCOOIMBOCTI

TIOCHIyT. 3aB/IaHHA: Cy‘{aCHI/Iﬁ CTaH

opraHizamii Oi3Hec-poOLECiB MEAWYHOTO LEHTPY Ta B3a€EMOAIl HOro KIIOYOBUX YYACHHUKIB; CHOPMYBATH  KOHIENTYAJIbHY
i QyHKIIOHATBHY MOJENb HAJaHHsS MOCIYT; MOOyayBaTH MOJICTb Oi3HEC-TPOIECiB, IO BiATBOPIOE CTPYKTYPOBAHY OpTaHi3alliio
MSUTBHOCTI  3aknmamy y B3aemoxii 3 mamieHToM. Metoaun gocaimkenns: SWOT- 1 PEST-anamiza Meaw4HOro INEHTpY;
aHAJ3 BHYTpIIIHKOI Ta 30BHIIIHBOI JOKYMEHTalil, HasBHOI 0a3M JaHMX 1 aNropuTMy HAJaHHS MEAMYHUX MOCIYT;
MeTopoiorisi  pyHkmionansHOoro MozemroBanHs IDEF0; wmertomomoris MopemoBaHHS Oi3Hec-mpoueciB  opranizamii BPMN.
JlocsirHyTi pe3yIbTaTH: IPOAHANi30BaHO CYYacHi JOCITIDKSHHs Ta HasBHI pilieHHs; nogaHo pe3yibratdé SWOT- i PEST-ananisy
MEJIYHOTO IIEHTPY; CTBOPEHO KOHIENTYyaJbHY MOJENb OpraHi3amii HagaHHS MEIMYHUX IOCIYr; MOoOyZOoBaHO (yHKI[IOHATEHY
MOJIENTb 3 OTJIIy Ha HOPMAaTHBHO-TIPABOBi, OpraHi3alliifHi Ta KJIiHIYHI acIEeKTH; pO3pOOJICHO MOJENb KIIOYOBUX Oi3HEC-TPOIECiB
Ha ocHoBi BPMN; BusHaueHo Oi3Hec-mporecH, L0 MiIATal0OTh aBTOMATH3allii 3a JONOMOIOI0 IHTEJEKTyaJbHHUX METO/IB
(bopMyIOTH
CTBOPIOIOTH HAyKOBO-METOMOJIOTIYHE IIAIPYHTS s aBToMaru3amii 30MpaHHS Ta OOpOOJEHHS pe3ysbTaTiB JIabOpaTOPHUX

aHaNizy JaHWX, fKi KOHTYp MaiiOyTHbOI iHQopMariiiHoi cucTeMH. BucHOBKH. 3anpomnoHoBaHi Mopeni

OCHIDKEHb, iX yHi(ikamii Ta iHTerpauii B €IMHUHA iHPOPMAIiHHUN KOHTYp MEIWYHOTO HEHTpy. LlebcnpusaThme ITiABHIICHHIO
e(eKTHBHOCTI Oi3HEC-TIPOIECiB MEIUYHOTO HEHTPY Y B3a€MOAIl 3 MAI[iEHTOM, a TAaKOXX CKOPOTHTH Yac OOpOOJICHHS Pe3ybTaTiB

MEMYHOI TiarHOCTUKH, 3HU3UTh PH3UK IIOMUJIOK 1 3a0€3MeUnTh AKiCHY MiATPUMKY HaJaHHS MEIMIHUX MOCIYT.

KurouoBi ciioBa: GpyHKIIiOHATEHA MOJIETh; Oi3HEC-TIPOIIeC; aBTOMATH3AIlis O13HEC-TPOIIECiB; IHTENEKTYaTbHUI aHaJI3 TaHHX.

Bertyn i noctanoBka npodjeMun 3 mamieHTOM. [HTerpamisi IHTEIEKTyadbHHX METOZIB

aHaNi3y JaHMX Yy KIiHIYHI iHQopMmauiiiHi cucTtemMu

CydacHa TpaHchopMmaliss CHCTEMH  OXOPOHHU BIIKpHBA€  MOXJIHMBOCTI  JUISI  aBTOMAaTH30BaHOTO

30POB’S HEPO3PHBHO TIOB’S3aHa 3 YMPOBAIKCHHIM BUSIBJIICHHS KPUTHYHUX BIJXWIEHb, PETPOCHEKTUBHOTO

iHpOpMAIIMHUX ~ TEXHOJIOTIH, 10  3a0e3mevyloTh aHaNmi3y  JAWHAMIKM ~ TOKa3HUKIB 1 QopMyBaHHA

MiABHUINEHHS SKOCTi, JOCTYITHOCTI Ta O€3IeKH MeAUIHHUX MIepCOHAIII30BaHUX PEKOMEHIALIH 11 JIiKapiB.

nocinyr. OnHUM 13 KIIIOYOBMX HampsMiB Iudposizarii Opnak iCHye HH3Ka HEpPO3B’S3aHUX IIMTaHb,

€ aBTOMAaTW3allis TMpoueciB 30upaHHA, OOpOOICHHS MOB’SI3aHUX 13 CEMAHTUYHOIO HEO/IHOPITHICTIO

Ta aHali3y pEe3yibTaTiB J1abOpPaTOPHUX JOCHIIKCHB,
[0 CTaHOBJATH OCHOBY JUIA BH3HAYCHHSA  JiarHO3Y,

BUOOpPY  JIKYBanbHOI  TaKTHKH ¥ 37iliCHEHHS
npodimakTnyanX 3axoniB. llIBuake 3pocraHHA 00CATIB
MEIMYHUX [aHWX, 30KpeMa BHACTIJOK BUKOPHUCTAHHS
30BHIIIHIX J1abopartopiif, i pi3HOpiAHICTE (opmaTiB
TIOJIaHHSI Pe3yNbTATIB aKTyalli3ye npodiaemMy ix yHigikamii
Ta IHTerpanii B €quHUI iHpOpMaIiHHIIA TPOCTIp.
BaxnBoro yMOBOIO yCmimIHOro (pyHKLiIOBaHHS
MEIUYHUX LEHTPIB Y LU(PPOBY €IOXy CTae HE JIHIIe
TEXHIYHA CIPOMOXKHICTH OOpOOJICHHS JaHWX, a U
opraHizaimiiiHa TOTOBHICTH JO THepeOyaoBu Oi3Hec-

MPOIECiB 1 BIPOBA/DKCHHS HOBHX MOJEICH B3aeMOJIil

iHpopMarii, BiACYTHICTIO €JMHAX CTAHIAPTIB 11 MOJAHHSI
Ta HEIOCTAaTHBOI IHTErpariero B poboui Tmporecu
MEIWYHHUX MEHTPiB. Y IMX yMOBaX BHHHKAe MOTpeda
B pPO3pOOJICHHI iHQOPMAIIHHUX CHUCTEM, IO OCHOBaHI
HAa  METOJAX  IHTEJACKTYaJIbHOTO  aHAli3y  JaHHX
i 3maTHI 3a0e3MeYnTH aBTOMATH30BaHE OOPOOIICHHS
pe3ynabTaTiB  1adOpaTOpPHUX  JIOCTIIKEHb. BomHouac
JUI CTBOPEHHS TaKWX CHCTEM HEOOXiTHO MOIEPeIHBO
BUBYUTH ¥ (OpMalIbHO OMMCATH JIOTIKY (YHKI[IFOBaHHS
MEIHYHOTO HMiATPYHTAM

3aKjany, 1o CTaHEC

JUIL  TOAaiblIol  aBToMaru3auii, yHidikaumii Ta
iHTerpanii JaHWX y €IUHUE iHQOpMAiHHUKA KOHTYD

OXOpPOHHU 370POB 4.

© M. I'punuenko, /. Kyuenko, 2025
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AHaJIi3 npo6jeMHu il HAIBHUX METOAiB

CyuacHi cTyail miATBEPIKYIOTh, 10 IUPPOBI3aIlis
pe3yIbpTaTIB TAOOPAaTOPHUX JOCITIHKEHB i BIPOBAKCHHS
CJNIEKTPOHHUX 1H(GOPMAIIHHUX CUCTEM CTaIX KIFOYOBUMHU

YUHHUKAMH  TIABHUIICHHA €(QEKTHBHOCTI  MEIMYHOL

jporoMoru. HaykoBi poOoTH ¥ TNpakTHuYHI Ke#ch

CBiZ[‘IaTL, 10 BUKOPUCTAHHSA CJICKTPOHHUX MCEIUYHUX

3alUCIB  HE JIMIIE 3MEHINYE KUIBKICTh I[TOMHUJIOK
y KIIHIYHUX TIpolecax, aje U« CTBOPIE YMOBH
JUIs ~ aBTOMAaTH30BaHOTO  KOHTPOJIO  ITOKA3HHUKIB,

(hopMyBaHHS YIIPaBIiHCHKOI 3BITHOCTI Ta BIOCKOHAICHHS
KOMYHIKaIlil MK DPI3HUMH DPIBHSMH CHCTEMH OXOPOHH
3mopoB’s [1]. IIpukmagom MacmTabHOTO BIIPOBAKEHHS
€ cucreMa eHealth B YkpaiHi, sika B¢ OXOIUTIOE ITOHAT
35 MJIH Tami€eHTIB 1 Hamae MOCTYN JO EIEeKTPOHHHUX
pelenTiB, HampamieHb 1 JikapHsHuX. g IT-cuctema
cTasia HalOLIBIIOW Y cdepi OXOPOHU 3OPOB’S B KpaiHi
Ta MATBEpIWiIa, IO €IWHUN EJICKTPOHHUH MPOCTIp
MiACWIIOE COLIANBHUN 3aXUCT 1 KOHTPOIHh SKOCTI
MEIMYHOI JOTIOMOTH 3aBIsKH aBTOMATH30BaHii 3BITHOCTI
Ta MOHITOpUHTY [2]. BogHOYac Mi>kKHApOIHI TOPIBHAIBHI
JOCHI/DKEHHST  103a0UITI  MMOKa3yloTh, IO  HAaBiTh
32 HasBHOCTI JOCTYIly TaIli€HTIB JIO €JeKTPOHHMX
3aMKCIB KOPUCTYBAIbKUH JOCBIA YacTO 3aHUINAETHCS
"BY3bKHM MicIieM", 1 UTSI CHCTeM MOTPiOHI SK KUTBKICHI,
Tak 1 SKICHI METpUKM OEHYMApKIHTy 3pY4HOCTI
3actocyBaHHA [3, 4]. [TomiTuko-perynsaTopHi MOPIBHIHHS
mik CIIA ta Benukoro BputaHiero MiATBEPIKYIOTh:
EHR,

3aJIMIIa0ThCA

nonpu 3POCTaHHA HpHﬁHHTTSI KIIIO4YEM

qo  OesmeyHoro  MaciutaOyBaHHs
CTaHAApTH iHTeponepaOelbHOCTI Ta HAJEXKHI IpaBHiIa
Oe3nexu / mpuBaTHOCTI iHpopMaii [5], a B HimeuunHi,
Jie nudpoBizalis MATPUMYETbCS Ha PiBHI TeleMaTHIHOT
inppactpykrypu (ePA, eRezept, KIM, TIM), 36epexeno
aKLIEHT Ha 000B’ I3KOBIH

CYMICHOCTI JaHUX fK

nepenyMoBi nudpoBoi meauuuau [6]. He3axarouu
nporpec,
YHIBEPCUTETChbKUX KIiHIK y HiMeuunHI NeMOHCTpPYIOTh

Ha  TOJITHYHHUHA ONUTYBAaHHS  JIKapiB
HU3BKY 3aJI0BOJICHICTH f03a0imiti EHR 1 3ammr Ha
IIBUKO/II0, 3MEHIIEHHsI TOMUJIOK 1 Kpalle y3roJHKEeHHS
3 peaTbHIMHA 3aBIaHHAMHU KopucTyBauiB [4]. YV Bemmkiit
bpuranii BemukomacmrTaObHe JOCHIIKEHHS B 3aKiIaaax
HEBIOKIAAHOI  JOIIOMOTM  3acBIAYMIIO, IO  JKOJIHA
i3 LIMPOKO BHUKOPHCTOBYBaHUX CHCTEM HeE JOCsTia
MDXXHAPOIHOTO IOPOTy MPpUHHATHOI 3pydHOCTI (SUS=68),
10 JOBOAWTH KPUTHYHY HEOOXiJHICTH aJanTyBaTH
UppPOBi

KIIHIYHUX cepenoBuil [7].

iHCprMeHTI/I pi(e] BHCOKOHAaBaHTaXXCHUX

Y nenmiatpuuHid OpakTUIi €BpONHM  BHUSABICHO
CYTTEBY HEOJHOPIMHICTB: piBeHb 3acTocyBaHHi EHR
KOJIMBAEThCSA BiJl AyXKe HU3BKOTO JI0 Maike IMOBHOTO
OXOIUICHHSI 3aJIe)KHO BiJl KpaiHu, ane Opaxye 0a3oBHX
nemiaTpuyHuX (YHKIIH — aBTOMATHYHOTO BiICTEXEHHS
poCTy Ta iHTerpamnii 3 peectpamu iMyHi3allii, 0 BKa3ye
Ha noTpely yHi(iKOBaHHX MDKHAPOAHUX CTAaHAAPTIB IS
mutsaoi momysisimii [8]. Y kpaiHax, 1o pO3BHBAIOTHCH,
udpoizarii
MOTEHITiaNl MiABUIICHHS MPOIYKTUBHOCTI, SKOCTI NAHHMX

JIOKaNBHI ~ IpOrpamMu MiATBEPIKYIOTh
1 KOOpAWMHAI MOTJIALY 32 YMOBU HAJEXKHOI OpraHizamii
MpoIleciB (30KpeMa HaBYaHHS MEpCOHATy) 1 YITKOTO
pernaMeHTy 3BiTHOCTI. BomHowac came 3MilIyBaHHA
mporenyp 1 Opak

4acTo

PYYHHX 1  €JIEeKTPOHHHUX

YCTaTKyBaHHA /KaHANIB  3B’SI3KYy HiBEJTIOIOTh
ouikyBanuii edekr [9-11]. Iloka3oBo, MmO y BEITUKUX
Mywmbai)

"By3bKMMH MicIsiMU" 111 yac posroptandst HMIS crarots

MYHIOWTIAIBHUX ~Mepexax (Ha MpuKIami

SK TexHIYHI dYWHHUKH (Opak oOnagHaHHSA, HHU3bKa
MIPOITYCKHA 3JIaTHICTh MEpEeXi), TaK 1 JIOACHKI (CIPOTHB
3MiHaM, HEIOCTaTHIA IOCT-TPEHIHT), TOX YIPABIIHHI
3MiHaM{ TOTPIOHO IUIAaHYBaTH SIK HEBI'€MHY YacTHHY
TexHiyHoro mpoekty [l11]. 3arameri ormsmm HIS
MiATBEPKYIOTh, IO I[i CHUCTEMHU 3JaTHI IiJBHIYyBaTH
e(eKTHBHICTh, PE3YyJBTATUBHICTE 1 O€3meKy, ame st
CTIHKOro e(eKkTy HeoOXiTHI CTaHIapTH30BaHi IMPOILECH,
pelieBaHTHI MOJTyJIi Ta MOCTYIIOBA TApMOHI3aIis 3BITHOCTI
1 KOHTPOJIO SKOCTi [ 12—14].

HochimkeHHs ~ KPpUTHYHHX  (AKTOPIB  YCIIiXy
iHpOpMaliHHUX CHCTEM paHXye HaJiHHICTh, 3PYYHICTBH
BUKODHCTaHHSI  Ta

"opraHizamifHy = TPHUIOATHICTH"

SK HaWOUIbII BIUIMBOBI JIETEPMIHAaHTH pE3yJbTaTy,
oo Oe3rmocepenHb0 TOB’SA3y€ TEXHOJOTIUHI PpIilIeHHS
3 KOHTEKCTOM KJIHIYHOI MPAaKTHKH # CTPYKTypOIO
ynpaBiieas  [15].  TexHomoriuHo  oOIpyHTOBaHHM
criocoboM MmaciitaOyBaHHS CTalOTh XMapHI MOJENi:
Kparue

KOH(DIICHIIITHOCTI, OHAK MOTPEOYIOTh IHTENCKTYAIILHOTO

MpUBATHI  XMapu BIIOBIIAIOTE  BHUMOTaM
KEepyBaHHS pecypcamMu Jjis CTaOUIbHOTO 3a0e3ledeHHs
SIKOCTI CEpBICY MiJl Hemepen0adyyBaHUM HABAHTaKCHHSIM.
ExcriepuMeHTabHI MiAXOAU 0 aAalTHBHOTO PO3MTOILTY
pecypciB y
epexrtuBHicTh y KoHTekcTi HIS [16].

MpUBaTHIA ~ XMapli  JEMOHCTPYIOTb

ITapanensHo
PO3BHBAIOTHCS MIAXOJM /IO AHATITHUKH, 110 MIHIMI3yIOTh
mepeMinieHHss Meau4yHoi  iHdopMmarnii:  deneparuBHe
HABYaHHS Ja€ 3MOry OyayBaTd MPOTHOCTHYHI MOJENi
moBepx posnoxaiiennx EHR-ganux 6e3 nepemayi "cupux”
3amuciB, TOOTO  3HIKYIOUH

PU3MKH  TIPUBATHOCTI

Ta peryJsITopHi Oap’epu mig vac 30epekeHHs SKOCTI
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anamituku [17, 18]. V migcyMKy HaBiTh 3a Pi3HOTO
iHppacTpyKTypH
y3araJIlbHEHUH  ypokK
a00paTOPHUX 1 KIIIHIYHUX TOKa3HUKIB MPAIIOE TOJ,
pedopmy
i3 CTaHAapTH30BAaHOK CEMAHTHKOI Ta MPOTOKOJIAMHU

piBHS Ta YHPaBIIHCHKOI 3piIOCTi

OJHAKOBHIA: udpoBi3aris

KOJIM 1l  BOPOBaIKYIOTH  SIK CUCTEMH
obminy [19], HaxpiliHOIO iH(PACTPYKTYpOIO, OpIE€HTALIIEIO
Ha KOPHUCTyBa4ya i CHCTEMHUM HaBYaHHSIM HEpPCOHATY.
Y npoMy pi3i BOHa TPHHOCHTH peaJbHI KIIHIYHI,
opraHizauniiiHi Ta cycniisHi Buroau [9, 12, 13].

VYV cydacHHX IOCHiDKEHHAX MpoOiieMa BUIIyYEeHHS
KJIHIYHO 3HAYYIIUX JaHUX 13 HECTPYKTYPOBaHUX JIKepes
pPO3B’S3YEThCA 32 JOMOMOTOI0 0araTOKOMITOHEHTHHUX
Mojeneld, [0  IHTerpyloTh  METOAM  ONTHYHOT'O
posmizHaBanHs cuMBoIiB (OCR), 06poGiieHHs IprpoIHOT
moBu (NLP) Ta anroputMud MammHHOTO HaBYaHHS.
Bukopucranas OCR Ha OCHOBi 3rOPTKOBHX 1 PEKypPEHTHHX
apxitektyp (CNN-LSTM, CNN-BiLSTM-CTC) 3a0e3neuye
pO3mi3HAaBaHHSA AK APYKOBAaHUX, TaK 1 pPYKOIHCHHUX
TEKCTIB y CKAaHOBaHMX JIOKYMEHTax, a IO€JHaHH:I
i3 METOJaMH aHaJli3y MakeTa CTOPIHKH A€ 3MOTY TOYHO
BIJIHOBIIIOBaTH CTPYKTYpy Ta0muub i ¢opMm, Mo €
KPUTHYHUM JJIs1 TIOJANBINOI IHTEpIpeTamii YHCIOBHX
pe3yabTaTIB TA00OPaTOPHUX JOCIiKEHB [20].

Ha nmacTymHOMY eTami KJIIOUOBY pOIb BiNirparoTh
mogeni NLP, opieHToBaHi Ha po3Ii3HaBaHHS CYTHOCTEH
(Named Entity Recognition,

TpanuiidHi

NER) Ta BuIydeHHS

BiJHOIIIEHbD. CIIOBHUKOBI ¥  MpaBHIO
OpIEHTOBaHI CHUCTEMH IIOCTYIIOBO BHUTICHAIOTH TIHOOKI
KOHTEKCTyaJlbHI ~ MOJeNi, 30KpeMa TpaHchopMmepHi
apxitektypu Ha kmTant BERT Ta iforo nomeHHHX
(BioBERT, ClinicalBERT,

BERT). BoHM neMOHCTPYIOTh BHCOKY €(EKTHBHICTh

ajanTarii multilingual

y BI/IJ'Iy‘-IeHHi MCIUYHHUX IIOHATD, MeI[I/IKaMeHTiB,

O3yBaHb 1 pe3ynbTaTiB TeCTiB, a TaKOX Yy IX
HOpMastizamii BIINOBIAHO J0 MDKHapOJHHX CTaHIapTiB
(SNOMED CT, LOINC, RxNorm) i CTpyKTyp MeIUIHOT
inpopmanii (FHIR R4, OMOP CDM) [21, 25-27].
Oxpemuii HampsM TIOB’S3aHAN 3 BUKOPUCTAHHSIM
BeJMKMX MOBHHMX Mojeneid (LLM), mo nomomararorh
peanizyBaTH MPOIECH CKCTPAKI[l JaHUX Yy BN
KOoHBeepiB "kiHenp y KiHens". Taki mMozeni iHTErpyroTh
eranu monepenHsoro oopoodsenus (OCR, cermenrarfist
TEKCTy, BOYyIOBYBaHHS), pO3Ii3HABAHHS IMEHOBaHUX
CYTHOCTeH, Kiacuikallifo Ta CEeMaHTHYHE CTPYKTYPYBaHHSI,
3a0e3rnevyrour BOAHOYAC 3HAYHE IIJIBUIIEHHS HMOBHOTH
MOPIBHSAHO 31
EHR.

[Mpuxmagom € LLM-cxema BHIIy4eHHS MEIHKAMEHTIB,

KIiHIYHO  3Hauymol  iHdopmarii

CTaHJapTHUMU CTPYKTYpPOBaHUMU IIOJIIMHA

sika 30UIbIIMIIA KUIBKICTh BHSBJICHUX OHKOJIOTTYHHX
IpenapariB i MOB’S3aHUX 3 HUMHU KJIIHIYHUX aTpHOYTIB
Ha JIECSITKUA BIJCOTKIB, II0 O€3MOCepeHbO IiBHIIYE
sIKicTh (popMyBaHHS IJIaHIB JIiKyBaHHS [21].

Jlns 3aBmaHp, MOB’SI3aHUX 13 BEJIMKOMACIITaAOHUM
apXiBHUM TIOIIYKOM 1 pETPOCHEKTHBHHM aHAJTi30M,
3aCTOCOBYIOTBCS
(RAG).
BOYIOBYBaHHS ISl CEMAHTHYHOTO IOIIYKY peJeBaHTHHUX

CUCTEMH Retrieval-Augmented

Generation Born KOMOIHYIOTH  BEKTOpHI

¢parMeHTiB 1 TeHepaTHBHI MoJeni 3 MeTol iX
MOJANBIIOTO CTPYKTYPYBaHHS BIANOBIOHO 1O 3a1aH
nx cxeMm. lle nmae 3Mory ¢opMmyBaTH y3roukeHi "KapTH
MarieHTiB", y SKUX pe3ylbTaTH YHCICHHUX aHaNi3iB
IHTErPYIOTBCS B €IMHY 4acOBY JMHAMIKY, 110 YMOKIIHBIIIOE
ABTOMATH30BaHy CTpaTH(]IKaIl0 PU3UKY Ta OLIHIOBAHHSI
BIJIMIOBITHOCTI KJTIHIYHEM TpoTOoKoyaM [28]. V pasi, komu
HeoOXigHe mBHUAKe i BepudikoBaHe GopMyBaHHS CIHCKY
Mali€eHTiB  JIsl  JOCHIIDKeHHS  abo  OLIHIOBAaHHS
pe3ynbpTatiB Tepamii, e(heKTUBHIMH BUSBUIINCS KIaCHIHI
AITOPUTMU MAalIMHHOTO HaBYaHHS, 30KpeMa MeETOJ
omopuux BekTopiB (SVM) [24]. Ha oxpemy yBary
3aCIYrOBYIOTh MYJIBTUMOJANBHI MiAXOMU JO aHali3y
"Bi3yanpHO ©Oarathx [JOKyMEHTIB", $Ki TO€THYIOTbH
TEKCTOBI, Bi3yalbHI Ta MPOCTOPOBI O3HAaKW. [ IMOOKI
HEHpOHHI MepeXi 3 KOMIIOHCHTAMH aHajJily MakeTra
CTOPIHKM Ta 3JMTTSIM O3HAaK CIHpPUSIOTH 3HAYHOMY
TTIBUIIICHHIO TOYHOCTI BIUTYYCHHS YHCIIOBUX ITOKA3HFHIKIB,
OJIMHUIIb BUMIpIOBaHHS Ta pe(epeHCHUX 3HAUYEHb, IO €
BU3HAYAITEHUM JIJISI KOPEKTHOTO BiTBOPEHHS J1aOOpaTOPHOI
JUHAMIKM ¥ CTBOPEHHS CHCTEM aBTOMAaTH30BaHOTO
BHABIICHHSA KPUTUYHUX TEHACHIIIH [29].

OTXe, y Cy4acHiil mpakTHUIll 0OpOOICHHS MEIUIHUX
aHawi3iB (OpPMYEThCS i€papxis Mopesnel: Bixm 0a30BHX
OCR/HTR  Ta

koHTeKcTyansHi NLP 1 TpanchopMmepHi apXiTeKTypH A

MaKeTHHX  aHali3aTopiB  4epe3
BWJIYYCHHSI CYTHOCTEH Ta BiHOIICHH JO KOMIUICKCHHX
LLM- i RAG-migxoniB, 31aTHUX iHTETPYyBaTH Pi3HOPIIHI
MMOKA3HUKHU B CTPYKTypoOBaHi ¢opmatu. Pazom 11i Metoau
CTBOPIOIOTH

MiATPYHTS ISt aBTOMAaTH30BaHOTO

(dopMyBaHHS IUIaHIB JIIKYBaHHS, PETPOCIEKTHBHOTO
aHa;mi3y 1icTopid XBOpoOM Ta MOOYIOBH KIIHIYHHX
pEeKOMEeHaMil, Mo POOUTh iX HEBiI €EMHUM EICMEHTOM
CY4acHHMX CHUCTEM MIJATPUMKH MEeIUYHUX pitens [20-23].

AHami3 cydacHHWX CTyHdild 3acBiadye, IO 3HAYHUN
nporpec y cdepi 00pobiieHHs pe3yJibTaTiB JIabopaTOpHUX
JOCITIKCHb TIOB’SI3aHUU 13 3aCTOCYBaHHSAM METOJIB
ONTHYHOTO PO3IIi3HABAHHSA CHUMBOJIB, KiiHI4HOro NLP
Ta aIrOPUTMIB  MAIIMHHOTO

HaB4YaHH:, 30KpeMa

BCIIMKHX MOBHHX MOHCHCﬁ, MYJIBTUMOJAIIBHUX
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HEMPOHHUX MEPEeX Ul pOOOTH 3 Bi3yaJbHO HACHYCHUMH
JOKYMEHTaMH, a TakoX (eAepaTHBHOTO HABYAHHS
3 MeTor0 30epeskeHHs mpuBatHOCTI [24-29]. 1li Meroau
HiATBEPAWIA  CBOIO

e(peKTUBHICT, y  BHIYYEHHI

MEAWYHHX TIOKAa3HUKIB 13 PIZHOPIAHUX TEKCTOBHUX
1 rpadiuHUX JpKepen, iX HopMautizamii 10 MDKHapOJHHX
cranpaptie (FHIR, OMOP, SNOMED CT, LOINC)
Ta iHTerpamii B KIIHIYHI CHCTEMH MiATPUMKH DillIeHB,
II0 CTBOPIOE OCHOBY [UII  PO3BUTKY  Cy4YacHOL
1 QpoBoi MeTUINHH.

OnHak, IONpH HasiBHI TOCATHEHHS, y IPaKTHIHOMY
3aCTOCYBaHHI  3aJMIIAIOTBCS  HEPO3B’si3aHI  JesKi
MUTaHHA. Pe3ynmpTaTu aHamiziB, OTPUMaHI 3 PI3HHUX
BHYTPIIIHIX 1 30BHIIIHIX J1a00paTOpii, CYTTEBO Pi3HATHCS
32 CTpPYKTyporo,  HaiMEHYBaHHAMH  IOKa3HHKIB
1 cHcTeMaMH OJMHMIB, IO CTBOpIOE Oap’epu s
aBTOMAaTH30BaHOI ceMaHTHYHO{ yHi(ikamii Ta iHTerparmii
B eauHe KIiHiyHe cepepoumie. CywacHi Mopeni
3/1e01TBIIIOTO 30CePeKYIOTECA Ha 3aBlIaHHI EKCTpPaKIii
JIaHUX, TOJIl SK IX IHTepHpeTaris Ta BUKOPUCTAHHS IS
dopMyBaHHS ~ peKOMEHAalili, NOOyJOBH  IUIaHIB
JIKYBaHHS YM OIL[IHIOBAaHHS PETPOCIIEKTHBHOI TUHAMIKU
MTOKA3HUKIB 3aJMIIAIOTHCS (PparMEHTApHO BHUKOHAHWMHU.
BaxnMBOIO MPOTIMHOIO TAKOX € BIJICYTHICTh THYYKHX
pimeHs I iHTerpamii JaHuUX i3 pi3HEX QopmariB —
Bim CSV ta HL7 no ckanoBanux PDF-goxymeHTiB,
IO  YCKIAaJHIOE TOBHOMACIITA0HE  BIPOBAKECHHS
aBToMaru3auii. KpiMm Toro, cyuyacHi migxonu oOMeKeHO
MiATPUMYIOTh iHTEPaKTHBHY Bi3yalli3allif0 4aCOBUX PSIiB
MoJiei

1 TPOTHO3HMX TPEHMIB, a KOHIENTYyaJbHi

iHTerpamii 3a3BW4ail po3pOOISAIOTECS U BEJIHKHUX
HalliOHAIBHUX YM KOPHOPAaTHBHUX CHCTEM, TOII SK
IUIE  OKpEMHX MEIWYHHX [EHTPiB Opakye IIiUTiCHIX
apXiTeKTyp, 3aTHUX 3a0€3MEeUUTH BCi eTanu — BiJ 300py
IO TIPaKTUYHOI iHTEpIIpeTaIlii MOKa3HUKIB.

HeoOxinnicTs cTBOpeHHs! iHOpMAIIHHAX TEXHOJIOTH,
3MATHUX  TOAOJNATH  CEeMAaHTUYHY  HEOJHOPIIHICTh
J1a00paTOPHUX TOKA3HUKIB, 3a0€3MCUUTH 1X IHTETpPAIli0
Ta IHTENEKTYaJIbHUH aHaji3, € OAHOIO 3 YMOB 3HIKCHHS
pU3UKYy TIOMWJIOK, CKOpPOYCHHS 4acy OOpOOJCHHS
pe3yabTaTiB 1 MIiABUINCHHSA €(QEKTHBHOCTI KIIHIYHKX
pimens. Came HIHMM 3yMOBJICHAa aKTYaJIBHICTh I[OTO
JIOCHI/DKEHHS, 10 3aK/Iafa€e MiAIPYHTS IJisi CTBOPEHHS
iHpOpMAIHHOT aBTOMaTH3amii
yHiikarii
B MEJMYHHX [IEHTpPaX.

CUCTEMHU 3  MCTORO

300py Ta nabopaTopaoi  iH(opMarrii

MeTo10 cTaTTi € pO3pOoONeHHA MopeneH, sKi

(opMaizyroTh  Oi3HEC-TIPOLIECH  MEAWYHOTO  IICHTPY

y B3a€EMOJIl 3 HALlEHTOM, IO JAaCTh 3MOTY BH3HAYMTH
HanpsIMA JTSUTBHOCTI, sIKi MOTpeOyroTh aBTOMaTH3aLlil
IUIsl TiABUINEHHA e(EeKTHBHOCTI HaJaHHA MEIUYHHX
MoCIIyr. 3alpoIloHOBaHI MOJENi CTaHyThb OCHOBOIO
JUIA CTBOpEHHS iH(popMmariiiHoi cucTemu, MO 374aTHA
3a0e3MeYnTH BUCOKY TOYHICTb

eKCTpakIii JaHWX,

BIICTO)KCHHA JAWHAMIKH JTaOOpaTOPHHUX MOKAa3HHKIB
i ¢opmyBaHHS pexoMeHiauiii Jnikapro. Lle 31 cBoro
00Ky CTBOPHUTH NEpPEAyMOBH ISl MiABHUIICHHS SKOCTI
MEINYHOTO

0OCITyrOoByBaHHS,  CKOPOYEHHS  dHacy

OOpOoONeHHA pe3yNbTaTiB 1 MIATPUMKA [PHAHATTS
OOTPYHTOBaHHUX PillIEHb.

Jlns  JOCATHEHHS ITOCTaBJIEHOI METH HEOOXiZHO
BUKOHATH TaKi 3aBIaHHS:

— TMpoaHaJi3yBaTH Cy4dacHHWH cTaH nupoBizamii
MEIWYHHUX JAHWX 1 BHU3HAYHUTH MPOOJIEMH, TOB’sI3aHi
3 yHi(iKamieo pe3ynbTaTiB JabOpaTOPHUX HOCIHIIKEHB
1 ix iHTerpamieto B iH(opMaliiiHi CUCTEMH MEIUYHOTO
LEHTPY;

— JIOCHITUTH OCOOJIMBOCTI OpraHizamii 0Oi3Hec-
MPOIECiB y MEIMYHOMY IIGHTPI Ta B3aeMOMii Mixk
OCHOBHUMH Yy4YacHWKaMH (TAI[i€eHT, aJMiHICTpaTHBHHUNA
MepCcoHay, JiKapi, MEAWYHI TPAmiBHUKH, 30BHIIIHI
JIarHOCTUYHI LIEHTPH);

— PO3pOOHTH KOHIENTYaNbHYy W (DYyHKIIOHAIBHY
MoJieNli HaJaHHS MOCIHYI y MEIUYHOMY ILIeHTpi, sKi
IICHTUQIKYIOTh CHCTEMHI 3B’S3KH MK OCHOBHUMH
IIpolecaMu JIisUIbHOCTI MEMYHOTO LEHTPY;

— CTBOPHUTH MOZENh Oi3HEC-TIPOIECiB OpraHizamii
JUSUTBHOCTI MEIUYHOTO IIEHTPY Y B3a€EMOJIIT 3 MAIi€EHTOM
i3 BripoBakeHHsIM BPMN-MeTomomorii.

BukopucTaHHS KOHLENTYalbHOTO MOJIEITIOBAHHS
U TIo0ynoBH iH(pOpMamiiHOI TeXHOJOTii 00poOIeHHS
pe3yibTariB - 1abOpaTOpHUX — JOCIHIIKEHb 3YMOBIICHO
HEOOXiHICTIO (POPMaIi30BaHOTO IMiIXOMY A0 aBTOMAaTH3aIlii
mpolieciB 30MpaHHs, yHidikamii Ta aHamizy MeIUYHHX
JaHuX. Y Mexax Iii€i pobGoTm oOIpyHTOBaHO BHOIp
KOHILIENTYaJbHOTO PIBHS PO3pPOOJICHHS, IO A€ 3MOTy
YiTKO BH3HAYUTH OCHOBHI CYTHOCTI KITFOUOBHX IIPOIECIB
JUSUTBHOCTI  MEJMYHOTO IICHTPY, TOTOKH iH(opmartii
Ta JIOTIKYy B3a€MOMIl MDK IMiACHCTEMaMHd MalOyTHBOT
iHpopmamiiHOi  cuctemu.  Omxe,  Moxenmi, IO
PO3POOJISIFOTCS B IIBOMY JTOCTIIKECHHI, 5Ki 31 CBOTO OOKY
OCHOBaHI Ha NPHHIMIAX (HOPMai30BAHOTO MOJIEIFOBAHHS
iHbOpMaLIHHUX CHUCTEM, CIPSAMOBaHI Ha BHKOHAHHSI
3aBJaHb 30MpaHHA Ta 0OpoOIeHHs J1abopaTOpHHUX
pe3yJbTaTiB y AiSUIBHOCTI MEMYHOTO 3aKJIaly Ha OCHOBI

METO/IiB IHTEJIEKTYaJIbHOTO aHAJI3y JNaHHX.
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Po3podnennst mogeneii popmanizanii 0i3Hec-nponecis
MeIMYHOIr0 HEeHTPY

Y cydacHEX yMOBaxX (YHKILIIOBaHHS MEIHYHHUX

YCTAHOB aKTyaJbHUM 3aBIaHHAM € (opmarizamis
Ta CTaHJAPTHU3AIlisl IPOIECiB 0OCITyroByBaHHS MAIli€HTIB
3 OIJISILy Ha BUMOTH YMHHOTO 3aKOHOJABCTBA, MEIMYHHUX
MPOTOKOJIIB 1 BHYTPIIIHIX pETJIaMEHTIB OpraHi3alii.
Just 1poro  JIOUIBHUM € 1MoOyJoBa KOHIENTYAIBHHX

CUCTEMHI  TIOTJISLON
pecypciB,  mpouenyp,

MEXaHI3MIB pEryJIIOBaHHS Ta BHXIAHHX pE3yIbTaTiB

Mozenel, 1o 3abe3meuyroTh

PO CYKYIHICTh  BXIJHHX
MEIUYHOI JISIILHOCTI.
Y  pochmimxeHHI 00’€ekToM 00paHO METUYHUH
nentp "EBmiBa". Jlns BUSBICHHS OCOOJMBOCTEH #HOTO
CTPYKTYpH i
KOHCYJIbTaIli] Ta

oprasizamiiHoi 6i3Hec-TporieciB

OpraHi30BaHO 00TOBOpEHHS

Ta6mauus 1. PEST-ananiz meduunozo yenmpy

3 KEpiBHHLTBOM 3aKJamy, a TaKOX IPOaHAIi30BaHO
30BHIIIHE W BHYTpIIIHE CEpENOBHIIE 3aKIany, MHOTO
JOKYMEHTALIIO Ta aJITOPUTM HaJlaHHS MEJUYHUX MOCIYT.

Jiss po3poOiieHHS — KOHIENTYadbHOI  MOJENi
3MIMCHEHO  KOMIUIEKCHE  JOCHIHKEHHS  MEIUYHOIO
meHTtpy, o mnepembadano PEST-, SWOT-anani3

Ta iHTEepB IOBaHHS YIIPABIiHCHKOTO MEPCOHAIY.
Pesyneratn PEST-anamizy momano B Tabm. 1.
dakropy  30BHINIHBOTO  CEPEIOBHINA  CTBOPIOIOTH
SIK MOKIIMBOCTi, Tak 1 BUKIukW juis "EBBiBa". PunOK
VYxpaini
U poBizaii,
1 comiadpbHHMX OYIKyBaHb. YCIIIIHA amamlTailis OO0 LHX

MEIUIMHU B IMIBUAKO  TpaHC()OpMyeThCs

Mg BIUIMBOM pETyJSTOpHUX — 3MiH
YMHHHUKIB BUMaraTuMe BiJl MEITUYHOTO LIEHTPY F'HYYKOCTI,

BIIPOBAKEHHS iHHOBaMIN Ta CTpPATETi9HOTO
IUTaHyBaHHS, 30KpeMa Yy cdepi iHTerpamii HOBITHIX

TEXHOJIOTH Ta 3MIITHEeHHS JOBipH MAIli€HTIB.

dakTopu

Onuc

P — nmomituaHuit -

(Political) - MenmyHa pedopma i eHealth;

- BOEHHUH CTaH y KpaiHi.

peTyJIOBaHHS IisSUTEHOCTI MPUBAaTHAX MEINYHUX 3aKiaziB 3 6oky MO3;

- JIIEH31HHI Ta aKpeTUTaIliiiHi BUMOTH;
- 3aKOHOJJABCTBO II0JI0 3aXKCTY MEPCOHANBHOT iHpopMaLliT;

E — exoHOMIYHHIT -

(Economic) - 3pOCTaHHS TEMITiB 1HQIIALIT;

HU3BKill piBEeHB JOXO/iB HACENEHHS;

- [[IHOBA YYTJIMBICTh MAII€HTIB JI0 IUTATHUX MTOCITYT;
- 3pOCTaHHs MOMUTY Ha SIKiCHY MEIULHHY.

S — couianbHuAMI —
(Social) _

- CTapiHHS HACEJICHHS,

- MOIYJISIPHICTH TU(POBUX CEPBICIB.

3pOCTaHHS MOMUTY Ha NPO(IIAKTUKY W paHHIO JTiarHOCTHUKY:;
IiJBHIICHHS O4iKyBaHb I0JI0 SKOCTI 00CIyTroByBaHHS;

- 3pOCTaHHS MOMUTY HA MEAWYHHH CyTIpOBiT;

T — TeXHOJIOTTYHHUI -

IHTerpalist 1a00paTOPHUX CHCTEM i €IEKTPOHHUX MEANYHUX KapT;

(Technological) - YIPOBaKEHHS IITYYHOTO IHTEJICKTY JUIS aHAII3Y MEAHMYHUX JaHUX;
- aBTOMATH3AIlis [IPOIIECiB (3aIuc, CYIPOBi, JOKyMEHTOOOIT).
Y  poboTi  MOCHIIKEHO  MEOUYHUK  ICHTP IIpote mis 3MilHEHHS KOHKYPEHTHOI MO3HINI TOLIIBHO

3a gomoMoroto Mmerony SWOT-anamizy. VYHacmimox
3aCTOCYBaHHsS [IbOTO METOJAY BH3HAYEHO BHYTPIIIHI
Ta 30BHINHI (AaKTOPH, IO BIUIMBAIOTH Ha JiSUIBHICTH
MEIUYHOrOo 3aKiiasy. BXiqHuMu qanumu Oyna BHYTPILIHS
iHpopMmaris (¢hiHaHCOBI 3BiTH, ONHUTYBAaHHS IEPCOHAINY,
CTaTUCTUKA  TPUHOMIB) Ta  30BHIMHA  (PUHKOBI
JIOCITIDKEHHS, aHaJli3 KOHKYPCHTIB, COIlAbHI MOKA3HUKH,
HOpPMaTHBHO-TIpaBoBa  0a3a,  BIATYKHM  MAIi€HTIB).
Pesynsratn SWOT-anainizy nogano B Tadi. 2.

AHani3 JeMOHCTpYE, 10 MeanuHuii ueHtp "EBBiBa”
Ma€ MiOHy BHYTpPIIIHIO CTPYKTYpy ¥ pemyraliio,

OpIEHTOBaHy Ha sKiCHE OOCIyroByBaHHS MAalli€HTIB.

iHTerpyBatn 1u¢posi pimeHHs. OcoOJMBO BasKJIMBO

30CEPEANTUCS Ha MiHIMI3aIlll PHU3UKIB, IOB’SI3aHUX
13 KOHKYpCHIIIEI0 Ta HOPMATUBHUMH 3MiHaMH, a TaKOX
AKTUBHOMY pearyBaHHI Ha TEXHOJOIIYHI MOXKIHBOCTI,
110 CIIPUSIIOTH PO3BUTKY MEIUYHOTO Oi3HeECy.

VYHacnigok aHajily BHYTPIIIHBOI JOKYMEHTAIT,
HasBHOI 0a3y MaHUX 1 TEXHOJIOriI HaJaHHA MEIUYHHUX
nociyr copMOBaHO KOHIENTYyallbHYy W (YHKIIOHAJIbHY
Mojeni  opraHizamii  MeIMYHOrO  OOCIyroBYBaHHS
(puc. 1 Ta puc. 2), a TakoX MNOOYIOBAaHO MOJEIH
0i3HEC-TPOIIECiB,

IO BIATBOPIOE KIIOYOBI TMpolecH

MEIMYHOTO MEeHTpy (puc. 3).
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Ha puc. 1 300paxkeHO KOHIENTyallbHY MOJIENb

HaJ@HHA MEAMYHUX T[OCIYI TMallieHTaM YCTaHOBH,
IO TIPYHTYETbCA Ha ifgei MOJaHHA IBOTO MHPOLECYy K

IHTErpOBaHOI CUCTEMH, Y MeXax SKOI 3IHCHIOETHCS

MEIMYHUX TIOCIHYTr TMAallieHTaM MEeIMYHOro UEeHTpY",
0 aKyMyJIO€ HOPMaTHBHO-TIPAaBOBI, OpraHi3aliiHi,
KaJpoBi Ta iHGOpMaliiiHi CKIagHUKU. Y (GYHKIIIOBaHHI
CUCTEMHU HAJaHHA MEIUYHUX TIOCIYyT BXIigHI JaHi

LTECTIPSIMOBAHO TIEPETBOPIOIOTHCA Y BUXIAHI PE3yIbTaTH

MEPEeTBOPEHHA  BXIAHMX  JaHUX 1  perJaMeHTIB
y pe3ylbTaTUBHI MenuuHi nociyru. lleHTpambHuM
eleMeHToM €  (QyHKHioHanpHHUH Omox  "Hamanus

Ta6auus 2. SWOT-ananiz meduurozo yenmpy

3a JIONIOMOTOI0 3aCTOCYBAaHHsS BIATIOBITHHX MpaBHII,
IpoLenyp 1 3aIydeHHs IIepCOHATY yCTaHOBH.

Kareropis

Onuc

S — mepeBaru -
(Strengths) _

LIMPOKHH CHEKTP MEAWYHHX MOCIYT (Tepartisi, 1iarHOCTHKA TOIIO);
npodeciiHuil MeTMYHNUIT IepCOHAlT;

BHCOKHI piBEHb CEpBICY i opraHizauii CylpoBOy MaIli€HTIB;
HasBHICTH MPOTOKOJIIB JIIKyBaHHS Ta YiTKUX MPOLEIYD;

HAasIBHICTb BJIACHHX OHJIAHH-pECypCiB.

W — megoimiku —
(Weaknesses) _

obOMexeHe reorpadiyHe MOKPUTTS (JOKANBHICTD MisTBHOCTI);
notpeba B OLIBII TTMOOKIH UQPOBiH TpaHChOpMAIii;
BHCOKa 3aJISKHICTD BiJl IIEPCOHATY B JOJIYYEHHI TaHUX;
BIICYTHICTb iHTeTpalii 3 €AMHOIO eIEKTPOHHOIO MEAKAPTOIO.

O — MOXJIMBOCTI -
(Opportunities) _

ynpoBamkeHHs [ T-pinieHs (3acTocyBaHHs €JIEMEHTIB IITYYHOTO 1HTENEKTY, OHOBJICHHS OHJIaiH-Ka0lHeTy);

MacitabyBaHHs Mepexi abo 3amyck GppaHdail3uHry;

PO3LIMPEHHS MapTHEPCTBA i3 30BHIMIHIME Ja00paTopisiMu 1i1st 0OMiHY iH(OpMaLi€ro;

HaJaHHA MPOGITaKTHYHUX TOCIYT MAIliEHTaM MEINYHOTO LICHTPY;
BUX1J{ Ha KOPIOPATUBHHI METUYHMI PUHOK (CTPaxoBi KaMITaHii).

T — 3arpo3u -
(Threats) _

MOCUJICHHSI KOHKYPEHIIi1 3 00Ky BEIUKUX MPUBATHUX MEPEIK;
3MiHH B Jep’)KaBHOMY PeTYJIIOBaHHI TPUBATHOT MEIUIINHY;
€KOHOMIYHA HECTa01/IbHICTD;,

3MEHIICHHS JTATOCTIPOMOKHOCTI HAaCEIICHHS;

kibep3arposu i mpobieMu 3 6e3neKor MeAMIHOT iH(hOopMaIlii;
3arpo3w, OB’ si3aHi 3 BOEHHUMH JisIMU.

IlpasH1a
obecayroByBaHHA
Y MeIHIHOMY
meETpi IIponenypa
CYIIPOBOIY
IIpaBHTa HEATaHEY nartieHTa -
HoSTyT STMHG S IIporokomn oum}zj;j:cri
THHHHEM . "
3AKOHOJIABCTBOM Ky BamA JHKyBAHHA
Heolxigna
TOKYMEHTAITisA
JJ1A HaJaHHA
Me THIHHX
nocayr PexoMennanii
— > HagaHHA MeIHUHUX IOCIIYT IalleHTaM AL EHTY
— » MeIHIHOTO IIeHTPY | Ilnan nikyBamms
3amHr namieHTa [IalieHTa

Tlepcoran ITepconan Tlepconan Baza
TOCTOJapPCEKOTO indopMamiifHOTO  MeTHMHOTO  ;aupy
JemapTaMeHTy JeTapTaMeHTy HEeHTpyY

Tlepconan genapTaMeHT
Y PO3BHIKY

Puc. 1. KOHL[GHTyaIILHa MOJICJIb HaZlaHHS MECANYHUX ITOCIYT Y MEJUIHOMY L[eHTpi
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Ha novarkoBomy eTari BXiIHI AaHI MICTATh 3alHT

namieHta Ha  1oTpedy B MEAWYHIA  JONOMO3i
Ta HEOOXiJHY JIOKYMEHTAIlil0, sika 3a0e3neuye IpuaniHe
i mponenypHe odopmiieHHs mporecy. Lli ememeHTH
HOETHYIOTBCA 3

peryiiaMeHTylouuMHu  (akTopaMu  —

YUHHUM 3aKOHOJABCTBOM, IIPOTOKOJAMH JIIKyBaHHS,
HpaBHIaMH 00CIyTOBYBaHHS i IPOLIeAypaMy CyIIpOBOLY
nanieHTa. BomHowac 3acTOCOBYIOTHCS IpaBHiIa OL[IHFOBAHHS
SKOCTI  JIKyBaHHS, fAKi  BHU3HAYalOTh  CTaHAAPTU
e(peKTUBHOCTI Ta OE3MEYHOCTI METUYHHX MTOCIYT.
[leperBopeHHs  BXiZHMX JaHUX y  BUXIOHI
3IIMCHIOETBCST 332 JOIIOMOTOI0 IEPCOHANYy MEIHYHOTO
LEHTPY Ta CYMpPOBIIHMX JEapTaMEHTIB (TOCIOAAaPCHKOTO,
iH(pOpMaIiiHOrO, PO3BHUTKY). IN'ocnogapcekmii
JemapTaMeHT 3a0e3neduye pecypcHy MiATPUMKY IpPOIECy,
iHpopMaliiHMi —  Hazmae

JA0CTyII 1o OaHUX

1 KOMyHIKaIiifHHX KaHaJiB, JelmapTaMeHT pPO3BHTKY
(opMye cTpaTeriyHi IHHOBAIIIMHI PIIICHHS, a METUIHUI
MepCoHa M1arHOCTUYHI,

BUKOHye  Oe3mocepenHi

JNiKyBaNbHI Ta  KOHcynmbTaTHBHI  nii.  KirouoBum
iH(pOpMAaIIfHUM pecypcoM € 0a3a AaHUX, IO aKyMYIIO€E
MenuuHy iHGOpMalilo Npo NamieHTa Ta 3abes3nedye
il BUKOpHUCTaHHS B YXBaJICHHI KJIIHIYHUX PIllICHb.
YHacinok (yHKIIOBaHHS 1i€i cucteMu (OpMyeEThCs
BHXimHA iH(pOpMAIig, OO0 Mae MPaKTUYHY 3HAYYIIICTH
JUIsl manieHTa. 30Kpema Iie iHAWBiTyadbHI peKOMeHIalil
1010
MEepCOHAJ30BaHUK TUIAaH JIIKYBaHHS, SKWUH BH3HAUae€

30epeXeHHsST ¥ BIHOBIIGHHS 310pPOB’S Ta
MTOTANTBIITY TOCITiIOBHICTh MEIIMYHUX 3aXO0/iB.

Omxe, HAAHHS MEJMYHHUX TOCITYT MOYXKHA PO3IJIAAaTH
SK KepoBaHEe iH(OpPMAIIITHO-pecypCcHe IePEeTBOPEHHS,
y SIKOMY BXIiJIHI AaHi (3aIUTH, TOKYMEHTH, PErJIaMEeHTH)
MiJ BIUTMBOM TMPaBWJ, MPOIEAyp Ta Jdilf TIepcoHaITy
TpaHC(HOPMYIOTBCSA Y BHUXIJHI PE3yJbTaTH, IO MAaKOTh
Ge3nocepeHe MPUKIIAIHE 3HAYCHHS IS TTAIli€HTA.
CTPYKTYpH,
Ta aNrOpUTM HAaJaHHS

PerenbHuit  anamiz  oprasizamiinoi

BHYTPIIIHBOI JTOKYMEHTAIii
HEHTPY

KOMIIIEKCHO OIlIHMTH B3a€MOII0 MDK Mali€HTaAMH,

HOCIIyT  MEIUYHOIO "EBBiBa" JgaB 3Mmory
aJIMIHICTPATHBHUM TICPCOHAIIOM, JIKAPSIMU Ta 30BHIIIHIMU

JUarHOCTUYHUMHK IeHTpamMu. Ha oOCHOBI OTpUMaHHX
pe3yapTaTiB  PO3pPOOIIEHO MOJENi, SKi BiATBOPIOIOTH
Joriky (YHKIIIFOBaHHS Oprasizamii Ta 3a0e3leuyroTh
¢opmanizoBane momaHHA TporleciB y Hotauii BPMN,
a TakoX (YHKIIOHAIbHY MOJIENIb HAJaHHA MEJUYHUX
nociyr. Take MOJENIOBaHHS CTBOPIOE OCHOBY IS
npoLeayp,
JIOCITi/PKEHb

MOJANbIIOT  ONTHMI3AIil  YIPaBIiHCHKUX

iHTerpamii  pe3ynbTariB  J1abOpaTOpHHUX

1 1noOymoBH €QuMHOrO  iHGOPMALIWHOTO  KOHTYpY
MeauuHoro uentpy [30].

3anpornoHoBaHa KOHIENTyalbHa MOAENb A€ 3MOTY
He JIMIIE OIMCATH JIOTIKYy B3a€EMOJIi eJIeMEHTIB CHCTEMH,
a W 3abe3medye MOXIHMBICTH Qopmamizamii mpormecy
y Burisini niarpam IDEFO nacrymHoro piBas un BPMN.
Ile 3i

aBTOMAaTH3aLil

CcBOro 0OOKy CTBOpIOE TIEPEoyMOBH UL

HaaaHHA MCIUYHHUX ociyr JJIA

MiABUIIEHHS  ©(QEeKTHBHOCTI  BHYTPILIHIX  IPOIECIB

1 BIOCKOHAJICHHS SIKOCTi MeTOOCITyTOBYBaHHS.

Hactymamm KPOKOM Oymo po3po0bieHo
(yHKIIOHATIBHY MOJIENb (puUC. 2), 0 BIITBOPIOE HATaHHS
MEIWYHHX TIOCITYT B YCTaHOBI Ta 3a0e3medye CUCTEeMHUIN
MiIXIJ] IO B3aEMOJIIT MK MAIIEHTOM 1 IepcoHanoM. BoHa
moOyoBaHa Ha  OCHOBI

NPUHLOUIIB  HOPMAaTHBHO-

IIPaBOBOTO 3a0e3MedeHHs], OpraHi3aniifHol MITPUMKH Ta

YOpaBIiHHA  SKICTIO  MEOHYHOTO  OOCIyrOBYBaHHS.
JICKOMITO3MIIF0  KOHIENTYAILHOI  MOJENi  HAaJaHHS
MEIUYHUAX MOCITyT y MEIMIHOMY LEeHTPI

MPOJACMOHCTPOBAHO 3 BUKOPUCTAHHSAM  METOJIOJIOTIT
¢ynkmionansHOTO MonemoBanas IDEFO [31].

Ha mneprmromy erami 3milicCHIOETBCS 3a0e3medeHHs
KUTTEASIIBHOCTI MEIMYHOTO IIEHTPY, W0 Mependadae
BEJICHHS HEOOXIHOI IOKyMEHTAIIIl Ta JOTPUMAaHHS TPaBUIT
HAQJIaHHS TOCAYT 3TiTHO 3 YHHHUM 3aKOHOJABCTBOM.
Ie#t eranm ¢opmye opraHizaiiiiHO-IPABOBI YMOBH ISt
¢byHKIITOBaHHS 3aknany. Pe3ynbTaToM BUKOHAHHS 11bOTO
erary € 3a0e3MeYCHHS HaJTaHHS SIKICHUX MOCIYTH BiIIOBITHO
JI0 YMHHOTO 3aKOHOJABCTBA, KBaMi()iKOBAaHWIA TEPCOHAII,
iHpopMaliiiHa Ta rocrnolapchbKo-TeXHiYHa Oe3reKa.

Hpyruit eran — 3amuc Mari€eHTa Ha TPUAOM, SKHAN
MOJJIUBICTE ~ OOpaHHS

nepenbayae 3pYYHOTO  Yacy

W o3HalloMJIeHHS 3 TpaBWIaMH  OOCIyrOBYBaHHS
B Meau4YHOMY IeHTpi. Lo ¢yHKIiI0 BUKOHYE mepcoHam
aJIMIHICTPATUBHUX IIiAPO3MALIIB, i BOHAa CIPSIMOBaHA
Ha MiABUIIEHHS JOCTYITHOCTI MOCIIYT.

Tperiii eram — 1e 3ycTpid mamieHTa Ta HOrO
CYNpoBiJ 10 KaOiHETy Jikaps, IO mependadae sk
iHpopMamiiHy  TATPUMKY, Tak 1  OQpOpPMICHHS
CYIpPOBINHOT JoKyMeHTallii. Ha npomy ertami BiOyBaeThCs
IHTerpallis aIMIHICTPATUBHUX 1 MEIUYHUX MTPOIICIYP.

KitouoBuM € eram HagaHHS MEAWYHHX IOCIHYT,
SKuii ~ 0a3yeTbcs ~ HAa  MPOTOKOJAX  JIKYyBaHHS.
Bin mnependavae KOHCYNBTALiIO JIiKaps, BH3HAYECHHS
MIarHOCTHYHUX 1 TEPaleBTHYHMX 3aXOMdiB, a TaKOXK
(hopMyBaHHS JIMCTa MpH3HAYCHb. Y pa3i HEOOXITHOCTI
peani3yeThcsl erarn CymnpoBOJY Malli€HTa Ha [0JaTKOBI

00CTeXEHHS, 10 allTeKH YU PeeCTpaTypH, 110 3a0e3rnedye
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pPO3LIMPEHHsSI  CIEKTpa IMOCIyr 1  KOMIUIEKCHICTh

MEJUYHOTO 00CIYrOBYBaHHSI.
3aBepliaibHUiA eTar BUKOHYE (DYHKIIIFO MOHITOPHHTY
SKOCTI

HaJaHUX MOCIyr i nepez[6aqa€ OTpHUMaHHA

3BOPOTHOTO 3B’s13Ky Bij marienTa. Ha ocHOBI Biarykis

3IIMCHIOETBCS  KOPHUI'YBaHHS  JIIKYBaJbHUX  IUIAHIB,

(GOopMyIOTBCSl HaraJyBaHHsS IIPO HACTYIHI BI3UTH Ta
OepyThCs 10 yBard iHIUBIAyaIbHI TOOAKAHHS MAIlI€HTIB.

"pmm HM;HIH.S{ l'[\ocn'y'r ITpasina o5cTyroBYBAHEA ¥ IIporokomt ?sussgm UPHBHJH‘ .
3TLIHO 3 THHHHM ETIHOMY 1eHTpi NikyBaRHS YIPOBOTY OIHKI fKOCTD
3AKOHOJIABCTROM TaniexTa TKYBAHHS
3aIIHC Ha
. gpﬁﬂm rq:;: <. CynpoBiz Ha SxicHa
oy srimo FHaHtoMCTBO 3 TIpHiioM 10 MeJIHYHA Criek
. 3 UHHHIM npaBHT y v TiKapa. ToCTyTa, THCT kP
Heaxizma 3KOHOIABCTROM oferyrosysamn e JIOJATKOBIT
AOKYMEHTAIU [T ¥ METHTIONY . JIOKYMeHTIB CynpoRiz nawicnTa froctyr
HAlAHEs feHTp Sycrpit naliedta ta —»{ 10 peecTparypi Ta
MEIHYHHX [oCIyT 3aGe3neueHH I 7 fioro ‘3'"1")?“-1 a0 3AIIHC Ha :J.o:;an;om
— | KHTTCAiATBHOCTI KACIHETY TKApA v OBCTEKEHHST v .
MeJHYHOTO LIEHTPY [Tnan TIKYBAHHA
} . 4 Hanarns OTpHMAHEA TAIeHTa
3arme [HAIREHTR » MeImHHX » 3BODOTHOTO d
3amuT naiieHTa Ha IIPHHOM nocIyr 3IBTIKY PexoMerTanii
S nalieHTy
[Tepcoran [ K
TOCHOIAPCEKOTO
JeNAPTAMEHTY
.
Tlepcotan jienapraventy .
POTBHTKY Tlepcoma iH(OPMATHEHOTO eMAPTAMEHTY IMepconart MeIUHOT O NEHTPY
Puc. 2. dyHKmioHanbHa MOJIENTb HAJJAHHS MEAWMYHUX TIOCIYT Y MEIHYHOMY IIEHTP1
OT)Ke, MOACIIb € iHTerOBaHOIO CHCTCMOIO — JIiKap — KOHCYJIbTY€, IIpU3HA4YaA€ Z[OZ[aTKOBi
OpraHi3alifHNX 1 MEOUYHUX MPOIEAyp, CHPSIMOBAHOIO NOCTIDKCHHS, aHalli3ye pe3ynbTraTH Ta  (dopMmye

Ha MiZBUIIEHHS eeKTUBHOCTI (DYHKIIIOBaHHS MEAUYHOTO
HEHTPY Ta TIOKpamleHHS SKOCTI HaJaHHA IOCIHYT.
[i mpakThume 3acTocyBaHHS Ja€ 3MOTY ONTHUMi3yBaTH
MpoIlecH YIpaBIiHHA, 3a0e3rmeunTd  Oe3nmepepBHICTH
00CITyroByBaHHS Ta OpPIEHTAIlII0 Ha TOTPEOU MAIliEHTIB.

3amporoHOBaHa Mozens Oi3Hec-mporeciB (puc. 3)
BIZITBOPIOE  CTPYKTYPOBaHY OpraHi3aimilo JisuIbHOCTI
MEIWYHOTO IEHTPY Y B3aEMOIII 3 TTAI[iEHTOM.

Mogens nobynoBano B Hotauii BPMN (Business
Process Model and Notation) [32, 33], mo 3abe3medye
HAOYHE IMIOJAHHs JIOTIKM TIPOIECY, PO3MOITY pOJiek
Ta IHPOPMALIHHIX TTOTOKIB MiX YIaCHUKaMH.

Mogenp 1oOynoBaHO 3 OIJIAgy Ha OaraTopiBHEBY
B3aEMOJIIIO:

— D[AiEHT — IHIIIOE TPOIEC, 3BEPTAETHCS
IO 3aKJIaay, IPOXOIUTh ETal PeecTparii, KOHCYIbTAIlii,
JIIarHOCTUKY i JIIKyBaHHS;

— peecTpaTypa — BIiAIOBiIaE 3a MepeBipKy AaHUX,
opOpMIICHHS ~MEIUYHOT

KapTH, 3amuc Ha mpuiioMm

Ta OpraHi3allifHA CYIPOBIJ NaIi€HTa;

IHIMBITyaIbHUMN TUIAH JTIKYBaHHS;

— MeIU4YHMii MpaliBHUK — BUKOHYE J1abopaTOpHi
JOCII/DKEHHST B MeXax 3akiany abo ¢opMmye 3amuTe
JI0 30BHIIIHIX AiarHocTHYHUX HeHTpiB (L);

— 30BHIIIHI JiarHOCTHMYHI LEHTPH — TPOBOIATH
JNOCTIKCHHSI B pa3i, SKIIO II€é HEMOXJIMBO BHUKOHATH
B METUYHOMY LIEHTI;

— ©0a3a maHUX — IEHTPAIBFHUIA BY30JI 30epiraHHs
Ta mepeaayi pe3yabTaTiB JOCHIPKCHb 1 BHCHOBKIB.

IIpomec po3moYMHAETHCA 31 3BEpHEHHS IAIli€HTa
no meauyHoro nentpy (ML), micis woro BinOyBaeThes
mepeBipka Horo mepcoHanbHOI iHpopMaii Ta HaIBHOCTI
MEIMYHOI KapTh. 3a YMOBH ii BiJICYTHOCTI CTBOPIOETHCS
HOBa KapTa, IO Ja€ 3MOTYy IHTETpyBaTH IaIli€HTa
B CHCTEMY MEAMYHOrOo OOCIyroByBaHHs. HacTymHum
KPOKOM € 3alliC Ha TPUHOM Ta CyNpoBig IO KabiHeTy
mikapst. Ha erami mMemuuHOi KOHCYJIBTAIll Jlikap 30upae
aHaMHe3, (POpMy€e IEPBUHHNI BUCHOBOK i, SIKIIIO0 HEOOXiIHO,
aHaJ i3n 4Yd  OOCTEKEHHSI.

MpHU3HAYa€  JIOJATKOBI

JocmimkeHHs MOXe 3OIHCHIOBaTHCA SK y MeXax
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MEIMYHOrO IEHTPY, TaK 1 B 30BHILIHIX JIarHOCTHYHUX
yCcTaHOBax. Y MEPIIOMY BUIAAKY MEJAWYHUI MPAIiBHUK

Oe3rnocepeslHb0 BUKOHYE J1Ta0OpaTOPHI  JOCIIIKESHHS,

y Apyromy -
JI0 30BHIIIHIX YCTaHOB. YCi pe3yiabTaTH IHTErPYyIOTHCA

(dbopMyeTbCST  BIATOBIAHWN  3amuT

JI0 ILEHTpaji30BaHOi 0a3uM NaHMX, M0 3ade3rnedye ix

MOCTYNHICTh IS JHKaps Ta TapaHTye€ MUIICHICTh

iHdopmaniitHoro noroky. [lopanbmmii aHani3 pe3yabTaTis

Jae 3Mory Jikapro chopMmyBaTH IHIUBIIyalnbHHUIA IUIAH
JIKYBaHHS, SIKMH IIPE3CHTYETHCS MALE€HTOBI y BUIIISIL
nporecy
nepenbayae OTPUMAHHS TMAIlEHTOM IUIaHY JIKyBaHHS,

PEKOMEHIAIIIH. 3aBepiaabHUA erar

Woro omuary Ta 3akpurTA Bi3uTy. OTxe, MOIens
3a0e3rneuye IMOBHUM LMK B3a€MOAIi BiJ| TEPBHHHOTO
3BepHEHHA A0 (iHATBHOTO eTaIy JTiKyBaHHS.

=
= 3BepHeHns 10
v P i OTpuMy€ peKoMeHnamli Ta Ormata
MEIIYHOIO . " -
E a TKYBAIBHIIL I1aH npuiiomy
= HEeHTpY
Hi CTROpEHHA
o MEJUTIHOT KapTi
5] ITeperipka naHIx
5 HamieHTa .
S ¢ Cymposin o
Jar} B 7 : i
& L Tax 3amic namicHTa KaGiHeTy JiKaps
5 HaasHicTb HA TPHITOM
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=
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jus}
=
E( Koney 1
a, OHCY/THTALIIA : E
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= i aHali31B abo 00CTEeKeHb pe3yILTaTIB IUIAHY 1KY BAHHA BI3ITY
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I
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a— JIOCTIUTKEHB
o Hi OdopmneHHa
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MoAnBICTL BUKOHAHHA 30BHINIHIX J{1]
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I
cam
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T ; OTpUMAHHA Pe3yILTATIR
3 3aMOBICHHS Tab0paTOPHIX AOCTUTKEHD Bes Th
= TTabopaTOPHIIX AOCHIHKEHD
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o
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Puc. 3. Mogesp 6i3Hec-mipolieciB oprasizauii JisuIbHOCTI MEIUYHOTO IIEHTPY Y B3aEMOI| 3 MaIliEHTOM

HaykoBa miHHICTh 3aIIpOIIOHOBAHOT MOJIENI TONIATAE

B MOXIHMBOCTI i 3acTocyBaHHs mis Qopmanizamii

Ta ONTHMI3allil YNpaBIiHCHKUX 1 MEIUYHHX TIIPOIIECIB,
IO BiIOYBAaKOTHCS B MEAWYHHUX IEHTpaX. BUKopucTaHHs

BPMN pgomomarae He JIMIIE ONUCAaTH  IPOLECH

Ha KOHIICNTyaJbHOMY piBHI, a # 3a0e3mnedye OCHOBY

JUIss  IX TOJaNbIIOl  aBTOMATW3allii Ta IHTerpamii

3 iH(OpMAIITHIMH CHCTEMaMHU.
BaxmBo 3ayBaxwTH, IO OKpeMi Oi3HEC-TIpoIiecH,
MO3HAYeHi

HAa MOIENI CHHIM KoiasopoM (puc. 3),

BH3HAYEHO SK Taki, II0 MiIAraloTh aBTOMAaTHU3aLil

iHpOpMaIiHOT CHCTEMH, IO CHPHUSITAME IiIBUIIECHHIO

e(EeKTUBHOCTI SIK YINpPaBIIHCHKUX, TaK 1 KIIHIYHUX

mporeciB. Came 1 mporecu  (HOPMYIOTH  OCHOBY

mudpoBi3allii KIFOYOBUX €TaIliB B3a€MOJIIl MK IMAIiEHTOM,
MEIUYHUM 30BHIIIHIMUA

JIiKapem, MepCcoHajIoM Ta

NIarHOCTUYHUMU LIEHTPAMH. Ix imeHTU KA
3[ificHeHa Ha OCHOBI aHalli3y Cy4YaCHHUX TEXHOJIOTIH
y MeanuHoMy neHTpi "EBiBa" Ta 3 oriany Ha akTyaibHi

3aIllUuTH 3aKiIany.
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PesyabTaTH gocigkeHn Ta ix 00roBopeHHs

3a pe3ynsTaTaMu MIPOBEACHOTO aHaIizy
MoOyZ0BaHO KOHIENTYaJIbHY Ta (DYHKI[IOHAJIbHY MOJEINI
HaJaHHA MEIUYHUX IOCIYr, a TaKoXX Mojesb OizHec-
OpraHizaiio  IisJIBHOCTI

MPOIECiB, MO0  OMHKCYE

MEIMYHOTO IIEHTPY. 3amponoHOBaHI (yHKIIOHAIBEHA
MOJeNb Ta MOJeNb Oi3HEeC-IPOLECIB  JaloTh 3MOTY
(opMamizyBaTH  OCHOBHI  €TamW  B3aEMOJIl  MiX
MAI[iEHTOM 1 MEPCOHAJIOM, MMOYMHAIOYM BiJ] TIEPBUHHOTO
3BEpHEHHA [0 3aBEPLICHHSA JIKyBaHHA. BHKOpUCTaHHS
BPMN

JIOTIKH

METO0JIOTI{ 3abe3neuye  CTPYKTYpOBaHE

BiITBOPCHHS Oi3Hec-miporieciB, poield  Ta

iHpOpMAIIfHUX  TIOTOKIB, 10 CTBOPIOE  OCHOBY

IS MMOAAIBIIOT aBroMaTmsamii  Ta iHTeTparnii
3 iHdopmarliinuMu cucTeMamu. Taka aBTOMATH3aIlisA
MiHIMI3ye  pusukm ~ nayOmroBaHHs ~— abo  BTpaTu
iHpopMmarii Ta 3abe3nedye KOHTPOJIb Ha KOXHOMY
eTarri MeNYHOTO 0OCTYTOBYBaHHSI.

OdyHKIIOHANBHA MOJENbh PENpPEe3eHTYE CUCTEMHHUI
MiAXiA [0 YOPaBIiHHS SAKICTIO MEIWYHHAX TIOCIYT,
oprasizariisi

HOEIHY YU HOPMaTHBHO-TIPABOBI,

Ta KIiHIYHI acmleKTH. BoHa ommcye MOCHiIOBHICTE

NpOLIEAYp, IO OXOIUTIOIOTH SIK aJMIHICTPAaTHBHI, TaK

1 JIKyBaIbHI TIpollecH, BOJHOYacC 3 OTPUMAaHHIM
3BOPOTHOIO 3B’S3Ky Bim marienta. OTxe, MOJIEHb
MIICUITIOE MAI[iEHTOOPi€EHTOBAHICTh oprasizarii,
3a0e3meuye  KOMIUICKCHICTh  MEIHYHOTO  CYHPOBOIY

Ta CTBOPIOE MEXaHI3MH MOKPALICHHS HA/IaHHS TTOCIYT.
Oxpemi Gi3HEC-TTPOIECH, IICHTU(IKOBaHI B MEXax
Mojeni Oi3Hec-mpoleciB, BHU3HAYCHI SK TPIOPUTETHI
UL MOJAJNBINOi  aBroMaru3amii.  Ix IHTeTparis
B iH(opmaniiiHy cucTeMy MEIWYHOrO IIEHTPY CTaHe
OCHOBOIO JIJIsl BIPOBAJPKEHHSI METO/IIB IHTEJIEKTYaJIbHOTO
aHai3y JaHUX 1 aBTOMATH30BAHOTO pPO3Mi3HABAHHS
pe3yabTaTiB 1abOpAaTOPHUX AOCIIpKEHb. 1le macTh 3mory
MiBUIINTH TOYHICTh €KCTpakuii mMeanmunoi iHpopmariii,
3a0€3MeYUTH BIJCTEXKCHHS JUHAMIKH J1a00OpaTOPHUX

MOKa3HUKIB 1 (opMyBaTH peKoMeHmamii aist JiKaps,
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MODELS OF MEDICAL CENTER BUSINESS PROCESSES
TO IMPROVE DECISION-MAKING EFFICIENCY

The subject of the article is the process of digitizing laboratory test results and formalizing the business processes of a medical
center in order to develop an information system focused on intelligent data analysis. The goal of this work is to design
models that formalize the business processes of a medical center in interaction with patients, enabling the identification of
areas that require automation to improve the efficiency of medical services. The following tasks were solved: analyzing the current
state of medical data digitalization and the issues related to the unification of laboratory test results; examining the organization
of business processes in a medical center and the interaction of its key participants; developing a conceptual and functional model
of service delivery; and constructing a business process model that reflects the structured organization of the institution’s activities
in interaction with patients. The following methods include SWOT and PEST analyses of the medical center, examination
of internal and external documentation, analysis of the existing database and algorithms for providing medical services, the IDEF0
functional modeling methodology, and the BPMN business process modeling approach. The obtained results: an analysis of existing
solutions and studies was conducted; the results of SWOT and PEST analyses of the medical center were presented; a conceptual
model of medical service organization was created; a functional model was built considering regulatory, organizational,
and clinical aspects; and a BPMN-based model of key business processes was developed. Business processes requiring automation
using intelligent data analysis methods were identified, forming the framework of the future information system. Conclusions:
the proposed models provide a scientific and methodological foundation for automating the collection and processing
of laboratory test results, their standardization, and integration into a unified information framework of the medical center.
This will enhance the efficiency of the medical center’s business processes in interaction with patients, reduce the time required for
processing diagnostic results, minimize the risk of errors, and ensure high-quality support for the provision of medical services.
Keywords: functional model; business process; business process automation; data analysis.
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S. DANYLENKO, K. SMELYAKOV

CONTENT-BASED IMAGE RETRIEVAL METHOD
IN A MULTIDIMENSIONAL MODEL AT BIG DATA SCALE

The subject of the study is the method and algorithms for content-based image retrieval within the Multidimensional Cube (MDC)
model. The goal is to develop a search method based on image descriptor vectors and an algorithm that implements this method in
both sequential and parallel versions for MDC. The research tasks include: defining requirements for the search method; analyzing
the MDC model structure and defining the approach to the search method; developing search methods and algorithms for scenarios
where the model is stored in RAM or in a relational database; integrating parallel computing into the algorithm; analyzing alternative
models based on multidimensional trees, graphs, hashing, inverted indexing, quantization and inverted multi-index structures;
developing evaluation metrics and conducting experiments to compare the efficiency of the MDC-based method with alternative
search models. Methodology: analytical and comparative methods for search algorithm evaluation, modeling, and experimental
verification were applied. Thread-level parallelism and hardware optimization methods were used, along with comparative analysis of
model efficiency (KD-tree, Locality-Sensitive Hashing, Hierarchical Navigable Small World, Inverted File with Flat Compression,
Inverted Multi-Index). Statistical methods were employed to assess results using recall, search time, and model construction time
metrics. Experiments were conducted with both web-sourced and synthetic image descriptors, as well as load testing to evaluate the
model’s throughput. Results: a new search method and the Wave-Search Algorithm were developed. Its parallel version achieves up
to a 3x speedup. For top-10 and top-100 queries in a dataset of 1 million descriptors, MDC shows the best overall performance among
the compared models based on the metrics and strong stability under load. Conclusions: the proposed search method and its
implementation (Wave-Search Algorithm) efficiently utilize the MDC model’s structure for search tasks, outperforms alternative
search models in terms of effectiveness, demonstrates robustness under load, and has significant potential for further development,
including the use of hardware acceleration.

Keywords: similarity search; big data; search algorithms; data structures; content-based image retrieval; parallel computing;
high-performance computing; search efficiency; algorithm optimization.

Introduction search algorithms, which are applied depending on the

requirements. For example, for graphs, depending on the
Information search is a fundamental need of expected result, the classic Breadth First Search and
humanity. Even in ancient times, when writing began Depth First Search algorithms can be applied. This makes
to develop, there was a need to organize existing works search models universal and allows them to be widely
and search for information contained in them. This led used in various tasks [4].
to the emergence of alphabetical indexes, catalogs, With the growth of visual content, there is a need
and indexes, which formed the basis of modern for effective image retrieval and search based on graphic
Content-based (CBIR)

systems allow images to be found based on their

search systems [1]. information. image retrieval
Search engines have undergone a long period of
Their

classical approaches, such as Boolean, Vector Space, and

development. implementation involves both visual characteristics, such as color, texture, and shape.

Modern CBIR systems are actively used in medicine,

Probabilistic models, and more modern ones, such as
machine learning, deep learning, neural ranking models,
contextual and semantic methods [2].

Search is used both in everyday tasks, such as
renting accommodation, buying tickets, searching for
goods, etc., and in professional fields such as medicine,
education, business, e-commerce, and science. It greatly
simplifies and speeds up the process of analyzing the
necessary information [3].

A search engine is based on a model that uses
a specific data structure. Each data structure has its own

e-commerce, and other industries. The implementation
of such systems requires special data structures and
search algorithms [5].

Despite significant progress in the development of
CBIR systems, there are challenges related to scalability,
efficiency, and search accuracy. In particular, there is the
problem of effective representation of visual data in the
context of Big Data and performing effective searches in
these conditions. Therefore, the development of new
models and search algorithms is an important task
for modern research.

© S. Danylenko, K. Smelyakov, 2025
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Analysis of recent studies and publications

Each CBIR model has its own search methods.
They are determined by the data structures underlying the
model and implemented by specific search algorithms.
Basically, modern models are based on: multidimensional
trees, hashing, graphs, and clustering. Special adapted
vector databases can also be used. The chosen approach
to indexing and searching directly affects the speed and
accuracy of the CBIR system. Models use graphical
information representation in the form of a descriptor,
which often takes the form of a normalized vector [6],
and compare them using special metrics [7].

Tree structures organize descriptors hierarchically,
which allows you to effectively narrow down the search
area. Searching in KD-Tree is performed by recursively
comparing coordinates with node boundaries, which
allows you to quickly filter out unnecessary branches.
Quad-tree uses recursive division of space into quadrants,
checking only those that contain the requested point.
R-tree checks the minimum rectangles containing objects
and recursively examines subtrees for range matching [8].
In B+ Tree, the search goes through internal nodes to
leaf nodes, which optimizes range queries [9]. VP-Tree
compares the distance to the reference point in each node,
filtering out unnecessary arcas. Ball-Tree compares the
distance to “balls” (nodes) and recursively filters out
irrelevant parts of the space [10]. Learned index uses
machine learning models to predict the location of
an element, significantly speeding up the search [11].

Hash methods organize the search for similar
objects in different ways. Locality-Sensitive Hashing
(LSH) performs a search by comparing hash codes:
the more similar the objects, the more likely their hashes
will match [12]. Spherical Hashing improves this process
by using hyperspheres to divide the space for more
accurate grouping of similar objects [13]. FlyHash speeds
up the search thanks to sparse coding, which reduces
the number of comparisons [14]. In Deep Hashing, the
search is performed using binary codes that simultaneously
take into account the content and semantics of images [15].
Adaptive multiscale hashing performs searches based
on multi-level features, which allows for better
differentiation between similar objects [16].

The most relevant graph-based nearest neighbor
search methods are Hierarchical Navigable Small
World (HNSW) [17] and NN-Descent [18]. HNSW
demonstrates high accuracy and search speed thanks
to its multi-level hierarchy and greedy navigation.

Its architecture allows scaling to billion-scale datasets
while maintaining high performance. It has numerous
modifications: bh-DBSCAN uses bidirectional HNSW
to reduce redundant queries of neighboring points [19],
and HNSWQ improves entry points and adapts the
algorithm to work with a graphics processor [20]. On the
other hand, NN-Descent is an efficient approach to
building search graphs — it does not require parametric
fine-tuning and scales well. It is often used in systems in
various fields, including bioinformatics [21, 22].

IVFFlat (Inverted File with Flat compression)
combines vector space clustering (usually via k-means)
with linear scanning only in selected clusters, reducing
computational costs. Modifications to [VFFlat are proposed
to improve search speed and flexibility. In particular,
Fast IVF optimizes cluster selection to speed up
search without significant loss of accuracy [23].
Semi-supervised IVF uses auxiliary labels to improve the
distribution of vectors across the index, which increases
the relevance of results [24]. Reconfigurable Inverted
Index allows the index to be dynamically reconfigured,
maintaining efficiency even when the number or
composition of vectors changes [25].

Product Quantization (PQ)
compression and reduces the amount of stored data [26],
and its use in Inverted Multi-Index (IMI) allows
the application of multiple inverted indexes, which

provides  high

improves search speed and quality [27]. Approaches are
proposed to improve efficiency: Hierarchical Hyperbolic
Product Quantization uses hyperbolic geometry to
preserve hierarchical semantic relationships between
images, improving search accuracy in complex semantic
structures [28];
Product provides
representation of code words, improving search accuracy

Entropy-Optimized Deep Weighted
Quantization balance in the
and coding efficiency [29]; Fuzzy Norm-Explicit Product
Quantization proposes the use of second-type fuzzy sets
to improve search completeness without increasing
computational complexity [30].

Ready-made software products that provide efficient
work with vectors, in particular vector databases or
additions to relational databases, such as Pgvector [31],
are also very popular.

Goals and objectives

A wide selection of search models allows you to use
the one that is most effective for a specific task. Since
MDC is a unique search model with its own advantages,
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it requires its own search method that will utilize the
features of its structure.

The purpose of this work is to develop a method for
searching images in the MDC model based on image
descriptor vectors and an algorithm that implements
this method in sequential and parallel versions.

To achieve this goal, the following tasks must
be performed:

1) formulating requirements for the search method;

2) analyzing the MDC structure and determining the
approach to the search method;

3) developing a search method and algorithms when
placing the model in RAM and in a relational database;

4) implementing parallel computing in the search
algorithm;

5) analyzing  alternative models based on:
multidimensional trees, graphs, hashing, reverse index,
quantization, and reverse multi-index;

6) developing metrics and conducting experiments
to compare the effectiveness of the MDC model with
alternative search models.

The search method must meet the following
requirements:

1) effectively use workstation resources;

2) ensure high search speed and quality;

3) adapt to variations in MDC placement in memory.

The research is comprehensive, and its result is to
determine the effectiveness of the MDC model in
comparison with alternative models in the context of
image retrieval in Big Data repositories. It also
determines the conditions under which the use of MDC

is preferable to other models.

Search method in MDC

In MDC, the initial descriptor vectors are reduced
by decreasing the initial dimension through pairwise
aggregation of vector values. This results in an additional
vector of small dimension. The range of possible values
of vector elements is divided into intervals depending
on the distribution of vector values within the range.
After that, the values of the additional vector are replaced
with the indices of the interval to which they belong.
Thus, based on the values of the descriptor vector
elements, a multidimensional cube (MDC) is formed,
in which the dimension of the additional vector
specifies the number of measurements, and when the
measurements intersect, the aforementioned intervals
form cells (clusters). The values of the index vector

determine the location of the descriptor on the interval
of each dimension and in space as a whole [32].

This structure determines the approach of the search
method. The relationships between the values of the
vectors of different descriptors are stored as indices in the
index vector. For example, if for a given vector value
the corresponding measurement interval index has a value
of 5, then to find descriptors with slightly smaller and
slightly larger values in this measurement, it is necessary
to check the MDC cells that have an index equal to 4 and
6, respectively. This operation can be performed for all
measurements, going through the cells around the
specified one, visually imitating waves.

The algorithm of actions in this search method in
MDC boils down to the following steps:

1) process the vector of the searched image
descriptor and convert it to a vector of indices.

2) Use the index vector to determine the MDC cell
and perform a full search for descriptors in this cell.
Compare the descriptors with the searched one based
on the selected metric and calculate the difference;

3) if the search was unsuccessful, perform 1 search
wave, within which increase and decrease the index
values by 1 for all measurements, form cell indexes from
the values of all measurements, and perform a full search
for descriptors in them;

4) if the search was unsuccessful, repeat step 3 until
the search is successful, the maximum number of waves
is reached, or all cells are checked;

5) sort the resulting list of descriptors in ascending
order of the calculated difference value and return the
required number of descriptors as the search result.

Performing a search wave means checking cells that
are at a certain distance in terms of measurement index
values relative to the initially defined cell for the
descriptor being searched for.

The search is successful when the condition for its
completion is met, for example, finding a certain number
of the first most similar descriptors.

The number of descriptors in the search wave
is determined by the formula:

wci:(ji)erc—(ji_l)erc, rc:;:—g, (1)
where we is the number of descriptors on the search

wave, i is the wave number, starting from 1, j is
an ascending sequence of natural odd numbers: [3, 5, ...],
N is the number of measurements, rc is the theoretical

number of descriptors in one cell, dc is the number
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of descriptors in the storage, k is the number of intervals
in the measurements.

The parameters k and N are selected based on the
requirements for the search system so that the value o
f rc is close to the size of the search page [32].

The selected similarity metric does not affect the
operation of MDC, but the quality of the search may
depend on it. A wide range of metrics can be used:
Manbhattan, Quadratic
The metric that is best suited for working with a specific

Euclidean, Euclidean, etc.

type of descriptor is selected. By default, the Manhattan
distance is used, which is determined by the formula:

p=20 =, @

where u is the difference between descriptors, i is the

ordinal number of the vector element, N is the number
of vector elements, v",v® are the vectors of the first

and second descriptors.

The calculated resulting list is stored for a certain
time in the search engine cache, because it usually
contains more descriptors than were displayed to the user
on the first page of results. This allows you to avoid
performing further search waves until all the results
found are displayed.

This search algorithm is called the Wave-Search
Algorithm (WSA) because of the way it uses the MDC
structure and is a hybrid of reverse multi-index search
and exhaustive search.

An example of a search is shown in Figure 1.
It shows an MDC with 2 dimensions and 10 equal
intervals for each dimension

Dimension 2

1/2(3|4[5|/6|7(8]|9](10
1
_ |2
5 3
g 4
“E‘ 5
Aale
7
8
9
10
. - cell of the searched image
- first search wave
- second search wave

Fig. 1. Wave-Search visualization

Cell [2, 6] corresponds to the desired descriptor,
and the search is initially performed in it. Next, one

and the indices are
increased/decreased by 1 when possible. In the first wave,
the following cells are checked: [1, 5], [1, 6], [1, 7], [2,
51, 12, 71, [3, 5], [3, 6], [3, 7]. In the second wave, the

indexes are increased/decreased by 1 again, and so on.

search wave 1is performed,

Due to the peculiarities of the MDC structure, the
values of the descriptor vector may be located on the
border of cells, and therefore the descriptor relevant for
the search may end up in a neighboring cell. And when
searching only in the identified cell, it will be missed.
To solve this, WSA always performs 1 search wave.
Placing descriptors in cells is quite effective, and with the
right parameters, each cell contains a small number of
descriptors. This operation slightly increases the search
time but improves the search quality.

The presented algorithm is a general implementation
of the search method. For each of the MDC placements in
memory, there are variations of the algorithm that
technically refine some details of the implementation.
There are also separate versions of algorithms that use
parallel computing or can apply hardware acceleration.

Wave-Search algorithm for different ways
of MDC placement in memory

When MDC is stored in RAM, the model has a "flat"
structure — the index vector takes the form of a string with
a separator and is then entered into a hash table, where
the key is the cell index, for example "1-3-1-4", and the
value for the key is a list of descriptors [32].

For such placement of MDC in memory, the
following details of WSA implementation are specified:

— to form the indices of cells that fall into a specific
search wave, numbers are extracted from the string
representation of the cell and the specified index
increase/decrease operations are performed on them.
The calculated cell indexes are used to form their string
representations, which are used to extract lists of
descriptors from the hash table;

— the extracted lists are collected into a single
resulting list. Next, for all descriptors found, the
difference is calculated according to the selected metric,
and the list is sorted according to its value.

When placing MDC in a relational database (DB),
a "star" schema is used, in which there is a separate
table for each dimension, where information about
intervals is stored, a table for storing descriptors, and
a linking table, in which the descriptor identifier is stored
by the index vector [32].
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In this implementation of WSA, the process of
extracting descriptors from the repository is transferred to
the DB. This is done using an SQL query, where cell
indexes are specified as tuples. An example of such
a query is shown in Figure 2.

SELECT d.prop 1, d.prop 2, d.prop 3, d.prop 4,

d.file_id, d.original vector
FROM descriptors d

INNER JOIN links 1 ON d.id = l.descriptor_id

WHERE 1l.prop 1 IN (1@, 9, 11) AND

l.prop 2 IN (18, 17, 19) AND

l.prop 3 IN (12, 11, 13) AND

l.prop 4 IN (7, 6, 8

Fig. 2. SQL query to perform a search
The descriptors found are returned as a list. Next,
for all descriptors found, the difference is calculated

according to the selected metric, and the list is sorted
according to its value.

Parallel computations in the Wave-Search algorithm

From the technical details of the algorithm
follows that in the WSA

implementation in RAM, it is possible to simultaneously

implementation, it

perform the process of extracting descriptors from
the hash table, calculating their similarity to the search
term, and sorting the resulting list.

For parallel sorting, any of the currently known
algorithms implemented in the programming language
used to create MDC can be used. MDC has a basic
implementation in the Java programming language.
For implementation in Java, this is currently a parallel
merge sort implementation.

In the DB implementation, extracting descriptors
from different MDC cells is performed with a single
query, which is more efficient in terms of working with
the DB. Extracting descriptors from a hash table in RAM
implementation is not a complex process, and running
it in parallel mode is not expected to result in a significant
performance gain; on the contrary, performance may
decrease due to the cost of parallelization. Therefore,
parallelism is not applied here.

Calculating the similarity of descriptors is a field for
applying parallel computing. When it is necessary to
compare a large number of descriptors or when comparing
descriptors with large-dimensional vectors, parallel
computing can significantly improve search performance.

In this work, to compare the list of found descriptors
with the searched one, we suggest using parallelism

at the thread level. The list of descriptors is divided into
parts, and the comparison is performed for each part in
a separate thread. The results from each thread are used
to form the final list. This allows for the efficient use of
workstation resources.

Using parallelism at the thread level to compare
vectors is not very effective, as there are more specific
approaches for this. In particular, hardware tools that are
better suited for processing large amounts of similar data
can be used, such as SIMD instructions of the central
processing unit (CPU), such as SSE, AVX, AVX-512,
etc., and graphics processing units (GPUs).

SIMD instructions efficiently utilize the computing
power of a single CPU core by performing parallel
operations on multiple data elements simultaneously.
In contrast, a GPU has an architecture with a large
number of simple cores and threads, allowing it to
perform a large number of parallel computations.
This can provide higher performance compared to
CPUs, especially when processing large data arrays,
although GPUs have higher
initialization and data transfer.

overhead costs for

To use SIMD in Java, you can use the Java
Vector API, a low-level API for working with vector
instructions [33]. There are also high-level libraries, such
as ND4J, that can use SIMD or GPUs internally [34].
To perform -calculations on GPUs in Java, JOCL
(a wrapper over OpenCL) [35] is often used, as well as
other libraries, such as JCuda, to access CUDA [36].

It is important to note that in order to process data
on a GPU, it must first be transferred to video memory [37],
which can become a bottleneck and significantly affect
the overall performance of this approach.

This direction is extremely important in the context
of MDC optimization, but it requires additional study
and testing of a large number of software libraries
and solutions. It also requires consideration of a large
number of parameters and features of each processor,
GPU, or driver version for them to work.

Therefore, this paper does not discuss in detail the
improvement of search algorithm performance through
the use of low-level hardware optimizations.

Experiment methodology

To wverify the effectiveness of WSA, two
experiments are conducted:
1) comparison of the effectiveness of sequential and

parallel WSA variants;
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2) comparison of the effectiveness of using MDC
with sequential WSA with other CBIR search models.

The experiments test a real-life search scenario
where the search engine finds a certain number of the
most similar images (top-N), and the user determines
which images are relevant to them.

In the WSA
a single search wave to ensure high search quality,

experiments, always performs
as mentioned earlier.

All software implementations of the models
presented in the experiments were developed using the
Java 17 programming language and Spring Framework 6.
PostgreSQL 15.2 is used to store MDC in the database.
The results of the experiments were exported from the
software solution in Excel table format.

All experiments were conducted on a MacBook Pro
2021: M1 Pro processor with ARM architecture, 10 cores
with a frequency of up to 3.2 GHz, 16 GB of LPDDRS
SDRAM with a speed of up to 200 GB/s, 512 GB SSD,
integrated GPU with 16 cores.

To conduct the experiment comparing the efficiency
of the sequential and parallel versions of the algorithm,
we used the MDC functionality, which allows generating
descriptors and placing them in cells [32]. Artificial
generation of descriptors allows creating vectors of
different and the

descriptors. This solves the problems of using real

dimensions desired number of
descriptors: the long process of searching for data sets to
achieve the desired number of images and creating
descriptors of different dimensions for them.

During the experiment, the time spent on the search
is compared and the gain from the parallel algorithm is
evaluated for different numbers of descriptors, vector
dimensions, and number of threads.

The results provide an understanding of the
conditions under which the use of a parallel algorithm
provides advantages.

The second is an experiment in which the MDC
model is compared with other search models for CBIR
based on: multidimensional tree (KD-tree), hashing
(LSH), graphs (HNSW), inverted index (IVFFlat),
quantization and inverted multi-index (IMI), and vector
database (pgvector). A comparison with exhaustive
search is also made. For the experiment, basic models of
each approach were selected because they demonstrate
the general properties of a particular approach and are
easier to implement or run than existing modifications.
We create implementations of other models ourselves or

use ready-made solutions if they are available and their
configuration is simple.

This experiment is a large-scale test and comparison
of the MDC model with other CBIR models in general,
including testing the effectiveness of the presented search
algorithm. It allows us to identify the strengths and
weaknesses of the model and search algorithm compared
to competitors and to predict the most favorable scenarios
for using the model.

In all models, the metric for comparing descriptor
vectors is Manhattan distance, unless otherwise specified.

To conduct this experiment, descriptors created for
images from the following datasets are used:

1) 100,000 images from the COCO dataset [38]
are used;

2) 750,000 images from Various tagged images [39]
are used;

3) 150,000 images from Amazon bin images [40]
are used.

This allows us to perform the experiment for 1
million descriptors. Of course, in real Big Data CBIR
systems, the number of images and their corresponding
descriptors can be significantly larger, but the results
obtained allow us to compare the effectiveness of using
different models in different conditions and scale the
results as needed.

For this experiment, the main metrics are search
time and recall. Recall determines the quality of the
search. It is calculated using the following formula:

Recall = _Ir , 3)
TP+ FN
where 7P (true positive) is the number of correctly
classified positive examples, and FN (false negative)
is the number of positive examples that the model
failed to detect.

Another key metric that is usually evaluated
for CBIR models is precision, which is not evaluated due
to the specifics of the experiment, which will be
described below.

The first additional metric is the time it takes to build
a search model. This parameter can be critically important if
the search engine needs to ensure continuous operation
and quickly adapt to updates in the storage content.

The second additional metric is labor intensity,
which shows how many descriptors were compared
during the search. It is determined when it is possible to
obtain values from the model. It is provided for
informational purposes.
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Invariant Brightness Histogram descriptors were
created for all images, as described in more detail in [32].
100 images were randomly selected for the search.
Two modifications were created for each image:
a 180-degree rotation and a 2x reduction in scale. During
the search, a positive result is finding a group of these
three images among the top 10 and top 100 search results.
For this reason, calculating the accuracy metric is
inappropriate in this experiment, as the number of relevant
results under the conditions of the experiment is small.

Each CBIR model has its own parameters that affect
its structure and search efficiency. For each model,
different combinations of parameters are experimentally
tested to show the best result in terms of quality and
search speed when using 1 million descriptors and the top
10 and top 100 search results. Testing the use of a larger
number of found results is inappropriate due to the
inefficiency of processing the obtained results.
Determining the parameters of other models is not the
subject of this work, so it will be briefly discussed in the
next section. Detailed comparison results can be found on
Google Drive [41]. The configurations of the models that
showed the best results are compared with MDC.

Additionally, load testing is performed using the
Postman utility [42]. 100 virtual users simultaneously
searched for the top 100 most similar images for
randomly selected descriptors from the repository for
1 minute, with a delay of 1-2 seconds between attempts.
This allows us to determine the actual throughput and
efficiency of the model in conditions close to real life,
rather than simply testing them synthetically. During
testing, the total number of requests made during this
period, the throughput of the search engine, and the

average response time are evaluated.

Parameters of alternative models
participating in the experiment

multidimensional  tree
KD-tree. The
unbalanced, and the hierarchy is preserved as specified by

For the
implemented a

model, we
implementation is

the order in which elements are added to the tree.
Each node contains one descriptor. The axis along which
the space is divided at each level depends on the depth of
that level, which is limited by the logarithm of the
number of descriptors. An alternative branch is checked
during the search if fewer than the required number of
results are found or if the difference between the vectors
is greater than the difference between the elements at the

current level. Due to the last mentioned check, the
selected vector similarity metric plays an important role.
Therefore, for this model, the results for Manhattan
and Quadratic Euclidean distances are given in the
experiments. Other model parameters are not configured.

For hashing, we independently implemented the
LSH model. Its main parameters are the number of
tables ¢ and the number of hash functions % . Each table
has its own set of hash functions. The more hash
functions and tables there are, the more accurate the
results are and the smaller the search area is, but it takes
more time to add elements to the table and search.
It is important to determine a balanced value for these
parameters. Combinations from the following parameter

groups were tested: ¢=(5, 10) and % =(50, 75, 100).

The following parameters were selected: 1 =10, 7=75.

To test the vector database, we used an add-on to
the PostgreSQL 15 database called Pgvector, which
provides extensive capabilities for working with vectors
within the database. In a simple usage scenario
(exhaustive search), it does not require additional
configuration and is ready to use immediately after
installation in the DBMS.

For the reverse index, two [VFFlat implementations
with k-means clustering are tested: one is implemented
independently in RAM and uses the Manhattan metric
during the search, the other is an implementation with
Pgvector and uses the Euclidean metric during the search
(Pgvector does not provide the ability to use the Manhattan
metric for [VFFlat). For this type of model, the main
parameter is the number of clusters. All descriptors are
divided into clusters, and the search takes place only in
one of the clusters or continues in the next cluster similar
to the centroid. The following values were tested
(10, 100, 100), and 100 was selected as the most effective.

For MDC, the main parameters are the number
of measurements N and the number of intervals per
measurement & . Their values change the number of cells
in MDC and, accordingly, the number of descriptors
in one cell. Combinations from the following parameter

groups were predefined and tested: N =4, k =(18, 20),

which provide about 10 descriptors in a cell
The parameters N =4, k =20 were selected.

The IMI model's own implementation is used
to quantize the vector and the inverse multi-index.
Its main parameters are the number of subspaces m and
the number of clusters in each subspace k. These

parameters change the number of combinations of
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clusters from different subspaces, thereby changing the
number of descriptors corresponding to each of them.
Combinations from the following parameter groups
were tested: m=(2, 4, 8) and k=(5, 10, 18, 20), and

the parameters m =4, k =10 were selected.

The main parameters of HNSW are m — the
maximum number of connections per layer, and efc —
the size of the dynamic list of candidates for graph
which affect the
construction. Combinations from the following parameter

groups were tested: m=(8, 16), efc=(32, 64, 128).

construction, quality of graph

The parameters m =8, efc = 64 were selected.

The parameters selected for each model were chosen
individually by experiment using a specific set of descriptors
with a size of 1 million. All defined parameters
or combinations of parameters showed the best results.
For a different number of descriptors or descriptors from
other data sets, these parameters may be different.

Experimental results and discussion

store them in memory. The same applies to testing
a larger number of low-dimensional descriptors, for
example, 100 million descriptors with a dimension of 32.

Tablel. Search time for top 100 results in MDC with
1 million descriptors, seconds

Count Vector length
of the threads 32 128 1024
1 0.00169 0.00238 0.00942
2 0.00168 0.00194 0.00550
4 0.00172 0.00198 0.00368
8 0.00160 0.00175 0.00293

Table 2. Search time for top 100 results in MDC with 10
million descriptors, seconds

Count Vector length
of the threads 32 128
1 0.02068 0.09020
2 0.01856 0.07378
4 0.00931 0.05805
8 0.00648 0.03163

The first experiment compared the use of sequential
and parallel WSA algorithms in MDC implementation
in RAM.

The search for the top 100 artificially created
descriptors with lengths of 32, 128, and 1024 was tested.
The number of threads for the parallel implementation of
the algorithm was 2, 4, and 8. The number of descriptors
in MDC was equal to 1 and 10 million. The MDC
parameters were N =4, k£ =10. This allowed the MDC
to be filled evenly and, using 1 search wave, to obtain
a specific number of descriptors for comparison with
the searched one. For 1 million descriptors, this number
is 6,000, and for 10 million, it is 60,000. The speed of
comparing candidate descriptors with the searched one
is the main operation that is performed either sequentially
or in parallel for the found descriptors.

The results of comparing the application of WSA
for sequential and parallel variants of the algorithm and
1 million descriptors are shown in Table 1, and for
10 million descriptors in Table 2. The graphical
representation of the benefits of using different numbers
of threads is shown in Figure 3 for 1 million descriptors
and in Figure 4 for 10 million descriptors.

For 10 million descriptors, the length of the 1024 vector
was not tested because there were insufficient resources
on the computer where the experiment was conducted to
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Fig. 3. Time gains when searching among 1 million descriptors
using different numbers of threads for descriptors
with vectors of different lengths
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Fig. 4. Time gains in searching among 10 million descriptors
when using different numbers of threads for descriptors
with vectors of different lengths

The results show that the use of parallel computing
when comparing a small number of descriptors (6,000)
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and vectors of small dimensions (32 or 128) does not
make sense, as the time savings are insignificant.

When using higher-dimensional descriptors (1024)
or a larger number of descriptors (10 million), it is
possible to achieve a gain in using parallel computing up
to a 3-fold difference when using 8 threads. This is
a significant acceleration, confirming the good
adaptability of MDC to the use of parallel computing
and the feasibility of its use in real search scenarios.

In the second experiment, MDC in two memory
implementations: in a database — MDC (DB) and in RAM —
MDC (RAM) with sequential WSA is compared with:

— full search in RAM - BF RAM, which is
performed using parallelism at the thread level;

— exhaustive search in a vector database — BF
(pgvector);

— a model based on Inverted Multi-Index — IMI;

— a model based on KD-Tree with Manhattan metric —
KD-Tree (Mh) and Quadratic Euclidean metric —
KD-Tree (Sq);

— a model based on Local-sensitive hashing — LSH;

— Hierarchical Navigable Small World (HNSW) model;

— Reverse index model implemented in Pgvector
with Euclidean metric — [IVFFlat (pgvector).

— a model based on a reverse index implemented
in RAM — IVFFlat (RAM).

For each model, metrics of completeness, labor
intensity, search time, and creation time are determined.
A search is conducted for the top 10 and top 100 most
similar descriptors among 1 million descriptors.

The results of the experiment for searching the top
10 results are shown in Table 3. The results of searching
the top 100 results are shown in Table 4. These values
are averages for searching 100 selected descriptors after
10 rounds of the experiment.

Table 3. Average search results for the top 10 results for 100 selected images among 1 million descriptors

Model Completeness Labor intensity Search time, s Creation time, s

BF (RAM) 0.97667 1 000 000.00 0.09533 -
BF (pgvector) 0.97667 1 000 000.00 0.06888 -
MDC (RAM) 0.97000 3 881.230 0.00129 2.623
MDC (DB) 0.96000 3 505.960 0.07668 812.562
IMI 0.87333 4354.180 0.00268 342.653
KD-Tree (Sq) 0.85600 808.645 0.00043 1.762
KD-Tree (Mh) 0.97667 967 798.782 0.49160 1.827
LSH 0.96567 32524953 0.02039 26.085
HNSW 0.97667 - 0.00582 376.410
IVFFlat (RAM) 0.91667 15 289.790 0.00674 3265.941
IVFFlat (pgvector) 0.91600 - 0.00530 2.380

Table 4. Average search results for the top 100 results for 100 selected images among 1 million descriptors

Model Completeness Labor intensity Search time, s Creation time, s

BF (RAM) 0.99333 1 000 000.00 0.09940 -

BF (pgvector) 0.99333 1 000 000.00 0.07259 -
MDC (RAM) 0.98000 3 881.230 0.00142 2.623
MDC (DB) 0.97000 3505.960 0.07284 812.562
IMI 0.89333 4360.230 0.00256 342.653
KD-Tree (Sq) 0.93033 3091.157 0.00182 1.762
KD-Tree (Mh) 0.99333 989 919.981 0.50460 1.827
LSH 0.97133 40 103.314 0.02567 26.085
HNSW 0.99000 - 0.00661 376.410
IVFFlat (RAM) 0.93667 15 289.790 0.00675 3265.941
IVFFlat (pgvector) 0.92500 - 0.00839 2.380

The results obtained remain consistent when that even when using a full search, the completeness

searching for the top 10 and top 100 results, so the results metric is not always 100%. This is due to the

from Tables 3 and 4 are analyzed together. They show characteristics of the specific descriptor type selected.
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The maximum possible completeness result, apart
from exhaustive search, was also shown by the KD-Tree
model with the Manhattan metric, but the labor intensity
of such a search is close to exhaustive search, and the
same applies to the search time. This indicates that it is
not advisable to use this model with this descriptor
similarity metric. The HNSW model also showed the
maximum completeness result, demonstrating an average
search and model construction time. Next, MDC and
LSH showed similar results in terms of completeness.
However, MDC (RAM) showed much better performance
in terms of search time, model construction time, and
labor intensity. The implementation of MDC (DB)
showed worse results than BF (pgvector) in terms of both
search quality and time, which raises doubts about the
advisability of its use.

Other models showed worse search results. IMI
showed good results in terms of search time, but poor
completeness. KD-Tree with Quadratic Euclidean Metric
showed the best results in terms of search time and labor
IVFFlat

results

intensity, but the lowest completeness.

implementations showed low completeness
because the search was performed in only one cluster,
while the search time indicator is high.

In terms of model construction speed, the leaders
are MDC (RAM), both KD-Tree and IVFFlat (pgvector)
variants. In MDC, this is due to the peculiarities
of the structure and the construction process, KD-Tree

works fast due to the low dimension of vectors, and

Table 5. Load testing results

IVFFlat (pgvector) has implemented optimizations for
IVFFlat (RAM) without any
optimizations showed the worst result. In MDC (DB),

clustering, because
the result is average due to the cost of communication
with the database.

After analyzing the results, the conclusion is as
follows: exhaustive search demonstrates the best search
quality, but requires a lot of time to search; MDC shows
some of the best performance in terms of time and quality
when placed in RAM; IMI with a small search output is
not always effective; KD-Tree is ineffective in terms of
either search quality or speed; LSH demonstrates
balanced average results, HNSW demonstrates the best
results in terms of completeness, but the search and
model building time is longer than in MDC, IVFFlat
demonstrates average results in terms of completeness
and search time, but the structure building time strongly
depends on the implementation. Based on the set of
indicators, it can be concluded that under these
conditions, MDC (RAM) demonstrates the best results
among the models considered. However, the use of MDC
(DB) is not promising due to results that are worse
than those of BF (pgvector).

The load testing results are shown in Table 5.
An example of the load testing results for MDC (RAM) is
shown in Figure 5. The graph shows that with a constant
load of 100 users, the search engine provides stable
response times and consistently processes a large number
of queries without any noticeable drop in performance.

(100 users made requests to search for the top 100 results within 1 minute at intervals of 1-2 seconds)

Model Total number of requests sent Throughput (requests/second) Average response time (ms)
BF (RAM) 302 4.45 9813
BF (pgvector) 2248 32.81 1763
MDC (RAM) 6377 94.13 6
MDC (DB) 1495 21.92 3018
IMI 6403 95.21 4
KD-tree (Sq) 6418 95.52 6
KD-tree (Mh) 101 1.48 10 758
LSH 5765 84.76 60
HNSW 6209 92.04 16
IVFFlat (RAM) 6386 94.48 15
IVFFlat (pgvector) 6301 92.19 15
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Fig. 5. Load testing results for the MDC (RAM) model

The use of exhaustive search is expected to be
inefficient, as is searching in a multidimensional tree with
a Manhattan metric, which approximates exhaustive search.

MDC (DB) shows weak results, slightly worse than
exhaustive search in a vector database, so the futility
of this MDC modification is confirmed by the results
of this study.

LSH showed slightly worse results than MDC
(RAM), IMI, KD-tree (Sq), HNSW, and IVFFlat in both
modifications. These models show similar results in this
experiment, which indicates approximately the same
throughput of the models. Therefore, the choice between
them should be made based on the results in Tables 3
and 4, which include completeness as an indicator
of search quality.

Conclusions and prospects
for further development

-——————————————— -

This paper presents a method for searching for
similar images based on image descriptor vectors stored
in the MDC model, which functions on the basis of the
MDC structure and data stored at the descriptor vector
processing stage. The algorithm that implements the
method is called the Wave-Search Algorithm (WSA).
It performs a wave search relative to the cell identified
for the desired descriptor. It has adapted versions for
placing MDC in RAM and databases.

The algorithm has a parallel version that uses
parallelism at the thread level and efficiently utilizes
workstation resources. It speeds up the search by up to
3 times when using a large number of descriptors

Response time, ms
40

40 50 60

& = Response time

(more than 10 million) and/or descriptors with vectors
of considerable size (from 1024).

Compared to other CBIR models, MDC with WSA
placed in RAM demonstrates very competitive results.
Together with the LSH and HNSW models, it shows
a search accuracy of about 97-98% according to the
completeness metric. And one of the best search speeds
among the tested models, spending an average of
0.0012 seconds when searching for the top 10 and
top 100 results among 1 million descriptors. It also
has one of the best model construction times, at around
2.5 seconds.

The MDC version stored in a database demonstrates
worse results than when using a vector database
(pgvector extension for PostgreSQL) in terms of both
search time and quality. Therefore, its further
development is not promising.

Load testing shows that the model works effectively
under load and does not reduce performance, which
confirms its suitability for use in real search engines,
including in Big Data environments.

The use of MDC with the presented search
algorithm is recommended in situations where search
quality and speed are important, as well as the time it
takes to create or update the content of the repository.
In other words, the scope of application is quite broad.

A further direction of research is the creation of
versions of the search algorithm that use SIMD
operations and a graphics processor to perform parallel
And conducting experiments
using a larger number of descriptors and descriptors
of higher dimensioni.

vector comparisons.
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Jannnenko CraniciaB JIMurpoBnd — XapKiBCbKHUN HAIlIOHAIBHHIA YHIBEPCHUTET PAJIOCICKTPOHIKU, acIipaHT, Kadeapa
nporpaMHoi imxkeHepii, XapkiB, YkpaiHa.

CmensikoB Kupuiio CepriiioBuy — [OKTOp TEXHIYHHX HayK, mpodecop, XapKiBCbKHH HAamiOHATBHUI YHIBEpCHTET
panioeneKTpOHIKH, 3aBiayBau Kadeapu nporpaMmHoi imxeHepii, Xapkis, YkpaiHa.

METO/ NOIIYKY 30bPA’KEHb
HA OCHOBI BMICTY B BATATOBAMIPHIN MOJIEJII JAHUX
Y MACHITABI BEJIMKUX JTAHUX

IIpenrvMeToM poGoTHM € MeETOX 1 AITOPUTMH MOIIYKYy 300pakeHb 3a BMICTOM y Mojeni OararoBumipHoro kyba (MDC).
Meta nociilzkeHHSI — PO3POOUTH METOA MOMIyKy 300paxkeHp y momeni MDC Ha OCHOBI BEKTOpPIB JECKPHIITOPIB 300pa’keHb
Ta ajJropuTMy, L0 peajidye Leid MeToA MOCHiOBHOI Ta mapanenpHOoi Bepcii. 3aBmaHHsi cTaTTi nepenbadaroth: (GopmyBaHHS
BUMOI JO MeETONy IOIIyKy; aHami3 crtpykrypu MDC Ta BH3HA4YeHHS MiIXOLy IO METOAYy IOUIyKY; PO3pPOOJIEHHS METOXy
I aNropHTMIB MOIIYKY 3a YMOBH DO3MIIICHHS MOJENi B OIEpaTHBHIM MaM’sTi Ta B peJLiHHIA 0a3i DaHWX; yIpOBaUKEHHS
napajeqbHIX OOYNCICHb B aNTOPUTMI IOMIYKy; aHANi3 aJbTepHATHBHUX MOJENEH, OCHOBAaHMX Ha 0araTOBUMIPHHX JepeBax,
rpadax, remryBaHHi, 3BOPOTHOMY iHJEKCi, KBaHTYBaHHI Ta 3BOPOTHOMY MYJbTHIHICKCI; PO3POOJICHHS METPUK 1 IPOBEICHHSI
EKCIIEPUMEHTIB JUIsl MOpiBHAHHS eekTuBHOCTI Mojeni MDC 3 anpTepHaTUBHUMHU MOJEIISIMU MOIIYKY. MeToxH T0CTiIKeHHsI: aHaIi3
MOXKJIIMBOCTEH 3aCTOCYBaHHS IapalieIbHAX OOYMCIICHb Ha PiBHI IOTOKIB 1 ONTHMI3alliif 3a JOIIOMOTOIO arapaTHOTO 3a0e3ledeHHs;
PO3po0IICHHS METOAy MOIIYKy, NOCTIZOBHOI Ta MapajenbHOi Bepcili anroputMmy HOro peamizarii; aHani3 CydJacHHX Mojenei
nouryky, 3okpema KD-tree, Locality-sensitive hashing, Hierarchical Navigable Small World, Inverted File with Flat
Compression, Inverted Multi-Index; ekCIepuMEHTH 3 IECKPHITOpaMH 300pakeHb 3 Mepexi [HTepHeT Ta IITY4YHO I'eHepOBaHMMH
UL BU3HAUeHHS e(eKTHBHOCTI IapaienbHOl Bepcii aJropuTMy Ta IOPIBHSHHA pPE3yJbTaTHBHOCTI IONIYKY 31 3raJaHuMU
MOZEISAMH 3a METpPUKaMM IOBHOTH, Yacy IIOHIyKy W dYacy CTBOPEHHS; IPOBEACHHS EKCIEPUMEHTYy 3 HaBaHTaKyBaJIbHOTO
TECTyBaHHS Ul OLIHIOBaHHS IPOIYCKHOI 34aTHOCTI Mozeni. PesyabTaTH pociimkenHsi. Po3poOieHO HOBUIET MeTOXN MOUIyKY
i anroputm Wave-Search. Moro mnapanenbHa Bepcis NpHIIBMINIYE BHKOHAHHS TMOIIYKY Maike BTpHUi; MiI ¥ac MOMIYKY
tom-10 1 Ton-100 pesynpraTiB y cxoBumi 3 1 MiH neckpuntopie MDC neMoHCTpye Haikpalii cymMapHi pe3yJbTaTH 3a METpUKaMu
cepel PO3MIISTHYTHX MOJeNel, Mae TrapHy NPOAYKTHUBHICTH IiJi HaBaHTaXCHHSAM. BHCHOBKH: 3alpONOHOBAHO METOJ IOIIYKY
i mig fioro peamizamii anroputM Wave-Search, mo epheKTHBHO BUKOPUCTOBYE cTpykTypy MDC; Monens GaraToBUMipHOTO KyOa
MEPEeBUILYE TOKa3HUKM €(EeKTUBHOCTI aJbTEPHATHUBHUX MOJENECH TOLIyKy, IEMOHCTpye CTaOUIbHICTh IMiJi HaBaHTAXXCHHAM
1 Ma€ MOTEHIIiaJ JUIS TOJaIbIIOT0 PO3BUTKY 13 3aCTOCYBAaHHSM allapaTHOTO MPUCKOPEHHS.

KurouoBi ciioBa: momyk 3a moaiOHICTIO; BEJIHKI JaHi; aTOPUTMH MOUIYKY; CTPYKTYpH JaHHX; IOIIYK 300pakeHbh Ha OCHOBI
BMICTY; MapajiebHi OOUNCICHHS; BHCOKOMPOIYKTUBHI 00UYHCIEHHS; €()eKTHBHICTh MOMIYKY; ONTHMI3aIlisl aITOPUTMY.
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M. YENA, O. POHUDINA

INTEGRATED SIMULATION MODEL
OF Swarm CONTROL AND ADAPTIVE ROUTEING
OF UAVS IN A CHANGING AIR ENVIRONMENT

Subject matter: the processes of swarm control and adaptive routing of unmanned aerial vehicles (UAVs) in complex and
dynamically changing air conditions using adaptive algorithms. Goal: to develop an integrated simulation model that combines swarm
control methods, adaptive PID control and adaptive routing algorithms to ensure the safety, optimality and efficiency of UAV fleet
movement in conditions of a changing air environment. Tasks: to analyze existing approaches to swarm control and adaptive routing
of UAVs; to develop a mathematical model of an integrated system that takes into account the specifics of interaction between UAVs,
collision avoidance and dynamic changes in the air environment; to create a swarm control algorithm based on adaptive PID
regulation of UAV movement parameters; to develop and implement an adaptive routing algorithm that responds to changes in traffic,
weather conditions and other airspace factors; to implement the integrated model in a simulation environment and test its
effectiveness; to conduct a comparative analysis of the efficiency of UAV operation with and without the developed algorithms.
Methods: use of adaptive PID control methods for dynamic regulation of UAV movement trajectories and ensuring flight accuracy
and stability; application of swarm control algorithms (boids-type methods) for synchronization of movement and collision avoidance
in UAV groups; nonlinear optimization of routes taking into account dynamically changing conditions, which allows minimizing
collision risks, energy consumption and flight time; construction of a graph-theoretic model of airspace for effective route
planning and situation forecasting; creation of digital twins of the air environment for conducting simulation experiments.
Results: an integrated simulation model of swarm control and adaptive routing of UAVs was developed, which takes into account air
environment variables; adaptive PID control and swarm control algorithms ensured a reduction in the average positioning error and
collision avoidance of UAVs; According to the results of simulation experiments, an increase in the reward of agents by ~50%,
an increase in the successful completion of episodes by ~50%, and a reduction in agent errors on the way to the goal by ~10%.
Conclusions: created integrated model allows for effective management of UAV flotillas in conditions of a changing air environment,
significantly increasing the safety and optimality of routes; the use of adaptive algorithms and graph-theoretic models provides
high forecasting accuracy and risk minimization; the results of the study confirm the prospects for implementing the
developed algorithms for UAV control in urban and regional conditions.

Keywords: unmanned aerial vehicles; swarm control; adaptive routing; PID control; real-time data processing;
route optimization.

Introduction movement: the use of theoretical graph models, nonlinear

optimization methods, evolutionary algorithms, collision

The rapid development of unmanned aerial vehicles
(UAVs) and the growth in their use in civil and
specialized areas necessitate the creation of effective air
traffic management methods. This issue is particularly
relevant in urban and complex dynamic environments,
where the number of UAVs is rapidly increasing and
airspace is characterized by high density, changing
weather conditions, and limited resources. Effective
management of UAV fleets requires new approaches
that take
response to changes in the environment, and the ability

into account group behavior, dynamic
to self-learn [1] (hereinafter, the term "agent" refers
to a single unmanned aerial vehicle in the model; these
terms are used synonymously in this paper).

There are currently numerous approaches to

optimizing UAV routes and coordinating their

avoidance strategies, etc. [2]. However, most of them are
either focused on individual trajectory planning or do not
take into account the peculiarities of collective fleet
dynamics and adaptation to changes in airspace in real
time. This significantly limits their application for
automated control systems of a large number of UAVs
in real operating conditions.

To solve the outlined problems, the paper proposes
an integrated simulation model that combines swarm
intelligence, adaptive PID control, and dynamic routing
algorithms. The developed model makes it possible to
simulate the complex collective behavior of a group of
UAVs, ensure coordinated avoidance of obstacles and
collisions, and dynamically update routes in response to
changes in air and weather conditions. The proposed
approach is universal for various types of air missions,
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from monitoring and search and rescue operations to
logistics in urban environments.

Research objectives and tasks

The aim of the work is to develop an integrated
simulation model of swarm control and adaptive routing
for a group of unmanned aerial vehicles, which ensures
safe, optimal, and efficient movement of fleets in
a changing air environment.

The main criteria for the effectiveness of the
model are:

— minimization of the average distance to the target
for each agent (UAV);

— avoidance of collisions;

— ability to dynamically adapt to changes in airspace;

—stability and control even in complex and
turbulent conditions.

To achieve the goal, the following tasks must be
performed:

— analyze modern approaches to swarm control and
UAV routing;

—formalize a mathematical model of group
movement, taking into account the interaction of agents
(UAVs) and dynamic changes in the environment;

— develop and investigate algorithms for collective
behavior and adaptive trajectory control;

— implement and test the model in a simulation
its effectiveness with basic

environment, compare

approaches.

Analysis of recent research and publications

Over the past decade, the issue of UAV Traffic
Management (UTM) has been attracting increasing
attention from the scientific community due to the
prospects for the widespread use of unmanned aerial
vehicles in urban and regional airspace. Researchers
are focusing on developing models for decentralized
fleet management [3], route optimization, collision
avoidance, and the integration of artificial intelligence
into automated systems [4].

Among the most cited works in recent years are
those on modeling collective behavior (swarm
intelligence) for UAVs, which implement the Boids
approach and its modifications [5, 6]. Such models make
it possible to implement coordinated control of the
movement of a group of devices, adapt to dynamic

obstacles, ensure self-coordination, and avoid collisions.

Special attention is paid to the use of adaptive
controllers in UAV trajectory control tasks. Modern
research actively implements PID and LQR controllers
[7], which are capable of automatically adapting their
parameters to changes in the dynamics of the
environment [8]. However, most of the work focuses on
controlling single UAVs or small groups, while often
ignoring the effects of mass interaction and a large
number of agents in real airspace.

In the field of dynamic routing, graph models of
airspace have become widespread, allowing for effective
trajectory planning based on space topology, traffic,
and weather conditions [9]. The use of nonlinear

optimization  methods, evolutionary  algorithms

(in particular, algorithms, particle swarm

algorithms [10], etc.) and hybrid approaches helps to find

genetic

optimal routes in multifactorial scenarios.

Recently, there have been studies on the use of
reinforcement learning (RL) for routing and distributed
control of UAVs [11, 12]. RL approaches allow agents
to be trained to interact effectively with an unknown
stability and
interpretability of such systems remain open.

environment, but the issues of

A review of the literature shows that, despite
significant progress in the development of theory
and tools for UAV traffic control, there 1is still
a lack of comprehensive models that combine adaptive
routing, swarm control, and the ability to integrate
real-time environmental variables. Accordingly, the
development and research of integrated simulation
of combining these components

models capable

is a relevant scientific task.

Mathematical model
of swarm control and adaptive routing systems

Formalization of the task
of controlling groups of UAVs

This section presents a formalization of the problem
of collective control of a group of UAVs in complex
airspace. The space in which the devices move is
modeled as a directed graph G =(V,E) , where the set of

nodes ¥V corresponds to key geographical or control

points (e.g., launch zones, target positions, or obstacle
E  define the
permissible trajectories of movement between these

avoidance points), and the edges

points [13]. This approach makes it possible to naturally
take into account the structure of the environment, the
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presence of restrictions, and variable movement
conditions. Each agent in this model, understood as
a separate UAV, is defined by three basic parameters:
spatial position, velocity vector, and a set of adaptive
PID controller coefficients. Formally, the state of

the i-th agent at time step ¢ is defined as:

- x,(t) — current position in the corresponding

coordinate system;

— v,(t) —speed of movement;

- p (t) = [Kp’i,Ki,i,Kd’iJ _

parameters, which are adaptively adjusted for each

vector of PID

UAYV taking into account changes in the environment.

The goal of control is to minimize the average
distance to target points for all agents (UAVs) while
avoiding collisions and ensuring efficient routing in
complex and dynamic conditions. This approach allows
not only to coordinate group movement, but also to take
into account the individual characteristics of the
trajectories and behavior of each device.

The dynamics of agent movement are determined
by a system of differential equations that describe
changes in position and velocity, taking into account
the actions of control signals and random disturbances
(e.g., noise or turbulence). This makes it possible to
model the behavior of UAVs in realistic conditions:

x,(t+D) =x,()+u, (O)dt+n, (1),
y(t+]) = yi(t)+ui,y(t)dt +77i,y(t)9

where u. u

i,x 2 i,y

(1)

— resulting control actions (determined

by the control system); dt — time discretization step;

7,. —random component (noise, turbulence).

Swarm Control

Collective behavior is achieved using swarm
control, which is based on a modified Boids algorithm.
It takes into account three main components:

— cohesion — inclination towards the center of mass
of neighbors;

— separation — avoidance of collisions when
approaching other agents;

— alignment — aligning the direction of movement
with the nearest neighbors.

The summary control action of the swarm
component is determined as follows:

(t) = aalignment, x fcohesion, x yseparation;, (2)

uswarm

where «a,f,y — are selected or optimized during

simulations, ensuring a balance between group cohesion
and individual safety.

Adaptive PID control

To accurately follow the specified trajectories, each
UAV is equipped with an adaptive [14] PID controller,
which takes into account not only the current error, but
also its accumulation and rate of change. The control
action of the PID is described by the equation:
de(t)

dr’

u(t) = K, (t)e(r) + K, (z)je(z)dt +K,(0) 3)

wher e(t) — the current distance between the agent

and the specified target, and the derivative

de(t)/dt reproduces the change in this distance over
time; K, () — proportional coefficient of the PID
controller at time ¢, responsible for responding to the
current error; K, (7) — integral coefficient, compensates
for systematic error (accumulated error over time);
K, (t) differential

anticipating and responding to the rate of error change.

coefficient, responsible for

These parameters can be adapted, in particular,
using reinforcement learning, which helps to increase
resistance to external influences, turbulence, or changes
in the environment.

The proposed formalization makes it possible
to model the behavior of a group of UAVs in both
calm and changing airspace, ensuring the flexibility,
scalability, and adaptability of the control system

for solving complex tasks in modern aeronautics.
Routing model and route updates

In a dynamic airspace with variable factors such as
traffic, weather conditions, and the emergence of danger
zones, it is critical for the system to be able to quickly
update UAV routes. To do this, a graph model is used,
in which the vertices represent key points in the airspace
and the edges represent possible trajectories. At each
time step, the optimal route to the target is determined
for each agent (UAV) based on current information
about the state of the environment. Route optimization
consists of finding a path for which the total "cost"
of travel is minimal:

7, argmin__, (Y e € 7o, (1), “4)
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where w, (¢) — current "cost" (delay, risk) of the edge e;

7 — possible route in the set of all permissible routes P .

The "cost" of an edge is determined
comprehensively: traffic levels in the area, weather
threats, flight restrictions, or no-fly zones are all
taken into account. With each change in the environment
(e.g., the appearance of a new obstacle or a change
in weather conditions), the routing model recalculates
the optimal path for each agent in real time.

This approach ensures the flexibility of the system,
allowing agents to quickly adapt to changing conditions

and minimize risks during missions.

y =W§(8t_1 _51)_“’.

step

+r

where &, — mean average distance to target (MAE) per

step £, wg,w

oy — weight coefficients for progress and

penalties per step; ¥ additional reward for

achieving the goal; /[condition] — indicator equal to 1 if

the condition is met, 0 otherwise.

The parameters of the reward function were
selected experimentally to achieve a balance between
In particular, an increase of

speed and safety.

ws stimulates rapid convergence with the target,

but excessively high values can increase the risk of

collisions. The penalty w,  limits the time to complete

tep

the task, while the bonus 7,

‘e MoOtivates the agent to
complete the mission rather than move in endless loops
near the target. Typical values of the coefficients used in

=02; 7 =500.0.

success

the experiments: w; =400.0; w,,,

Analysis of the simulation results showed that this
reward function setting not only effectively reduces
MAE, but also ensures a high success rate (percentage
of goals achieved) at an acceptable level of safety.

Next, we will look how the described models
and criteria are integrated into a single management
system and what the architecture of the simulation
model looks like.

Adaptive Swarm+PID controller: algorithm

Reward function and performance criteria

success

One of the key elements of the control system is
a properly designed reward function that guides agent
learning and influences their behavior strategy [15, 16].
The main goal of the reward function is to encourage
the agent to reduce the average positional error,

avoid collisions [17], effectively achieve goals,
and minimize resource expenditure on the route.
Within the current approach, the reward at

each step of the simulation is determined by the

following formula:

X [[gt - gth ] + r'ollisi(m [[Condil‘ion], (5)

&

At each step of the simulation, a total control
signal is formed for each agent i:

ui (t) = u:warm,[ (t) + upid,i (t)’ (6)

where umrm’i(t) — collective behaviour vector

(alignment, cohesion, separation);

U, (1)=Kpe (1)+K, Y e (r)+K,Ae (1) -  PID-
r=0

regulation with dynamic adaptation of coefficients.

The controller's adaptability is ensured by dynamic
adjustment of PID parameters based on feedback, which
allows the system to respond flexibly to changes
in turbulence, the appearance of new obstacles, and
other external influences.

The logic of the combined controller (algorithm)

To ensure both coordinated collective behavior
and individual adaptation of each UAV in a variable
combined

airspace, the proposed model wuses a

controller. It combines the advantages of swarm
approaches with classic PID control and also includes

reinforcement learning mechanisms.

The sequence of actions for each simulation step
involves several stages.

1. Obtaining the state. The RL agent analyzes the
current state of the environment (S7), which contains the
positions, speeds, and locations of targets, as well as
information about obstacles.
action. The RL
agent determines the optimal actions for the swarm

2. Generation of strategic

module, i.e., generates signals for the collective
behavior of agents.

3. Collective coordination. The swarm module
coordinates the interaction between agents, ensures
collision avoidance, and maintains group integrity.

4. Individual adjustment. For each agent, a PID
correction is calculated based on the current position

error, after which a total action is formed.
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5. Status and reward updates. The system updates
the position of agents in space, calculates the reward
function, and proceeds to the next step of the simulation.
flexibility
and adaptability of the control system, allowing the

This  architecture  ensures  high
UAV to operate effectively even in complex and
dynamic conditions.

The next important stage of the research was the
design and implementation of the simulation model
which
considered into a single system.

architecture, combines all the components

Simulation model architecture

To implement and test the proposed -control
algorithms, a modular simulation architecture was created
that combines all key components of the system into
a single integrated environment. This approach provides
flexibility in conducting research, facilitates scaling, and
allows for in-depth analysis of the interaction of various
control elements in a variety of experimental scenarios.

The simulation model contains several specialized
modules, each of which plays a specific role in ensuring
the effective operation of the entire system. In particular,
the swarm control module (Swarm Controller) is
responsible for coordinating the collective behavior
of a group of UAVs. Based on a modified Boids
algorithm [18], it dynamically adjusts the speed and
trajectories of agents, promoting coordinated movement
and avoiding collisions.

In addition, an adaptive PID controller allows each
UAV to
according to the current positioning error, environmental

individually change control parameters

changes, and accumulated experience. This mechanism
increases the stability and adaptability of the system to
various influences, including turbulence or the
appearance of new obstacles.

The graph router dynamically updates the optimal
routes for each agent, taking into account the current
configuration of the airspace, traffic, weather conditions,
and possible movement restrictions. This helps the
system to respond quickly to changes and optimize
trajectories in real time.

An important component of the architecture is the
reinforcement learning agent (RLA), which acts as the
"brain" of the UAV group. This agent analyzes the global
state of the system and generates strategic actions for the
entire group, constantly improving the policy based
on feedback and collective experience.

Interaction between modules is implemented
through a main control loop, in which the RL agent
generates strategic signals that are sent to the swarm
controller. The latter coordinates local actions between
agents, after which each UAV individually adjusts
its trajectory using a PID controller. At each step,
information about the current state of the environment,
such as positions, obstacles, turbulence, or other changes
in conditions, is sent to all modules. This ensures their
synchronization, adaptation, and the integrity of the entire
system's functioning.

This modular architecture not only improves the
efficiency of group control, but also makes it easy to
investigate the impact of individual components or
settings on the overall behavior of the fleet in various
simulation scenarios.

The model structure is shown in Fig. 1.

Swarm Controller

Adaptive PID Control

RL (PPO) agent

v

v

Swarm-controller

v

Graph-based Planner

Reinforcement Learning

v
Adaptive PID model

v
[Environment, Airspace,
Agents, Obstacles)
A
Fig. 1. (A) — basic module architecture;

(PPO Agent)
h 4
Dynamic route
4 planning module

[Reward, Observation,
Actions]

B

(B) — diagram of interaction between the RL agent, swarm controller, and PID controller in the task of routing

a group of UAVs
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This approach allows for the effective integration of
modern artificial intelligence algorithms with classical
which
possibilities for modeling and practical application

control methods, significantly expands the
of the system.
The model is

hyperparameters for conducting a series of simulation

configured by  selecting
experiments.

Key hyperparameters (PPO, PID, Swarm)

simulation results is summarized in Table 1, which
facilitates a reasonable choice of configuration for
different tasks. This allows the system configuration
to be selected depending on the tasks and experiment
scenarios. It was this combination of hyperparameters
that provided the best results in terms of MAE,
success rate, and convergence speed for different
experimental scenarios.

Table 1. Hyperparameters and their impact

When configuring the combined RL+Swarm+PID
system, special attention was paid to the selection
of hyperparameters that determine the quality of training,
noise resistance, adaptability, and the -effectiveness
of UAV group coordination.

In particular, for a reinforcement learning agent
using the Proximal Policy Optimization (PPO) algorithm,
it was important to select parameters such as
learning_rate, ent coef, clip_range, net arch, and
total timesteps. For example, the selected learning
rate value (learning rate = 0.0003) helped to find the
optimal balance between the speed of policy updates and
its stability: increasing this parameter led to instability,
while decreasing it led to excessively slow convergence.
(ent_coef = 0.05)

determines the agent's activity level: increasing this

The entropy coefficient
parameter above 0.1 made the policy too chaotic, while
decreasing it slowed down adaptation to new conditions.
The parameter clip_range = 0.25 ensured smooth policy
updates, and the selected neural network architecture
(net_arch = [128, 128]) made it possible to effectively
approximate complex multi-agent strategies.

The PID controller parameters were adjusted
according to the need to compromise between quick
response to changes and control stability in complex or
noisy environments. Additional tests showed that overly
aggressive parameters negatively affect the result
in turbulent conditions.

The Swarm module was modeled using weight
coefficients (alpha, beta, gamma) that determined the
strength of alignment, attraction to the center of the
group, and collision avoidance. The introduction of
Gaussian noise (sigma_turbulence = 0.05) made it
possible to evaluate the robustness of the controller
in turbulent conditions.

All these parameters were selected empirically
based on numerical experiments with cross-validation.

The detailed influence of each parameter on the

Parameter Mean Impact
learning_rate 0.0003 Speed of agent adaptation
ent_coef 0.05 Level of exploration
clip_range 0.25 Stability of learning
net_arch [128, 128] | Quality of policy approximation
Kp, Ki, Kd 1.0/0.1/0.01 | Stability and speed of PID control
sigma_turb 0.05 Realism of the model (noise testing)
total timesteps | 100_000 ]S)elrl].r:;lg? g;:;rmnézfsfor cach

Training was performed using a train-test scheme
with random initial positions to avoid overfitting. Each
model was tested on 30 independent episodes. Stability
was checked using cross-validation on different seeds.

The choice of parameters was justified by a series of
tests that showed that increasing ent coef to 0.1 reduces
stability, and smaller networks ([64, 64]) worsen the
convergence rate.

The entropy coefficient allows the agent to explore
trajectories more actively in complex situations. Increasing
the number of neural network layers contributes to better
policy approximation in multi-agent cases.

Success criterion: an episode is considered
successful if MAE < 0.7 in 40 steps. The MAE threshold
value was chosen as a compromise between positioning
accuracy and time/resource constraints and was
confirmed by experiments.

The following experiments are based on the above-

selected system hyperparameters.

Research sequence

The effectiveness of the proposed system was
evaluated through a series of numerical experiments
implemented in a specialized simulation environment
developed on the basis of the Gymnasium platform.
The research was conducted according to a carefully designed
scenario that included several interrelated stages.

The first
environment,

stage involved preparing the

during which airspace was formed
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in the form of an oriented graph with specified nodes
(start, targets, obstacle zones) and edges denoting
possible movement routes. To increase the realism of the
simulation, random obstacles, high-risk areas, and
so-called no-fly zones were added. This configuration
made it possible to test the system's ability to adapt
to complex and unpredictable scenarios.

Next, the agents were initialized: a group of
UAVs was placed in random or predetermined starting
positions. Each agent received individual controller
parameters, as well as initial speed and orientation values.
This ensured diversity of behavior within the group
and made it possible to evaluate the model's ability
to coordinate flexibly.

The simulation consisted of sequential episodes,
in each of which the agents moved according to
a combined RL+Swarm+PID algorithm. At each step of
the trajectory, the trajectories were dynamically updated
to account for changes in the environment, interactions
between agents, and the presence of turbulence or
obstacles. Particular attention was paid to testing the
system's behavior under stress conditions, such as the
appearance of new obstacles or increased noise.

During the simulation process, key metrics were
collected: mean absolute error (MAE), success rate,
number of collisions, average number of steps to reach
the goal, and other performance indicators. Analysis of
these indicators provided an objective picture of the
system's performance.

To substantiate the advantages of the proposed
architecture, the results were compared with basic
approaches, in particular with classic PID control
without swarm control and reinforcement learning
elements. This comparative analysis helped to identify
specific advantages of the new model in terms of
robustness, flexibility, and convergence speed.

A separate stage was repeating the experiments
for different scenarios: the number of agents (from 1
to 10) was changed, the noise level, the number and
topology of obstacles were varied. To avoid overfitting,
a train-test scheme with random initial conditions
and cross-validation was used, which ensured the
reliability of the results.

This comprehensive approach made it possible
to comprehensively assess the stability and adaptability
of the developed control system in various operating
conditions, as well as to determine the influence
of individual parameters on the overall efficiency of
the model's functioning.

At each stage of the experiments, the influence of
the key hyperparameters of the RL agent, PID controller,
and swarm module on the main performance metrics was
analyzed separately: average absolute positioning
error, frequency of successful episodes, and system
robustness to external disturbances. The results of
comparing different configurations made it possible
to identify the optimal settings for achieving stable

model operation in various airspace scenarios.

Experiment results

To evaluate the effectiveness of the proposed
approach, numerical simulations were performed in
a self-developed environment based on the Gymnasium
platform. The experiment scenarios included both single
UAV flights and group interactions of up to 10 agents
in environments with varying amounts of obstacles and
noise levels. All models were trained for 100,000 steps
using pre-selected hyperparameters (see Table 1), which
ensured balanced learning dynamics and resistance
to noisy conditions.

The criterion for the success of the experiment
was to achieve a mean absolute error (MAE) of less
than 0.7 over 40 steps. This threshold value was chosen
based on previous studies as one that guarantees
approach to the target with minimal collision risk
and meets realistic requirements for positioning accuracy
in multi-component control systems.

Each model underwent a series of 30 independent
episodes, which made it possible to evaluate the statistical
stability, robustness, and reproducibility of the results.
tested to
RL+Swarm (a combination of deep

Two approaches were compare their
effectiveness:
reinforcement learning Proximal Policy Optimization
with swarm control) and a classic PID controller with
fixed coefficients. The evaluation was based on the
average MAE, the proportion of successful episodes,
the convergence rate, and adaptability to changing

environmental conditions.

Key evaluation metrics

A comparison of the total rewards of RL+Swarm
and Baseline PID is shown in Fig. 2.

As can be seen from the graph, RL+Swarm
demonstrates  significantly = higher rewards for
most episodes.

The MAE values for each episode are shown in Fig. 3.
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Fig. 3. Comparison of MAE distribution per episode for both algorithms

The value of Mean RL MAE is 2.4, and Mean PID
MAE is 2.67. This means that the number of errors made
by agents on the way to the target for the RL algorithm
has decreased.

The percentage of successful episodes is shown
in Fig. 4.

The goal achievement rate for RL is 73.3%, and for
PID = 50%. This indicates that the proposed algorithm
achieves the goal approximately 50% more often.

The number of steps to the goal is shown in Fig. 5.

The analysis shows that RL+Swarm demonstrates
better adaptation to dynamic changes and learns more

effectively in scenarios with a changing environment.
At the same time, PID baseline reaches the goal faster in
terms of the number of steps, but has a lower success rate.

Fig. 6 shows a comparison of the movement of an
agent controlled by RL+Swarm (red line, Fig. 6, a) and
a classic PID controller (green line, Fig. 6, b) during
the first episode of the experiment, where the target
is marked as Goal.

As can be seen in Fig. 6, RL+Swarm demonstrates
a more straightforward and efficient path to the target,
while the PID controller deviates more often from
the shortest trajectory.
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This analysis allows to visually assess the advantage
of the trained RL+Swarm model over the classical
approach, especially in complex or noisy environments.

Research results and their discussion

The results show that RL+Swarm demonstrates
a significantly higher total reward compared to the
PID controller (average 576.6 vs. 357.1). In MAE metrics,
RL+Swarm also outperforms PID: the average MAE
value was 2.45 vs. 2.67. The percentage of successful
episodes for the RL agent reached 73.3%, while for
PID it was only 50%. At the same time, the average
number of steps to the target is lower for PID, which
is associated with aggressive behavior, but at the same
time, there are more unsuccessful episodes (the agent
"flies" past the target or hits an obstacle).

The RL agent provides a significantly more stable
approach to the target under difficult conditions
(obstacles, noise), while the PID controller does not adapt
to dynamic changes in the environment. In general,
RL+Swarm takes better account of both individual
and collective movement characteristics, adapts to
dynamic changes and complex topologies, although
it sometimes requires more steps to reach the target.

The PID controller is easier to implement but
less resistant to obstacles and gets stuck in local
minima. Analysis of unsuccessful episodes showed
that the shortcomings of RL-+Swarm are related to
strong  noise,

aggressive  starting  positions, or

insufficient training.

Conclusions

— Swarm intelligence (a collective behavior

algorithm modified by Boids) for coordinating
movement and avoiding collisions;

— Deep reinforcement learning (PPO) methods used
for dynamic real-time adjustment of control strategies.

For the first time:

— RL agent interaction with PID and swarm
controller for UAV routing tasks has been implemented;

— A reward function has been introduced that takes
into account progress towards the goal, penalties
for steps, collisions, and goal achievement, allowing
for a balance between speed and safety;

— A comparative analysis with classic PID control
(MAE,
reward, % of successful episodes, number of steps
to the goal) were
experimental scenarios.

—The and PID
hyperparameters, as well as external factors (noise,

was performed, and performance metrics

presented for representative

influence of wvarious RL
obstacles) on the result was investigated.

Comparison with analogues (shown in Table 2)
demonstrates that the proposed approach provides:

— an increase in the proportion of successful
episodes by 20-35% compared to the baseline PID;

— a reduction in the mean error (MAE) and
more stable agent behavior in the event of changes in
external conditions.

Table 2. Comparison of the proposed algorithm with
the classic PID

The paper proposes and investigates an integrated
simulation model of swarm control and adaptive routing
of a group of UAVs in a dynamic air environment.
Numerous experiments confirmed the effectiveness
of the proposed approach according to a number of
metrics: average reward, MAE, and proportion of

successful episodes.
Scientific novelty of the work

In this study, for the first time, a hybrid approach
is proposed for collective control of a group of UAVs
in a dynamic air environment, combining:

— adaptive PID control with parameter optimization
through gradient or evolutionary mechanisms;

Metrixes | RL+Swarm PID. Result
Baseline

Mean reward 576.6 357.1 |RL advantage: = +61%

Mean MAE 245 267 RL advantage: less error
on the way to the goal
RL advantage: almost

Success Rate |  73.3 % 50.0 % | 50% more successful
episodes

Steps o goal | 26.8 19.4 |RL agent takes more
steps on average

As can be seen from Table 2, the proposed approach
demonstrates a significant increase in performance
indicators.

Limitations and prospects

The main limitations of the study are the need
for large computing resources for training, as well as
the potential complexity of scaling to larger groups
of agents in real-world conditions. Further research
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is planned to focus on optimizing the reward Practical significance of the results achieved

function, hybridization with other planning algorithms, . .
) Y p g% ) Application of the proposed architecture for
testing on more complex topologies, and conducting o . .
) monitoring systems, logistics, search and rescue operations,
field experiments. . . . . .
as well as in urban mobility scenarios (Urban Air Mobility).
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€na Maxcum BikropoBnu — HamionansHuil aepokocMiuHuii yHiBepcuteT "XapKiBChbKHMH aBiamiHHH iHCTHUTYT', acmipaHT
Kadenpy iHpopMaIiifHIX TEXHOJIOTiH MPOEKTYBaHHs, XapKiB, YKpaiHa.

Horyaina Oasra KocTAHTHHIBHA — KaHAWAAT TEXHIYHUX HayK, MOLEHT, HamioHadpHWH aepOKOCMIYHHH YHIBEPCHTET
"XapkiBCchbKUH aBialiitHUI IHCTHTYT", TOLEHT Kadenpu iHpopMaiiHIX TEXHOJIOT1H MPOEKTYBaHHsI, XapKiB, YKpaiHa.

THTETPOBAHA CUMYJISAIIAHA MOJEJIb
POMOBOI'O YIIPABJIIHHA M ATAIITUBHOI MAPIIPYTHU3AIII BiJIA
B YMOBAX 3MIHHOT'O ITIOBITPAAHHOI'O CEPEJOBHUIIIA

IIpenmeT mocaixKeHHST — POIECH POHOBOTO YHPaBIIHHS i afanTUBHOI MapuIpyTH3alii Oe3NiIOTHUX JiTansHuX amapatiB (brJIA)
Yy CKIagHUX 1 IUHAMIYHO 3MIHHHMX IOBITPSHHX yMOBaX 13 BHUKOPHUCTAaHHSIM aJalTUBHUX aJroputmiB. Mera — po3poOutu
IHTErpoBaHy CHMYJIALIHHY MOJENb, L0 IOEIHYE METOAW POMOBOTO YIpaBIiHHs, amantuBHOro PID-KOHTpoOdIO Ta anropuTMiB
aganTHBHOI MapmipyTu3amii it 3abes3medeHHs Oe3mekw, ONTHUManbHOCTI i edekTtuBHOCTI pyxy ¢umotmmiid brnJIA B ymoBax
MIHJIUBOTO TOBITPSIHOTO CEpeloBUINA. 3aBAaHHS: MPOAHATI3yBaTH HAasBHI MIAXOOW JO POHOBOrO YIPABIiHHSA Ta AJalTHBHOL
Mmapmpyti3anii BriJIA; po3poOuTH MareMaTHYHY MOJENb IHTEIPOBAHOI CHCTEMH, sKa Oepe IO yBard OCOOIMBOCTI B3aeMOIIl
Mk bnJIA, yHUKHEHHS 3iTKHEHb Ta JUHAMIUHI 3MIiHH IOBITPSHOTO CEPElOBHINA; CTBOPUTH aJITOPHUTM POHOBOTO
YIOpaBiliHHA, OCHOBaHWI Ha anjantuBHoMy PID-perymioBanHi mapamerpiB pyxy bnJIA; po3poOut Ta BHOPOBAJAUTH
ITOPUTM aJalTHBHOI MapIpyTH3alii, MO pearye Ha 3MiHH TpadiKy, MOTOTHHX YMOB Ta IHIIMX (PAaKTOPIB MOBITPSHOTO
NPOCTOpPY; peayi3yBaTH IHTErPOBaHy MOJENb Yy CHUMYJLIHHOMY CEpEOBHMINI Ta IpPOTECTyBaTH 1i  eQEeKTUBHICTb;
NpoaHaNi3yBaTH i MOpiBHATH edekTHBHICTH podoTH BrJIA 3 po3pobnenumu anroput™Mamu Ta 6e3 HUX. MeTOAM: yHIpOBa/UKEHHS
MeTOoAiB amanTuBHOro PID-KkOHTpomO Ans [OWHAMIYHOTO PETYJIIOBaHHS Tpaektopii pyxy bBmJIA Tta 3abesneueHHs
TOYHOCTI ¥ CTaOiIBHOCTI TOJIBOTIB; 3aCTOCYBAaHHS aJTOPHTMIB POHOBOTO YNpaBIiHHA (METOIM THUILYy boids) Ansl CHHXpOHi3amii
PYXy Ta YHHKHEHHs 3iTKHeHb y rpymax bmJIA; HemiHiiiHa omnTHMi3amis MapIIpyTiB 3 OIJISIIy HA JAWHAMIYHO 3MiHHI YMH,
[0 Ja€ 3MOTry MiHIMI3yBaTH pPH3UKH 3iTKHEHb, BUTpPAaTH €Heprii Ta uac MojboTy; moOyaoBa TeopeTHko-rpadoBoi Mmomeni
HOBITPSHOrO MPOCTOPY JUisi e(QeKTHBHOrO IUIAHYBaHHS MapUIPyTiB 1 TPOTHO3YBaHHS CHTYallili; CTBOpeHHS UH(POBHX
IBIHHUKIB ~ TOBITPSHOTO  CEpedOBHINA JUIS TMPOBEIEHHA CHUMYJLILIHHMX  eKcliepuMeHTiB. Pe3yabTaTH:  po3poOieHO
IHTErpoBaHy CHUMYJLILIHHY MOJeNb PpOHOBOTO YHpaBiIiHHSA Ta amantuBHOl Mapmpytu3anii brJIA, sxa 3Baxae Ha 3MiHH
HOBITPSHOTO ~ CEpeIOBHINA; AITOPUTMH ananTUBHOrO PID-KOHTPOJIO Ta pPOWOBOrO yMpaBiHHA 3a0e3MEYMIIM  3MEHIICHHS
cepeqHbOi MOXMOKM TO3MLIIOBAaHHI Ta YHHUKHeHHs 3iTkHeHb bnJIA; 3a pesynbraramMu CHUMYJIALIHHUX —E€KCIIEPHUMEHTIB
JIOCATHYTO 30LTbIICHHS HAropoju areHTiB Ha =~ 50%, 30UIbHICHHS YCIHIIHOTO 3aBEpUICHHS emi3odiB Ha =~ 50%, a Takox
3MCHIIICHHS TOMWIOK areHTiB Ha NUaXy 10 wimi Ha <~ 10%. BHCHOBKH: CTBOpeHa IHTErpoBaHa MOJENb JIa€ 3MOTY
e(peKTHBHO ympaBiaTH QuotunismMu brnJIA B ymMoBax MiHJIMBOTO MOBITPSHOTO CEpEIOBHINA W BOAHOYAC 3HAYHO IiIBUIIUTH
0e3neKy Ta ONTUMANBHICT MapLIPyTiB; BHKOPHCTAaHHS aJalTUBHUX AITOPUTMIB i TeopeTHKO-TpadoBUX Mopeneil 3abesnedye
BHCOKY TOYHICTh MPOTHO3YBaHHS Ta MIiHIMI3aIlll0 PH3HKIB, pPE3yJNbTaTH IOCTIHKEHHS MiATBEPKYIOTh TEPCIEKTHBHICTh
YIPOBADKEHHSI PO3POOJICHUX alNrOpUTMIB 1S yrpaBiiHHs BriJIA B MiCbKHUX 1 perioHabHUX YMOBaX.

KuawuoBi ciaoBa: Oe3MiIOTHI JTiTANBHI amapaTH; pOWOBE YNPABIIHHS; aJalTHBHA MapumpyTusauis; PID-perymoBanHs;
00pobnenHs iHpopMaLii B peaJbHOMY Yaci; ONTHMi3allisi MapLIPYTiB.
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€. ITHATIOK, A. TTOTIOB

3ACTOCYBAHHA METOJA1B MAILIMHHOI'O HABYAHHA
JJIAA AHAJII3Y UX/UI-JAHUX MACOBUX OIIUTYBAHb KOPUCTYBAYIB

IIpenMeToM mocCTiIKeHHsI € BIPOBAPKCHHS METO/IB MalIMHHOTO HaBuaHHA 11t iHTepnperanii UX/Ul-nanux, 3i6panux cnocotom
MAacOBHX OIHUTYBaHb KOPHUCTYBadiB OCBITHIX OHIaHH-IIaTopM. Y pobOoTi pO3MIITHYTO TIlOTE3y MpO Te, IO Y3TOKEHe 3aCTOCYBaHHS
pi3Hux Mojerned kiacudikaiii Jae 3MOry BHOKPEMHUTH TMOBEAIHKOBI MAaTepHH, SKi MalOTh MPOTHOCTUYHE 3HAYEHHS ISl OLHKU
BUKOPUCTAHHS OKpeMHX (QYHKLIH MpoaykTy. MeToro € MOpIBHUIBHHMN aHajli3 TOYHOCTI TaKMX MOJeNedl Ha NMPUKIaAi peaJbHOro
UX/Ul-onuryBanHs. MeToauka JOCTiTKeHHsI TIiependavae erany IiATOTOBKM JIAHMX, KOJyBaHHS O3HAaK, HOpMaizaii,
KJactepu3alii Ta moOyJOBM MOJENEH HIECTH THIIB: JEpEeBa pillleHb, BUMAIKOBOTO JICY, IPali€eHTHOrO OyCTHHTY, OaraTtomrapoBoi
HeHpoMepexi, JTOTICTHYHOI perpecii Ta MeTony k-HalOMmK4IuX cyciniB. OCHOBHY yBary 30Cepe’KEHO Ha TOMY, SIK KOJKHA 3 MoJeJel
noBoauThes B ymMoBax UX/Ul-gaHux, o MaroTh 0OMEKEHUH 00CST, CKIAAHY CTPYKTYPY i MHOXKHHY 3MillIaHUX O3HaK. Pe3yabTaTH
MOJZENIOBaHHS JIEMOHCTPYIOTh, IO HABITh y MeXKaX HEBEJIMKHX BHOIPOK MOJENI MOXKYTh BUSBILITH 3HAUYIIl 3aeXHOCTI MiX
comianpHO-AeMorpagiuHuMu  (pakTopamMu, THUIIAMH KOPUCTYBadiB 1 (DyHKIIOHATBHOI aKTHBHICTIO. BHCHOBKHM. 3acToCyBaHHSA
MamuHHOro HaBuaHHA 10 UX/UIl-gaHux € nepcrneKTUBHUM MiAXO0A0M JI0 aHaji3y NOBEAIHKUA KOPHCTYBAYiB 3 MOKIIMBICTIO MOJAIBIIOL
iHTerparii Takux IMiJX0IiB Y CHCTEMH MiATPUMKH pillleHb. 3alPONOHOBAHHMHN MiJXi/ Aa€ 3MOTY BHUSBIISITH CTilKi ITOBEAIHKOBI ITATEPHU
KOpHCTyBadiB Ha OCHOBI cTpykrypoBaHux UX/Ul-maHux i Mae NoOTeHIian A IOJAJbIIOTO PO3BHUTKY METOMIB IPOTHO3YBaHHS
(hyHKIiOHANBEHOT akTHBHOCTI. Lle BiKpHBa€e MEepCHEKTHBU iHTETpalil TaKUX PIlICHb Y CUCTEMH IMIATPUMKH PIlICHb B OHJIAWH-OCBITI,
OXOPOHI 310pOB’s, AepP:KaBHOMY YIIPaBIiHHI Ta iHIIKUX cepax, e aHalli3 KOPUCTYBAIIbKUX JAaHHUX BiIirpae KpUTHYHY POJIb.

Kurwuosi ciopa: UX/Ul-aHaniTuka; aHKETHI JaHi; MalllMHHE HABYAHHS, MIOBCIIHKOBI CIICHAPIil; HEHPOHHI MepesKi; aHcaMOJIeBi
Moeni; i poBi cepicy; mocsia Bzaemomii (UX).

Bertyn i nocranoBka npodJjemMu

Y cywyacHomy 1u(ppOBOMY CEpPEIOBHIN IU3aiH

iHTepdeiiciB  Bimirpae KIIOYOBY pOJb HE  JIMIIE

B ©CTETHYHOMY CIPHHHATTI, a #W y 3pydHOCTI
BUKOPHCTaHHA LUQPOBUX cepBiciB [1] — Bixm oCBiITHIX
wiarpopM 1 OaHKIBCBKUX 3aCTOCYHKIB JI0 CHCTEM

eIeKTPOHHOTO  BpsAOyBaHHSA. 3aJeXHO Big  TOrO,
HACKUIBKH 3pPYYHOIO, 3PO3yMUIOI0 Ta MOCIHiJOBHOIO €
B3a€EMOJIisl KOpHUCTYBada 3 iHTepdeticoM, Oe3nmocepeaHbpo
3aIeXKNUTh e(QEeKTHBHICTh HOro 3acTOCYBaHHs, piBEHb
3ay4eHOCTI ayAuTopii Ta TIOKa3HWKH YTPUMAaHHI.
VYce Oinblie KOMIaHI — BiJ cTapTamiB A0 BEIHKHX
wratdopMm — iHTerpyroTh UX/UI siIK OKpeMy cTpaTeridyay

(YHKIIIFO B IIpoIiec po3pooiieHHs [2].

UnMano [OOCHiAHWKIB 1 TPaKTUKIB BUBYAIOTH
OIITHMI3ALIII0 Ta CHCTEMATH3ALIIIO MOKpAaILeHHS
inTepdeiiciB Ta X OKpeMHX acleKTiB, 30Kpema

Bi3yaJIbHUX 200 CTPYKTYpHHUX. Tak, HampuKkiIan, y poooTi
Heil ta Gaedke [3]
aBTOMAaTUYHOTO

3aIrpoOIIOHOBAHO CHUCTEMY

aHajizy  Bi3yaJbHOI  CKJIQJHOCTI

BeOiIHTEp(ENCIB, IO TMOEJHYE METOIU KOMII IOTEPHOTO

30Dy,
CTPYKTYpYBaHHS Uil OOYMCIEHHS METPHK CKJIAIHOCTI,

pO3Ii3HABaHHS TEKCTy #W  MPOCTOPOBOTO
SKi TIOTIM KOPENIOKTHCS 3 OI[iHKAMH KOPHUCTYBAdYiB.

Astopu pocrmimkenast Computational Layout Perception

using Gestalt Laws [4] anTOpUTMIYHO 3MOJIEITIOBAIN

CHPUNHATTA iHTepdeiicy KOpUCTyBada ),
YHPOBAKYIOUN TEIITAIBT-IPUHINNN SIK €BPUCTHKY UIS
AaBTOMATH30BAaHOTO TpymHyBaHHs esemeHTiB. lle nano
3Mory c(opMyBaTH i€papxidHy CTPYKTYypy, sika B 90%
BUNAJKIB y3ro/DKyBajach 3 OYIKYyBaHOI Bi3yaJIbHOIO
opraHizamiero iHTep¢eiicy, MmO BiAKpHUBAE TOTEHIIAT
JUIS 3aCTOCYBaHHS B 3aBJaHHSAX aJalTHBHOTO JAW3aiHYy
a6o aBromarnzoBanoro UX-ayanTy.

BukopucToByrour 3ropTKOBI HEHPOHHI Mepexi,

Wang, Zhang, Du Tta iH. y nocuimkeHHi [5]
3aMpoOINOHYBAIM  MOJCNIb  KIUJIBKICHOTO  OIIHIOBAaHHS
SIKOCTI ~ KOJNBOPOBOTO  OQOpMIIEHHS  iHTepdeiciB.

Mogenp BHUTATYE Ta aHali3ye OaraTOBUMIpPHI O3HAaKH

300pakeHp  iHTep(eiCciB  (HACHYCHICTh, SCKPABICTB,
BIJITIHOK) 1 3iCTaBIIf€ IX 3 OI[IHKAMH KOPHCTYBadiB, 00
YHUKHYTH CYO’€KTMBHOCTI # 3a0e3neyuTd CTaOlIbHY,
(opmMaiizoBaHy OLIHKY Bi3yaJbHOI SIKOCTI iHTEp(EHCiB.
[Tpore, moO cTBOpIOBAaTH HE JHINE KpacuBi, a i
epexTuBHI iHTep(eiicn, nU3aifHEpH MalOTh CIIMPATHCS
Ha JOCIIDKEHHS KOPHCTYBAaLBKOTO IOCBiTy, DONATKOBO
oepyun g0 ysarm Ul-cximamank. UX/Ul-gocmimkeHHs
JAIOTh 3MOTY HeE JIHIIE 3 SCyBaTH MPOOJIeMH IOTOYHOI
B3aeMOJIii, a i BUABUTH MOTpeOM, MOTHBAIII Ta Oap’epu
KOpHCTYBayiB. Y I[bOMY CEHCi BOHH CTalOTh QHAJITHYHOIO

OITOPOIO JUIS TU3aHEPCHKUX 1 IPOAYKTOBUX pillieHb [6]:
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JIOTIOMAratoTh C(OpPMyJIIOBaTH TINOTE3H, MNEPEBIPUTH

creHapii BHUKOPHCTaHHS, BHSBHUTH  3aKOHOMIPHOCTI
Ta 0OrpyHTYBaTH 3MiHH. JlociikeHHs OyBalOTh PI3HUMHU
3a gopmaroM i obcsroM [7] — BiJ TTTHOMHHHUX IHTEPB’IO
Ta MAacOBHUX ONUTYBaHb MO II'SITUCEKYHIHUX TECTIB
Ta A/B-tectyBaHHs. | KOXeH i3 HHMX METOIIB Jaae
VHIKaJIBHUH 3pi3 peasbHOr0 KOPUCTYBAIBKOTO TOCBIfY.
OpHak po3maiTTst QopmariB 1 30LIbLIEHHS O00CATIB
JOCTITHUIBKOI iH(popMamii yckinamHioe ii 0OpoOieHHs:
pe3ynbTaTd MOXYTh OYyTH CTPYKTYpOBaHMMH a0o Hi,
MICTHTH BiAKPUTI TEKCTOBI BiANOBiIi, YMCIIOBI IIKAJH,
KaTeropiajbHi 3MiHHI, ITOBEHIHKOBI 3aJIE)KHOCTi, OYyTH
y ¢opmarti
BiJIeO3aInCH

HECTPYKTYPOBAHOTO JiajJiory, MICTUTH

KOpUCTYBaHHs  iHTepdelicoM  TomIo.
[Toka30BMM MpPHUKIAJOM € aKTyalbHE IOCIHiIKECHHS,
ne Zhang Ta KOMaHAAa BHUKOPUCTAIM TEMaTH4HE
MOJICTIIOBAHHS JJI1 aBTOMAaTH30BAHOTO aHAN3y THCAY
TekcToBMX UX-BIATYKIB Ha MapKeTIUIeHCi, BHSBUBIIN
KITIOYOBI CIIeHapil MOBEAiHKA KOPHCTYBadiB 1 TpeHIH
B3aemonii [8]. Lls Ta momiOHI poOOTH NEMOHCTPYIOTH,
UX-naHux

M0  aHaii3 aKTHBHO

cepi
MpOTSrOM OCTaHHIX 2-3 pokiB. BomHowac OimbmIicTh

PO3BUBAETHCS,
i JOCIIIDKEHHS B it 3’ ABJIAIOTHCS

3 HHX 30CCpEKCHI Ha HECTPYKTYypOBaHUX abo
cmabkodopMai3oBaHUX JpKepenax, TeKCTaX, BiATYKax,
Bifico, ne 3acrocyBanHs NLP abo vision-minxomiB €
HaiiOipm oueBnmHUM. DopmamnizoBani x UX/UI-gaHi,
30KpeMa Pe3yJIbTaTH OMHWTYBaHb, II0 MAKOTh CTPYKTYPY
IIKaJI, KaTeropiii i YUCIOBHX 3MIHHHX, 3aJUIIAIOTHCS
MEHIII JOCTIPKEHUM I0JeM. YTiM, caMe€ BOHHU TaK CaMo
3HAYHUM  IOTEHIUad  UIA

MAaloTh MTOPiBHIOBAHOTO,

CTaHAAapTU30BaHOTO aHaNi3y, IO OCOOJIHMBO I[IHHO
B yMOBaX MacIITa0yBaHHS TOCIiIKEHb.

Oco0iMBO TOCTPO II¢ MUTAHHSA TOCTAa€ IMiJ] Yac
crpoOr TpaIfoBaTH 3 MOBTOPIOBAHUMH JOCITIKCHHIMHI
a06o BBoguTu UX-aHaNmiTHKYy SK MOCTIHHUIA TPOIIEC,
a HE pa3oBy AaKTWUBHICTh. ToXIi Ha TMeEpmIUA TUIaH
BUXOJATh METOJHM CTPYKTYypPYBaHHs, IHTEpPIPETYBaHHs
Ta MOPiBHAHHA iH(OpMAIlii, He3aJeKHO Bif il MacmTaliB.
Y peaspHMX yMOBax yce I 4YacTo Jisirae Ha Iuledi
nu3aiiHepa, SKMH OMHOYACHO Mae OyayBaTH BUIJISA
iHTepdeiicy Ta IpoeKTyBaTH AOCBi B3aeMoii [9], ane He
3aBXKIH BOJIOIE AOCTATHIMH Pecypcamu IJjisi CKJIaTHOTO
00poOneHHs nmanux. lle crBOproe 3anmuT Ha MOOYIOBY
CHCTEM, 3IaTHHX YacTKOBO abo MOBHICTIO Opatu Ha cebe
i (GyHKOl, 3HIKYIOYM HABaHTaKCHHS HA KOMaHIy
Ta 3a0e3Mevyoun cTablIbHICTh aHAITI3Y 3 4acoM.

VY HaykoBili niTeparypi, SIKy HIMpIIE PO3IIITHYTO
B HACTYIHOMY pO3[iJli, Bi[3HAYEHO BHUCXiAHY MOTpeOy

B HOBHX miaxomax g0 aHamizy UX/UI-manux, 30kpema
B YMOBax IIOBTOPIOBAaHMX BHMIpIOBaHb, 30LIbLIEHHI
MPOEKTIB 1 poOoTH 3 pisHUMH (opMaTaMu JaHHX
(TEKCTOBMUMH,  BI3yaJIbHUMH YH  ITIOBEIiHKOBUMH).
[ompu 3pocTaHHs KUTBKOCTI JOCHIIKEHb, IO IHTETPYIOTH
UX-migxix 3 aBTOMATH30BaHUM aHATI30M, OLIBIIICTh
3 HHX

30CEpeUKYIOTbCS  Ha  HECTaHIAPTH30BAHUX

okepenax  iHgopmamii. Hatomicte  dopmanizoBani
UX/Ul-gani, ski [JaroTh 3MOTY CHCTEMHO 30HMpatd
CTaHAapTU30BaHY iH(opMaIriro po JTOCBIT
KOPHCTYBaYiB, JOCI 3aJHIIAIOTHECA MAaJIOJOCITIHKCHUM
monmeM. CaMe ISl JJaKyHa BIiJIKPUBAE MOXJIMBICTH IS
CICTEMHOT'O BHBYCHHSA TIOTEHIiay (OpMalli3oBaHUX
mxepen iHdopmanii, Hanpuxinax UX/Ul-onmtyBanHs,
UIA  OOYHCIIOBAIIGHOTO aHalizy, M0 MOXE 3aKIacTH
MATPYHTS A NPOTPaMHHUX — CTAaOUTBHUX — MIAXOJIB
no UX-aHawmiTHKH B MU(PPOBUX MPOAYKTax. A 3aranbHa
3aIliKaBIICHICTh

JM3aliH-COUTBHOTH Yy  BHKOPUCTaHHI

Heifipomeperxx  [10] migcwimroe @i JOCHIKEHHS,

mo (opMye 3aCHOBOK iX 3aCTOCYBaHHS I aHAII3y

UX-naHux 30kpeMa.
Y nomepenHii

HaykoBii  myOmikamii  [11]

3aIIPONIOHOBAHO KOHIICNITy aIbHY apXIiTEeKTypy
KOMIIJIEKCHOTO pIllleHHs! Ui 0OpOOJIeHHs pe3yJbTaTiB
UX/Ul-mochimxens. Y HIE OKpeclIeHO MOyl poboth
3 pisnumu Qopmaramu iHpopmalii (CTPyKTypOBaHHMH,
Bi3yalbHUMH H TEKCTOBHMH) W ONHCAHO METOAWIHHUN
MiXiJ MO TOETHAHHS AHANITHKH 3 JIU3alHEPCHKUM
mporecoM.  30KpemMa

MOPYIIEHO  NWTaHHA  MpO

HEOOXiMHICTH ~ MOJeNel, 3JaTHUX MpAIOBaTH  Ha

MTOBTOPIOBAHMX HAOOpaxX MaHWX Pi3HOTO MOXOKEHHS, 10
30UPAIOTHCS MPOTATOM JKUTTEBOTO ITUKITY CEPBICY.

Opnak, TONPH HasABHI TEOPETHYHI OCHOBHU
JOCIHIKeHb, IO  JEMOHCTPYIOTH  pO0OTY  TakHMxX
Mozmenerd Ha peampHnx UX/Ul-maHnx, Hampukiasm,

3 ONUTYBAJILHMKIB, Maibke Hemae. Came 1edl po3pHB
MK KOHIICNITyaJbHOIO MOXKJIMBICTIO Ta MPAaKTHIHOIO
peaizali€ro i BU3Ha4a€ HAyKOBY HOBH3HY L€l poOOTH.
UX/UI-paanx
i3 3aCTOCYBaHHAM MOJIENIeH MAaIIMHHOTO HaBYaHHS —

BigmoBigHo, aHamiTHKAa  AHKETHHX
MOTEHIlIIHA MOJIMBICTh cTaHmapTu3anii UX-aHamiTuku
SIK TIOBTOPIOBAHOT'O MPOIIECY.

I{s crarTs mOpUCBSYCHA OMHOMY 3 HAIPsAMIB —
¢dopmamizoBaniii iHopMmamii 3 MacoBHX ONHUTYBaHb.
B 1 OCHOBI JCKHTh CHpoda ONpAIfOBATH pealibHI
anketHi UX/UI-nani kopucryBadiB 1u(poBoi OCBITHBOI
wiatgopmu, TpancopmysaTu ix y ¢opmar, npunaTHuit
JUTSL OOYHCITIOBAIEHOTO aHAITI3Y, W OI[IHUTH €(PEKTHBHICTh
pI3HUX MOJCNCi MaNIMHHOIO HAaBYAaHHS B 3aBJaHHI
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MPOTHO3YBaHHs TOBEIIHKOBUX clieHapiiB. Omxke, 1
pobotra He JuIIe pPO3MNIAAaE KOHKPETHHH TIPUKIA]
BUKOPHCTAHHSI aHKeTHOI iH(popMalii, aie i npoaoBXKyeE
MiIXOTy
o poboru 3 UX/Ul-manuMu B MeXax 3alpOIIOHOBAHOI

CTPYKTYpH.

peanizamilo  3araJbHOTO  JIOCHIJHUIIBKOTO

AHaJi3 ocTaHHIX TOCTiTKeHb i myQmikamiit

31 3pocTaHHAM CKJIAIHOCTI HU(POBUX iHTEp(eiciB
1 BapiaTMBHOCTI KopucTyBaibkux cuenapiie UX/UI-
JOCITIDKEHHST HaOyJM CTaTyCcy CHCTEMHOI IPaKTHKH,
HEOOXITHOI JJIsI CTBOpPEHHs IHTepdeiciB, 1o IifCHO
BiAMOBiNatoTh  moTpebam  KopucTyBadiB.  CydacHi
nocnimkerns y chepi UX-(haxoBoi aHATITHKA OXOILTIOIOTh
MIAPOKUHA CHEKTp IMAXOMIB — BIX MeETOHIB 300py
iHpopManii o iX iHTepmperamii Ta TOAAIBLIOTO
3aCTOCYBaHHS B INPOEKTHUX PIilICHHAX. Y Mexax wiei
po0OTH yBary HpUBEPTalOTh HAYKOBI CIPOOM IMOETHATU
pesynbrati UX-IOCTiKeHb 3 aNrOpUTMAaMU MAIlIHHHOTO
HaBYaHHS, 30KpeMa JUIs MOOYAOBH aJanTHBHUX abo
MePCOHATI30BAaHNX CUCTEM B3a€MOJIIl.

VY sragaHomy pasime nociipkeHHi Zhang, Chen
Mojenen

i Huang n#eMOHCTPYIOTb BHKOPHCTAHHS

Juis  mependavyeHHs MoTped HOBHX  KOPHUCTYBayiB
y [IM3aifHEpCHKUX CepeloBHIIaX. ABTOPH JOBOJTH,
110 HaBiTh 0OMexeHi 3a ob0csirom UX-naHi MOXyTh OyTH
KOPUCHUMH [UISl IOOY/IOBH ITPAaKTHUHHUX MPEIUKATUBHUX
cuenapiiB. Ile CBiguuMTh NPO MOTEHIAN MPOCTHX
ONMUTYBANIPHUX JAHUX Y 3aBIAHHAX 1HIWBIIyami3arii
noceiny. Zender, Humm 1 Holzheuser [12] BuBuanu
inTerpamito  UX-mpuHimmiB =y JAu3aiiH  B3aeMOJIl
3 Al-cucremamu. Pe3ynbTaTé JOCHIPKEHHS BKa3ylOTh
Ha Te, 10 aJIaNTHUBHI iHTepdeiich, o0y 0BaHi Ha OCHOBI
KOPHUCTYBAIlbKUX IIIA0JIOHIB TOBEIIHKH, ITiJBUIIYIOTh
JIOBipy Ta

iHpopMalliss € He

3aJI0BOJICHICTE Bix cuctemu. 3iOpaHa

JUIIE aHAJNITUYHUM  PECypcoM,
a ¥ OCHOBOIO JUII TPOEKTYBaHHS CIEHApiiB B3a€MOJIil.
Y poboTi aHami3yeThCsl 3aCTOCYBAHHS TOSICHIOBAHOTO
mryyHoro iHtenekrty (XAI) mns UX-ouiHroBaHHS.

3anpornoHOBaHU  MiAXim < He  sMme  Kiacudikye
MpoOJIeMH KOPHCTYBAIBKOTO MOCBIAYy, a I TOSCHIOE
I[i pilICHHS, IO CHPUSE 3POCTAHHIO JOBIpU 3 OOKY
KiHIIEBUX KOPUCTYBaYiB.

Chen ta Li [13]

3aCTOCOBYBAaTH METOAM KOMII IOTEPHOTO

Duan, 3aIPOIIOHYBAJIU
30py IS
iHTepdeiicy

y Bimeozanmcax. e cranmapruzye UX-aHami3 Ha paHHIX

aBTOMAaTH4YHOTI'O BUABJICHHA €JIEMEHTIB

erarax 0e3 morpeOM B MOBHIM 3aJy4eHOCTI JIIOAWHH

K ekcrepTa. [loka3oBUM € TPHKIAL C‘ejka, Smutny,
Vondrak ta xoner [14], sixi BukopucroByBanu YOLOv7
Juisi TI00yIOBM IUHAMIYHMX TEIUIOBHX KapT B3a€MOIIl.
Mogenp BifCTeXye Moii B peabHOMY 4Yaci, aHali3yIouH
3MiHy eneMeHTiB iHTepdeiicy Ha Bimeo. Lli migxomm
JIEMOHCTPYIOTh MPOTPEC y HampsMi MyJIbTHMOJAIEHOTO
UX-anamizy.

Bopnouac, six cBimuuth myomikaiis Batch, Ji, Fan,
JOCTITHUKH BH3HAIOTH BAXKJIHMBICTH IEPEXOIy BiI CyTO
Bileo- ab0 aymioaHamizy 10 KOMOIHOBaHMX METO/IIB,
3MATHUX MPAIOBaTH 3 TMPOCTILIMMU THUNAMH JaHHX.
Y pobori [15]
0  TOEAHYE

3alIpOIIOHOBAHO CUCTEMY uxSense,

30py,
00pOOJICHHS TPUPOIHOT MOBH Ta 0a30Be KiIacu(iKyBaHHS

TEXHOJIOTii ~ KOMIT TOTEpHOTO

Ha ocHOBI UX-METpHK, X04a 3aCTOCYBaHHS HEUPOHHHX
MEpexk BUSABIIOCH OOMexkeHUM. A B onmami [16]

y  okxypHanmi  Human-Centric  Intelligent  Systems
y3arajJibHEeHO cy4acHi HalpsIMA 3aCTOCYBaHHS
HEWpOMepeXXK Ul MOJIMIIEHHS  KOPHCTYBAaLBKOTO

nociny. [lopsm 13 MyJIbTHMONATBHUMH — IiIXOJaMH,
y poOOTi HarojomeHo Ha HEIOCTATHOCTI IOCIiIKEHb,
CIIPSIMOBAaHMX Ha CTPYKTYPH Ha KINTAIT aHKET YU
TAaONMMYHUX  JaHUX, K  3aJHIIalOThCS  HaHOUIBII
JOCTYITHUMH B YMOBaX OOMEXEHHX PeCypciB.

Dou, Zheng i Sun y mpaui [17] 3anpomoHyBanmm
Monenb Webthetics — TAMOOKY HEHUPOHHY MEpPEXKY,
po3pobieHy  [uis  OOYMCIIOBAIBHOTO  OI[IHIOBAHHS
ecreTHYHOCTI BeOcTopiHOK. Ll cucrema HaBuaeThcs
Ha peaJbHUX OIliHKaX KOPHCTYBadiB 1 3aCTOCOBYE
TpaHchepHE HaBUaHHsS 31 CTHJIICTUYHOI Kiacudikarii
300pakeHb IS MiABHIICHHS TOYHOCTI. 3aMiCTh PyYHHX
O3HaK, TaKuX SIK KOJIP YM CUMETpis, CHCTEMa CaMOCTIHHO
BHOKPEMIIIOE 0araTOBUMIpHI perpe3eHTallii Bi3yaabHOTO
oopMIIeHHS, 1110 BiAMOBIAAIOTH OLIHKAM KOPHUCTYBadyiB.
Le ymoxnmBmioe 00’€KTHBHE TOPIBHSIHHSA BapiaHTIB
Ul-mu3aifHy Ha OCHOBI TJIMOOKO IHTErPOBAaHUX IMApaMeTpiB.
Xoua MoIeNnb Tpamioe 3 Bi3yalbHOI iH(pOPMAIIETO,
KIIOYOBMM € Te, 10 caMe (OpMasizoBaHi OLIHKH
KOpHCTyBa4iB OyJM 3aCTOCOBaHI K HaBYAIbHI JaHi.

BukopucranHio  mpoctux, ane  (QopMalbHO
cTpykTypoBanux UX-maHuxX y MOEAHAHHI 3 MaIIMHHUM
HaBYAHHSAM NPHUCBSYEHO JOCTIJDKEHHS Zhang et al. [8], y
SIKOMY 3aIpOTIOHOBAHO IHCTPYMEHT Il aBTOMATH30BaHOT
KJacudikamii KOPUCTyBanbKUX MOTPeOd Ha OCHOBI MOZEi
Kano. Astopu 00’enHyroth anketHi UX-nmani, rmuOuHHI
iHTEepB’10 Ta 3i0paHi OHJIAHH-BIATYKH, 100 chopMyBaTH
IIOBHOLIHHUI  HaBYaJbHUHI

HaOlp g Mopjeneit

rmmbokoro HaBuaHHA. Haifycminsinoro

RCNN  (Recurrent

BUABHIIACH

MOJEIb Convolutional  Neural
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Network), ska nama 3mory kiacu(ikyBaTH TEKCTOBI
(parmenTs 3a TUMaMu NOoTped. Baxineo, 10 pe3ynpTaTom
craja He Jumine kiacuikamis, a W IHTEPaKTUBHHUI
IHCTpyMeHT 3 TpadidHuM iHTepdeiicoM, OpieHTOBaHUM
Ha rmovatkiBiiB y UX. ToOTo aHaNTHKa CKIaAHIX MOJeeH
CTaya JOCTYIHOK HABITh Y HABYAILHOMY KOHTEKCTI.
IIpore aBTOMAaTH3AaMii

HUATAaHHS UX-nu3aiiny

HE 3BOJWUTHCS JIMIIE O IepenOaueHHs  peakmiit
KopucTyBada. Y mpari [18] mopymeHo rimubmry npobiemy:
UX-mu3aiilH € mpomecoM i3 HemependoadyBaHUM
pe3ynapTaToOM, SIKMM MICTUTH HE JHIIE JOTiKy, a H
IHTYIWiIO, JOCBiJ, THYYKE pearyBaHHS Ha KOHTEKCT.
ABTOp TIPONOHYE  pO3IJLIIATH  ONTHMI3amilo  SIK
MiATPUMKY Ha eTarax 3BOPOTHOTO 3B’S3Ky Ta I'eHeparlii
BapiaHTIB [UIsI CTBOPEHHS HOBHX pimleHs abo aHaizy
nmanux. OmHAK I MOJENi MaroTh YMITH aJalTyBaTHCh
JI0 HEOJHO3HAYHUX CILIEHAPiiB 1 KOPUTYBATHCS JIIOTUHOIO
B pa3i HOBuUX a00 HecTaHIapTHHUX 3amuTiB. HaBiTh 3a
AYMKY

KOpI/ICTyBaHI)KI/Iﬁ )IOCBiI[ MOKE PO3BUBATUCSH HeCHOZ[iBaHO.

YMOBH YCHINIHOTO [W3aliHy, Ha aBTOpAa,

Brmacra momepemHs — myOrmikamisi — IpUCBSYEHA

apXITEKTypi MOJYJTBHOI CHCTEMH IS  MiATPUMKHU
MPOAYKTOBOTO Ta MU3ANHEPCHKOTO NPHUHHATTS pillleHb

Ha  ocHoBi  UX/UI-mocnimxeHsb.

CTPYKTypa
HpalionTs 3

3anponoHoBaHa
mependavgae  iHTETpamil0o  MOZENEH, IIo

pisHuMu  ¢dopmaramMu  iHpOpMAIIii:
TEKCTOBHU (HANPHUKIAJ, BIAKPUTI BIONOBiIi), YMCIOBHA
(Hanpuknag,  aHKeTHW),  Bi3yanbHUH  (BiJgeo3amucu
iHTepB’I0 YM 3 EKpaHiB) Ta MOBEIIHKOBHU (TIEpexo.y,
TEIUIOBI KapTH, meperisian). i1 KOKHOro 3 IMX THUIIB
nependavgaeTpCs BUKOPHCTAHHS CIeIiaTi30BaHNX
MoJieNiell MAalIMHHOTO HaBYaHHs, SKi MOXYTb OYTH
IHTETpOBaHi B €IWHY CHCTEMY 4Yepe3 LEHTPAIBGHUH IIap
jorikd. Y po0OTi HArojoOIMICHO Ha BaXIJIUBOCTI
(opmyBaHHs 0a3W 3HaHb, fKa HE JHIIEC IPOBOAUTH
aHAJITUKYy CHUCTeMH, a © Qopmymoe pexkoMeHaarii
00 TIOKPAIICHHS iHTePPEHCHNX PIllICHb.

[Mompu BUCXimHY KUIBKICTH  JIOCHIDKEHb  Ha
nepernHi UX-aHadiTHKM Ta MAOIMHHOTO HABYaHHS,
nepeBaka€  yBara A0  aHajli3y  MyJbTHMEIiHHUX
a00 CKIAAHOCTPYKTypoBaHux ganux [19]. Hartomicth
010

00po0JIeHHsT TaOMUYHUX pe3yabTariB MacoBux UX/UI-

MOXIIMBOCTI ~ HEHpOMEpeXKEeBUX  Mojeneit

OMMUTYBaHb 3aJMIIAIOTHECS HEAOCTATHHO BHUBYCHUMH.
VY wiii poboTi BHCYBA€eThCs TilnoTe3a Mpo Te, 10 HAaBiTh
B yMOBax  OOMeXeHHX, aie  (opMaTi30BaHUX
UX-maHux MOXKIUBO AOCATTH eeKTuBHOI Kiaacuikarii
KOPHCTYBa4iB i3 3aCTOCYBaHHSM CYYacHHX MOJeeit

MalllMHHOI'O HaBYaHHA. HayKOBa HOBHM3HaA II0JIATace

B ampo0anii 1poro migxoxy Ha peanbuux UX/Ul-manux

OIMMUTYBaHHA, 1o BiZ[TBOpIOIOTI) B3a€EMO3B’ 130K

MDK  KOpUCTyBayaMH, IIOBEIIHKOBHUMH  IaOJIOHAMU
U BOXJIMBUMU IS IPOAYKTY METpUKaMu. Takwid Imijaxif
Jla€ 3MOTY pO3MMPUTH iHcTpyMeHTapin UX-mocmimkeHs
Yy PpecypcHo OOMEXEeHHMX IpPOEKTaX, JA€ HEeIOCTYITHI
CKJIagHI 00 KOIITOBHI METOM 30MpaHHs Ta 00pOOIIeHHS
iHpopMmanii. BiH Takoxk Moxke OyTH €KCTpanoJbOBaHUH
Ha IHMHAN OCBITHIH a0 CepBiCHHUN MPOAYKT CYyMiIKHHX
rajy3eil 1 3aCTOCOBYBAaTHCH 32 CXOKUM MPUHIUIIOM, SIKUH

OIIMCAHO B HACTYNHUX PO3JiNax.

Merta ii 3aBIaHHA TOCTiIKEeHHSA

Y  Mexax 3araibHOi  KOHIEHIii  MoOyIOBH
iHCcTpy™MeHTapito ms aHamizy UX/Ul-mocuimkens y it
CTaTTi HEOOXIMHO BUBYUTUA MOXIIUBOCTI BHUKOPUCTAHHSI
Mozeneii  MAIIMHHOTO  HaBYaHHSA IS
UX/UI-gannmu,

BHACTIZIOK MacCOBHX OIHTYBaHb KOpUCTyBadiB. OcoOnuBuit

pobotu
3 (opMasi3oBaHUMHU OTPUMaHUMH

iHTepeC CTaHOBHUTH JOCHIKCHHS TOTCHINANY IUX
Mozeneld y KOHTEKCTI OOMEXEeHHX BUOIpOK, BIACTHBHX
CepBiciB i3

st uuhpoBHUX BY3BKOIPO]IIILHOO

ayouToOpi€l0, a TaKoK Ui CTapTamiB 1 CepBiciB

3 KOPOTKOCTPOKOBHUMH Q)yHKHiOHaJ'IaMI/I, ac qac

i obcsar iHdopmarii oOmexeni. Ha BigmiHy Bifg
MyJTUMOJATBHUX YW TOBCJIHKOBUX JDKEPEN, aHKECTH
CTaHOBIIATH OOWH 3 HAWOIMBII OOCTYMHUX (opMaTiB
UX-pocnmijpkeHp, a TOMy MNOTpeOyroTh — ajanTtamii
Cy4acHHX I1HCTpYMEHTiB aHamizy. KirodoBoi MeToro
pobot € oOniHOBaHHS e(EKTUBHOCTI 3aCTOCYBaHHS
Mozeneld Ha OCHOBI JIepeB pillleHb 1 TEPIEeNTPOHIB
no crpykrypoBanux UX/Ul-gaHuX MacoBHX ONUTYBaHb
g ix  kimacudikamii Ta  BU3HAUEHHS IPUAATHOCTI
JUISL TOJy4EHHS 10 MOyibHOI cucteMu UX-aHaliTHKY.

JIst  MOCATHEHHS TOCTaBIICHOT METH HEOOXiaHO
pO3B’sI3aTH TaKi 3aBJIaHHS:

1) migroryBatn UX/Ul-mani [is TOZANBIIOTO
aHaNI3y, 30KpeMa 3 TMepeiiMEeHyBaHHSM IOJIIB, KOTYBaHHIM
O3HAaK, 3allOBHECHHSM TIPOMYIICHUX 3HA4YeHb, OiHAPH3AIIEI0
BIJIMIOBI/IEH 1 HOpMaITi3aIlier0 YUCITIOBHUX KA,

2) 3mICHUTH TOMNEPEAHIA MOCTITHUIBKUIA aHai3
JMAHUX, 30KpeMa BH3HAYHTH OCHOBHI B3a€MO3B’SI3KH
aHaizy, OIIIHUTH

32  JIOMOMOTOK  KOPEJSI[IHHOTO

3aJICKHOCTI MK 3MIHHUMH, a TaKOX BHKOHATH

KJIACTEPH3AIIif0 32 MOBEIIHKOBUMHU XapPaKTEPHCTUKAMH,
3) BH3HAUUTH KJIIOYOBY LIJIBOBY 3MiHHY, IO MOXE

OyTH BUKOPHCTaHA SIK MMPOTHO3HUI IHAWKATOpP y MOJEII,

Ta 00rpyHTYyBaTH ii BHOIp;
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4) moOymyBaT MOJeNi MAaIIMHHOTO HAaBYaHHSA,
sk 0a30Bi (Decision Tree), Tak i ancamOneBi (Random
XGBoost),

OararomapoBoro mnepuentpona (MLP) mist mopanbmioro

Forest, a TakoX MOAenb Ha OCHOBI
MOPIBHSAHHS iX Pe3yJIbTaTUBHOCTI;

5) ouiHuTH e(CKTHBHICTh IIUX MoJeIeH
3 BUKOPHCTAHHSAM METPHUK TOYHOCTi, a TaKOX 3pPOOHTH
MOPIBHSUIBHUM aHai3 MPOXYKTUBHOCTI Ha BUOIpPIIi TaHHX.

INocrasneni BU3HAYAIOTh

3aBIaHHI JIOTIKy

HACTYITHOTO pO3AUIY, B SKOMY IIOETallHO IOJaHO
peaitizallito KO>KHOTO 3 €TaIliB — BiJl pOpMyBaHHS BUOIpKH

JI0 0Oy I0BU ¥ TECTYBaHHS MOJIEIIEH.

Metoauka nposenenasa UX/UI-onutyBaHHs

VY chepi mOCHiIKEHHS KOPHCTYBAalbKOTO JOCBIAY
3aCTOCOBYETHCS MIMPOKHIA CIEKTP MiAXOIIB — BiJ{ IKiCHIX
TITMOMHHUX THTEPB’I0 J0 TOBEIIHKOBOTO BiJICTEKYBaHHS
Ta aHamizy MeTpuk B3aemomii. Lli  mocmimkeHHS
po3zpizsstots [20, 21] 32 pi3HUMH KPUTEPISIMU: 32 METOIO
(OLiHIOBAaHHS CTaBJICHHS, IIOBENIHKA YH OYiKyBaHBb),
TUTIOM (sKicHI,  KUIBKICHI),

JaHUX IDKEpeioM

(npsiMe  ONWTYBaHHS,  HENpsIME  CIOCTEPEIKESHHS,
aBTOMATH30BAaHUI 3amHC B3AEMOJIl), METOAOM 300py
Y mpoMmy JocmimpKeHHI

TOILO. 00paHO  KUTBbKICHUH

MiAXiA, a caMe MacoBe aHKETYBaHHS, CIPSIMOBaHE
Ha BHBYCHHS CTaBJICHHS KOPHCTYBadiB a0 0OpaHOi
atgopMu  Ta IXHBOrO JOCBiLY B3aemonii. [lompwu

MOTEHIIMHI OOMEXEHHS B IJIMOMHI  BIAMOBIIEH,
el MiAXi € IIHHAM 1HCTPYMEHTOM JJisl TOLIYKY
3araJbHUX 3aKOHOMIPHOCTEH y MOBEAIHIII KOPHCTYBadiB
1 IPUHHSATTI PillIeHb.

OmnuryBaHHs Oyno peayizoBaHO B MeXax HUPPOBOT
mwiarpopmu CASES [22] — ekocucTeMH [Isi HaBYAHHS,
Kap €pHOTO PO3BUTKY Ta MOUIYKYy podotH y cdepi

kpeatuBHuX iHgyctpiii. CASES mae BiacHy HaB4YaiabHY

wiatgopMy, KMBI Ta 3amMcaHi KypcH, JOJAaTKOBi
HaBuasbHi (opmaTtH, 0a3zy CTyJIEHTCHKHX MNpPOdiIiB,
MOXIIMBOCTI ~ CHIIKYBaHHS Ta  TOIIYKYy  poOoTH.

[Tnardhopma opieHTOBaHA Ha YKPAiHCBKY ayaHUTOPIIO,
30KkpemMa Monoanx ¢axiBmiB 1 (axiBIiB cepeaHBOTO
piBHS, SIKI HABYAIOTHCS 200 MIABHUINYIOTH KBai(hiKaIio
y cepi muzaiiHy, Mezmia, MapKeTHHTY Ta CyMDKHHX
HanpsiMiB. UX/UIl-gocnimykeHHs B TakoMy KOHTEKCTI
€  BaXIUBUM rinmore3
110710
KOPHCTYBaYiB,

IHCTPYMEHTOM  MiATPUMKH

MTOBEIIHKH, 3aliKaBIEHb i MOTHBAL[i

30KpeMa Ui ONTHUMI3amii IMiHCOK,
CTPYKTYPH KypcCiB, iHTep(peHCHUX pillieHb 1 KOHTEHTHOT'O

MOJTAaHHS MaTepiairy.

AHKeTa MacoBOTO ONUTYyBaHHS Oyia chopmoBaHa
yepe3 cepic popm Google Ta mommMpeHa 3a J0IOMOI0OF0
comianbHUX Mepex miathopmu y Facebook, Telegram,
Instagram ta enexTpOHHOI MOIITH. B onuTyBaHHI B3sH
yuacts moHan 170 pecrongentiB. byno 3ampomoroBaHO
BIJINIOBICTH Ha CEpil0 3allUTaHb IIOJ0 iXHBOTO CTHIIIO
HAaBYaHHA,  YacTOTH  BUKOPUCTaHHSA  IntaTdopmu,
podeciiHoro KOHTEKCTY, PiBHS JOCTYIY A0 TEXHIKH,
CaMOOIIHKH JOCBiAY Ta iHTEpecy M0 IUTaTHUX (OpMaTiB.
BimmoBimi Oynu  TOMEpEeAHBO MiATOTOBJICHI, IICISA
uporo excmoproBaHi y ¢opmari CSV 1 3aBaHTakeHi
B CEpeIOBUIIE s OOpOOJICHHS, IO MIATPHUMYE MOBY
nporpamyBaHHs Python, i came 3 IOTO eramy Oylo

posmoyaro aHaii3, 00poOIIeHHs Ta TOOYI0BY MOJIEIIEH.

IHonepeane o6podaenns indgopmamii

Otpumani pesynbraTh Oynau  TpaHC(HOPMOBaHI
B CTPYKTYpy TaOJIMYHOTO THIy /s HOAAIBLIOTO
OMpaIfoBaHHA. Y TpoIeci MOMEPeIHBOTO OOPOOICHHS
HeolpanboBaHW{  HA0ip MJaHUX  TOCTYIOBO  OyB
TpancdopMoBaHui y Gopmar, NPUAATHUN ISl MAIIHHHOTO
aHamizy. Y BUXiHIN Tabnuii Oymo 22 o3Haku. Cepen HIX
MOXKHa OyJI0O BHOKPEMHTH KUIbKa KIIOYOBUX TpYII,
Tepeltik SIKUX nmofaHuil y Tadn. 1. Indopmamis mictuina
okpemi mpomnymieHi 3HadeHHs (1o 8-10% y meBHHUX
CTOBIIIIX), & TAKOXX KOMOiHOBaHI (hopMaTh BiAIOBiIEH,
10 BUMArajid CTpyKTypHOT'O MOJILITY.

Yci  eramm  oOpoOmeHHs Oyino  peani3oBaHO
Ha Python. PosrnsiHemo ix.

1. Po30UTTA CKIagHUX 3MIHHHUX Ha OKpEMIi JIOTiYHi
o3Haku. Hampuknaa, o3HaKy active-subscription, 1110
BiJOBiasIa o/ipa3y Ha JBa 3anuTaHHs (Yu Oyna Koimch
y KkopuctyBada mianucka? Yum € BoHa Hapasi?),
y mBi. e

ever_had subscription Tta currently_has subscription,

Oyno  TpaHCc(hOPMOBAHO 03HaKH
SIKi BIATBOPIOIOTH BIATIOBiAI HAa IIi 3alUTaHHS OKPEMO.
AHayoriyHo 03HaKy auditor-mode Oya0 TOMAUICHO
Ha  knows_auditor mode ta  used auditor _mode,
a employment-status — Ha is_employed i works_in_creative.
2. KopmyBanHs BHopsakoBaHuX Kateropiit (Ordinal
Encoding). JIns o3Hak Ha KINTaIT income-range, age,
skill-level

TIOCJIJIOBHICTh 3HAYEHb 1 3aKOJIOBAHO iX SIK YKCIIOBI PaHIH.

usage-time, Oyno 3adikcoBaHO IOTiYHY
Hanpuknan, st 03HaKu income-range — NOCIIAOBHICTh
Big "He Maro poxony" mo "monax 40 Tuc. rpH".

3. KomgyBaHHS HEBIIOPSAKOBHHX KaTeropiii 3a
nigxoxom One-hot Encoding. O3naku preferred-learning,
marital-status

preferred-online-courses, Tomo Oymm
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NepeTBOpeHi Ha MHOXKUHY OiHapHuX 3MiHHEX. Lle ycyBae
PU3UK TOTO, IO MOJENh TOMHIIKOBO CIpHAMAaTHME
HOMIHAJIbHI 3HAYEHHS SIK KUIbKICHI.

Hanpuknan, o3Haka preferred-learning, mo Mictuna
3HAYCHHS Ha KINTAIT "'caMOCTiiiHe HaBYaHHS 32 BIACHUM

Ta6auus 1. [ pynu o3nax 6 mabauyniti cmpykmypi 0aHux

rpadikom" abo "HaBYaHHS B TPyHi 3 JAeAJaliHAMHU Mif
HArsiIoM Kypatopa', Oyja mepeTBOpeHa Ha Kilbka
OKpeMHUX OIHAPHHX CTOBIIIIB, KOXKEH 3 SKHX I[TO3HAYAE
HasIBHICTH NIEBHOT'O BapiaHTa y BiIOBI/I.

Ne 'pynn HazBa Onuc
1 Kinbkichi platform-usability O1iHKa 3pyYHOCTI KOPUCTYBaHHS
search-difficulty OmiHKa CKJIQJHOCTI TTOLIYKY
feedback-quality O11iHKa SKOCTi 3BOPOTHOTO 3B’SI3KY
2 Kareropianbhi skill-level PiBeHr HaBMUOK y BiINOBiAHIHN ramysi
BIIOPSIIKOBaHI -
age Bik xopucTyBaua
income-range OriHka goxoxy
usage-time Yac mpoBeaeHHs Ha miaTdopmi
earning-frequency SIk yacTo HaBYAETHCS Ha mIaThopmi?
3 KareropianeHi preferred-online-courses Turm Bioo6aHuX OHJIAWH-KYPCIB
HEBIIOPSIKOBaHI — 5
MortuBallis i MeTa KOpHCTyBaHHsI I1aTGopMoro (Kap’epa,
archetype-purpose . o
X001, nepexBatigikamis)
gender CraTb KOpUCTyBaya
marital-status CimeliHu# cTan
preferred-learning Briono6anuit popmat HaBUaHHS
employment-status Craryc 3aifHATOCTI
4 CxitanHi KoMOiHOBaHi1 . L Yu Oynia KOJIMCh aKTHBHOIO MiAMUCKa HA OCBITHIN
active-subscription . . .
KOHTEHT 1 Y aKTHBHA ITiIUCKa Hapa3i?
. Yu 3Ha€ KopucTyBad Ipo GyHKIII0 "BiIbHUM ciyxad" Ta
auditor-mode pHCTY po by Y
YH TIOCTYTOBY€ETHCS HEr0?
5 My b TuBHOIpKOBI MO used-features ®yukuii mratgopmu, AKi AKTABHO BUKOPUCTOBYIOTHCS
, . OcHoBHI ¢yHKIT mathopmu, sKi 3aCTOCOBY€
three-main-functions by bopmn, Y
KOpHUCTYBay
6 Binaphi platform-issues HasiBHicTh mpoGIieM KOPHUCTYBaHHS
children HassHicTs giteit
job-search Uu nepedyBae B mouryky poooTu?
freelance-projects Yu mae ppunanc-npoektu?

4. KonysaHHs MYJIbTUBHOIPKOBHX TOJIIB
(MultiLabel Binarization). ns nonis used-features 1
three-main-functions Bukopuctano MultiLabelBinarizer.

5. TleperBopennst OiHapHuMX 3MiHHHMX. O3HaKM Ha
3pa3ok platform-issues, job-search, freelance-projects
Oymu yHidikoBani 10 unciosoro popmary 0 um 1.

6. 3amoBHEHHS MPOMYIICHWX  3HadeHb.  J[ist
JIOTIYHUX 3MIHHUX, ¢ NaN o3Hadano "Hi / He 3Hai0 /
HE KOPHCTYIOCH", 3HaueHHs Oyno 3amiHeHo Ha 0.
KinpkicHi 3MiHHI 3aIIOBHIOBAIMCS CEPEIHIM IO CTOBIIIIIO.
Ile BukoHaHo s 30€peKEHHS BCIX CIOCTEPEKECHD
0e3 BUITy4eHHS PSJIKIB.

ITicnst BCix TpaHchopMariiii TabIUI POIIMPUIACE

3 22 10 47 cTOBIIIB, 10 CBIAYUTH PO 3HAYHE 3POCTAHHS

iHpopMaliiHOT miabHOCTI. Yci 3MiHHI HaOynu 1udpoBoi
¢dopmu — minouncensHoi (int8, int64), noriunoi (bool)
abo 3 pyxomoro komor (float64) — i Oyau TOBHICTIO
TOTOBI JIO MOZETIOBAHHS.

Jocaignunpbkuii anaaiz (EDA)

Ha erami nocnimuuibkoro anamizy (exploratory
data analysis, EDA) craBuiace MeTra — TOIEPEeIHBO
BUSBUTH 3aJICKHOCTI MDK O3HAKaMH, OILIHHUTH SKICTh
i CTPYKTYpYy UX/Ul-ganux, a
MEPEBIPUTH TPUIYIIECHHS II0J0 00paHoi

310paHnx TaKOX
LIILOBOT
3miaHOi. CaMe TyT aHaJITHK MOXKE 3HAWTH HEOYEeBHIHI
[TOBEIIHKOBUMU

3B’3KH  MIX XapaKTepUCTHKaMH
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KOpUCTYBa4iB 1 pe3yJbTaTaMd IXHBbOI  B3aeMOJIl

3 1arhopMoro, a TakoX CcQopMyiIoBaTH IONEpeIHi
rinoTe3n Uil IOJAJIBIIOr0 MoaemoBaHHiA. Ha npomy
eTarli BHUKOHAaHO pOOOTy 31 CKIAJHUMH CTPYKTypaMu

PECTIOHIEHTCHKUX ~BIiATIOBiAEH, $KI BaXKO OIIHUTH

BpyuHy. [leski 3B’s13ku € cnabkumu abo MPUXOBaHUMH,
1HIII 3aJIeXKaTh Bij 0araTb0X 3MIHHHUX OJHOYACHO.
[epummit Kpok — aHami3 3B’S3KIB MiX YHCIOBUMHU
3MiHHUMH. Byno mepeBipeHO, UM HasABHI 3aJeKHOCTI
MDK TaKHMH [TapaMeTpamH, sIK, HaIlpUKiIaJ, cy0’ eKTHBHA

OmiHKa  TIATOPMH,  TPHUBAIICT  BUKOPUCTAHHS

Ta KUIBKICTh (QYHKILIH, 3 SKUMH KOPHCTYBad MaB JOCBiJI.
Y mporeci KOpeIAMiHHOTO aHami3y BHSIBICHO JIHIIE
OKpeMi TIOMIpHI 3aJIe)KHOCTI: OLiHKa SKOCTI ruaTdopmu
Oyma cmaOko TOB’S3aHOI0 3 YaCTOTOK HABYAHHS,

a4 TPUBANICTh BHUKOPHCTAHHS — 13  BIICBHEHICTIO

y BJACHOMY DiBHi. 3araJbHUH piBEHb KOPEIALil

MiX YHCJIOBUMH 3MIHHUMH OYB HHU3BKHM, IO € THIIOBUM

usage-time 10
platform-usability
platform-issues
search-difficulty
feedback-quality
age

children
job-search
freelance-projects
income-range o8
learning-frequency

skill-level

ever_had_subscription
currently_has_subscription
knows_auditor_mode
used_auditor_mode

is_employed

works_in_creative
archetype-purpose_|HLie
archetype-purpose_HoBauok
archetype-purpose_CgiTuep
archetype-purpose_Ti, Lo niaBuLLyOTE
KBanigikavjio i
preferred-leaming_lHaWBiayanbHe HaBYaHHA 3
[fAennaitHamm Ta KypaTopom
preferred-leaming_HasuauHs B rpyni 3 gegnainHamm
nif HarnaAoM KypaTopa
preferred-leaming_CamocTiliHe HaBYaHHs 3a

BNnacHWM rpadikom

marital-status_IHwe
marital-status_Heopapy»eHuii/Heoapy>keHa
marital-status_Opapy»<eHwii/ogpy»eHa

marital-status_Y BigHocuHax
preferred-online-courses_Oxnaiik-Kypcu 3 3anucis,

ane 3 y4acTto iHLIMX CTYAEHTIB | KypaTopom
preferred-online-courses_OHnaiiH-Kypcu y

BRacHOMY Temni
preferred-online-courses_OHnaiiH-Kypcu 3

08

04

s UX-gaHux, ae mpsMi JIiHiAHI 3B°SI3KH, SK TPAaBUIIO,
He BUpaXeHi. 3 oy Ha oOMexeHy iH()OPMAaTHUBHICTH
TaKOro aHaNi3y MOJAIBIINA eTan OyJlo 30CepelnKEHO
Ha KaTeropialbHUX 3MiHHHMX. /IJIT IBOrO 3aCTOCOBaHO
koedinienr Kpamepa (Cramér’s V), sSxuil mae 3Mory
OLIHUTH CWJIy acomiamii MK MapaMd HOMIHATHBHHX
3MiEHEX. Cuima 3B’A3Ky TOAAaHA YHCIAMH 32 IIKAIOI0
Bin 0 (BimcyTHi 3B’s30k) m0 | (CHIBHHE 3B’SI30K).
Le#t miaxiz BBaXKaeThCs NOIUIBHUAM y pasi, KON aHAIi3y
MiJJIATal0Th TOBEIHKOBI YCTaHOBKH, MOTHBAIlii a00

mepeBarn, BiacTuBi and  UX-onuryBaHb. 3HAUyIIi
3B’3KM  MDK  KaTeropialbHHMH  O3HaKaMH  OyJio
Bi3yami30BaHO 3a  JOIIOMOTOI0 MAaTpHWIli  3HAYeHb

Cramér’s V, mo 300paxeHa Ha puc. 1. Lleit i HactynHi
Bi3yalbHI MaTepialdH CTaTTi MOAaHI Y BUTISAAL 3HIMKIB 3
Oe3nocepenHbO 3
mo Jae
BiZJOOpayKeHHS €JIEMEHTIB Ta YHUKHYTH CIIOTBOPEHb.

C€KpaHa p060‘101"0 CepcaoBHIIIa

JOCIIIKCHHS, 3MOry 30epertd TOYHICTb

28988RB8=

[ | 5

%
a
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used-features_BukopucToByto po3gin i3 ceprudikatamu
used-features_/lueniocb BeGiHapy Ta nexuil
used-features_JloaaTkosi MOXIMBOCTI (PO34INN 3i 3HMXKaMM)
used-features_KopucTyroch KapToto HaBYaHHA
used-features_lMpoxomKy OHNaNH-KypcK

used-features_Cnyxato nogkactu
three-main-functions_MeToauuHi KoHcynbTawii / pos6ip pobiT
three-main-functions_Mo6inbHwii 3acTocyHok CASES
three-main-functions_MonMBIiCTb CTaBUTH 3aNMTaHHA PeLIeH3eHTY
three-main-functions_Haropoau (auisku)
three-main-functions_HapaxysaHHs 60HyCHMX 6aniB 3a HaBYaHHA
three-main-functions_HotaTku go ypokis
three-main-functions_PerTuHr cTyaeHTa

KypPaTOpOM HaXMBO

Puc. 1. Marpuns Kpamepa aist kaTeropiaabHUX 03HAK

three-main-functions_PecgepanbHa nporpama
three-main-functions_Yat y kypcax Ta ka6iHeTi cTygeHTa
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Ha ocHOBI Marpuii BHSBIEHO KiJibKa CYTTEBUX

33II€>KHOCT€I71, 30KpEMa MK YacTOTOI HaBYaHHS

W THOOM OOpaHUX KypciB, apXeTHIOM 1 POJUIIO
KOpUCTyBa4ya Ha IUIaTGOpMi, a TAKOXK MK (QopmaroMm
3afHATOCTI Ta yd4acTio y ¢puianc-poekrax. OTxe,
HaBiTh B YMOBaX OOMEXEHOI BHOIPKH BAAIOCS BHUSIBUTH

3HAYyIl TOBEIIHKOBI MIAOJIOHU, SIKi HE BU3HAYAIHCS

B MeXax 4YHCIIOBOrO aHamisy #  moTpeOyBaiu
KaTeropiabHOTO MiAXOIy.
Y  dokyci anamizy Oynma [ilbOBa  3MiHHA

currently has_subscription, sKka BiITBOPIOE, YU Mae

KOpUCTYBad aKTHUBHY T[epeAIuiaTy Ha IuaTdopmi.
Ile OimapHa oO3HaKa, siKa pO3MJIAHYTAa fAK Taka, IO
M03HAYAE 3arajbHy 3aIy4eHICTh KOPUCTyBa4ya. 3MICTOBHO
BOHa JOOpe pempe3eHTye OCHOBHY METy — 3PO3YMITH,
IO BiJPI3HSE IUIATHUX KOPUCTYBadiB BiJ OE3IUIATHUX.
Ha puc. 2 300pakeHO YaCTOTHHM pO3MOIIT i€l
3MiHHOI. O4iKyBaHO, MIO OUIBIIICTH KOPHCTYBAdiB HE

MarOTh aKTUBHOI MHiamucky. Takmii mucOaiaHc BIUIMHE

Ha METPUKH MOJEIIOBAHHS, TOMY HOTO BpaxOBaHO HaJami
y BUOOpI cTpaTerii TpeHyBaHHSI.

{006 3po3yMiTH MOTEHIIiHI CErMEHTH KOPUCTYBadiB
0e3 momepenHbOi TPHUB’SA3KH JO IJILOBOi 3MIHHOI,
3MIHCHEHO KiIacTepu3alliro MmerogqoM KMeans. 3aBaaHHS
KJlacTepu3anii — BUIUIUTH apXeTUIIH Ha OCHOBI peasbHOT
MTOBENIIHKN ¥ KOHTEKCTiB BUKOPUCTAHHS, HE HAB S3yIOUH
rotoBux Kkateropid. I1l[o0 BU3HAYMTH ONTHMAaJIbHY

KUTBKICTP ~ KJIACTEPiB, 3aCTOCOBAaHO [Ba  IIIXOMU:
Elbow-meTon Ta omiHKY sikocTi 3a Silhouette Score.
PesynbraTi 000X BU3HAUYEHB ITOJIaHO HA pHC. 3.

OO6uzBa rpadiku 1eMOHCTPYIOTh, IO ONTHUMajbHA
KUTBKICTB KJIaCTepiB — ABa. Lle o3Hauae, mo B mOmysmii
KOPUCTYBaYiB CHpaBJi € YiTKUH OiHapHWH pPO3MOALT:
YMOBHO aKTHBHI / macuBHI abo 3amydeHi / o3HaHOMHi.
[Micns  moOynoBu

KJIacTepu3amii  Ta  3HIDKCHHS

po3mipHocti (uepes PCA) orpumaHO Bi3yauizallito

Ha puc. 4, A€ BUTHO OerMi XMapu TOYOK.

80 4

70 1

60

50 1

YacrtoTa 40

30 4

201

10 A

1.0

0.0

3HayeHHs 3miHHoI currently_has_subscription

Puc. 2. YacToTHHIA PO3NOALT aKTUBHOT i ATUCKU

VYHacmigok Kiacrepusanii KOpucTyBadiB Ha OCHOBI

YHUCIOBUX O3HAK BHUSBICHO KIOYOBI  PO30IKHOCTI

MDK JBOMa Tpynamu. HaiicunpHimme Ha QOpMyBaHHS
KJIacTepiB BIUIMHYJIM 3MiHHI, TTOB’S3aHi 3 KOPHCTYBAIIbKOO
aKTHUBHICTIO, THIIOM B3aeMofii 3  miardopMoro
Ta 3aJy4CHICTIO. 30KpeMa OJlHA 3 HAHBAK/IMBIIINX O3HAK
JIOCBiy HAasBHOCTI TEpeAIUIaTH: y IIepUIOMY KiacTepi
3HA4YHO OiJIbIlIe KOPUCTYBAYIB, SIKI BKE Man ab0 MaloTh
aKTHBHY mianmucky. lle Bkasye Ha OLIBIIY TOTOBHICTH
ocBiTHi cepric. IlomiOHUM

IJIaTuTu  3a YUHOM

mo3Haumnach 1 3MiHHA  currently_has_subscription,

gKa Ie Olmbllie 3akpilwioe kiacrep "3amydeHux"
KopucTyBaviB. TakoX CHJIBHUI BIUIMB Majo T€, YH

MpAIOe PECIIOHICHT y KpeaTuBHiil inmyctpii. L[ 3mMinHa

94acTO KOPEIIOE 3 BHUIUM IHTEPECOM OO0 JOAATKOBUX
GbyHKIiH
MTOKAa30BHMHU CTaJM O3HAKW BHKOPUCTAHHS KOHKPETHHX

wiatgopMu  Ta  camoocBiTH. BojHouac
GbyHKIIH MIaTGOpMU, TaKKMX SIK PEKUM BUTBHOTO ClTyXada

used auditor mode Ta 3acTocyBaHHS CepTH(IKaTiB,
4yepe3 110 MOYKHA MPHUITYCTUTH, 110 aKTUBHI KOPUCTYyBadi
rimorre MOJMJIMBOCTI  Ta

JOCITKYIOTh MIParHyTh

MiATBEP/PKEHHST CBOrO HaB4aHHS. Bucoka 4YacTka
KOPUCTYBaYiB 13 JIOCBIJOM (pHIIAHC-TIPOEKTIB TaKOXK
OyJla TpUTamMaHHa KJIacTepy 3 OUIBIIOK 3alydeHiCTIO.
Hapeuri, HaBiTb Cy0’€KTHBHA OLHKA 3py4HOCTI IaTdopmu
BUSIBUJIACS BHUILOKO B Till rpyIi, /ie 3arajibHa aKTHBHICTb
1 ortara OysiM OLIBIIMMU, a OT)KE, IOMITHUH MPUYUHHO-

HACJIIKOBHH 3B’S30K MIXK 3pYYHICTIO Ta KOHBEPCIEHO.
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Taka cerMeHTalis He JuIe BHABISAE JIATCHTHI
1a0JIOHY TIOBEIHKHY, a M 3a/1a€ HAIIPSMU JUIS TT0JAITBIIOL
nepcoHaii3aiii KOMyHiKamid i HiHHICHUX MPOMO3HILIiM.
JlocmigHUIbKUN — aHali3 IIOKa3aB, IO HAaBiTh Ha
HEBEJNWKIA BUOIPIII MOXHA BUSBUTH CHIJIBbHI 3aJI€KHOCTI
Ta pO30DKHOCTI MK KopucTyBauamu. KomOiHaris
KOpeJsiLiitHoro aHami3y, Meroxy Kpamepa Ta ximactepu3arii
MOTPiOHA JUTS BUSIBIICHHS 3aJICKHOCTI MiXK O3HAKaMH, SIKi
HE 3aBXKAW OYEBH[IHI, Ta MiATBEPIKEHHS PEIEBAHTHOCTI
BUOOpY LIILOBOT 3MiHHOI. [licis 1bOro cTajia MOKIMBOIO

CerMeHTallis AJIS IePCOHANII30BAaHOI AaHATITHKH.

He#t minmxim Moxke Oyt  MacmTaboBaHHN
Ha OyIb-AKW iHIINA OCBiTHIM a0 CepBiCHUH MPOAYKT,
akuii  30mpae  3mimani UX-maHi —  ONKTYBaHHS,

MOBEIIHKOB1 3aIHCH, MiJMUCKA. Y HACTYITHOMY PO3MLIi
PO3IIISTHYTO peajii3amilo Mozeiaeld I aBTOMaTHYHOTO
IPOTHO3YBAHHS 3aJIy9eHOCTI KOPHCTYBayYa.

OOrpyHTyBaHHs UiJIbOBOI 3MiHHOT

Y mnopampmioMy aHanmizi K IJIBOBY  O3HAKy

BUKOPHUCTAHO 3MIHHY currently has_subscription,
[0 TI03HAYAE, YA Mae KOPHCTYBad aKTHUBHY ITiIMHCKY.
I{s o3Haka € OiHAPHOIO, OAHO3HAYHO IHTEPIIPETOBAHOIO

Ta Ma€ MNPaKTUIHC 3HAYCHHA: CaMC BOHA 6C3HOC€pe)IHBO

pEemlpe3eHTye  OOUH i3  KJIFOUYOBHX  IMOBCHIHKOBHX
pe3ynpTaTiB  B3aeMoXii. 3 MOTISAAY  HPUKIATHOTO
3aCTOCYBaHHS, 1€ KPUTUYHO BAXKJIWBHIA I1HIUKATOP

JUTS. TIPOTHO3YBaHHS IUIATOCIPOMOXKHOCTI, TOTOBHOCTI
JI0 KymiBjiai abo MpOmOBXKEHHs nepeariatd. KpiMm Toro,
currently has subscription mMae 30anaHcoBaHy BHOIpKY:
y Ha0opi [IOCTaTHRO MPHUKIAAIB SK IO3UTHBHOIO,
TaK 1 HETAaTUBHOTO KJIacy, 4epe3 M0 MOKHA YHUKHYTH
TUMOBHUX Mpo0jeM y HaB4yaHHi Mojeneid. [lin wac EDA
Takok OyJo MiATBEPKCHO, IO IS 3MiHHA ITOB’s3aHa
3 HH3KOI IHIIUX XapaKTePHCTHUK (30KpeMa OIIHKOIO
3pYyYHOCTi, YaCTOTOK) HABYAHHSA Ta BUKOPUCTAHHSIM
(DYHKIIIH), 1110 T0JATKOBO JOBOAUTH 1i aHATITHYHY HIHHICTH

SIK pE3yJIbTaTUBHOT'O TOKA3HHKA B HALLIOMY MO,Z[GJ'IK)BaHHi.

IMoOynoBa Moaeneii

Y Mexax mporo eramy JOCTiUKEHHS 1100y10BaHO
i OLIHEHO KiJIbKa MOJENICH, MeTa SKUX — MepeadadeHHs
HasIBHOCTI AKTHBHOI T ATTUCKH KOpHCTyBaya
(currently_has subscription) Ha OCHOBI CTPYKTYPOBaHHX
UX/Ul-nganux.

YMHHWKH, 110 BIJIMBAKOTH Ha piHIeHH}I KOpucCTyBava

MOZ[CJ'IIOBaHHSI Ja€  3MOry BHUABUTH

ohopmuTH ab0 TPOJOBKUTH MEpPEAIUIATY, a TaKOoX

OIMCaTH NOTEHWiMHI crmocoOM 1X  BUKOPUCTAHHA
Ha TMPAaKTHlll, HAOpUKIan s 1oOyJOBH MeXaHi3MiB
MIEPCOHATI30BAHUX  PEKOMCHJAIii a0o0  MiITPUMKH
B iHTepdeiici. Mogmeni mobmpamuce 3 Oriasay Ha ix
3MIATHICTD TPALIOBaTH 3 TaOJMYHUMH, TETePOreHHUMH
UX/Ul-gannmu. [Ins HaB4aHHS W TECTyBaHHS AaHi Oymnn
po3mnoxineni B mpomnopmii 80/20. TounicTe Momenen
OL[IHIOBAJIaCh 32 YOTHPMA METPUKAMH:  dCCUrdacy,
precision, recall 1 Fl-score, — 10 KOMIUIEKCHO aHaJIi3ye
MOBENiHKY KiIacu(ikaTopiB B yMOBaX IOMIPHOTO
nucbanancy knaciB. s iX mopiBHSHHS c(hOpMOBaHO
KOHCOJNiIOBaHYy Ta0OnWIfo pe3ynpTariB  (Tabm.  2),
110 MICTHTh OCHOBHI TIOKa3HUKH aJITOPUTMIB.

Ilepma 3 momeneit € amepeBa pimieHb. Y IIHOMY
JOCJIKCHHI BUKOPUCTAHO JIEPEBO 3aBIIHOMIKH 10 6
3 OayaHCyBaHHSAM KJIACiB [UIS BPaxyBaHHA HEPiBHOMIPHOTO
pO3MONly  O3HAKU-TMIANHCKH.  3a  pe3ysibTaTaMu
0.61,

JIEMOHCTPYIOUH IOMIipHY 30aJlaHCOBaHICTb Mixk recall

OLIHIOBaHHS  JEpeBO  JOCAIJIO  TOYHOCTI
1 precision, ame cnabmry 3arajgbHy TOYHICTH, SKIIO
MOPIBHIOBATH 3 aHCAMOJIEBUMH METOJaMH. 31 CTPYKTYpH
Jepesa OyJio TIOMITHO, [0 HaBaXKIIMBIIIUME € KpUTepii,
SIKI pO3IMOJUISIOTH CTaJl O3HaKM Ha KINTalT used-
features__Kopuctytocs

KapTol0  HaBYaHHA,  age,

feedback-quality Tomo. Ha 0cHOBI 1IbOT0 MOXHA HE JTUIIIC
MPOTHO3YBAaTH, a ¥ IHTEPIPETYBATH JIOTIKYy PpIMICHHS
JUISL KOYKHOT'O BHITQJIKY .

Iama amcamOieBa Monmens — "BHIAAKoBHM Jic"
(Random Forest) — TNO€NHy€e 3HAUHY KUTBKICTH JIEpEB
piIIeHb 1 3MEHIye pU3WK MepeHaBUAHHS, MPUTaMaHHHUNA
OKpPEMHUM JiepeBaM. 3aB/ISIKM BHKOPUCTAHHIO BHUIIaJIKOBOTO
migbopy O3HaK Ta arperamii pe3ynbTaTiB ISI MOICTH
3a0e3neuye BUCOKY CTIMKICTh JI0 IIyMy W BapiaTMBHOCTI
JaHUX. Y TIOTOYHOMY JIOCTI/DKCHHI 3aCTOCOBAHO
100 nepeB 3aBrimOUIKK 10 8. 3a pe3ysbTaTaMy TECTYBaHHS
Mozenb (3a mkanoro Bim 0 mo 1) mpomeMoHCTpyBaia
touHicth 0.88 Ta BHCOKi 3HaueHHs1 Fl-score misa 000x
kiaciB. BoHa Takox aHami3ye BaXJIMBICTH 03HAK (pHC. 5).
HaiiGinpin  3Hauymumu  cranu  ever_had_subscription,
used-features  KopHCTYIOCh KapTOIO HaBYaHHS, income-
range, usage-time, learning-frequency — OCHOBHI
MOBE/IHKOBI Ta COLIANbHI TPEIUKTOPU MPOJIOBKEHHS
MAMUCKA. 30KpeMa IMIANMUCKY YacTille IPOJOBXKYIOTH
Ti, XTO BXE MaB ii paHille, aKTHBHO KOPHCTYETHCS
IHCTpyMEHTaMHu HaBYaHHS (ocobamBO Manamu
HaBUaHHS), MAa€ BHIIMHA pIBeHb JOXOJY, 3HAWOMHUii

OisTbIIIe 3 TUIAT(OPMOIO Ta HABYAETHCS PETYILIPHO.
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ever_had_subscription

used-features_ KopuCTYIOCh KapTOKe HaBYaHHS
income-range

usage-time

learning-frequency

age

platform-usability

feedback-quality

children

skill-level

used-features_ [100aTKOBI MOMNNBOCTI (PO3/iN 3i 3HUMKKaMK)
search-difficulty
marital-status_HeoapyxeHuit/HeoapyxeHa
three-main-functions_ MoGinbHwii 3acTocyHoK CASES

platform-issues

T T
0.04 0.06

0.00 0.02 0.08
Puc. 5. Baxnusicte o3Hak 11 Random Forest
Tab6auns 2. [lopiensaibna mabauys mempux mooeneti
Metpuxku
Mopaens —
Accuracy Precision (avg) Recall (avg) F1-score (avg)
Decision Tree 0.61 0.61 0.61 0.6
Random Forest 0.88 0.86 0.85 0.86
XGBoost 0.87 0.85 0.3 0.84
MLP 0.89 0.89 0.88 0.87
kNN 0.61 0.62 0.6 0.59

Ha ocnoBi mporo mpodimo moxHa chopmyBaTtn
LJIbOBI CEIMEHTH AJIsl MapKETUHrOBOI YW MPOJIYKTOBOL
crparerii. TakoX IIi O3HAKH JOTIOMAraroTh iIeHTH(IKyBaTH
IpyI PU3UKY, a caMe KOPHCTYBadiB, sIKi 3 MEHIIOO
HMOBIPHICTIO TIPOJIOBXKATh MiAMUCKY. ISl HUX JOUITBHO
BIIPOBAJKYBATH TEPCOHATI30BaHI MEXaHIKH YTPUMAaHHS:
TPUTEpH, HaraayBaHH:;, OCBITHI peKOMeHalii 41 OoHycH.

3acTocoBaHo e oauH ancaMOueBuil migxin XGBoost
(Extreme Gradient Boosting). Yepe3 NOCHIiIOBHICTH
HABYAHHS JIEPEB II€ IMIABHUIIYE TOYHICTh Yy 3amadyax 3
BHCOKOIO CKJIAJHICTIO CTPYKTypHd O3HaK. Y Mopeni
Bukopucrano 100 nepeB 3aBramOuiku 1o 5 ta learning
rate 0.1. 3a pe3ynpTaTamu Kiacudikamii TOUHICT MOAEI
cranoBwia 0.82, 3i 3HaueHHamu Fl-score no 0.87,
0COONMMBO 1OOpEe TMpAaIOYd 3 IMO3UTHBHUM KJIacoM
(nasiBHICTH mignucku). Takox Oyno chopmoBano rpadik
BaXIIMBOCTI O3HAK, M€ JIAHPYIOTh children,
110
nepexpecHy 3Hauyuicts 3 Random Forest.

age,

is_employed, learning-frequency, MATBEPKYE

Kpim Toro, crBopeHo 0a30Buii THUN IITYy4YHOI
MLP (Multilayer
Ls monens Oyma oOpaHa, 00 3maTHA BHSBISATH CKJIaIHI
110
JUISL TIPOCTIIIMX aJTOPUTMIB, 30KpEeMa JEpeB pillleHb.

HEHUPOHHOT Mepexi Perceptron).

HEJIHIMHI  3aJI€XHOCTI, 4acTo HE JIOCTYIHI
VY HamioMy BHIAAKy MOMAEIh MICTHTH JBa IMPUXOBaHI
mapu o 128 1 64 HelpoHM BiAMOBIIHO, BUKOPUCTOBYE
¢byskmito aktuBaiii ReLU 1 perynaspusaiio depes
napametp alpha 3i 3HagenHsiM 0.0005 mis 3amobiraHHs
nepeHaB4aHHi0. Mojenb HaB4ajgach Ha THX CaMHX
po30MTMX naHuX, IO W iHmi Moxem. Pesymbratn
MOKa3aJi HaWBHIY TOYHICTh Cepesi YCIX MPOTECTOBAHUX
migxoniB 0.89 3 MOCHTh CHUMETPUYHHMH 3HAYCHHSIMHU
precision Ta recall. 1leii pe3ynbTar MIATBEPIKYE
epexruBHicte MLP y 3amagax, ne e OararodakTopHi
3B’SI3KM Ta MOMIpHA KITBKICTh 03HAK. BHCOKI MOKa3HUKH
TOYHOCTI MojeNi cBim4arh mpo ii 37arHicTe OpaTH 10
yBard CKiajHi 3B’S3KH, 5IKi HE PO3MI3HAIOTHCS JIHIHHUMHU

a00 iepapXigHIMH MOJICIIIMHU.




Cyyachuii cman HAYKOBUX O0CNIOH#CeHb ma mexHono2iu 8 npomuciosocmi. 2025. Ne 4 (34)

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

llle omuH auropurM — IaM’ATKOBa MOJEJb
k-6mmxnix cyciniB (kKNN). Mognens He BHMarae eramy
HaBUYaHHS, aje CHJIBHO 3aJISKUTh BiJ MacITady O3HaK.
nepen

Buxopucrano

Came TOMY
StandardScaler.
pe3ynpTaTd Oy HAWHWKYUMH Cepell YCiX MOJeNeH:

KJIacuQiKalielo  3aCTOCOBAaHO

IUSTh  CyCimiB, ane
touHicTh 0.61, mo BKasye Ha cmabury 3patHICTE KNN 1o
reHepaiizaiii B yMOBax BHCOKOi KIJIBKOCTI O3HaK i
HEBEJNUKOro o0cary BuOipku. Taka momens Moxke OyTH
KOPHUCHOIO B IHIIMX KOHTEKCTaX, ajie B HaIllil 3a/1a4i BOHA
MOCTYTIMJIACS 1HIIIAM ITiIXOaM.

Jns monaTkoBOi IepeBipKH SKOCTI HPOTECTOBAHO
KiJTbKa MOJeNieii Ha BHIIQAKOBOMY MPHKIAAl 3 TECTOBOI
BuGipku. Mogeni MLP, Random Forest Ta XGBoost
kimacu(ikyBatu OOWH 1 TOW caMuii BHMAAOK. Y LBOMY
npuknaai jgume Mojens XGBoost maBanma HempaBHIBHI
BIANOBimi, TOMI SK pemra Majdl [O3UTHBHUI
pesynbrar. Bapro 3asHauMTH, MO TaKWH MiAXig HE €
3aMIHOIO 3arajbpHill OMIHI, ame IMepeBipse, HACKUTBKA
y3rojukeHi abo cynepewinMBi BHCHOBKH — MOJENeH
Ha IHIUBIAyalbHUX PiBHAX.

OTpuMaHi pe3ynbTaTH MiATBEPIKYIOTh HAyKOBHH
3aCHOBOK IIPO Te, IO HAaBiTh MPOCTi, (QopmanizoBaHi
UX/UlI-nani 3 MacoBUX ONHTYBaHb MOXYTb CIYI'yBaTh
HAJIHHUM JDKEPENIOM TS TOOYIOBH TOYHHX 1 CTaOITBHIX
Mojeneid kiacugikamii KOPHCTYBAlbKOI MOBEMIHKH.
Y KOHTEKCTI CYYacHHX IOCIiKEHb, IO 3ICOLTBIIOro
30CepeKCHI  HA  MYJbTUMEIIMHUX ab00  CKJIAJHHUX
CTPYKTYPOBaHHX /IaHHX, II€ CTAHOBHUTH MOMITHY HAyKOBY
HOBU3HY. 30KpeMa Ha TJIi 3pPOCTaHHs 3alliKaBJIEHOCTI
B 3aCTOCYBaHHI HeHWpoMepex OO Bimeo, TEKCTIB
1 MyJbTHMOJAJbHUX CHUTHANIIB T€Ma aBTOMAaTH30BaHOTO
aHaIizy OTIUTYBATFHUX TaOIUIh 3aITUIIAETHCS
MaJioonpansoBaHoo. OTxe, e JOCHiIKEHHS MPOIOHYE
BaroMe JOMOBHEHHS 10 HasBHOI MapagurMH, JOBOJSIYH,
1110 BUCOKOSIKICHI MOZIeNi MOXKYTh OyTH 1moOynoBaHi it Ha
6a3i mpoctux, nemeBo oTpuMmyBaHHX UX-manmx 06e3
HEOOXIHOCTI B CKJIAQJHUX CCHCOPHUX cHCTeMax a0o
BEJIMKHX 00csrax MyJbTAMeNiiHoI iHpopmarii. Lle Bigkprsae
HIUISIX A0 CTBOPEHHS aJaNTHBHHUX, MacIITabOBaHHX
1 MOSICHIOBAHHUX CHUCTEM MIATPUMKH AM3aWHY, 3MaTHHX

MpafroBaTy B peajibHUX MPUKIAJHUX YMOBAx.

BucHoBku

[IpoBeneHe MOCHIMKEHHS MIATBEPIDKYE TillOTE3y
npo Te, L0 HAaBiTh Y MeXaX HEBEIMKOI, YacTKOBO
3aMoBHEHOI, ane cTpykrypoBanoi UX/UI-Bubipku MokHa
JIOCSITTH JIOCTaTHBbOI TOYHOCTI B 3a7ayax IepeadadyeHHs

MOBEAIHKOBHX clieHapiiB KOPHCTYBAYiB. Amnanis
Ha OCHOBI 03HaKW currently has_subscription naB 3Mory
BUSIBUTU 3MiHHI, 110 KOPEIIOIOTh 13 KOPUCTYBALbKOO
3aJyYEHICTIO Ta TOTOBHICTIO CIUIaYyBaTd IMiJIHCKY
Teit migxin
BaJIJJHICTH 1 B TEXHIYHOMY, 1 B IPaKTHYHOMY BUMipax.

32  KOHTEHT. NPOJEMOHCTPYBaB  CBOIO

Mopneni Ha OCHOBI aHCaMOJIEBHX alTOPUTMIB

XGBoost)
METPUKHA TOYHOCTI Ta 30a1aHCOBaHOCTI, BOJHOYAC JAI0UN

(Random  Forest, 3a0e3neumid  HalBUIII

3MOTY IHTEPIPETYBaTH BaXJIMBICTH OKPEMHX O3HaK.
Jlo OCHOBHHX WPEAWKTOPIB y IbOMY HaOOpi OaHWX

HaJIeXKaTh: TMOMEPETHIN OCBi IIAMUCKU, AaKTUBHE

3aCTOCYBaHHA HaBYANBHUX (QYHKIIA, pPIBEHb TOXOIY,

TpI/IBaJ'IiCTI) KOPpUCTYBaHHsI Ta YaCTOTa HaBYaHH.

i o3HakM MOXYTh JATTH B OCHOBY CIICHapiiB

JUIL  cerMeHTanii aynauropii Ta mOOYIOBH CHCTEM

yTpuMaHHA. 30KpeMa BUSBJICHI MIA0JIOHH JOIIOMAararoTh
ineHTH(IKyBaTH SIK aKTUBHUX KOPUCTYBadYiB, TaK i rpynu
pH3HMKY, [0  SKHX

MOXYyTb OyTH  3aCTOCOBaHI

nepcoHaii3oBaHi  crparerii  BTpumanHs. HeliponHa

Mepexka (MLP) Takox moka3asa BHCOKI pe3yJbTaTH:
MOTPH  BUIYy YYTIUBICTH JO OOpOOJICHHS JaHUX,

BOHA MiATBEpAWIa CBOIO MPHOATHICTE OO 3amad
13 KOMIUIEKCHUMM O3HakaMu. BopgHouac Mmojenl
Ha KmTanT JjgepeBa pimeHb abo kNN  MoxyTs

3aCTOCOBYBATHCh y pa3i, KOJIM IPIOPUTETOM € MPOCTOTa
a00 IHTePIIPETOBAHICTb.

HaykoBa HOBM3HAa mojisrae B JEMOHCTparil
3aCTOCOBHOCTI TJHMOWMHHUX 1 aHCcaMOJIEBHUX MOJENEH
no tabmmyanx UX/Ul-paHuX, OTpUMaHUX 13 MacoBHX

ONMTYBaHb, a TaKOX Y CTBOPEHHI BiATBOPIOBAHOTO

migxony jo podoru 3 UX/Ul-onmutyBaHHSIMHU, SKHA
MOXKHa MacmTa0yBaTH Ha IHIOI JOMEHH. 30Kpema
METOJMKAa MOXKe OyTH BHKOpPHCTaHa B  OCBITHIX

mwiatpopMax UId BHABICHHS O3HAK BiITOKY CTYACHTIB,

MIPOTHO3YBaHHS IHTepecy N0 HOBHX KypciB abo

ABTOMAaTHYHOTO dhopmyBaHHS TIEPCOHATI30BaHNX

peKoMeH/aliii Ha OCHOBI 3MiH y MoBemiHIi. Y cdepi
OHJIAMH-MeNia IIeW MiAXix Jae 3MOry —aHali3yBaTH
1 mepenbavaTy MaiHHS 3a7Ty4YCHOCTI YUTAYIB IO TMIEBHUX
pyOpuk abo ¢opmariB, a TaKOX CETMCHTYBAaTU
ayaAMTOpiI0 3a HMOBIPHICTIO MIANMUCKH. Y cepBicax

MIMHUCHOTO THITy — JOMOMAarae BYacHO 1AeHTH(IKyBaTH

KOPHCTYBaYiB i3 pU3UKOM BIIMOBH Ta 3aIlyCTHTH
ajanTuBHI MexaHiku yrpumanHs. OTxe, MOJIETb Jae
3MOTYy HE IIMIIe aHajJi3yBaTH HasBHI INAOJIOHH,
ale ¥  NPOaKTHMBHO  BIUIMBATH  HAa  PO3BUTOK

KOPUCTYBALIbKUX CIIEHapiiB 1 MOBEAIHKOBY JAWHAMIKY
B aBTOMATH30BAHOMY PEXHMI.
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APPLICATION OF MACHINE LEARNING METHODS
FOR ANALYSIS OF UX/UI DATA FROM MASS USER SURVEYS

The subject of this article is the application of machine learning methods to the interpretation of UX/UI data collected
through mass user surveys on digital platforms. The paper explores the hypothesis that coordinated use of various c
lassification models allows for the identification of behavioral patterns that hold predictive value for assessing users’
interactions with product features. The goal is to perform a comparative analysis of classification accuracy using real-world
UX/UI survey data. The methodology includes data preprocessing, feature encoding, normalization, clustering, and
training of six model types: decision trees, random forest, gradient boosting, multilayer perceptron (MLP), logistic regression,
and k-nearest neighbors. Particular attention is paid to how these models perform on small-scale, mixed-type UX/UI datasets.
The modeling results demonstrate that even with limited data, it is possible to uncover significant relationships
between socio-demographic variables, user types, and feature usage. These findings suggest that machine learning
can be a promising approach for analyzing user behavior, with the potential for further integration into decision support
systems. This approach can be adapted to various domains where structured user data is available, including online
education, healthcare, public administration, urban services, and internal organizational platforms.

Keywords: UX/UI analytics; survey data; machine learning; behavioral scenarios; neural networks; ensemble models;
digital services; user experience (UX).
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L. MELNIKOVA, O. LINNYK, S. SHTANGEI, A. MARCHUK

OPTIMIZATION OF MOBILE FLOW ROUTING
IN A WIRELESS SENSOR NETWORK USING HEURISTIC ALGORITHMS

The subject of the study is a wireless sensor network (WSN) with a mobile sink. The purpose of the work is to improve the
performance of the WSN, increase its lifetime and functionality by reducing the data transmission delay time in the process of polling
routers by optimizing the mobile sink route using the most efficient algorithm. To achieve this goal, the following tasks must be
performed: optimize the route of the WSN mobile stock by solving the traveling salesman problem using the branch and bound
method and comparing the conditional average route length of a set of solutions without optimization and with optimization using the
Robbins—Monroe procedure; conduct a comparative analysis of the exact solution of the traveling salesman problem obtained by the
branch and bound method and the approximate solution obtained by heuristic methods; formulate practical recommendations for the
selection of algorithms for optimizing the mobile flow route depending on the size of the sensor network. The following methods
were used: simulation modeling, optimization methods, mathematical data processing. Results achieved. The solution of the mobile
flow route optimization problem in BSM using heuristic algorithms was investigated in order to formulate practical recommendations
for selecting mobile flow route optimization algorithms depending on the size of the sensor network. A comparative analysis was
performed of the exact solution of the traveling salesman problem, performed using the branch and bound method, and the
approximate solution, performed using heuristic methods. To obtain an approximate solution, two heuristic algorithms were
implemented: the ant colony optimization (ACO) algorithm and the simulated annealing (SA) algorithm. These algorithms were
implemented for the traveling salesman problem with specific coordinates for each problem. The effectiveness of the algorithms is
evaluated on networks of various sizes, from 10 to 500 nodes. The simulation results show that ACO is highly effective on small and
medium-sized networks (up to 50 nodes), providing shorter routes and faster computation times. SA is determined to be the best
scalable on large networks (100 nodes and more), offering stable performance under high computational load. Conclusions. It has
been demonstrated that introducing optimization in the selection of the mobile flow route in BSM leads to a reduction in the length of
the mobile flow bypass contour in the range of 30—-40% depending on the network size and the distances between routers. Reducing
the polling time of routers in a sensor network leads to an increase in the residual power of power supplies, and thus extends the life
of the network. It has been proven that the use of heuristic algorithms is only appropriate when a high speed of calculating a new
mobile flow route is required. If the speed of calculating a new route is not critical, then it is better to use accurate calculation
algorithms. For each algorithm, parameters must be selected depending on the task at hand, since these parameters affect the speed of
the algorithm and can reduce the range of possible routes that can be obtained during calculations. The study proves the importance of
individual parameter tuning of algorithms to improve the accuracy and adaptability of solutions in mobile flow routing tasks.
Keywords: heuristic algorithms; mobile flow; optimization; traveling salesman problem; wireless sensor network.

Introduction. vibration energy converters, and thermogenerators based

Analysis of recent publications

The key indicator of wireless sensor networks
(WSN) that determines their practical application is their
lifetime, so increasing it remains a pressing issue [1, 2].
The simplest methods for increasing the lifetime of
WSNs are to improve the hardware characteristics of
devices: reducing the power consumption of individual
components, optimizing their placement on a chip or
printed circuit board, or increasing battery capacity.
Recent research in the field of miniature alternative
energy converters (MEH, Micro-Energy Harvesters) has
opened up a number of opportunities for creating fully
autonomous sensor network nodes while maintaining
their small size. There are known ready-made solutions
for connecting sensor nodes to miniature solar cells,

on the Peltier element [3]. However, none of the solutions
for collecting and converting alternative energy has yet
been widely used in real data collection networks
containing hundreds of nodes. This can be explained
primarily by high costs and significant expenses for
regular maintenance [4].

Sensor networks are primarily designed for data
collection. This means that there are one or more
dedicated nodes to which information from the entire
network flows. Such nodes (sinks) wusually have
a constant power source, interfaces for connecting to
local and global networks, or more powerful computing
devices. Therefore, there is a predominant direction
of useful traffic in a sensor network. This results in
a significantly higher volume of traffic passing through

the routing nodes located near the sink. The more data

© L. Melnikova, O. Linnyk, S. Shtangei, A. Marchuk, 2025
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passes through a wireless network node, the higher its
power consumption. It is known that in event-driven
sensor networks operating according to the asynchronous
access to the transmission medium algorithm, routers are
an obstacle in the life of the network. This is because in
order to deliver event information in a timely manner,
the router must remain in receiver mode at all times [5].
As a result, the network experiences a problem of energy
consumption imbalance [6]. This leads to autonomous
elements located near the central data collection node
(nodes) failing earlier than others due to the discharge of
their own batteries, and, as a result, the autonomous
operation time of the sensor network is reduced. Various
energy balancing methods are used to equalize the power
consumption of all network nodes.

A promising balancing method is the use of
the mobility of individual network components.
Some studies [6—8] have shown that the mobility of flow
can potentially provide the greatest advantage in terms of
increasing the autonomous operation time of the network.
In a stationary flow, it is obvious that in some areas the
nodes consume almost no energy and, in the event of
failure, have more than 90% of their initial energy.
Even random flow movement significantly improves the
distribution of residual energy. Compared to a stationary
data collection node, there is a more uniform energy
consumption. The paper [9] provides the following ratios:
the average power of the router in transmission mode
is 42 mW, the average power of the router in reception
mode is 52 mW, the average power of the router in
processing mode is 20 mW, and the power of the router
in standby mode is 0.03 mW. The addition of a mobile
node significantly reduces the power consumption
of the router, as it reduces the time spent on transit
transmissions. However, changing the network
configuration during the information collection process
leads to an increase in network latency. If the set of tasks
performed by the node is not critical, there may be
a decline in the quality of network service.

One way to solve this problem is to add a mobile
sink, which can be an autonomous robotic system [10].
The addition of a mobile sink significantly reduces the
router's energy consumption by reducing the time spent
on transit transmissions. The route optimization problem
can be modeled as a variant of the classic traveling
(TSP), a widely
combinatorial optimization problem [5]. Although exact

salesman problem recognized
solutions for TSP, such as those obtained using the

branch and bound method, guarantee optimality, they are

computationally complex for large networks, as the
complexity increases factorially with the number of
nodes. In scenarios where immediate and -efficient
solutions are required, exact algorithms may be
impractical due to the high computational load. As a
result, heuristic and metaheuristic approaches have
gained popularity as practical alternatives, offering
solutions  with

near-optimal significantly  less

computation time [11]. The article discusses the
application of two heuristic algorithms — the ant colony
optimization (ACO) algorithm and the simulated
annealing (SA) algorithm — to solve the traveling
salesman problem in the context of mobile stock route
optimization. These algorithms were chosen because of
their well-documented ability to perform complex
optimization tasks under various constraints. The ant
colony algorithm, inspired by the behavior of ants when
searching for food, is known for its effectiveness in
finding shorter paths in smaller networks. Annealing
simulation, based on the physical process of metal
annealing, offers a robust search mechanism that is
suitable for complex solution spaces but typically

requires more computation time than ACO.

Goals and objectives

The addition of mobile traffic can change the
network configuration and, consequently, routing, leading
to increased network latency. Therefore, within the scope
of the study, it is necessary to select algorithms for
optimizing mobile traffic routing depending on the size of
the network and computational requirements. For each
algorithm, parameters must be selected according to the
task at hand, as these parameters affect the speed of the
algorithm and can reduce the range of possible routes that
can be obtained during calculations. It is important
to evaluate the effectiveness of each algorithm in
networks of different sizes and in conditions typical
for the deployment of autonomous robotic systems.
By analyzing key performance indicators such as route
length, computation time, and scalability, it is necessary
to determine the conditions under which each algorithm
provides the best performance. The resulting metrics are
intended to assist in selecting appropriate route
optimization methods for autonomous robotic systems
operating in real-world conditions where efficiency and
adaptability are of paramount importance.

The objective of this work is to study the solution
of the mobile stream route optimization problem in
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a wireless sensor network using heuristic algorithms
to formulate practical recommendations for selecting
mobile stream route optimization algorithms depending
on the size of the sensor network.

Materials and methods

The mobile stick must survey all routers in the
network only once and return to the starting point.
Its route should minimize the total cost of the distance
traveled. This task can be formulated as a traveling
salesman problem [1].

If there are no specific requirements for the network

topology, then the set of routers N, |N | =n, where n is
the number of routers, can be considered as a set of

vertices of a fully connected undirected graph of
dimension # . The link of the mobile stick route between

the i-th and ;-th routers (i,j)eE, |E|=n" will be
an edge of the graph G(N ,E,C ) The weight matrix
C=||cl.j.|| of the arcs (i,j),(izl,_n,jzl,_n;iij) is

known and will be called the route link cost matrix.
Depending on the functionality of the network and the
requirements for quality of service, the cost of a route
link may vary. The article solves the problem of
minimizing the length of the path traveled by the mobile
flow, and the distance between routers is used as the cost
of the route link. The variable of the traveling salesman

problem is a Boolean variable x;, which takes the
value 1 if the arc(i, j ) is part of the traveling salesman's

closed route, and takes the value 0 if the arc(i, j) is not

part of the traveling salesman's closed route.
Then the model of the traveling salesman problem
will look like this

Z:minzz%x,.j (1)

subject to such restrictions:

zxijzl’ j:L_ns (2)

i=1
x, =1, i=Ln, (3)

=
ui—uj+nxian—1, Lj=2,...,n, i#], 4)
u, 20, ieN (5)
x, €{0,1}, i=Ln, j=Ln. (6)

Constraints (2)—(5) create a so-called Hamiltonian
cycle. Constraints (2) and (3) reflect the fact that the
salesperson must visit each point only once. Since the
graph is undirected, two constraints are necessary.
Constraint (2) states that each vertex has only one
incoming arc. Constraint (3) reflects the fact that each
vertex has only one outgoing arc. It is necessary that
the salesman's route has one cycle. This requirement
is ensured by conditions (4) and (5), where u, is the

number of the step at which the i -th point is visited.

Network modeling design and configuration

Models with 10 to 500 nodes were created to
simulate the conditions in which autonomous robotic
systems might operate. Each node is a point of interest or
a task location that the mobile stack must visit, and the
distance between nodes is calculated using Euclidean
metrics. Two approaches were used to distribute
distances: uniform distribution (1-100 m) and normal
distribution with a mathematical expectation of 5 m and
a variance of 1 m% which allows for the simulation
of different spatial configurations.

All simulations were performed in MATLAB, and
each experiment was repeated 500 times to achieve
statistically reliable results [12].

Implementation of algorithms

Ant-colony algorithm. ACO was implemented with
parameters selected based on previous studies and
adjusted for each network size:

e number of iterations: 55 for networks with
20 nodes; 3900 for networks with 50 nodes;

e ant population: 10 ants per generation;

o pheromone influence (&): 1, indicating
moderate sensitivity to pheromone trails;

e heuristic influence (f): 2, emphasizing the
preference for the shortest route;

e local pheromone decay ( p) : 0.1, decreasing the
intensity of pheromones with each pass;

e global pheromone decay (e): 0.1, applied after
each cycle is completed;

e selection probability (g): 0.9, which shifts the

ants' selection towards optimal paths.
At each iteration, the ants independently explore
routes, placing pheromones on shorter paths. Routes with
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higher pheromone concentrations become increasingly
likely to be selected in subsequent iterations. The
algorithm performs iterations until convergence or the
maximum number of iterations is reached, after which the
shortest path found is recorded.
Simulated annealing algorithm. SA was implemented
using parameters related to temperature control:
e initial temperature: a value of 1000 for smaller
networks and 100,000 for larger networks;
e final temperature: 0.1, which ensures gradual
cooling;
cooling schedule: the temperature was reduced
using an exponential decay function:
Liw=T,a, (7
where o =0.99 — cooling coefficient;
e iterations: 250,000 for both network sizes to
ensure the research result;
e decision-making probability function:
P(AE)=e ™", (8)

where AE — change in route length.

The algorithm begins by selecting a random route
and sequentially explores new routes by rearranging
nodes. Route changes that improve the overall length are
accepted immediately, while less optimal solutions are
accepted with a probability that the route length decreases
in proportion to the decrease in temperature. This allows
the algorithm to avoid local minima [13].

Performance indicators and their analysis

The main indicators for evaluating the performance
of algorithms were:

e route length — the total distance traveled by the
mobile stack to complete the route;

e computation time — the period required for the
algorithm to converge to a solution;

Table 1. Modeling results for 10, 20, and 50 nodes

e ecrror rate — the percentage deviation of each
heuristic solution from the known optimal route, obtained
using the exact branch and bound method for smaller
networks (10 and 30 nodes).

Performance indicators were analyzed for each
network size, and the Robbins—Monroe procedure was
used to verify the average route length values. Based on
recursive estimates, ACO and SA were compared to
determine the most effective algorithm depending on the
network size and the required accuracy [14, 17].

Research results and their discussion

The results of this work provide insight into the
comparative performance of ant colony optimization
(ACO) and simulated annealing (SA) algorithms for
solving the traveling salesman problem (TSP) with the
aim of optimizing the route of a mobile stream.
Key performance indicators, including route length,
computation time, and error rate, are evaluated for networks
of different sizes (10, 20, 50, 100, and 500 nodes).

Performance in small-scale networks (10 and 20 nodes)

For small networks, both ACO and SA achieved
near-optimal route lengths with minimal error rates.

e Route length: ACO achieved an average route
length of 357.45 units for a network with 20 nodes,
outperforming SA's 367.57 units.

e Computation time: ACO demonstrated faster
computation time, averaging 0.3112 s per simulation
compared to 0.5230 s for SA.

e Error rate: Both algorithms had an error rate of
less than 3%, with ACO recording an average error of
0.0319% and SA recording an average error of 2.8659%.

The simulation results are presented in Table 1.
The minimum paths for 10 and 20 points are shown
in Figures 1 and 2.

Ant colony algorithm

Annealing simulation algorithm

Ne average path length average time mean error average path length average time mean error

units seconds % units seconds %
10 points

1] 356.900 | 05595 | 0 | 355.244 | 05595 | 0
20 points

2 | 356.9009 | 02102 | 04662 | 355.2446 | 05595 ] 0
50 points

30| 571.8715 | 271727 | 05264 | 572.6818 | 426522 | 0.6689
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These results demonstrate that ACO is more
efficient for small networks, offering shorter routes
and faster computation times than SA. The low error

Y00,

rate confirms the suitability of both algorithms
for scenarios with a low number of nodes, with ACO

having a slight advantage.

10 ropoace

Xascppmears

Fig. 1. Minimum route for 10 points

V-aompzmears

Fig. 2. Minimum route for 20 points

Productivity in medium-sized networks (50 nodes)

The simulation results are presented in Table 1.
The minimum path for 50 points is shown in Figure 3.

As the network size increased to 50 nodes,
ACO continued to outperform SA, although both
algorithms experienced a slight increase in route length
and computation time.

e Route length: ACO recorded an average length
of 571.87 units, while SA created a similar but slightly
longer route length of 572.68 units.

e (Calculation time: ACO took 27.17 seconds,
which is approximately 36% faster than the
42.65 seconds required by SA.

e Error rate: ACO maintained a low error rate
of 0.5264%, while SA's error rate was 0.6689%,
which is within the acceptable range for medium-
sized networks.

The results show that ACO continues to be more
efficient in terms of selection time for route optimization
in medium-sized networks, while SA offers comparable

accuracy but with higher computational costs.
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% roposon
7
Fig. 3. Minimum route for 50 points
Performance in large-scale networks For larger networks, both algorithms encountered
(100 and 500 nodes) scalability  issues, although the efficiency of
ACO decreased significantly with an increase in
The simulation results are presented in Table 2. the number of nodes [2, 14, 15].
The minimum paths for 100 and 500 points are shown in
Figures 4 and 5.
Table 2. Simulation results for 100 and 500 nodes
Ant colony algorithm Annealing simulation algorithm
Sample Ne route length time route length time
units seconds units seconds
100 nodes
1 821.4988 189.513869 817.5347 42.239714
2 816.6737 186.088802 801.4941 43.638596
799.4715 140.772230 800.1126 48.471429
500 nodes
1 o0 &) 1836.4 79.681766
2 o0 0 1843.1 83.506554
1. Network with 100 nodes 2. Network with 500 nodes
e Route length: ACO created an average route e Route length and time: Due to high
length of 821.5 units, while SA's average route length computational loads, ACO's performance lagged

was 817.5 units.
e Computation time: ACO dramatically increased
this metric to 189.5 seconds, while SA worked faster
at 42.2 seconds.
e Error rate: ACO recorded an error rate of

approximately 2.6% compared to 2.3% for SA.

significantly, and execution time increased non-linearly.
SA, although slower than in smaller networks, was
able to generate feasible solutions in a more practical
time frame.
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Fig. 4. Minimum route for 100 points

Natrpomeats

Fig. 5. Minimum route for 500 points
Brief description of algorithm productivity

The overall performance of ACO and SA for all
tested network sizes indicates that ACO is better for small
and medium-sized networks (up to 50 nodes) because
it provides shorter routes and faster processing times.
For networks with 100 nodes or more, SA becomes
a significantly more scalable solution, offering more
stable performance without an excessive increase in
computation time.

Table 1 the
computation times, and error rates for each network size

shows average route lengths,

and algorithm, providing a clear comparison of their
suitability for different network scales.

This study contains a comparative analysis of the
ant colony optimization (ACO) algorithm and the
simulated annealing (SA) algorithm for solving the
traveling salesman problem in the context of optimizing
mobile flow routes in a wireless sensor network. The
results demonstrate the advantages and disadvantages of
each algorithm on networks of different sizes, providing
valuable information for application in sensor networks.

The results show that ACO is very effective for
small and medium-sized networks (up to 50 nodes),
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providing high route efficiency and faster convergence
time compared to SA. The ability of ACO to find shorter
paths with fewer iterations makes it suitable for time-
sensitive applications where mobile stacks need to find
optimal routes with limited computational resources.

The advantage of ACO is due to its iterative search
mechanism using pheromones, which allows it to find
short routes and make optimal decisions quickly.
This makes it more effective for networks with
a small number of nodes, where the decision space can be
explored without significant computational resources.

In contrast, the simulated annealing (SA) algorithm
has shown better scalability on large networks (100 nodes
and more), where ACO faces a sharp increase in
computation time and errors. SA uses a probabilistic
decision-making mechanism that allows it to explore the
solution space more broadly, avoiding premature
convergence, making it suitable for complex and large
networks. Although SA requires more iterations to
converge on smaller networks, its performance remains
stable as the network size increases, confirming the
reliability of this algorithm in large environments typical
of complex sensor networks.

The results obtained are consistent with previous
studies, which also demonstrate the effectiveness of
ACO for small, very dense networks and the performance
of SA in working with larger, complex networks.
Scalability confirms that the computation time for ACO
increases exponentially with increasing network size,
which has also been observed in similar applications.

Based on these results, practical recommendations
can be formulated for selecting mobile sink route
optimization algorithms depending on the size of the
sensor network. In cases where the mobile stream polls
a limited number of sensors and conditions require
frequent route recalculations (e.g., rapid response sensor
networks for emergency services, fire departments, or
medical services), then the faster convergence of ACO
is a significant advantage [13, 15]. For navigation tasks
in large-scale environments, such as surveillance systems,
the scalability of SA ensures reliable performance,
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MenasnikoBa JlioooB IBamiBHa — KaHIMIAaT TEXHIYHUX HayK, JOLEHT, XapKiBCHKUIl HaI[lOHANBHUH YHIBEPCHUTET
PpaioeneKTpoHIKY, TOUeHT Kadenpy iHpokoMyHiKaniitHoi imxeHepii im. B. B. [Tonocekoro, Xapkis, YkpaiHa.

Jlinnuk OuieHa BsiyecnaBiBHA — KaHIWIAT TEXHIYHMX HayK, [JOIEHT, XapKiBCbKUi HaliOHAIBHUI YHIBEpPCHUTET
PpaioeneKTpOHIKY, TOUeHT Kadenpu (Gi3nIHUX OCHOB eNeKTPOHHOI TeXHIKH, XapKiB, YKpaiHa.

IMrtanreit Caitnana BikTopiBHA — KaHOUIAT TEXHIYHUX HAyK, IOICHT, XAapKiBCbKUM HAliOHAIBHUA YHIBEPCUTET
pazioeneKTpoHiKy, AoUeHT Kadenpy iHpokoMyHiKawiiHoi imxeHepii im. B. B. [Tonocekoro, XapkiB, YkpaiHa.

Mapuyk ApreM BosonuMupoBHY — KaHOWOAT TEXHIYHMX HAyK, IONEHT, XapKiBCHKUH HAI[iOHAIFHUN YHIBEPCHUTET
panioenekTpoHiky, AoueHT Kadenpy iHpoKkoMyHiKawiitHoi imkenepil iM. B. B. [TonoBcekoro, Xapkis, YkpaiHa.

OIITUMIZALIS MAPLIPYTY MOBLIBHOI'O CTOKY
B BE3/IPOTOBII CEHCOPHIN MEPEXKI
3 BUKOPUCTAHHSM EBPUCTUYHUX AJITOPUTMIB

IIpeamerom pocaimkenHss € Oe3nporoBa ceHcopHa Mepexxka (BCM) 3 MmoOimpHEM cTOKOM. MeTa po0OTH — MiABUIINUTH
npane3aaTHicte BCM, 301nbpmuTH TPUBANICTE 1i JKUTTS Ta (YHKLIIOBAaHHS 3aBISKH 3MEHIICHHIO 4Yacy 3aTPUMKH Iepesadi JaHux
y Ipoleci ONMMUTYBaHHS MapIIPyTH3aTOpiB YHACHIZOK ONTHMIi3amii MapIiipyTy MOOUIBHOTO CTOKY CIIOCOOOM OOpaHHS HaHOiIbII
edexTuBHOrO aaroput™my. Jas NOCATHEHHS OKpECIeHOI METH HEOOXiJHO BHKOHATH TaKi 3aBJAHHS: ONTHMI3yBaTH MapLIpyT
MoOitpHOTO cToKy BCM 3a momoMororo po3B’s3aHHS 3a7adi KOMiBOSDKEpa METOAOM T1IOK 1 MeX Ta MOPIBHAHHS YMOBHOI CepelHbOl
JOBXUHH MapUIpyTy MHOKHHH pillleHb 6€3 ONTUMi3allil Ta 3 ONTUMI3aLli€l0 32 JOIIOMOroto npouenypu Po6binca — MoHpo; npoBecTH
MOPIBHSUIBHUM aHANI3 TOYHOTO PO3B’SA3KY 3a1adi KOMIBOSKEpa, OTPUMAHOTO METOAOM TLTOK i MeX, 1 HaONIIDKEHOTO pilleHHS,
OTPHMAHOT0 €BPHCTUYHUMHU METOJaMH; CHOPMYITIOBATH MPAKTHYHI peKOMEHAAMIl 100 BUOOPY aNrOpUTMIB ONTHMI3aLlii MapupyTy
MOOUIBHOTO CTOKY 3aJIeKHO BiJ PO3MIpy CEHCOPHOI Mepexi. 3acTOCOBaHO Taki MeTOAH: iMiTaliiiHe MOJENIOBaHHS, METOIH
onTHuMi3auii, MaTeMatuuHe oOpobneHHs nanux. Jocarnyri pesyabraTu. JlociimpKeHO po3B’s3aHHS 33jadi ONTHMI3aLii MapuipyTy
MOOiTpHOTO cTOKY B BCM 3 BHKOpHCTaHHSIM €BPUCTHYHHX AITOPUTMIB 3 METOI0 (hOpMyITIOBaHHS IPAKTUIHHUX PEKOMEHAAI] 010
BHOOPY AITOPUTMIB ONTHMI3aIlil MapIPyTy MOOLITEHOTO CTOKY 3aJIeKHO BiJl pO3Mipy CEHCOpHOI Mepexi. [IpoBeieHo mopiBHITbHHAN
aHali3 TOYHOTO PO3B’SA3KY 3ajadi KOMIBOSKEpa, BHKOHAHOTO METOIOM TILTOK 1 MEX, 1 HaONMKEHOTO pillleHHS, BHKOHAHOTO
EBPUCTHYHUMH MeToAaMu. J{JIs OTpuMaHHs HaOJIMKEHOTO PIllIeHHs peajli3oBaHO JBa EBPUCTHYHI AITOPUTMH: MYpPAIIHHUIA alropuT™M
(ACO) i amroput™m imitanii Bigmamy (SA). 3a3HadeHi aaropuTMu OyJo peani3oBaHO JUIS 3aadi KOMIBOsDKEpa 3 KOHKPETHUMH
KOOpIUHATAMH JUTS KOXKHOT 3a7a4i. EQeKTHBHICTh alrOpUTMIB OLIHIOETHCS Ha Mepekax pizHoro macmrady — Big 10 mo 500 By3miB.
Pesynpraté MonmemtoBaHHS JeMOHCTPYIOTh, o0 ACO Mae BHCOKY €(EeKTHBHICTh Ha MaluX i cepemHix Mepexax (mo 50 BysimiB),
3a0e3nedyroud OiTbII KOPOTKI MapUIPyTH Ta IIBUIKUHA 4ac o0YnClieHb. SA BH3HAYA€THCS KPAIOI0 MacIITaDOBaHICTIO HAa BENHKHX
Mepesxkax (100 By3miB 1 Oinblie), MPOMOHYHOUYM CTaOiIbHY NPOJYKTHBHICTH 3@ BHCOKOTO OOYHCITIOBAJIBHOTO HABAHTAKCHHS.
BucnoBku. IIpomeMoHCTpoBaHO, IO  BBEAEHHSA ONTHMi3amii y BHOOpi MapmpyTy MoOuteHOro cToky B BCM mpuBOauTh
JI0 3MEHIIEHHs AOBXHHHU KOHTYpPY 00X0my MOOLTBHOTO CTOKY B miamaszoni 30—40% 3amexHo BiX po3MipHOCTI Mepexi Ta BiAcTaHen
MiX MapupyTtu3aropamu. CKOpOYEHHs Yacy ONMUTYBAaHHS MapLIPYTH3aTOPIB y CEHCOPHIM Mepexi crpusie 301IbIISHHIO 3aIUIIKOBOT
MOTY)KHOCTI OJIOKIB JKHMBJIEHHS, a OTXKE, INPOJOBXY€E TPHBATICTb JXXUTTA Mepexi. JloBeleHo, IO BUKOPHCTaHHS EBPUCTUYHHX
ITOPHUTMIB JOIIBHE TITBKH TOJi, KOJM HEOOXiJHA BUCOKA IIBHIKICTh PO3PaXyHKY HOBOTO MapIIpyTy MOOITBHOTO CTOKY. SIKIIO
MIBUJKICTh PO3pPAaxyHKY HOBOTO MapLIpyTy HE € KPUTHYHOIO, TOJI Kpalle BHKOPHCTOBYBaTH TOYHI aITOPUTMHM OOYMCIICHHS.
J11s1 KOX)KHOTO aJITOPUTMY MOTPIOHO MiaOUpaTH mapamMeTpH 3aIeKHO BiJl IIOCTaBJICHOTO 3aBIaHHs, OCKUJIBKH 1i TApaMeTpH BILUTMBAIOThH
Ha MIBHAKICTH POOOTH alropuTMy I 31aTHI 3MEHIIMTH [ialla30H MOXJIMBHX MAapLIPYTiB, SIKI MOKHAa OTPHMATH BHACIIIOK
po3paxyHKiB. JloCHiyKeHHS JNOBOMUTH 3HAYYIIICTh I1HIUBIMYaTbHOTO HAIAIITYBaHHS IapaMeTpiB alrOPUTMIB IS MiJBUIICHHS
TOYHOCTI i aJanTHBHOCTI PillIeHb Y 3a/a4aX MapIIpyTru3amii MOOLTEHOTO CTOKY.
Kimo4oBi cjioBa: eBpHCTHYHI aIrOpUTMH; MOOLTBEHHI CTiK; ONTHMI3allis; 3a/1aua KOMiBOsDKepa; O€3IpOTOBa CEHCOPHA MEPEIKa.
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10. ITony1nAH, O. MAJIEEBA

MO/JIEJI JIOTICTUKH 3BYTY TEXHIYHOI MPOAYKIII OGOPOHHOI'O
INPU3HAYEHHSA B YMOBAX PU3UKIB BOEHHOI'O HACY

IIpeamerom fgociaigieHHsT CTaTTi € TMPOLECH OpraHizamii Ta ONTHUMI3alii JIOTICTUKM 30yTy TEXHIYHOI MpPOXYyKINi
O00OpPOHHOTO TpU3HAYEHHS B YyMOBaX BOEHHOI'O 4Yacy, 30KpeMa H0OyJoBa MeEpEeKeBOI CTPYKTYpPH JIOTICTHKH 3 OISy
Ha PEBEPCHBHI ITOTOKH, PM3HKH i oOMexeHi pecypcu. MeTa poGoTH — MiIBHIIEHHS €(QEKTHBHOCTI JOTICTUKH 30yTy TEXHIUHOI
HpoAyKIii OOOPOHHOrO IPU3HAYCHHS 3a YMOB BOEHHOTO dYacy CIOCOOOM MOOYZOBM aJanTHBHOI CTPYKTYPH JIOTiCTHYHHX
MOTOKIB 1 PO3pOOJICHHS MaTeMaTHYHOI MOJENI ONTHMi3alii BiAMOBIZHO IO PH3HMKIB 1 PECypcHHX OOMEXeHb. Y CTAaTTi HEOOXiTHO
pO3B’sI3aTH TaKi 3aBAAHHS: aHANi3 OCOOJIMBOCTEH JIOTICTHKHM 30yTy TexXHi4YHOI OOOpOHHOI NpOAYKLii B yMOBax OOHOBHX iif;
pPO3pOOJICHHST CTPYKTYpPHOI MOJZeNi JIOTICTHYHHX IIOTOKIB 3 OIJSQy Ha TIpsMi W 3BOPOTHI 3B’S3KM Ta IIOBTOPHE
BUKOPUCTAHHA KOMIIOHEHTIB; MoOynoBa MaTeMaTHYHOI MOJENi ONTHUMi3amii JOTICTHYHUX TMPOIECiB, 3BaXKAIOUM HAa YacoBi
BUTpPATH, PHU3HKH 3aTPUMOK Ta pecypcHi OOMEXEHHs; OOIPYHTYBaHHS 3aCTOCYBaHHS CIICHApPHOTO aHali3y Ta aJalTHBHOIO
IUIAaHYyBaHHsS JUIs [IJBUIICHHS CTifiKocTi Ta Oe3HmepepBHOCTI IOCTa4aHHS B YMOBax HEBH3HAYEHOCTi. 3aCTOCOBaHO
Taki MeTOAM: CHCTEMHHH MiIXil, CTPYKTYpHa JEKOMIIO3MILsI JIOTICTHYHHX IIPOILECIB, PU3UK-OPIEHTOBAaHWH IiJXiX, MaTeMaTHYHEe
MOJICIIFOBaHHs 3 OOMEXCHHSAMH, CLCHAPHHH aHANI3 i ajanTuBHE IUlaHyBaHHA. JlocsrHyTi pesyastatu. [Io0yI0BaHO CTPYKTYpHY
MOJIeNb JIOTICTUYHUX MOTOKIB y 3abesmedeHHi 3CVY, ska Oepe OO yBaru mpsiMi i 3BOPOTHI MOTOKM Ta MOBTOPHE BHUKOPUCTAHHA
KOMITOHCHTIB, pO3pOOJICHO MaTeMaTHYHy MOJCTIb ONTHMI3allil JIOTICTHKA 30yTy 3 IiJIbOBOIO (YHKIIEI MiHIMI3aIil dacy
Ta OOMEKCHHSIMH Ha OOCST IOCTayaHHsS, CYKYNHHI PH3HMK 1 KUIBKICTh MapmpyTiB. [lokazaHo, IIO B3STTS IO yBarkm PH3UKIB
3HAYHO BIUIMBa€ Ha BHOIp ONTHUMAaJIbHMX MapmIpyTiB 1 crparerid. OOIpyHTOBAaHO IOLIIBHICT 3aCTOCYBaHHS CIICHAPHOTO
aHamizy W  aJanTUBHOTO  IUTaHYBAaHHS JUI1  MIATPUMKH — O€3MEpepBHOCTI MOCTa4aHHSI B  yMoBax OoOHOBHX  [iif.
BucHOBKH. 3anporoHoBaHi CTPyKTypHa Ta MaTeMaTHYHA MOJENi JAl0Th 3MOTY 3MEHIIMTH 4Yac JIOTICTHYHOTO LHUKIY, IMiJABUIIUTH
CTIHKICTh JIOTICTHYHOI CHCTEMH IO PH3MKIB 1 3a0e3NeYnTH ONepaTUBHE pearyBaHHS Ha 3MIiHM OOCTAaHOBKH. YTIPOBaJPKCHHS
PEBEPCUBHOI JIOTICTUKH Ta TIOBTOPHOTO BUKOPUCTAHHS KOMIIOHEHTIB CIIpHs€ 3HIDKCHHIO BHTpPAT 1 medinuty pecypciB. CreHapHUHA
aHami3 1 aJanTHBHE  IUIAaHYBAaHHA € e(QEeKTHMBHUMH IHCTPYMEHTAaMH YIPABIiHHS JIOTICTUKOIO 30yTy TEXHIYHOI NpOTyKIii
B YMOBaX HEBU3HAYCHOCTI Ta BOEHHUX PH3HKIB.

KoarouoBi cioBa: Jorictuka 30yTy; TexHi4Ha mpoxykuis; 3abesnedeHHs 3CY; CTpyKTypHa MOAENb; MaTeMaTHYHA

MOJIEITb; ONTHUMI3AIlist; YIIPABIIHHS PU3UKAMH.

Beryn CreliaIbHAX YMOB 30€piraHHsi, TPAaHCIOPTYBaHHS Ta

00JIiKy, 1110 JOATKOBO YCKJIHIOE JIOTICTHYHI MPOLIECH.
vy KOHTEKCT1 3a0e3eueHHs e()eKTUBHOTO Jlist po3B’si3aHHS OKPECIICHHMX MHUTaHb HEOOXIIHO
(YHKI[IOBaHHS MiATPUEMCTBA, IO CHelliali3yeTbcss ~ PO3pOOMTH  MaremaTWdHi — Mozeni  Ta  UUDPOBI
HAa BHPOOHWITBI TEXHIYHOI TMPOAYKIii 0OOOPOHHOTO pIIUCHHS, WO 3BAXAIOTH SK HA NpPSMI, TaK i 3BOPOTHI

IPU3HAYEHHS, BAXINBE Micle TOCifae joricTuxa 30yTy. IIOTOKK, 30KpeMa PEMOHT, YTHIIi3alil0 Ta IOBTOPHE

30yToBa JIOTICTHKA OXOIUTIOE BCl TPOIECH, TIOB’s3aHi BUKOPUCTAHHS KOMIIOHCHTIB.

3 TMCpPEeMINIEHHSIM TOTOBOI MPOAYKIIi — BIig MICI ToMy aKkTyanbHUM €  3aBJaHHA  CTBOPEHHS

BI/Ip06HI/I].[TBa 0 KIHIIEBOTO CITOKMBaya (HaHpI/IKJ'IaI[, KOMIIUIEKCHOI MaTeMaTH4YHOI MOJIeNl JIOTICTUKU 36yTy

BificbKOBUX uacTuH). Ii OCHOBHOIO MeTOIO € 3a0e3meyeHHs ~ TEXHIYHOI MPOAYKIii OOGOPOHHOTO NPHU3HAYCHHS, sKa

BYACHO1, HA/IIIHOI Ta OE3MEYHOro JAOMPABJICHHS MPOIYKILT,
30KpeMa MOJICPHI30BaHIX 3pa3KiB TEXHIYHOTO 0OJaJTHAHHS,
TakuX K OC3MTOTHI aBialliifHi KoMIiekcH [1].

B ymoBax 0oi#ioBUX miif i BHCOKOI HEBU3HAUCHOCTI
0COONMBO aKTyaNbHHM € (OpPMYBAaHHS aJalTHBHHUX
MoOJIeNIeH JIOTICTHKH 30yTy, MO OepyTh J0O YBaru PH3UKH
pyiHyBaHHS iHQPACTPYKTypH, OJOKYBaHHS MapIIpPYTIiB,
obctpinmm ¥ xibeparaky. OCOONUBICTh TEXHIYHOT 0OOPOHHOT
MPOIYKIiT HEOOXI1THICTh

3YMOBIJIIO€ JAOTpUMaHHA

JaCTh 3MOTY MiHIMi3yBaTH 3arajlbHH{ 4Yac BHUKOHAHHSI
LHKITY,
30eperTd HaJe)KHUH piBEHb

JIOTICTUYHOTO SHU3UTU PU3BUKHA  3aTPUMOK

1 BOJHOYAC Oe3nexku

1 QYHKIIOHATBHOCTI TOCTaYaHHS.

AHaJi3 ocTaHHiX 10caiKeHb i myOaikamiit

AmHami3 myOmikamid 3 OKpECIEHOI TeMH CBiTYUTh
PO 3HAYHE 3aIIKaBJICHHS MPOOJIEMATHKOIO PEBEPCUBHOT

© IO. Ilonymnan, O. Maneesa, 2025
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JOTICTUKM Ta YNPABIiHHA PH3MKAMU SK Y HayKOBOMY,
TaxK i B npodeciiiHoMy cepeOBHILI.

CyyacHi  JOCH/DKCHHSI ~ aKTHMBHO  BHMBYAlOTh
PEeBEPCUBHY JIOTICTHKY Ta il POJIb Y CTaJOMY PO3BUTKY.
Y poborti [2] cucTeMaTH30BaHO BUAN 3BOPOTHUX MOTOKIB,
Oap’epu  Ta

thaxTopm, BUTpaTd, IO

Ha YMpPaBIIHCBHKI pimeHHS B will cdepi. Y crarti [3]

BIIIMBAKOTH

MPOaHANII30BaHO CHIBIPALI0 IIMBUIBHOTO I BiICBKOBOTO
CEeKTOPIB y pEBEPCUBHIN JOTICTHII [UIA MIOTPUMKH
LUPKYJSIpHOT ekoHOMikn €C, 3arpoIlOHOBaHO —MOJETb
iHTerpamii cTajoro JaHIora HocTadaHHs. Y mpami [4]
nojgano iHdopmaniiiHy cucTeMy s YHPaBIiHHS
BIICPKOBHM JIAaHITIOTOM IIOCTadaHHS Ha OCHOBI aHAII3y
IHITUJICHTIB, IO MiIBUIIYE CTIHKICTh Omeparii.

AgTop crarri [5] gocnimKye 3acTOCYBaHHS BifICBKOBHX
JIOTICTHYHMX APOHIB I IIBUAKOTO JOTIPABJICHHST PECYpCiB
y CKIAJHUX YMOBaX, HAaroJIOIlye Ha iX aBTOHOMHOCTI
Ta THy4YKocTi. Y poOoTi [6] mpoaHai30BaHO MeETOAN
onTuMi3amii BIFICPKOBOI JIOTICTUKM B YKpaiHi, 30Kpema
1(poBi TEXHOJOTI Ta Oe3NMUIOTHUKK. Y HocmiukeHHi [7]
3aIPOIIOHOBAHO MAaTEMAaTHYHI MOJENi Ta TeoiH(opMaltiiHi
CHCTEMH JUIl ONTUMI3alii JIOTICTHYHHMX MapUIpyTiB
XapUYOBHX ITiIIPHEMCTB T[] YaC BOEHHOTO CTaHy.

CrarTio [8] NpUCBSYEHO 3aCTOCYBAaHHIO AITOPUTMY A*
JUTSL ONITAMI3aIlii BINCHKOBHX MApIIPYTiB i3 BUKOPHUCTAHHIM
IITy4YHOTO iHTENeKTy. Y poboti [9] mpoananizoBaHO
CTpaTerii yNpaBIiHHSA JIOTICTHYHUMH JIAQHIIOTAaMH B
yMOBax KOH(JIIKTY JUIsi MiJBUIIEHHS CTIHKOCTI Oi3Hecy.
ABtopu cratti [10] BH3HAYMIN €KOHOMIYHI TPiOPUTETH
BOEHHOTO 4Yacy, 30KpeMa WIETbCS TIpO PO3BHTOK
BHCOKOTOYHOI 30poi Ta cmiBnparto 3 [Tompiero.

Y crymisx [11, 12] 3ampomoHOBaHO AJITOPUTMHU
W cuCTeMH [UIA TMiIBUIICHHS e(eKTUBHOCTI MaTepiabHO-
TEXHIYHOIO  3a0e3meueHHs  BifiCbK, aBTOMAaTH3allil
VOpaBIiHHA TIOTOKAMH Ta IIPOTHO3YBaHHA MOTpeO.
VY crarti  [13]

MOCTa4YaHHsS 030pPOEHHS 3 OMIAY HAa PU3HKH, L0 CIPUSE

MoJaHO aréHTHy MO/JCJIb JIOTICTHKH

BiiChKOBOMY MApUTETY.

Hocmimkennss [14] mpucBsueHO  peBepCHBHI

JIOTICTHIII ~ TIEPEepOOJICHHS ~ CIICKTPOHHUX  BIIXOJIB
Yy BOEHHHMX YMOBax MJisl 3HIDKCHHS BHUTpAT 1 aediuuty
cupoBHHH. ABTOpH pobotu [15] 3anmpononyBain MeToIu
MPOTHO3YBaHHS W ONTUMI3allil PEBEPCHBHOI JIOTICTHKH
13 3aCTOCYBaHHSM JIOTICTHYHOI perpecii Ta epeB pilieHb
JUIS TIIATPUMKH LUPKYJISPHOT €KOHOMIKH.

VY crarti [16] npoananizoBaHo 3arpo3u peBepCUBHOT
JIOTICTHKM M dYac IepepoOICHHsT BiaIparbOBaHUX
aBTOMOOIJIIB, a TaKOX YNPOBa/UKEHO HEYITKUH aHali3

Juis X MiHimi3awii. ¥ npaui [17] noBeaeHo, mio cydacHa

JIOTICTHKA OpPIEHTOBaHA Ha CEPBIC, CTIHKI BiIHOIICHHS
Ta CTBOPEHHS I[IHHOCTI, a HE Ha MPOCTHH OOMiH
ToBapamu. PobGoty [18] mpucBSYeHO KIFOYOBHM BY3JIaM
MepeX 3BOPOTHOI JIOTICTUKM 3 peMaHy(aKTypHHIOM,
HaroJIOIIEHO Ha HEIOCTATHOCTI JOCHIKEHD I MEIUIHUX
1 MeOJIEBIX TOBapIB, a TAKOXK Ha POJIi HOBUX TEXHOJIOTIH.

ABtopu ctarti [19] 3ampomoHyBamM  KOHIEHIIIO
iHTerpanii mpsiMoi Ta 3BOPOTHOI JIOTICTUKHU B OYAiBHUIITBI
JUISL UPKYJISIPHOT €KOHOMIKH, 30CEepeKyloul yBary Ha
M0JJ0JTaHHI 6ap’€piB y 3aMKHEHHI MaTepiallbHUX [UKIIIB.

3 ormamy CcydacHHX CTyOii MOXKHa 3poOWUTH
BHUCHOBOK IIPO AaKTyaJbHICTh JIOCHTI/DKEHHS IHTerpamii
PEBEpCUBHOI  JIOTICTUKM Ta YOPABIIHHA pPHU3UKAMHU
B yYMOBax BOEHHOTO 4acy, 30KpeMa Jjs BHPOOHHIITBA
i 30yTy TexHiuHOi oOopoHHOi mpoxykmii. Hemomikamu
MpOAHANI30BaHUX TIAXOJIB € By3bKa CICIliai3alis
Mozenel (mepeBa)KHO Ha OKpeMHX eramax abo BHIax
IpoxyKiii),
3BOPOTHHX IIOTOKIB, pHU3WKIB 1 gedinmuTy pecypci

BIZICYTHICTh ~ KOMIUIEKCHOI  yBard 10
B €IMHIA CHCTEMi, a TaKOX HEJOCTaTHsS OpIEHTAIlisA
Ha TPaKTUYHI IHCTPYMEHTH CLEHApHOTO IUIaHYBaHHS
W ajanTanii JIOTICTUYHHMX pIlIEHb Yy peajbHOMY daci.
Bognodac HasBHI pOOOTH CTBOPIOIOTH OCHOBY IS
MOJANBIINX  JIOCHI/PKEHb, OCKUIBKM  J€MOHCTPYIOTh
3HAa4YeHHS IHU(PPOBHUX TEXHOIOTiH, MTYYHOTO IHTEIEKTY
W areHTHOTO MOJENIOBAHHS IUISl MiJBHIIEHHS CTiHKOCTI

JIOTICTHYHHX CHCTEM, 0COOIHMBO B YMOBaX KOH(QIIIKTY.

Mera ii 3aBaaHHSA po00OTH

MerToro TOCTIPKEHHS € TMiJBUIIECHHS e(QeKTHBHOCTI
JIOTICTUKK 30yTy TEXHIYHOI NpOIyKLii OOOPOHHOTrO
MPU3HAUCHHS 33 YMOB BOEHHOTO dYacy CHOCOOOM
MOOYZOBH aJaNTHBHOI CTPYKTYPH JIOTICTHYHUX IOTOKIB;
pO3pOOJCHHS  MaTeMaTH4YHOI ~ MOAENi  ONTHMi3aii
3 OMJISIY Ha PU3HKH i pecypcHi 0OMeKeHHSI.

V¥ crarti nepeabaueHo BUKOHAHHS TaKUX 3aBIAHb:

1) anamiza  OCOONMBOCTEH  JIOTICTUKK  30yTY
TEXHIYHOi 000POHHOT POYKIIil B yMOBax O0HOBUX Iil;

2) po3polIieHHs CTPYKTYPHOI MOJENi JIOTiCTUYHUX
MMOTOKIB, 3BAYKAIOUM HA TPsAMi Ta 3BOPOTHI 3B’SI3KH
i IOBTOpHE BUKOPHCTAHHS KOMITIOHEHTIB;

3) moOymoBa MaTeMaTWYHOI MOZEIi ONTHMi3amii
JIOTICTUYHMX TPOILECIB BIANOBIIHO 10 4aCOBUX BUTpAT,
PHU3UKIB 3aTPUMOK 1 pECypCHIX OOMEKEHb;

4) OOIpyHTYBaHHS BIIPOBA/DKEHHS CIEHAPHOIO
aHaNi3y ¥ aZanTHBHOTO IUIAHYBaHHS JUIS ITiABHINCHHS
CTIHKOCTI Ta Oe3NepepBHOCTI IOCTayaHHsS B YMOBax

HEBHU3HAYEHOCTI.
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VY nocmimkeHHI BOPOBaKEHO KOMIDIEKCHAN TiXis,
110 TOEJHYE aHaJi3 TEOPETUYHUX OCHOB JIOTICTUKH 30yTy
TEXHIYHOI 0OOPOHHOI MPOAYKIII B YMOBax OOMOBHX Jiid,
a TakoX BIJOMOCTI Mpo (YHKI[IOBaHHS BIiANOBIJHUX
norictThigHUX cucteM. OCHOBHUMH METOAAaMH  CTalll
CHUCTeMHHUI  aHali3  JIOTiCTHYHHX  MOTOKiB  [20],
PO3pOOIICHHS CTPYKTYPHOI MOJETi B3a€MOJii BHPOOHHIHX
MIAMPHEMCTB, CKJIAIB, PEMOHTHHX 1 YTHII3aAI[iifHUX
ITyHKTIB 3 OTJISITy Ha MPSAMi Ta 3BOPOTHI 3B’ s13kH [21].
MPOIICCiB

Hnst ONTHMIi3aIlil JIOTICTUYHHX

3aCTOCOBAHO MAaTEMAaTHYHEC MOACIIOBAHHs, 3BAKal04YM Ha

pecypcHi
oOMeskeHHs. Takok BHKOPHCTAHO CICHApHUM aHami3 i

YacoBi  BHUTpaTH, pHU3UKH 3aTPUMOK 1

aJanTUBHE IUIaHyBaHHA [22], 1m0 [dalOTh 3MOTY

3a0e3neunT Oe3MePepBHICTh 1 CTIMKICTh MOCTadYaHHS B
YMOBaxX BHCOKOT HEBU3HAYEHOCTI Ta 3arpo3 OOMOBHX [ii.
0co0mBOCTI

Posrisguemo o0y moBH u

(YHKIIIOBaHHSI CUCTEMH JIOTICTHKH 30yTy TEXHIYHOI

NpoAyKUii OOOPOHHOTO MpU3HAYEHHS B Cy4YacHUX
ymoBax.  30yToBa  JIOTICTMKa  Takoi  HPOIYKILIil
PO3pI3HAETBCS  CKIAZHOK  CTPYKTYpPOIO,  OCKLIBKH

MOEIHYE TPsAMI i 3BOPOTHI MOTOKH, MOTPEOYE BUCOKOIO

piBHS 1mdpoBizamii Ta THYYKOCTI IS IIBHIKOTO
pearyBaHHsI Ha 3MiHy 0OCTaHOBKH. BoHa mae OpaTu 10
yBaru BHCOKI BUMOTHW 10 30epiraHHs, TPaHCIIOPTYBaHHS
Ta OOMIKYy, IO BHUIUIMBAIOTH 3 OCOOJMBOCTEH camoi
TIPOJTYKIIi: KOHCTPYKIIii,

JI0 30BHIIIHIX BIUIMBIB, MOTpeOM B rapaHTiiHOMY

CKJIaZHOCTI YyTJIUBOCTI
00CITyroByBaHHI Ta BUCOKOi BApTOCTI KOMIIOHEHTIB.

Kpim Toro, cucrema mae OyTH CTIHKOIO 0 PU3HKIB,
30KpeMa pYyHHYBaHHS TpPAHCIOPTHOI iH(pacTpyKTypH,
3arpo3 o00cTpimiB abo kibeparak, HecTadl pecypciB
curyamii  [23]. Hns
nepea0avyaroThCsl ACHECHTPATI30BaHI JIOTICTHYHI IYHKTH,

1 3MIHH O€3MIeKOBOI IIEOTO

IbTEpHATHUBHI MapIIpyTH JONpPABICHHS Ta THYYKE
YIpaBIIiHHS 3alacaMi, a TAKOX YIPOBADKEHHS CYy4aCHHUX
iHpOpMAIIHHIX CHCTEM, ii() JIOTIOMAararoTh
KOHTPOJIIOBATH PyX MPOIYKIii B peaJbHOMY Yaci.

Ille oaHi€O KIOYOBOI OCOOIMBICTIO € HAsBHICTH
PO3BHHEHOI PEBEPCHBHOI JIOTICTHKH, IO 3a0e3reuye
MOBEPHEHHS TEXHIKU 3 BIICBKOBUX YacTHH IUISl PEMOHTY
YM yTWIi3alil Ta MOBTOPHE BHKOPUCTAHHS MPUAATHHUX
KOMMOHEeHTiB. L{e mae 3Mory 3MEHIIHUTH 3aralibHuA 00csar
BUTpPAT i IPUCKOPUTH JIOTICTUYHUI LUK, 1110 € KPUTUIHO
BaXIMBUM B yMOBAaX IHTEHCHBHOI €KCIUTyaTallii TEXHIKH.
Po3risiHeMo feTainbHillle OCHOBHI eTany (yHKIIOBaHHS

Takol JIOTICTHYHOI CUCTEMH.

[lepmmMm  eramoM  @polecy €  Oprasisamis
CKJIQJyBaHHS, SIKE MOXE OyTH SK IIEHTpalli30BaHUM
Ha OCHOBHOMY CKJaJi, TaKk 1 JEHECHTPali30BaHUM —
y JIOTICTUYHHMX IyHKTax OJIbKYe JO CHOXHBada.
Le migBumIye omepaTuBHICTh IOCTABKH, CKOPOUYY€E Hac
pearyBaHHsI Ha NOTpeOW 3aMOBHUKA il 3HIDKYE PU3HKH
TPaHCIIOPTYBaHHS B 30HI O0oBHX niil. [t ehekTHBHOTO
30epiraHHs HEOOXiZHO JOTPUMYBATHCS BIATOBIITHHUX
YMOB (TeMIeparypa, BoJIora, i), 3a0e3NeYnTh (Pi3uaHy
Ta iH(hopMaliiiHy Oe3neKy, OXOpOHHY iH(PaCTPYKTYpy
Ta min’enqHanHsa g0 jorictnyaux [T-cucrem. IIpomykmis
Mae OyTW  MNpaBUIBHO  MapKOBaHa,  yNakoBaHa
Ta 30epekeHa BIAMOBITHO [0 TEXHIYHUX PETJIAMEHTIB.
VYnpoBamxenHs WMS-cucteM nae 3Mory BeCTH TOYHHUIN
OONiK, KOHTPONIOBATH 3alUIIKH Ta ONTHMi3yBaTH
MapHIPyTH BiJABaHTaKEHHSL.

Hactymamit eran — 0OpoOneHHS 3aMOBJICHB:
OTpPUMaHHS 3asBOK, NepeBipKka HasBHOCTI NPOIYKILI,
(hopMyBaHHS TOKYMEHTIB, IepeBipka KOMIUIEKTHOCTI Ta
TexHiyHOrO cTaHy. LludpoBe 00poOieHHS oOXOIUTIOE
IHTerparmio i3 CHCTeMaMH EeJIEKTPOHHOTO JOKYMEHTOOOIry
Ta JIOTICTUYHOTO KOHTpOro. ITicnms mporo BUKOHYETHCS
NAaKyBaHHA 3 OIIAAY Ha XapaKTepUCTUKH TEXHIKH
Ta MirOTOBKA J0 TPAHCIIOPTYBaHHS [24].

KirtogoBrM eTarnom € TpaHCIIOPTYBaHHS BiIIIOBIIHO
JI0O 30HH JIOCTaBKH, IHQPACTPYKTYpH Ta OC3MEKOBOI
curyarii. Haiffuacrime BHKOPHCTOBYEThCS aBTOMOOLIBHMI
TpaHCHOpPT, aje s o00’eMHUX abo BigaieHUX
BaHTaXIB — 3al3HWYHUN 4YW asiamiiionii. HeoOxigHO
nependayaTd anbTEpHATHBHI MapuipyTd. JlompaBieHHs
3IHCHIOETHCS Oe3MmocepeIHBO 0 BiHCHKOBUX YaCTHH a00
jorictiyHi  Xxabu. 3a morpebu

qepes3 3aJIy4aroThb

CTOPOHHIX  JIOTICTHYHHX  ONEpaTopiB 32  yMOBH
HaJIe)KHOTO KOHTpoJIto [25].

Micna
MPOAYKIIIT:

TEXHIYHIM BHUMOTaM 1 TIIMUCAHHSA aKTa. 3a TMOTpedn

TMpUOYTTS  OPTaHi30BYETHCA TNPHAMAHHSI

MepeBipKka  MUTICHOCTI,  BiJMOBITHOCTI

BiIOyBa€TbCSl TECTyBaHHS Ha Micli. 3aBepLIabHUM

eTam — 3BOPOTHHH  3B’A30K: 30WpaHHA  BIiATYKIB,

BUSBJIICHHS  HCIOJIKIB, OHOBJCHHS iH(popMamii B
IT-cucremax ajsi oNTHMI3aIlii HACTYITHUX ITUKITIB.
PeBepcuBHa JIOTiCTHKA OXOIUTFOE  TTOBEPHEHHS
TexHikH: BriJIA — Ha peMOHT, MOIIKO/PKEHI amapaTtu —
Ha YTHII3aIlilo, MPHUIaTHI KOMIIOHCHTH — Ha ITOBTOPHE
BUKOPHCTaHHA. B yMoBax BiiiHH el mporec HaOyBae
KPUTHYHOTO 3HAYCHHS dYepe3 BUCOKY YAaCTOTy 3HOCY
TexHikk.  IloBepHEHHS  mepeadadae  PEECTpalliio,
TPaAHCIIOPTYBaHHS, JialrHOCTHKY, PEMOHT abo 3aMiHy

KOMIIOHEHTIB 1 MOBTOPHE BIPOBA/PKEHHSI B EKCILTyaTallito.
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[IBunkicth 1  eQEeKTUBHICTh  PEMOHTY  HANpsSIMy
BIUIMBAIOTh HAa OOMOBY CITPOMOKHICTB.

Vrumizamis 3IIHCHIOETHECA IIOJ0 TEXHIKH, sKa
He mipiirac peMoHTy. BoHa nepenbadae TpaHCIIOPTYBaHHS
IO CIIeIialli30BaHUX ITYHKTIB, JEMOHTaX 1 3HHIICHHSA
3TiHO 3 €KOJIOTIYHMMH cTaHnaptamu. KommonenTw, 1o
MiAIATal0Th TIOBTOPHOMY BHUKOPHCTAHHIO, OOJIKOBYIOTH
Ta 30epirarTs.

3BOpOTHA JIOTICTHKA Y BOEHHHHA Yac CTUKAETHCA 3
TPYAHOIIAMH:
iH(pPaCTPYKTYpH,
KOOpJMHAIS MK ydacHWKamu. lLle mpu3Bomuth 10

HeOe3neka MapuIpyTiB, pyHHYBaHHS

HecTaya pecypciB 1 HEIOCTaTHSA

3aTPUMOK Ta YCKJIAAHEHb PEMOHTY H yTHIII3aIlil TEXHIKH.

Pe3yabTaTn nociaigxeHHs

UPOOHHUYE MiANPHUEMCTBO

Cxuta rOTOBOT IPOTYKITI]

[MynkT yTrmizanii /
MIOBTOPHE BUKOPHCTAHHS

1. CTpyKTypHa MO/1€eJIb JIOTICTHYHUX MOTOKIB

30yTy TPOAYKIii
00OpPOHHOTO TPHU3HAYEHHSI MICTUTh TaKi THUIHU 00’ €KTiB

3araibHa CcXema JIOTiCTHKH

(TyHKTIB): BHPOOHUY1 MiIITPUEMCTBA, CKJIa1
(mianmpueMcTBa, ONTOBI, BOJIOHTEPCHKI), MYHKTH PEMOHTY
(mmnpuemcTBa, BONOHTEPCHKi, 3D-ApyKy), WyHKTH
yrwaizamii. Mbk  BKa3aHMMH  O0’€KTaMH  MAalOTh

peanizoByBaTHCS SK TpsiMi 3B’SI3KM, TaK 1 3BOPOTHI
(mo myHKTIB peMOHTY). CTpyKTypHA MOJENb JOTICTHIHUX
oToKiB y 3abe3neuenHi 3CY 300paxeHa Ha puc. 1.

Biticekosi yactunu / 3CY

KommnoneHnTr moBTOpHOTO
BHUKOPUCTAHHS

[lynktu pemoHTYy
MiAPUEMCTBA

OnToBuii cKI1aja

D-BigHOBIEHHS
(zpyx)

Bononrepchkuii peMOHT

BononTepcebkuil cknan

Puc. 1. CrpykTypHa MOZEINb JOTICTHYHHUX MOTOKIB y 3a0e3nedenHi 3CY TeXHIYHOIO MPOIYKIIE0

LenTtpansHe Micme B JIAHIIOTY — HaJIGKUTH

BUPOOHHYOMY MIJMPUEMCTBY, IO TIOCTaYa€ TOTOBY
MPOAYKIIO JO CKIaAiB PI3HOrO THITY: CKJIaay TOTOBOI
TIPOJTYKIIi, CKJIA/IiB.
3i ckiaaiB MPOIYKINisS HAIXOANUTh J0 BICHKOBHUX YaCTHH,

ONTOBOTO I  BOJIOHTEPCHKOTO
Jle BHUKOPHCTOBYETbCS 3a IPHU3HAYEHHSAM. Y IIporeci
BTPaTUTU
(hyHKIIOHABHICT nany.
Y TakoMy pa3i BOHAa IIOBEpTAETBCA IO PEMOHTHHX

eKCIUTyaTalii TeXHiKa MOXE YacTKOBO

a00 TIIOBHICTIO BHUTH 3
BOJIOHTEPCHKHX abo

IIYHKTIB: BUPOOHUYHX,

3D-BiguoBienHs. [licisg BITHOBJIEHHS TEXHIKA MOXKE
OyTH BiAmpaBiicHa SIK OE3MOCEPEAHBO JIO BIHCHKOBHX
YaCTHH, TakK 1 Ha CKJIaJH JJIsl [OJaJIbIIOr0 PO3MOILTY.

Y pa3i HEMOXIHBOCTI BIJHOBJICHHS TEXHIKa
HaIpaBISETHCS O MYHKTIB yTHIi3allil, e 11 po301paroTh.
YTHITI3YEThCS,

Yactuna HCIIPHUAATHUX KOMIIOHEHTIB

a iHIIA 4YacThHa, 10 30eperna (YHKIIOHAIBHICTD,
MOXke OyTH BHKOPHCTaHa MOBTOPHO. BogHouac cuctema
nepen0ayae 3acTOCYBaHHS ~ KOMIIOHEHTIB, sKi Oyiu

BUpOOJIEH] paHillle, He MOTPEOYIOTh HOBOTO MPOEKTYBAHHS
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Ta MOXYTh OyTH 3aCTOCOBaHi B IOTOYHOMY BUPOOHHLITBI
abo peMOHTI — TaK 3BaHI KOMIIOHEHTH ITOBTOPHOTO
BUKOPUCTaHHA. BOHN HagXoniTh 10 PEMOHTHHX ITyHKTIB
abo 10 3D-BUpOOHMIITBA, a TAKOXK MOXYTh IHTErpyBaTHCS
y BHpPOOHWYMH mporec, om0 3abe3nedye eKOHOMIIo
peCypciB i IPUCKOPSHHS JIOTiICTUYHUX OTIEPAIliil.

OcobmmBy poip y cxemi BiIirpaloTh 3BOPOTHI
JIOTICTHYHI 3B’SI3KH, TO3HAUCeHI ITYHKTUPHUMH JIHISIMH.
Bonn BiATBOPIOIOTH MEpEMILIEHHS TEXHIKH 3 BIHCHKOBHUX
YaCTHH J0 PEMOHTHHUX ITyHKTIB a00 IyHKTIB yTWIi3allii,
a TaKoK [HPKYJAII0 KOMIIOHEHTIB  ITOBTOPHOTO
BUKOPHCTaHHS MK yTHIII3aLi€l0, PEMOHTHUMH TOYKaMH
Ta BUpOOHHITBOM. Taka THydka CTpPyKTypa Oae 3MOTY
MiHIMI3yBaTd BTpaTH, CKOPOTUTH dac OOIry TeXHIKH
I OIlepaTUBHO pearyBaTH Ha MOTpeOu BilichbKa.

B ymoBax 0oitoBux niii e()eKTHBHICTb JIOTICTUYHUX
MpoIIeCiB BHM3HAYACThCA  IX aIaITUBHICTIO Ta
UQPPOBI3AIEI0: BiICTEKCHHIM BAHTAXIB y pEaTLHOMY
yaci, = aBTOMATH30BAaHWM  YIPaBIiHHSIM, OOMiHOM
iHdopMmariiero Ta MporHo3yBaHHsIM NoTpeO. BukopucraHHs
JIPOHIB AJIsl JOMIPABICHHS TEXHIKH 0 BIICBKOBHUX YaCTHH
3HWKY€ PU3UKH JUTSL IEPCOHATY W MiIBUILYy€e MOOIIBHICTD
JIOTiICTUYHHX OTIEPAIIii.

Y 1bOMy KOHTEKCTI BCe OUIBIIOI aKTyaJbHOCTI
HaOyBae MUTAaHHSI CKOPOYEHHS Yacy JIOTiICTUYHOTO 00iry.
VY cyuyacHHX yMOBaxX BeICHHS OOMOBUX Jili 3aBIaHHS
ONTUMI3aIli] JIOTICTHYHHX MPOIIECIB Y Yaci CTa€ KPUTUIHO
BakJMBOr0. OCHOBHOIO METOIO € MiHiMi3allisl 3araJbHOTOo
4yacy BUKOHAHHS JIOTICTHYHOTO LUKITY — BiJl CKJIayBaHHSI
JI0 TIpUHAMAaHHS Ta PEBEPCUBHOI JIOTICTUKH — 32 YMOBH
3a0e3neyeHHs HamiiHOCTI, Oe3meKkr M BIAIMOBIAHOCTI
TEXHIYHHUM 1 OpraHi3aliiHIM BUMOTaM.

OcobmmBy yBary B [bhOMY pa3i HEOOXimHO
NPUAUIMTH €Tary TpPaHCIOPTYBAaHHs, aJKe caMe BIH €
HaOLIPII BpA3IMBHM [0 BIUIMBY 30BHIIIHIX PH3HKIB,
TaKUX SIK 3aTPUMKH Ha MapHIpyTax depe3 pyHHyBaHHS
iH]pacTpyKTypH, OJIOKYBaHH:I, 3MiHy 0E3MEKOBOI CHTYaIii,
a TaKoX BTpaT 4acy, MOB’S3aHUX 13 IepeMilleHHIM
HeOe3meyHnMH  TepuTopismMu.  Tak,  HaNpUKIAZ,
NepeBE3CHHS TEXHIKW NPU(PPOHTOBUMH palilOHAMH MOXKE
NnoTpeOyBaTH IONEPEJHBOr0 IMOTOPKEHHSI MapUIPYTIB,
cynpoBogy abo JIONpaBJICHHS MalMM{  HapTisMu,
110 CYyTTEBO BIUIMBAE Ha 3arajbHHi Yac.

JlonaTKOBUM YMHHHMKOM, IO YCKJIAJHIOE BUKOHAHHS
JIOTICTUYHHMX 3aBOaHb, € 1H(QOPMAIIMHUN CKIaIHUK:
3arpuMKu B 11 00poOnenHi, 360i B IT-cucremax,

BIZICYTHICTB BYaCHOT'O OHOBJICHHS BiTOMOCTEH

npo 3arnacu abo 3aMOBJICHHs, a TaKO0X cnabka

KOOp,Z[I/IHaHiSI MK JIOTICTHYHHMH JIaHKAMHM MOXYTb

MPU3BOJIUTH JIO CYTTEBOTO 30UIBILIEHHS 3aralibHOTo

yacy BUKOHAaHHS omepamiin. Y IbOMy KOHTEKCTi
BXINBOIO € 1u(poBi3amis JOTICTHYHHUX IIPOLECIB:
3acTocyBaHHs WMS-cucTeM, iHTETpalis 3 eJIeKTpOHHUM
JOKYMEHTO00IroM, aBTOMAaTHU30BaHE BIJICTEXKEHHS
BaHTAXIB y pealbHOMY Yaci, IO Ja€ 3MOTY 3MEHIIUTH
pU3MKKA  3aTPUMOK 1  WiABHIOINTH  AJaNTUBHICTH
cucremu. Hanpuknan, ymnposamkenas RFID-mitok s
imeHTudiKail TEeXHIKM Ha KOXXHOMY €Talll A€ 3MOTY
KIIBKICTH ~ IOMHJIOK 1

SMCHIIUTH MOKpalunTHu

MIPO30PICTh MOCTAYAHHS.

2. MaTreMaTHYHA MOJIeJIb ONITHMi3amii
yacy J0npaBJieHHs B JOTiCTHYHOMY JIaHI103i 30y Ty
B YMOBaX pPH3HKiB

OnTuMizaniiHa 3afada mepeadadae po3riisa ycix

€TalliB  JIONICTUYHOrO  JIAHLIOra SK  IIOCIIIJOBHHX
KOMIIOHEHTIB 13 BIAMOBIAHUMH YacOBUMH BHTpaTaMU
Ta  pU3UKaMH  3aTpuMKu. Jl1g1 ~ MaTeMaTHYHOTrO
MO/ICITIOBAHHS 3alPOIIOHOBAHO BHKOPHUCTOBYBATH TaKy
(dbopMyny OOYHMCIIEHHS 3araJlbHOTO Yacy JIOTiCTHYHOTO

IpoLecy 3 Oy Ha 3arpo3H:

Lo = ii@- (1+7,)x,

i=l j=I

ne T, —3arajJbHAMN Yac JOTICTHYHOTO IPOLECY;

total

t, -

HOMIHAJIBHUM Yac TPaHCIOPTYBaHHA abo
00pOOIICHHS BaHTAXY MiXK BY3JIaMH i Ta J;

#; — KOe(ILi€HT PU3NKY 3aTPUMKHU Ha AUIAHII -/ ;
1 — 3arajibHa KUTbKICTh JIOTICTHYHUX BY3JIIB;
x, €{0, 1} —3minna BuGOpy MapmpyTy.

LIst QyHKIIisT BIATBOPIOE 3arajbHUM Yac MPOXOPKEHHS
JIOTICTUYHOTO JIAHIIOTa, 3BAXKAIOYM Ha PH3HMKH, 1 €
ONTHMI3aIiiHOT

OUTHOBOKO  (DYHKIIIEIO 3amadvi, sKa

MiHIMI3yeTbesl.  [IpoTe 3a  BiACYTHOCTI  OOMEXeHb
3aJjadya Ma€ TPHUBIAIbHUM PO3B’S30K, IO HE BIATBOPIOE
pealnbHI YMOBH 30yTy, OCKUIbKK (hOpMaibHO 11 MiHIMYM
MOXe 3HAYCHHS

OyTH JOCATHYTHH 3a HYJIBOBOTO

3MIHHHUX X,, O[O0 HE BIJNOBIZa€ pPEATbHUM YMOBaM

i
morictukn. ToMy MareMaTHYHa MOJIENb JIOTIOBHIOETHCS
TaKHUMU OOMEKEHHSIMH.

1. OOMekeHHST Ha MiHIMAJILHUN 0OCAT MOCTaYaHHS.
Ile rapaHTye, 10 CcHCTEMa JIOTICTHYHUX MAapIIPYTiB
3a[I0OBOJIBHUTh IIOHAWMCHINE MIiHIMaJIbHO HEOOXIIHY
NPOIYKIiT
MpU3HAYCHHSA. Y KOHTEKCTI 3a0e3IeUcHHS BiCHKOBHX

norpedy B JONpaBlieHHI 00OpPOHHOTO

YacTHH Il Moxke OyTH Bu3HaueHe 3HaueHHAM (O, ),
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[0 BCTAHOBJIIOETHCS 3aJCKHO BiX MOTPEO TEXHIYHOTO
200 00OPOHHOTO XapaKTepy:

n n

quijxifz in>

i=1 j=1

ne g, — iMOBIpHMH OOCAT BaHTaKy, AKMH Moxe Oyt

MePEBE3EHO 32 MAPIIPYTOM I — j ;
x, €{0, 1} —3minHa BUGOPY MapIIpyTY;
0., — MiHIManbHUI HEOOXiTHUH 0OCAT TOCTABKH.

Ile oOMexeHHS BHKOHYE  poOjJb  TapaHTil
(yHKIIOHATBHOT CHPOMOXHOCTI JIOTICTHYHOT Mepexi.
Bono 3amobirae BuOopy mnumie "HaHOUTBII IIBHIKHX"
a00 "HaliMeHII PU3UKOBaHUX" MapUIPYTIB, SKi, OJHAK, HE
3a0e3nedyroTh HeOoOXiTHOro 00csary mocradaHHs. OTxe,
MOJENb 3MyIIeHa JIOJTY4UTH MapIpyTH,
10 3a0€3Medy0Th MOTPiIOHY MPOITYCKHY 3AaTHICTD.

2. OOMexeHHss Ha CYKymHUH pusuk. OCKUIbKA
TIPOAYKITT

MPU3HAYEHHS JI0 BilICbKOBHX YaCTHH MapLIPYTH MOXYTb

B TIpoleci IOMpaBlICHHS 000pOHHOTO

CYyTTEBO PI3HHTHUCS 3a piBHEM O€3MeKH, BaXKIUBO
OOMEXHTH JOIyCTUMHH pIBEHb PHU3UKY JUIsl BCi€l
JIOTICTUYHOT Hamgmipae

CUCTEMU. HaKOIMNUYCHHA

MapIIpyTiB 13 BHUCOKMMH PH3MKAMH MOXXE MPU3BECTH
0 3pHBY
Jast  oOMekeHHs

mocTayaHHs a00  BTpaTH  BaHTaXiB.

3arpo3  OOMpAIOThCS  MapUIPYTH,

10 3aJ0BOJIbHAKOTH YMOBY:
n
max(1- [Tr%)< R,
Jj=1

Jac V[j — IMOBIPHICTb PU3UKOBHUX IMOAIX HA MapuIpyT1 I — J

(Hanpukiaz, MoOXIJIMBOro  oOCTpimy, OJOKyBaHHS,
TIOIIIKO/KEHHS );

x, €{0, 1} —3miHHa BUGOPY MapIIPyTY;

R_.. — TPaHWYHO IOIYCTHME 3HAUCHHS CYKYIHOTO

max
PH3HKY.

e oOmexeHHs mie sk (QimbTp, MO HE A€ 3MOTY
JIOJYYUTH B JIOTICTHYHY CHCTEMYy HaJaMIpHO HeOe3nedHi
MapmpyTH HaBiTh y pa3i iX BHCOKOi IIBHAKOCTI
abo BaHTaxxomicTtkocti. OTxe, BOHO 30epirae OamaHC
MiX e(h)eKTHBHICTIO Ta OE3MEKOI0.

3. OOMexeHHsI Ha KUIbKICTh 3a/1iTHMX MapUIpyTiB.
Ile nomatkoBe OOMEXEHHS € KOPHUCHHM Y pasi, KOIH
ICHYIOTh OOMEKEHHSI Ha KiJIbKICTh OJJHOYACHO aKTUBHHX
MapIIpyTiB  4epe3

HecTayy pecypciB:  TpaHCIOPTY,

NepCOHaY, NATBLHOro ad0 OpraHi3alliiHoi CIIPOMOYKHOCTI.

n o n

ZZ’%SM’

i=1 j=1

ne x; €{0, 1} —3minHa BUGOPY MapuIpyTY;

M — MakcuMasbHa KUIBKICTh MapUIPYTiB, IO MOXeE
OyTH aKTUBOBaHA OJTHOYACHO.
Lle oOMexxeHHs1 3abe3nedye peaiCTHIHICTh MOJIEN]

y pasi,
oOMexKeHi,

KOJIM pecypcw Ha TpPaHCHOPTHI omeparrii
HANpUKJIA[, dYepe3 KUIBKICTh JOCTYIHHUX
BaHTAXIBOK, 3aJII3HUYHUX IUTATGOPM YU depe3 MOoTpedy
YHHUKATH HAMIPHOTO PO3MOPOILIEHHS 3yCHUITb.

3 MPaKTHUYHOTO MOTJISAAY BOHO MOXe OyTH 0COOIHBO
KOPUCHHUM Y 3aCTOCYBaHHI aJaliTHBHOTO IUIAHYBaHHS,
KOJMH  JIOBOJWTHCS  PO3TJLINATH  KUTbKAa — CIICHApiiB
i3 pi3HMMH 3HAYCHHAMH M 3aJeXKHO Bi 0OCTaHOBKH

Ha MOMEHT IPUHHSATTS PillleHb.

3. 3acTocyBaHHS CIIEHAPHOIO aHAJI3Y
W aIanTHBHOTO IUIAHYBaHHSI
B YMOBaX HEBH3HAY€HOCTi

3amporoHoBaHa MaTeMaTHYHAa MOJENIb Ha€ 3MOTY
(dopmarizyBaTH 3agady BHOOPY JOTiCTUYHHUX MapIIpyTiB
3 OMJISLY Ha KIIFOUOBI OOMEXEHHs Ha 0OCAT MoCTavyaHHS,
piBeHB PH3UKY Ta AOCTYIHI pecypcu. OmHaK y pealbHUX
yMOBax 00HOBHX il e()eKTHBHICTD JIOTICTUYHHX PillIeHb
3aJ€KATh HE JIMIIE BiJ IOYAaTKOBOI ONTHMI3alil,
a ¥ BiI 37aTHOCTI CHCTEMH aJanTyBaTUCA JO 3MiH
cepeloBHIIa B peXuMi peampHOro dacy. IlocriitHi
3arpo3u pyHHYBaHHS MapuIpyTiB, OJiokyBaHHS abo
3MiHA O€3MeKOBOi CHTyallii BHUMAararoTb JUHAMITHOTO
MiAXOAY 10 YNpPaBIiHHA JIOTICTHKOIO, IO Hependavae
CIICHapHHH aHaJi3 1 aJanTHBHE IUIAaHyBaHHS.

IepeBaror 3ampornoHOBaHOT MOJICI € MOMJIUBICTh
OILIIHIOBAaHHS BIUIMBY 3arp03 Ha 3arajibHUH Yac peajizarii
JIOTICTUYHOTO Tmponecy. Km0 JesKi eTand MaroTh
MiIBUINEHI pU3UKK  (HANPWKIAA, TPAHCIOPTYBAaHHS
yepe3 30HY OOHOBHX il ab0 OOpOOJICHHS 3aMOBJICHB
6e3 mudpoBoi aBTOMAaTH3aMii), iX BHECOK y 3aralbHUHA
yac CYTTEBO 3pocrac. Y TakoMy pasi JIOLIJIBHO
aHANI3yBaTH albTEPHATHBHI MAPIIPYTH a00 BIPOBAKYBATH

noxatkosi [T-pimenns, 06 3MEHIINTH KOe]ilieHTH 7,

Ha KPUTUYHUX JUITHKAX.
OmrruMizarniifga 3azada 3BOAUTHCA 0 MiHIMizarii
T

‘o CTIOCOOOM BHOOPY TaKMX MapLIPyTiB, TEXHOJOTIH
00po0iieHHs1, croco0iB TPaHCHOPTYBaHHS Ta CTpaTerii
opraHizamii 30epiraHis, IO 3HIDKYIOTH SK 0a30BHil

4ac 7, ,

TaK i PU3HKH 3aTPHMOK 7.

OTxe, omTHUMI3allisl JOTICTHYHUX TPOIECIB y daci
B yMOBax OOMOBUX [iii Mae KOMIUIEKCHUI Xapaktep
i morpeOye yBarm sSK 0 MaTepiaJbHO-TEXHIYHHUX, TaK

1 iHpopManiiHuX napaMerpiB. BoHa Mae po3B’sa3yBaTucs
p paMeTp p Y
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B MEXax aJalTHBHOI, JUHAMIYHOI MOAEINI YIIpaBIiHHI,
3[1aTHOI pearyBaTH Ha 3MiHM OOCTAHOBKH 3a JOIIOMOTOIO
U(POBUX IHCTPYMEHTIB, MPOTHO3YBaHHS Ta MEPEKEBOL
KOOpAMHALLT MK yciMa y9aCHUKaMH JIOTICTUYHOTO JIaHIIOTa.

3Ba)kalo4yy Ha BICOKY TUHAMIYHICTH O0HOBHX Iiif Ta
YHUCJIEHHI PU3UKH, NPOCTE IUIAHYBaHHS JIOTiCTHYHHUX
MpoIIeciB 3a31alIeTiab 4acTo c HEIOCTATHIM.
Jnst eeKTUBHOTO yNpaBIiHHSA YacoM JIOTiICTUYHOTO
OUKITy HEOOXiTHO 3BaKaTH HA MOXKIUBI  3MIiHH
00CTaHOBKM Ta HEBU3HAYEHOCTI, [0 MOXYTHb IIPH3BECTH
IO PanTOBUX 3aTPUMOK abo0 pyHHYBaHb KPUTHYHHX
naHok. Came TOMy BaXKJIMBO 3aCTOCOBYBaTH CLIEHAPHUI
aHali3 i3 PO3pOOJIEHHSIM aNbTePHATUBHUX IUIAHIB [iH,
III0 J1a€ 3MOTY aJanTyBaTH JIOTICTUYHY MOJIETb JI0 PI3HUX
PiBHIB 3arpo3 i HaI3BUYAIHAX CUTYAITiil.

Takuit minxin peanizyeTbcs 3aBISIKM CTBOPEHHIO
MoJieNeH, sIKi B peaIbHOMY 9aci OHOBIIIOIOTBCS 3 OTILSIAY
HA HOBI MOKAa3HHKH, IO HAIXOAATH Bia iH(GOpMAIiTHIX
CHCTE€M, MOHITOPHHTY ¥ po3Bimku. lle momomarae
HEe JIMIIe TIPOTHO3YBaTH MOXJIMBI 3aTPUMKH, a W
ONEpaTHBHO KOPWUTYBAaTH MAapIIpyTH H OpraHi3amiio
TocTayaHHs, 3a0e3Medylour Oe3MNepepBHICTh JIOTICTHYHUX
MIPOIIECiB HABITh Y CKIIAAHUX YMOBaX OOHOBHX IIiii.

CueHapHuii aHaymi3 1 aJanTUBHE IUIAaHYBaHHS €
KITIOYOBHMH €JIEMEHTaMH YIPABIiHHA JIOTICTUYHHMH
MpoIlecCaMd B YMOBax BIHCBKOBHX [Iif, KOJH CHUTYyaIlis
IIBUIKO 3MIHIOETHCS, @ PU3MKH HAI3BHYAIHO BHCOKI.
Jnst 3abesnedeHHs Oe3mepepBHOCTI 30yTy NPOIYKIT
Ta MiHIMI3amii BTpar dYacy po3poOISIOThCA KilbKa

aJbTCPHATUBHUX TUIAHIB i, MO BiANOBITAIOTH PI3HUM

piBHAM 3arpo3. 3a3BWuYail 1[e [eKiabKa CIEHapiiB:
mwiaH A — ONTHUMaJbHUU 32 CHPUATIMBUX YMOB,
mwiaH B — 13 [0JAaTKOBMMH 3axofaMH Oe3IeKH,

riad C — pe3epBHHUii, 0 nepeadadae 00XiqHI MapLIPYTH

B pasi py#HyBaHHA a00 ONOKyBaHHS OCHOBHHX
JIOTICTUYHMX JIaHOK. Taki ruiaHu GpopMyIOThCS Ha OCHOBI
rpadoBUX MOZETEH JOTiICTUIHOI Mepexi, e BepIINHAMA
€ CKIagM Ta IHII JIOTICTUYHI By31IH, a pebpamMu —
MapmpyTH TpaHCIOPTYBaHHS. {11 KOXHOTO CIEHapiro
BU3HAYAEThCS  BIJNOBiAHA TIJMHOXHHA MaplIPYTiB
3 OMJISAY Ha YaCOBI BUTPATH i KOe(ILlIEHTH PU3HKY.
OnHyuM i3 HalBaXXJIMBILIMX 3aBJaHb € MOJICITIOBAHHS
BUIIAJKIB paNTOBOTO PYHHYBaHHS JIOTICTHYHOI JIaHKH,
HalpuKal BHUXOAY 3 JIaay CKJIagy, 3HHIICHHS
TPAHCTIOPTHOI iH(pacTpykTypr abo BTpaTH TPAHCIIOPTHUX
3aco0iB. Y Takii cuTyallii JIOricTHYHa MOJIEb OHOBITIOETHCS
BHACJIITOK BHJIYYSHHS MOLIKO/KEHHUX BY3JIiB a00 HIIAXIB
3 rpada, MicIs YOro MepepaxoBYEThCS ONTUMAJIBHUH
MapIpyT, HOBHM  CTaH

3BAXXKAaK4M Ha CUCTCMHU.

e mae 3MOry OIEpaTHBHO aJanTyBaTHUCS JO 3MiH
1 TIPOIOBKYBATH TIOCTAYAHHSI HABITH 32 3HAYHUX YCKIIAJHCHb.

Juiist 3pydHOCTI OPUAHATTA PpIllIeHb pe3yJbTaTh
CLIEHapHOT' O

aHaJ i3y MOXYTh Bi3yali3yBaTHCs Ha

reorpapigHMX KapTrax i3 BUAUICHHSIM JOCTYITHHX
1 HEJJOCTYITHUX MapIIpyTiB, OI[IHKOIO Yacy IONpPaBICHHS
Ta pIiBHA pHU3WKYy Ha KOXHOMY erami. Bisyamizaris
JI0TIOMarae onepaTropam IMIBUIKO OPIEHTYBATHCS B IIOTOYHIH
cuTyarii Ta o6upaTy HaOIbIT TOUITbHI BapiaHTH MiHl.
OTKe, ClieHApHUH aHATI3 1 aJanTHBHE IUIAHYyBaHHS
3a0e3MedyoTh KOMIDIEKCHHH MiAXiA M0 yIPaBIIiHHA
JIOTICTHKOIO B CKJIQITHUX yMOBax OoifoBux aiif. Bonu narots
3MOry HE JIMIIE TOTYBAaTHUCS IO MOXJIMBUX HETaTHBHHX
cleHapiiB, aje ¥ IIBUAKO pearyBaTH Ha 3MiHH,
MATPUMYIOYH CTIiHKICTh 1 €(eKTUBHICTH JIOTICTHYHHUX
MpOIIEeCiB. YTIPOBAHKCHHS TaKUX MiJIXOMIB y TMOEIHAHHI
i3 Cy4acHUMH ITH(QPOBUMHU TEXHOJIOTIIMH MEPETBOPIOE

HOFiCTI/IqHy CUCTEMY Ha JKHUBY, CaMOBiZ[HOBJ'I}OBaHy

CTPYKTYPY,
MOCTa4yaHHs HaBiTh y HAWCKIIQIHIIINX YMOBaX.

3maTHy 3a0esmedyBaTH  Oe3mepepBHICTH
Jna peanmizamii CleHapHOTO IMIAXOXY pO3pOOIeHO
OyayBaTh  MapuIpyTH
HeOe3Mmeyni  iIAHKH.

3aCTOCYHOK, IO Ja€ 3MOry

JIOTIPABICHHS 3
MapHipyTy
Yacy, aje OCHOBHHUM OOMEKCHHSIM € CyKYIHHI PH3HK

orisNy Ha
VY noGynogi 3abe3nevyeTbcs  MiHIMIzaIis
(HaAifHICTB TOTIPABJICHHS).
Ha puc. 2 momano pe3ynbTaT moOyJOBH MapIIpyTy
MDK BKazaHMMH NyHKTamH. CepeJl BXiJHUX MOKa3HHKIB
JUT MOJICITIOBaHHS BKA3y€ThCS NWHAMiuHA iH(opMmaris —
piBeHb HEOE3MEKH B KOXHIiM 3 oOmacteit Ykpainu (Ha
PUCYHKY IIO3HaY€HO BIAMOBIAHUM KOJIHOpPOM). BiH
OOYMCITIOETHCST HA TJCTaBi BIIOMOCTEH MpPO KUIBKICTB
Hebe3meyHnx mofiit (oOcTpimiB, Birydanb paker, KABis,
JIPOHIB TOII0) 3a MEBHUH Mepioj yacy.
BU3HAYCHO
MPOAYKILT
3 VYxropoma mo Xepcona: Yxkropog — JIeBiB —

Byno HalKOpPOTLWIMM  MapuipyT

JAOMIPAaBJICHHA O60p0HHOFO MPpU3HAYCHHA

Tepuomine —  XMenbHUIBKUH —  BinHumgs —
KponuBnunpkuiik — MukonaiB — XepcoH, HOBXKUHA
SIKOrO JIOpiBHIOE 943 KM, NMpHOSU3HMH Yac MapuUIpyTy
cranoButh 13 rox 30 xB. HeoOximHo Oyno OpaTtu [0
yBaru nmpomixHi ckinaam y JIeBoBi Ta KpormmBHuIpKOMYy.
Y  npyromy

MapHIpyTy 3 IMiIBUIIEHHM piBHEM HeOe3neku (iHaeKc

ClieHapil  3BaXaqd Ha  PUBHKH
HeOe3neuHocti — 0.56) 1 moOynoBaHO OuIbII Oe3MevHuit
MapupyT: Yxkropox — JIeBiB — Jlynpk — PiBHe —
Kutomup — Bimaung —  KponuBHHIbKHI —
MukonaiB — XepcoH, J[JOBXHHA SIKOTO JOPiBHIOE

1 114 xm, mpubnu3Huil yac gonpasieHHs 15 rog 50 xs.
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Puc. 2. [Ipuxnan noGynoBu MapipyTy 30yTy BiAIOBIIHO 1O piBHIB HEOE3MEYHOCTI MUITHOK

Otxe, OOMEXEHHS 3a DPIBHEM pH3HKY 3yMOBWIIO
BHOIp CyOONTHMAJIBHOTO PIllIEHHSI 010 Yacy JOTPABICHHSL.

BucHoBku

Y crarTi nmociipkeHO 0coONMBOCTI  TOOYIOBH

jorictukn 30yTy TEXHIYHOI MPOAYKII 0OOPOHHOTO
NMpPU3HAYEHHS] B YMOBax BO€HHOro uacy. [lokaszaHo, 1o
UL 3a0e3reueHHs e()eKTUBHOCTI Ta CTiHKOCTI JIOTICTHYHOL
CHUCTEMH TOTpIOHAa KOMILICKCHa MEpEeKeBa CTPYKTYpa,
gKka 00’€lHy€e TpsAMi Ta 3BOPOTHI IIOTOKH, a TaKOX
BUCOKHI1 piBeHb 1IM(pOBI3allii Ui THYYKOTO pearyBaHHs
Ha PU3HMKH 00CTPLNIB 1 pyHHYBaHHS iHQPACTPYKTYPH.
Po3po0icHO  CTPYKTYpHY MOJENb JIOTICTHYHHX
MIOTOKIB, 1[0 MICTUTh BHUPOOHMYI MiIIPHUEMCTBA, CKIAIH
pI3HOTO THUIly, PEMOHTHI IYHKTH, IMyHKTH yTWIi3amil Ta
BilicbKOBI yacTHHH. OCOONMBY yBary IpHIJICHO TOBTOPHOMY
BUKOPHCTAHHIO KOMIIOHEHTIB, L0 CIPHSE 3MEHIICHHIO
BUTPAT 1 MiJBUIIEHHIO NIBUKOCTI 00Iry TEXHIKH.
MPOIICCiB

Jnst OmTHMI3aIlii JIOTICTUYHHX

3allpONIOHOBAHO  MAaTeMAaTU4YHY MOJCIb, sKa 6epe

JI0 YBaru 4acoBi BUTPATH, PU3UKHU 3aTPUMOK Ha PI3HHX

eTarmax JIaHIora IIOCTa4aHHSA, a TaKOoX OOMEKEeHHS
Ha MiHIMaJBHUH 00CAT TIOCTa4aHHS, JIONYCTUMHUI piBEHb
3arpo3u # OocTymHicTh pecypciB. Lle mae 3mory
(opMyBaTH ONTUMAIBHUI HAOIp MapIIPYTIB 1 TEXHOJIOTIH
00pOoOIIeHHS 3 OISy Ha peabHy CUTYaIlio OOHOBUX JIIH.
HayxoBa JIOCITIKCHHS

HOBH3Ha noJjisarae

Yy CTBOpEHHI KOMIUIEKCHOI  aJalTHBHOI  MOJEi

VIOpaBITIHHSA  JIOTICTHKOW  30yTy, sKa  TOETHYE
ONTHMI3AIlI0 Yacy, YIPaBIiHHSA PU3UKAMH Ta CIICHAPHUN
TEXHOJIOTIN

aHai3 3 BHUKOPUCTaHHAM  IH(POBUX

JUIi  MOHITOPUHTY ¥  ONEpaTHBHOTO  KOPUTYBaHHS
IUTaHIB y PEKUMI pEasIbHOTO Yacy.

IIpakTryHe BIpOBaIKEHHS PO3POOICHOT MOJIENI Aa€
3MOTY TWIJABHIIWTHA CTIHKICTh JIOTICTHYHOI CHUCTEMHU,
CKOPOTHTH Yac JIOTICTHYHOTO IMKIY Ta 3a0e3mednTn
Oe3nepepBHICTh MOCTA4YaHHS HAaBIThb B YMOBaX BHCOKOi
HEBU3HAYCHOCTI 1 JIHAMIYHOT 0€3MeKOBOI CHTYaIIi.

Hanpsimamu nmoJjanbImx JTOCTIPKEHb € JieTai3amis
MEXaHI3MIB B3a€MOJii MK YYaCHHKaMHU JIOTiICTHYHOTO
U(pPOBUX

CIICHApHOTO aHallizy 3 OrIsAy

JMaHmpra W po3poOscHHS pilieHs
UISL  aBTOMaTh3arii

Ha 3BOPOTHI LUKIIH.
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MODELS OF DISTRIBUTION LOGISTICS
OF TECHNICAL DEFENSE PRODUCTS UNDER WARTIME RISK CONDITIONS

The subject of this article is the processes of organization and optimization of the distribution logistics of technical defense products
under wartime conditions, in particular, the development of a network logistics structure considering reverse flows, risks, and limited
resources. The purpose of the study is to improve the efficiency of distribution logistics of technical defense products in wartime
by constructing an adaptive structure of logistics flows and developing a mathematical optimization model that accounts for
risks and resource constraints. The article addresses the following tasks: analysis of the specific features of distribution logistics
for technical defense products in combat conditions; development of a structural model of logistics flows that considers direct
and reverse links as well as the reuse of components; construction of a mathematical model for optimizing logistics
processes with consideration of time costs, delay risks, and resource constraints; justification of the application of scenario
analysis and adaptive planning to enhance the resilience and continuity of supply under uncertainty. The following methods
are applied: a systems approach, structural decomposition of logistics processes, risk-based approach, constrained
mathematical modeling, scenario analysis, and adaptive planning. The results obtained include the construction of a structural
model of logistics flows for supplying the Armed Forces of Ukraine, which takes into account direct and reverse flows as well as
component reuse; the development of a mathematical model for optimization of distribution logistics with an objective
function of minimizing time and constraints on supply volume, total risk, and the number of routes. It is demonstrated
that risk consideration significantly affects the choice of optimal routes and strategies. The feasibility of using scenario analysis
and adaptive planning to ensure continuity of supply in combat conditions is substantiated. Conclusions. The proposed structural
and mathematical models make it possible to reduce the logistics cycle time, increase the resilience of the logistics system
to risks, and ensure rapid response to changing circumstances. The use of reverse logistics and component reuse helps reduce
costs and mitigate resource shortages. Scenario analysis and adaptive planning are effective tools for managing the distribution
logistics of technical products under uncertainty and wartime risks.

Keywords: distribution logistics; technical products; supply of the Armed Forces of Ukraine; structural model; mathematical
model; optimization; risk management.
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V. TKACHOV, I. RUBAN

INTEGRAL SURVIVABILITY METRIC
OF AN INFORMATION SYSTEM ON A MOBILE PLATFORM
UNDER FUNCTIONAL CASCADING AND SECONDARY FAILURES

The subject of the study is an integral metric of the survivability of an information system on a mobile platform under
intermittent connectivity, partial observability, and cascading and secondary failures. The system is presented as a multilevel
"data—processes—resources”" structure. The goal of the work is to develop an integrated survivability metric that takes into
account time deviations from requirements, their propagation through a dependency graph, and hidden violations; to propose
a single-pass algorithm and prove its properties on scenarios. The article solves the following tasks: to formalize service
requirements and structure projection; to build a metric with risk-oriented aggregation of deficits, cascading correction,
and systematic consideration of secondary failures; to develop single-pass calculations in "availability windows"; to prove
monotonicity, scale invariance, and resistance to omissions; to define rules for parameter tuning and configuration comparison;
to perform experimental verification and comparison with baseline indicators. The following methods are used: projection
of services at the level of data, processes, and resources; use of conditional average excess as risk-oriented aggregation;
cascading correction by depth and width; organization of secondary failures and desynchronization fixation; normalization
in "availability windows"; single-pass updates close to linear complexity. The following results were obtained: an integrated metric
of survivability was proposed and formally defined; its monotonicity in terms of parameters, boundedness, invariance to scaling,
and resistance to omissions were proven; the difference from the average deficit was shown — the proposed metric amplifies
the contribution of rare deep failures and responds to cascading, while the average values are almost constant; in the absence
of service deficits, a positive level is maintained due to the detection of latent secondary failures; scenarios yield consistent
families of curves and a three-dimensional surface that demonstrate controllable sensitivity tuning and stable ranking of
configurations for industrial mobile platform operating conditions. Conclusions: The proposed metric provides a service-consistent
assessment of the state of the information system, while taking into account time deficits, cascading propagation, and secondary
failures. It is suitable for sequential computing in resource-constrained environments, enhances early risk detection, and supports
monitoring, localization, and survivability.
Keywords: integrated metric; survivability; information system; cascading fault; risk-oriented monitoring.

Introduction

Over the past years, information systems on mobile
platforms have increasingly found functional applications
in industry — autonomous mobile robots in manufacturing,
inspection drones for oil, gas, and energy infrastructure,
and field service teams with onboard computing — operate
in a changing environment with intermittent connectivity,
partial observability, and severe constraints on computing
and energy resources [1-3]. Data exchange takes place
within the windows of availability of information system
elements, processing queues and routing are reorganized
in dynamic conditions of a rapidly changing external
environment, and data and process synchronization is
complicated by the absence of stable data transmission
channels. Under such conditions, the failure of a single
element of the information system rarely remains local:
the disruption spreads through chains of dependencies
"data—processes—resources"”, changing the quality of
services at adjacent nodes and levels [4]. The complex

interaction of individual elements of an information
system or entire subsystems amplifies cascading effects
and generates new requirements for risk management.
Therefore, there is a need to develop a service-semantic
survivability metric that aggregates time deficits from the
service level objective (SLO) while taking into account
rare deviations and inter-level dependencies in the
information system architecture.

In addition to primary failures (hardware or
effects
unavailability or quality degradation of one element of

channel), cascade often occur when the
the information system induces degradation in other
elements due to structural dependencies [5]. Additionally,
secondary functional failures are observed — situations
when the service deteriorates without physical failure of
the mobile platform components, for example, due to
violations of the cause-time consistency of data,
accumulation of outdated information, shifts in priorities,
or breaks in service chains. The cumulative effect of such

phenomena manifests itself at the level of service
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indicators and directly affects the system's ability to
perform its target functions within the allotted time limits.

Well-known indicators of reliability [6], availability [7],
average downtime of an information system [8], and
average quality deficits [9] are classic approaches to
forming the concept of information system survivability,
but they do not reflect the integral picture in the presence
of cascading and secondary effects. Thus, average values
"smooth out" short but critical failures, and binary
assessments of "function performed/not performed" do not
take into account the depth and duration of failures.
Graph models of fault propagation are usually not
combined with service level requirements due to the
excessive complexity of working with them in the
process of solving more complex failure prediction
problems. In addition, given the mobility of the platform,
these limitations are exacerbated by interruptions in
internal system connections in horizontal or vertical
planes (fragmentary observations, confirmation delays)
and system resource constraints.

In this regard, there is a scientific challenge to
develop and study an integrated metric of information
system survivability on a mobile platform that is applicable
at the service level and takes into account the temporal
structure of deviations from specified requirements,
quantitatively accounts for the spread of violations along
the dependency graph and induced (secondary) degradations,
is capable of identifying rare but significantly harmful
deviations, and is suitable for calculation on a stream of
events in a mode of limited resources and unstable
communication between internal elements.

In general terms, the task can be interpreted as
follows. There is a set of services with specified quality
requirements. For each service, time-based quality values
are observed and events are recorded that reflect the
structure of dependencies between elements of the
information system. It is necessary to determine a coordinated
integral assessment that aggregates temporally weighted
deficits relative to requirements, adjusts them to account
for the depth and breadth of the spread of violations, and
amplifies the contribution of peak failures. The resulting
assessment should be used to compare configurations,
select localization/recovery policies, and monitor the
status of information system services in dynamic conditions.

Statement of the problem

considered. In this representation, services are an observable
SLOs are
services, and disruptions propagate through chains of
within the
structure. An information system on a mobile platform is

cross-section of this structure. set for

dependencies "data—processes—resources"
characterized by unstable connections between elements,
partial observability, and tight resource budgets for
processing, storage, and data exchange channels. Local
disruptions cause cascading effects (spreading through
the dependency structure) and secondary functional failures
(induced degradation, such as data desynchronization,
priority shifts, and service chain breaks). In addition,
information system indicators may malfunction when
typical averaged or binary indicators do not reflect the
integral impact of the situations described above.

Therefore, an integrated service-level survivability
metric is needed that aggregates temporally weighted
deviations from SLOs, corrects them for the spread of
failures in the "data—processes—resources" model and the
contribution of secondary failures, amplifies the impact
of rare but critical episodes through conditional value at
risk (CVaR), and is calculated sequentially in real time
with incomplete observability.

The task can be solved by decomposing it into
subtasks and solving each of them step by step:

— formalization of service indicators, SLO, time
weights, and service projection at the data, process, and
resource levels;

"data—
processes—resources” model and event classes (cascades,

— description of dependencies in the
secondary failures) with signs of their detection;

— design of risk-sensitive aggregation of deviations
(conditional value at risk) with normalization and
prioritization of services;

— development of a tool for correcting the spread of
violations, reflecting the depth/width of the cascade and
marking secondary effects;

— development of a single-pass algorithm for
calculating metrics on the event stream, resistant to data
omissions and/ing the peculiarities of availability windows.

— research of metric properties and its differences
from baseline indicators in representative scenarios.

Analysis of recent studies and publications

An information system on a mobile platform with
a multi-level structure of "data—processes—resources" is

Recent years have seen the emergence of new
approaches to solving this problem in four areas:
developing metrics and approaches to the survivability of
information systems in cyberspace, modeling cascading
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failures in dependency networks, ensuring SLO-level
requirements in cloud, microservice, and fog computing
environments, and ensuring the survivability of information
systems with unstable connections between elements.
Thus, in [10], a fault tolerance metric for UAV
swarms is proposed, based on the relationship between
the speed of reaching a new coordinated state and the
of the
(algebraic connectivity) that describes the information

spectral  characteristics graph connectivity
system. The approach focuses primarily on the control
dynamics and topology of the UAV swarm, rather than
on system service deficits, and does not model secondary
failures at the data or process level. Thus, the work [10]
lacks integration with SLO requirements and
risk-sensitive aggregation of deviations.

Studies devoted to the analysis of cascading failures
in interdependent information systems [11], using the
example of data exchange networks, describe the
mechanisms of failure propagation in directed and
undirected interdependent graphs and systematically classify
system vulnerabilities at different levels. In study [11],
the model correctly describes the structural propagation
of failures. At the same time, the connection with service
semantics and a unified numerical metric of service
status, which simultaneously takes into account the depth,
duration, and cascading amplification of deviations from
SLO, is not considered in study [11].

The approach to building the architecture of
distributed systems that are tolerant to delays and frequent
communication interruptions in environments with
unstable data transmission channels (relevant to mobile
platforms) is analyzed [12]. The advantages and limitations
of such architectures for processing and transmitting data
with high delays and significant losses are shown. At the
same time, the indicators used remain transport-network-
based, and the single service metric of survivability,
which integrates cascade/secondary effects and the risk of
"heavy tails", is considered superficially in [12] and does
not provide a complete picture of its applicability.

An overview of the principles of cyber resilience of
information systems systematizes organizational and
technical strategies, tools, and approaches to building and
evaluating indicators [13]. The need for operationally
viable quantitative characteristics that link service level
with system behavior during failures and attacks is
emphasized. At the same time, the results are generalized
and difficult to apply in applied systems.

An analysis of studies related to the use of

SLA/SLO indicators for cloud environments, in particular

in [14], shows the generality of approaches to formalizing
the semantics of service requirements. The main focus
is on centralized cloud scenarios and binary
availability/unavailability indicators. Risk-sensitive tail
allocation (in particular, through conditional value
at risk, CVaR) and the connection with cascade effects
in complex dependencies are considered superficially.

An integrated quantitative framework for assessing
the stability of multi-level cyber-physical systems is
presented in [15]: the cyber level is described by
probabilistic anomalies (Markov chains), and the physical
level is described by models of degradation and recovery
of performance. The approach [15] includes parameter
normalization and coordination of cyber-physical
subsystems with the construction of stability curves
(time profiles of performance changes under the influence
of disturbances) for different scenarios. The framework
demonstrates a consistent quantitative assessment
procedure with clear steps and output in the form of
an interpreted curve/index; However, direct modeling
of SLO deficits, communication interruptions, and
secondary failures in service-oriented information
systems in [15] is not the main goal, although the results
are interpreted from the perspective of service semantics.

The analysis [10-15] made it possible to identify
systemic gaps — the lack of a single service-oriented
integrated metric that takes into account temporally
weighted deviations from SLO, cascading propagation,
and secondary failures under conditions of intermittent
communication; to clarify the requirements for the desired
assessment (normality, sensitivity to deviation "tails",
resistance to incomplete observations); make a formal
definition of an integrated survivability metric, introduce
the concept of a corrective rule for the propagation of
failures, a procedure for evaluating the flow of events,
and a set of representative scenarios for comparison with
baseline indicators. Taken together, this justifies the
feasibility of building an integral metric of information
system survivability on a mobile platform, taking into

account cascading and secondary functional failures.

Terminological basis and formalization of the system
of level quality indicators and interlevel invariants

The study will use the presentation of
an information system on a mobile platform as a multi-
level structure of "data—processes—resources" [16].
To construct an integrated survivability metric, we

propose to establish the following set of tools: an oriented
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graph of logical dependencies between objects of three
levels, which determines the paths of propagation of
violations and the contexts of secondary failures; event
logs of failures and recoveries and time series of quality
indicators aggregated in availability windows; a service
slice as a reflection of each service on a subset of data,
processes, and resources with SLO requirements assigned
to services; inter-level invariants of cause-time consistency,
the violation of which is marked as a secondary failure;
weighting coefficients for the importance of services and
levels, and normalization rules that enable configuration
comparisons. These tools are used as input ports for
metrics, i.e., level indicators form the basic contributions,
graphs and event data form the corrective component, and
the service view forms the interpretation of the result in
relation to the requirements imposed on the information
system or its individual elements. Subsequently, these
tools simultaneously serve as inputs for an integrated
assessment — level measurements and invariant violations
form its basic and corrective parts.

Next, it is necessary to determine the observed
indicators at the "data—processes—resources" levels and
inter-level invariants that mark secondary failures and set
the context for cascading propagation. It is assumed that
the triad "data—processes—resources" records observable
temporal indicators and conditional event logs. Then the
service slice is a reflection of each service on subsets of
data, processes, and resources, and SLOs are used as
reference boundaries when causal dependencies and
violations occur at all levels of the information system.
The assessment is carried out in availability windows
(intervals where data is guaranteed to be consistent),
between which observation gaps are allowed.

Data level indicators include: timeliness (the time
the data exists within the window), causal-temporal
consistency (no "jumping" of events and conflicting
timestamps), completeness (the proportion of useful
data), and version stability (no collisions in the presence
of duplicates). In real-world conditions, acceptability
thresholds are also set, which, for example, determine the
maximum allowable lifetime of data for a single version
and tolerances for time shifts between related events.

Process level indicators include: timeliness of
execution (proportion of operations completed within the
acceptable time), delay (quantiles of execution time), goal
achievability (proportion of successfully completed
transactions), queue status (average length and spikes),
routing  stability chain

(frequency of process

reorganization between information system elements).

Resource level indicators include: quota utilization
(proportion of allocated budgets), overload level (budget
overruns within the window), availability fluctuations
(short dips or anomalies).

Using groups of triad indicators, it is possible to
form conditions of correctness (invariants), the violation
of which we interpret as secondary functional failures in
the information system:

Inv, — time consistency invariant (Inv, ). The point

is that if a process uses data with a timestamp {,, the
completion of the associated operation with the
timestamp #, must satisfy the logic f, and ¢,, and
t,—t, <A, in critical intervals. Otherwise, we have
a synchronization violation;

— resource load preservation invariant ( ), based on
the logic that in each time window, the volume of
incoming requests is equal to the sum of processed,
irretrievably lost, and in critical intervals. Otherwise,
we have a synchronization violation;

— resource load preservation invariant (Inv,),

based on the logic that in each time window, the volume
of incoming requests is equal to the sum of processed,
irretrievably  lost, and queue growth requests.
A systematic deviation from this balance indicates either

telemetry errors or hidden failures that are not recorded;

— resource budget invariant (Inv,), which uses

logic whereby all process requests within the window do
not exceed the available resource (taking into account
reserves), and their regular exceeding is an indicator of
induced degradation;

— invariance of dependency continuity (InV ;) when

deviations in the "parent" element or level of the
information system must be reflected in the dependent
element (level) with no more than a specified delay,
therefore the absence of reflection indicates a break
in the process chain;

— recovery invariant Inv, ., when, after a recovery

rec 3
event, the level indicators return to the acceptable range
no later than a predetermined time. Exceeding this time is
an indicator of a hidden secondary problem in the
information system.

Violation of any of the invariants (Inv, , Inv,,
Inv,, Inv,, Inv, ) is recorded as a secondary failure

event with reference to the level and dependencies within
which it was detected. The set of level indicators and
invariants forms the observable basis for the further
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introduction of an integral metric of system survivability:
level indicators determine basic deviations, invariants
form signs of induced degradation, and the dependency
diagram provides the context for taking into account
cascading propagation.

Development of an integrated survivability metric

Let us assume that a multi-level information

system operates on the observation horizon [, ].
Let us introduce the notation of a set of services

S':{Sf}m

i=1?

time windows of availability {W}"
(intervals within which observations are consistent),
and an oriented graph of dependencies G =(V,E)
between levels of the information system (nodes V —
abstractions of "data/processes/resources", edges E -
causal/technological connections). For each service S,,
a service level requirement (SLO) is specified —

a threshold function ¢, (¢) and a quality indicator ¢, ()
(both values are normalized in the interval [0, 1]) .

Let's formalize the basic deviations in the process of
performing the main function by the information system.
The service deficit can be presented as:

d (1) =[0()~q,1)], =max{0,6,()~¢,(O} €[0,1]. (1)

At (1) d,(t)=0 — if SLO are satisfied, and
d,(t)> 0 — if there are deviations.

Next, we formalize the representation of temporal
weighting. Let w(7)>0 be a time priority profile
(a penalty multiplier for a deficit at time ¢ ). It will be
greater in critical intervals w(t) and smaller outside

them. To suppress short-term fluctuations, we will
apply a linear smoothing filter W with a non-negative

and normalized kernel k(7):

(W *x)(t) = [ "k(z)x(t=7)dx,
k(7)=0, J?k(r)dr =1.

Based on (2),
is formed:

)

a temporally weighted deficit

x (£)=w(t)(W=*d,)(¢). (3)

Next, the concepts of a cascade corrector and

a secondary failure indicator are introduced. Since the
previously specified oriented dependency graph G
defines the paths of propagation of failures between
levels of the information system, it is advisable to

formalize the adjacency matrix, which describes the
non-negative weights on the arcs, in the form A4 e RLVW‘ s
and the service projection in the form of a binary

vector II, e[O,l]M, which marks the elements V

involved in the service S, .

To formalize the cascade corrector, it is first
necessary to formulate the logic of cascade amplification.

Let A€(0,1] be the propagation depth parameter, then

we define the cascade operator as:
©, =Y A4 =(1-24)", p(rd4)<l, 4)
=0

where p(+) is the spectral radius; 4 is the adjacency

matrix of the dependency graph.
In (4), the

contributions of all oriented paths in G with attenuation

operator @, accumulates the

along the length (depth of the cascade).
Next, we form a cascade-corrected deviation vector

(corrector). Let z(t) € IRLV‘ be the level-localized deficits

(matched to [0,1]) on the elements ¥ originating

d, (1)

matching mechanism (for example,

from service deviations through a known

distribution of
service deficit across the involved nodes [17]). Then the
corrector is set as:

Z(¢)=min{®,z(r), 1}. %)
After

may exceed 1. Therefore, in (5) we apply a component-

correction via @,

,, some components

wise upper bound of one (projection onto the

hypercube [O,I]M) using the unit vectorl to ensure

that all components belong to the interval [0,1].
We form the secondary failure indicator as follows.

Let I'= {Iu}:{1 be a set of inter-level invariants Inv, ,

Inv,, Invy, Inv,, Inv, . Then the degree of violation
of the invariant /, is denoted as:

o,(t)e[0.,1] (6)

If o,(t)=0, then no violation is detected.

Therefore, taking into account the interval (6), the
secondary failure indicator is as follows:

o(t)=(a, (1)), 7
Next, we move from level-localized deficits to

risk-oriented systemic aggregation with time weighting
and CVaR. For the service S;, we will highlight the
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part of the cascading corrected deviations that falls
on the nodes of its projection:

7 (1) = (M,.2(1)) TCUSC

B max{l, <Hi,1

where <-,-> is a scalar product; II,

, 1s the projection
of the service onto the elements V' .

To highlight rare cases, such as "heavy tails," it is
necessary to consider discretization by availability

windows {,}" . Let:
Y, = J‘W',w(t)(W*Ji)(t)dt efom]],

and the distribution on {,

ir

} will be determined by

VV’/V

. . R |1
specific weights o, = / Zq:1|VI/[I| or another agreed

rule (for example, proportionally to the number of
events). Then {Y

i’,}, taking into account (9), form
a sample for risk-oriented aggregation.

For risk-oriented allocation of "tails" in the

sample {Y }, we further introduce the metric of

conditional average excess (CVaR) at the confidence
level a (0,1), which estimates the average value from

the largest (1—a)% observations:

CVaR, () =mi_n{u+LZR:w, [y, —ul}. (10)

ueR 1-— as
In the context of system integration, the vectors O'(t)

indicate secondary failures, and their integral effect

in the window W' can be estimated by:
— u
s _J.M<77,o-(t)>dt, neRY, (11)
where 7 are the weights of the significance of the

Inv

1> rec *

invariants Inv, , Inv,, Inv,, Inv

R B>
Therefore, taking into account (5, 8, 9, 11), the
metric of

following formalization of the integral

survivability ISM , is proposed:

r=

m R
ISM, =3} CVaR, ({Y[J,}R l)+ r>er, (1)
secondary crops
where B, 20 is the weight of service importance;
Ae [O, 1) is the cascade depth parameter in the graph G ;

y is the weight of secondary failures (contribution

of invariant violations).

In (12) i(-) — risk-oriented service component
i=1
(through CVaR from temporally weighted deficits (3),

R
already corrected by a cascade operator). Z(-) — system

r=1
penalty for secondary failures, independent of a specific
service (because secondary nature is an inter-level
phenomenon). Accordingly, we assume that the lower
the value of ISM_, the higher the survivability of the

information system.
Next, the study considers the formalization of the

main properties of ISM, (12) with a demonstration of

their applicability. As a basis for constructing proofs of

properties, it is advisable to first introduce our own

statements, which will be used as an evidence base.
Lemma 1 on the monotonicity of non-negative

operators. If x(¢)< y(¢) forall 7, then:

— w(t)x(t) < w(t)y(t) ;

= (Wxx)(1) < (W=2)(1);

— for u,v>0 and the matrix M >0, we have
Mu<Mv,;

—for @, :Z,EO/TA', A20: Ou<P,v.

Each point of Lemma 1 follows from the fact that all
operations with non-negative coefficients preserve order:
multiplication by a non-negative function does not reduce
the smaller part relative to the larger one; smoothing with
a non-negative kernel is averaging with non-negative
weights, which also preserves order; multiplication by
a matrix with non-negative elements is a non-negative
linear combination of components and therefore does not
reduce values; and the sum of such monotonic mappings
with non-negative coefficients remains monotonic.

Lemma 2 formalizes the basic properties of CVaR
for a finite weighted sample:

if y, <y,
CVaR, ({y,})<CVaR, ({5,}):

— shift: CVaR, ({yr +c}) =CVaR,, ({yr})+c for

— monotonicity: for all 7, then

any stable c;
— homogeneity: for
¢20, CVaR  ({cy,})=cCVaR, ({y,});

<¢

—resistance to small changes: if |y, -,

forall , then [CVaR,, ({y,})-CVaR, ({3,})|<e.
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The known properties follow from the equivalent
representation (10) and the monotonicity/convexity

of the mapping y > [y —u]+ .

Taking into account the introduced lemmas, the
following properties of ISM, are formulated:

1. Zero normalization property. If d,(1)=0 for
all i, ¢ and o,(¢)=0, then ISM_, =0. The base level
without deviations gives a zero metric.

Proof: For d,(t)=0, for all i, each element of
the construction is zero z(1)=0= ®,z(1)=0 =
£(t)=0=d,(1)=0=Y,,=0= CVaR, =0. The
second component is also zero o(f)=0= Z, =0.
Therefore, ISM, =0.

2. Monotonicity property for temporal deviations.
If, over a certain period of time, the deviations d, ()
increase by at least £ > 0 (for fixed values 1, B,, w, W),

then ISM, does not decrease (ISMa > ISMa) . Larger

deviations at any interval do not decrease the metric.
Proof: First, Lemma 1 gives the monotonicity of all

links:d,.(t)T =T = o7 = T = ‘?1 T Y, T
; second, Lemma 2 gives CVaR, ({Y,r}) T for each i ;

third, adding non-negative weights S, and a fixed penalty
for secondary failures (the same failure), we obtain
ISM, >1ISM_, .

3. Cascade sensitivity property. For A4 6[0,1] and
non-negative 4 and z(r), we have OISM,/04>0.

Amplifying cascade propagation does not reduce the
risk estimate.
Proof: First, (4) has a derivative:

dqj; =(I-24)" A(I-24)" =@, 40, 20,  (13)

where all elements are non-negative, because 4>0;
D Az(t)

according to A, then after applying the component-wise

secondly, since increases component-wise

upper bound by one (operations vr—)min{v,l}), the

obtained values also do not decrease with the increase

of A; and thirdly, the monotonicity chain, as in the
second property, gives an increase in each {Y.r} and

i,

service component; the penalty for secondary failures

does not depend on A. Therefore, ISM, does not

decrease with 1 .

4. Sensitivity to the appearance of "tails." For the
same "area" of deviations, the metric is higher when they
are more concentrated in large peaks (CVaR's value is
higher). The metric emphasizes rare but large violations.

Proof: since CVaR_, is the average value in the
l-a), the
redistribution of the population from the average values

upper part of the sample (by weight

to the largest ones increases the upper (1—«) quantile

and the average value in the "tail." Formally, this is
a well-known fact of "dominance by increasing convex
functionals" (Hardy—Littlewood—Polya logic [18—19]):

if the sample {Yl. } has no less partial sums after sorting

in descending order than {YH} (majorization), then for

all convex and increasing ¢ (in particular,

¢(y)=[y-u], in the representation CVaR we have

ngo(Yi,,) > Za),,go(Y,.,r) . By minimizing u the
inequality will be achieved for any « € (0,1).

5. Property of large-scale consistency of

measurement  units.  Linear change of  units

q,(t)>aq,(1)+b, 6,(t)ab (t)+b at a>0 does
if the

normalization d,(¢) and z(¢) are consistent. The

not change the ranking of configurations

transition between measurement units does not affect the
comparison.

Proof: with a linear change in units, the difference
between the plan and actual values scales identically —
the new difference is equal to a (previous difference).
Therefore, the "deficit to normalization" at each moment
is simply multiplied by the same positive coefficient.
Accordingly, the entire subsequent path (smoothing over
time, weighting factors, projection onto service,
cascading propagation onto the graph, etc.) is linear with
non-negative coefficients, so it also simply multiplies the
time series of values by the same coefficient a up to the
normalization stage.

According to the assumption of "coordinated

normalization" d,(¢) and z(t) are strictly increasing

transformations that remove the global scale

(for example, by dividing by the corresponding

normalization factor and truncating to [0,1]) . Therefore,

applying this same normalization to two time series of
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values that differ only by a common positive factor
preserves the component order and returns the same
(or equivalent for comparison) normalized values.
Thus, all

(including CVaR ) receive the same normalized inputs,

subsequent time integrations/aggregations
and the final value for each configuration remains
unchanged. Accordingly, the ranking of configurations
remains the same.

6. Property of stability to small perturbations.
6>0 such that if

sup, ¢, (£)-4,(t)| <6 and sup, |6, (¢)-6,(¢)|<5 for

For any &3>0 there exists

all 7 , then |ISM, (¢,0)~1SM, (¢.0)| < 2.

Proof:
— changing (g,,6,) within the limits of § changes
d,(t)=[6, —q,], by no more than & ;

— Lemma 1 and the boundedness of kernels/weights
give

(7, )(0)=(w =d ) (1) 8. Pw() () ~w(e)()

— since @, ="

<[l o

(40 .
(>Oﬂ A" has a finite norm over

p(A4)<1, the difference (2—2) is bounded by

a constant multiple of & ;
— Integration in windows W scales the error by

no more than their length; as a result, there exists C >0
(a constant independent of the data, which estimates the
increase in

‘Yi’r—fm <Co forall i and r;

integrals in  windows), such that

— applying Lemma 2 to each service and linearity

by weight £, we have:
‘ISMa —ISMa‘ < (Ziﬁ[)cm‘zi@ (=-%)

Since o, (r) are determined from invariants as

. (14)

functions of the same observations, they change by
no more than C'S, and therefore the penalty is no

&

more than C"6. By choosing & (C"+Zi,B,C)’
this property is proven.

7. Additivity property by services. ISM, is the
weighted sum of service components and penalties for
secondary failures, which allows changing f, according
to the weight of services without losing comparability.
The result is formed as a weighted aggregation
of services.

Proof: At the system aggregation step for each

service S, its own risk component R, is first calculated
(by constructing {Yi,y} and CVaR on this sample).

The final metric is defined as a linear combination

of these components with non-negative weights J,

(usually normalized to Zlﬂi =1). Therefore, ISM, is

the weighted sum of service components. Changing f,

only reorients the priorities between services; if we fix
the same vector £ for all compared configurations, we

obtain a well-defined scalar value, so comparability is
preserved (the scale is unified by normalizing the weights).
If, in some scenarios, certain components of

®,z(¢) reach 1 and are "truncated," all proofs are

preserved in a weak form: monotonicity and sensitivity to
A become non-strict (13) (the metric does not decrease
and may not increase with small changes (14)), which is
consistent with the logic: after reaching the "maximum"
local degradation, further strengthening does not affect
the evaluation beyond the established limit.

If necessary, a structural penalty for an overly
connected graph (for overly connected configurations)

can be added using the regularizer p(([—/iA)_l) or

—logdet(/—44) with a coefficient, but the basic

definition is already sufficiently sensitive due to the
cascade operator (4).

Procedure for calculating integral metrics in real time

The organization of real-time integral metric
calculations consists of dividing the calculation process
into four modules that operate in an event stream and
are synchronized outside the availability windows:

—module A (localization of deficits at graph nodes):
d (1) —>z(1);

— module B (cascade correction (graph broadcast)):
d,(t) = Z(t) via local transmissions along graph edges
with decay 4 ;

— module C (temporally weighted aggregation at

the service level): d,(t)—>Z(t)—>7Y,, (exponential
convolution followed by integration in a window);
— module D (risk-oriented aggregation and

secondary failures): online evaluation CVaR, in

sequence { i’,} ; and accumulation X, .
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Let us first consider module A. The main goal
of the module is to convert service deficits d,(¢) into
a node vector z (1) .

The distribution rule is formed as follows. For node
v eV , we determine its localized deficit:

. S 11, (V)ﬂz
R D)

service share S; at the node v

In (15): I1,(v) € {0,1} — a sign of belonging to the

d, (). (15)

service node S, ; normalization divides the service deficit

between the involved nodes; B, allows you to strengthen

important services. Other schemes agreed upon with the
subject area (for example, taking into account the local
weights of the nodes) are also acceptable — the algorithm
below does not change.

When the event "d, updated at z" occurs, we
enumerate only those components z, where II, (v) =1.

Next, let us consider module B. Since direct
calculation of 2(t)=([ —/IA)_IZ in an information

system is excessively resource-intensive, it is proposed
to use local message propagation along the arcs of the
graph instead (analogous to the Neumann series
with truncation of small terms [20]).

Formalization of the propagation rule (B1). Let us

assume that at time ¢, an increment Az, is recorded at

node v of the graph. We create a message queue Q with
initialization Q <« {(v, sz,l)} , where the third argument

is the path coefficient ¢ (initially 1). Next, iteratively:

— extract (u,A,c)eQ. Add to the accumulated
cascade deviation of the node u according to the scheme
2« {LZ +A};

— for the outgoing edge (u — w)e E with weight

4, , we form a new message (w,AcA, A, c' =2c4,,)

and additto Q onlyif ¢'>¢ and Z, <1.

Heuristic explanation Bl: the contribution along
paths of length ¢ has weight A'[14 ; the threshold &
cuts off paths in the graph that are too long or too weak.

Formalization of the computational complexity
limits of module B when processing a single event (B2).

Let A, be the maximum change in component z per

max

event. The number of messages generated per event is
geometrically limited (geometric series logic):

N, SY(d2d) :ﬁ, (16)

>0 1-

where d s the average outgoing degree of a node; 4 is

the average weight of an arc (after scaling) under the
condition d A4 <1.

In (16),
construction of a geometric series from the contributions

geometricity is understood as the
of all edge lengths.
In practice, & further restricts £, ensuring quasi-
linear cost with respect to the number of tangent edges.
Next, we consider the C module, whose purpose is
to convert the current normalized deficits d,(e) into

representative time statistics Y, in the availability

windows W, for further risk-oriented aggregation.

Next, in submodule C1, we consider recursive

smoothing with an exponential kernel. We use
a one-sided exponential convolution with a kernel
k(7)=pe” (p>0), which gives greater weight to
previous values and ensures causality and normalization

(J.k=l). For each service S,, we maintain a state

s, (1) = (W *d, )(t) , which evolves according to

5,(6)=p(d,()=5(2)), (17)

and is updated recursively in discrete time
s, e s, +<1—e’pA’)d~l.. (18)

In (17-18), the parameter p determines the

"memory" of the filter 1/p. The update is stable,

non-negative, and does not change the scale of the time
series of values, because the kernel is normalized.

Next, in submodule C2, we determine the
integration in the availability window. At the same time,
we sum up the time-averaged values, multiplying
each by the importance coefficient for the corresponding
moment in time:

S, « S, +w(t)s, (t)Ar. (19)

When the window W, closes, we record Y, :=S,,

after which S, <~ 0 (if necessary, normalized to the

window duration. The rule (taking into account (19))
is the same for all services). Thus, Y;, forms a sample

of deficit episodes taking into account previous values
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(via s,) and calendar priority (via w), which is further

used in CVaR aggregation.
Next, let's look at module D. Submodule DI

provides two evaluation options: CVaR .

u, <—u,—1, (1—%1{)’,& Zui}j, C

where 77,,¢, >0 and ¢, are small, decreasing (decaying)
steps; for example, 77, = 770/(1 +r)".

Current estimate CVaR , = ¢;. Advantage: no buffer

required (zero memory). Disadvantage: careful selection
of the step schedule is required.

In option D1.2, we use a quantile buffer (fixed
memory M ) — we maintain a buffer of the latest values

B ={Y,

ir

} of size M (discarding the oldest ones) and
keep an approximate ¢ quantile g, . Then:
1 1
CVaRo =——"—= > »,
(1-a) |7 zu 1)
E':{yEBi’:quAa}'
The advantage of (21) over (20) is stability and
controlled memory, while the disadvantage is a slight

delay due to the buffer. Both modes are consistent with
the definition CVaR (10) and preserve single-passability.
In submodule D2, we aggregate secondary failures

within the window W, . First, we integrate

s, « 3, +(n.o(t)Ar, (22)
where O'(t) is the degree of violation of invariants (7)
with weights 7>0 .

After window W_, add the

T

closing the
contribution .2 to ISM_, and reset Z, < 0 (22).
Before moving on to evaluating the cost and
settings, let's record how the structure behaves when
observations are missing and when working with
availability windows:
— between windows, we do not update the

—pAt

value s[i] (or we update only the decrease e without

new observations); we do not increase the integral S [i ] -

the absence of data is not considered zero quality;
— when opening a new window, we initiate the time

weight @(7) according to the mission schedule, and it is

advisable to reduce the parameter s77, and ¢, for CVaR

for small samples (short windows).

In option D1.1, we use a stochastic gradient (without

a buffer). To do this, we enter a threshold estimate u;
(analogous to VaRa) and an estimate CVaR ¢, for the

service S,. Then, for each new Y, , we perform

i

1
(1—:,)c,-+:r[u,»+g[x,—u,lj, (20)

Since the practical applicability of the method is
determined not only by accuracy but also by resource
cost, we formulate the asymptotic complexity per
event/step and the corresponding memory costs for
each module (Table 1).

Table 1 uses the following symbols: m — number of

services;

V| — number of nodes; |E| — number of edges;

|supp Hi‘ — number of service nodes; N, __ — number of

msg

messages in a cascade per event; M — buffer capacity.

Table 1. Asymptotic complexity and memory consumption
for each module

Module Complexity Memory
N O(Zl_|supp Hf|) per O(1) - additional;
deficit change event o (|V|) — shared
B O(ng)onthe event 0(|V|+|E|)
C O(m) per event O(m)
D
(gradient mode) 0 ( m) % (m)
D (buffer mode) O(mlogM) O(mM)

The complexity limits obtained (Table 1) define the
working ranges of parameters. Below are practical
guidelines for selecting them in real conditions:

— tail sensitivity (o) determines what proportion

of the largest observations to take into account CVaR.
For severe peak risks, it is advisable to use a =0.9...0.99;
for more balanced scenarios, use «=0.7...0.9. Higher
values shift the metric toward rare large episodes.

— A (cascade depth) — selected so that the stability

condition is met d A4 <1 (in practice, it is necessary to
calibrate based on historical cascade episodes and keep
areserve to the limit so as not to distort long graph paths);

— & (cutoff threshold) — a regulator of the
compromise between accuracy and speed in the
propagation module; accordingly, we cut off very
weak/long contributions that have almost no effect

on the result. Typical values are 107°...107 ;
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— p (smoothing rate) — corresponds to the filter's
"memory time" 7 ~ 1/ p , respectively: the higher the p,
the shorter the memory and sensitivity to recent changes;
the lower the p, the stronger the averaging. In real
with the
characteristic duration of episodes in the given data;

conditions, it is necessary to match ¢

-p, n, y are weight parameters extracted from the
priorities of the information system's objective function:
B, is the importance of services in the final aggregation;
n is the weight of secondary failures; y is the structural

penalty coefficient (if necessary). Changing these weights
does not destroy the properties of metric (12), but orders
the configurations according to the selected priorities.

CVaR mode is selected as follows: under severe
memory constraints, we use the gradient option (D1.1) —
single-pass, without a buffer. When additional stability
and reproducibility of reports are required, we use the
buffer option (D1.2) with a fixed capacity M .

Configuring parameters and practical modes
of use of the integrated survivability metric

The following protocol for applying the metric is
proposed (12).
Step 1. Ensure that "local" deviations (z(t)

components) lie within[0,1]. This fixes the scale and

makes comparisons between configurations correct.

Step 2. We divide the event stream into intervals
where data consistency is guaranteed. If the target
function of the information system has critical phases,

we set a higher w(¢) during these periods (for example,

stepwise or bell-shaped [21]).
Step 3.
for subsidence. For short peaks, take a smaller z,,

Determine the ‘"response horizon"

(i.e., a larger p) so as not to stretch the peaks. For slow
drifts, take a larger z,, . Typical recommendations:
—reactive mode 7, =10..30 s;
— balanced monitoring 7,, = 60...300 s;
— background monitoring z,, = 600...1800 s.

Step 4. We reproduce the empirical reachability
of the cascade. From event logs, we estimate the
"length"
so that the simulated propagation matches this length

average of the effect by calibrating 4

(with a margin to the stability limit p(/lA) <1), i.e., we

essentially work with 1 (0, 0.9]. We select the

threshold £ according to the calculation budget using
the cutoff scheme for contributions that change 2z
by less than 107°..107. And we check the impact
on (12) — the difference should be within the selected
reporting accuracy.

Step 5. Based on practical guidelines for selecting
parameter values «, we link « to the frequency of
acceptable failures. If significant deviations are allowed
in no more than 5% of windows, we take « =0.95.
For supercritical services, we take « =0.99; for ordinary
services, we take « =0.8...0.9.

Step 6. We build a "priority budget" Zl_ B =1.

By f,, we mean the proportional values of the service in
the target function of the information system or the
expected losses from its degradation. A simple way is to

standardize ¢ points p; according to the selected scheme.
Step 7. First, we normalize 7 so that Zum =1

Next, we select a reference scenario: "one complete
within T

u ref

violation of the invariant [ seconds

in 1 window". We select y so that the contribution

y@, %, in this scenario is equal to, say, the median

CVaR_ for the base service. This level curve makes
the scales comparable.

Step 8. Perform sensitivity analysis. Change each
parameter to +10% and check whether the configuration
ranking remains the same. If the ranking "jumps", reduce
a (reduce peak dominance) or A (reduce cascade
amplification), or increase 7,, (for greater stability).

Step 9. Perform a backtest on previously recorded
incidents. We expect (12) to rise to the peak of the
incident, remain there during the incident, and decrease
after recovery to the baseline level. This is the criterion
for the correctness of the settings.

In this protocol, & points are understood as

preliminary numerical assessments of service priority,
which are then converted into weights £ by simple

normalization:
B=5)3 (23)
Such ¢, can be set in several complementary ways:
1. Uniform a priori method:
&E=1 = B =1/m, 24)
where m is the number of services. This sets the
initial priority.
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2. Method based on service load level:
& =reqv, &=E/Y & (25)
where @i is the average intensity of requests to S,;
v, is the "usefulness" coefficient (if absent, then v, =1).
3. Risk-oriented method based on observation history:
E=p,-CVaR,({1,} ) &=&/> &, @6
where , — frequency of "problematic" windows for S, ;

CVaR ({I/Z.J,}r) — conditional average of the largest

(1-a)% values Y, .
In (26), frequent and "heavy" availability windows
increase W, .
4. Method based on structural influence in the
graph component:
(m,,@,1)
s =il Ems, &=t 27)

Ty ST AT E

where T1, € {O,I}M — indicator vector of service nodes S, .

A

The value ofs, (27) is the average "reachable

influence" of service nodes and reflects its potential
cascading.
5. SLO method:

gi:l/E[’ é_:é/zjggj’ (28)
where E, — acceptable budget for failures/deficits for S,

(a smaller budget gives higher priority).

If necessary, several methods (24-28) can be
combined for a single assessment. An example of
such a combination:

& =areq, +b-CVaR, (Y)+c 5, a+b+c=1,
where the circumflex sign means the preliminary scaling

of each indicator to [0,1]. After that, the usual
normalization of ¢ =52,. / nggj is performed and the

weights f, (23) are calculated.

To facilitate initial setup, we provide practical
profiles — ready-made sets of coordinated parameters for
typical operating modes. They do not replace calibration,
but they provide the correct "entry point" and explain
why these particular values work.

1. "Fast-moving critical target functions" profile.
In this profile, it is important to catch rare peak
deviations in time. Therefore, we take a high "tail"
a =0.95 (the metric focuses on the upper tail), short
¢ (large

memory 7, =10...30 p; peaks are not

"blurred"), moderate cascade depth 1=0.3..0.6
(the cascade is taken into account, but does not
low cutoff threshold &~10"

precisely, if the resource allows). We make the time

"overheat"), (more

weight w(¢) pulsed during critical phases, and increase
the weight of secondary failures y — during maneuvers,

secondary failures often become decisive.

"Overheating" of the cascade refers to a situation
where propagation parameters (large A and/or dense
graph A) overly amplify cascade paths, causing

minor local deviations to spread throughout the
information system and artificially causing an unjustified
increase in metrics (12).

2. Profile "Continuous service flows." The balance
between peaks and averages is more important than
"chasing tails." Therefore, «=0.8...0.9 (compromise),

memory is longer 7, =60..300 ¢ (less sensitivity to
small fluctuations), the cascade is deeper 1=0.4...0.7,
and the cutoff can be made coarser £~10" to save
w(t) is uniform with slight

resources. almost

amplifications according to the schedule; y is average, i.e.,

secondary failures have an impact but do not dominate.

3. Profile "Environments with dense dependencies
(dense graphs)". The main risk is cascade amplification.
This occurs when the network is so dense or the 4
is so large that even a small local deviation quickly
amplifies along many paths of the graph. Therefore, we

first scale 4 so that p(A4)<1, and keep A restrained
(0.2...0.5) to avoid overcounting long paths. We make
the threshold & slightly higher, controlling the error
ISM (12); we set W(t) according to the parameters of

the target function of the information system. If necessary,
you can increase the structural penalty y to add a penalty

for excessive graph connectivity to the metric.
4. Profile

m

"Intermittent connection and long

'dead zones"'. When telemetry comes in fragments, the

first thing to do is to extend or adapt W, (so as not to
merge short bursts into noise (short, irregular metric
deviations caused not by service degradation, but by side
effects

functioning)) and increase 7,, — this reduces random

of measurement and information system

jumps between windows. In w(?), we underestimate the
weight of periods without confirmed data. We leave other
parameters (A, &, a ) from the base profile and adjust
them after a quick check of the existing historical data.




ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Innovative technologies and scientific solutions for industries. 2025. No. 4 (34)

After selecting the start profile, it is recommended
to perform a short calibration on previous metric
runs — specify (1, p, &, a) under the graph provided
by the information system, data rhythm (telemetry every
second, logs every minute, spikes under load, downtime,
time peaks) and the computing budget, and then
check the stability of the ranking and the limits of the
system resources.

After fixing the parameters and profiles, we move
on to the presentation of the methodological principles
of interpreting the integrated survivability metric, which
regulate the rules for reading the metric in a production
environment and the procedures for making decisions
based on it.

Thus, when determining the scales and thresholds of
the integral survivability metric, it is advisable to set two
levels — warning and critical — with numerical values
established either by empirical percentiles (e.g., 80th and
95th) or by target risk budgets (probability of exceeding
the limit). When ensuring the stability of the metric
indicator, it is recommended to adjust only the
filtration parameters: if the metric is "noisy," it is
necessary to slightly increase 7, or decrease « ; if the

metric is inertial, it is necessary to decrease 7, or

strengthen w(t) in critical intervals (if necessary, slightly

adjust ¢ ), while preserving the semantics of the metric.
Below is a summary of typical errors in configuring
the integrated survivability metric, with an analysis of the
causes and practical steps to resolve them.
1. Error: too high A in dense graphs (cascade
"overheating" effect).
when dArd

Problem p(A4)  or

approaches 1, the contribution of long paths increases

analysis:

sharply: the number of messages increases exponentially,

most Z, are cut to 1, and the metric is artificially inflated.
Solution: scale A4 so that p(A)Sl; reduce 1 ;

increase the cutoff threshold ¢ if necessary, limit the
path length ¢ or add a structural penalty to y .

2. Error: too large « with a poor sample
(few windows).
Problem analysis: the tail estimate becomes

unstable: CVaR, is very volatile because only a few
observations remain in the upper (1-a)%.

Solution: reduce « (more tail averaging) or switch
to buffer mode D1.1 with a larger M (stabilizes the tail).

3. Error: abnormally small or abnormally large p

(smoothing rate).
Problem analysis: too

small p approximates

peaks — the system lags behind in performing the
function; too large p makes the metric abnormally active

— the reaction occurs to noise fluctuations.

Solution: focus on the required response time
of the target function of the information system:
selectz,, ~1/p so that you can see relevant peaks,

but not noise; for "noisy" metrics, slightly increase z,,,
and for "inertial" metrics, decrease it.

4. Error: 5, and y are not comparable (dominance
of one indicator).

Problem analysis: if the weights of services S, or
the weight of secondary failures y are set without

coordination, one component (service or secondary)
begins to dominate regardless of the data.

Solution: apply a link to the level curve (sixth step
of the metric application protocol), in particular, select »
so that in the reference scenario, the contribution

of yw % is equal to, for example, the median CVaR,

of the base service; normalize f, (zl B = 1) and check

the sensitivity (£10%) — the ranking should be preserved.

The relationship between the integral metric
of survivability and the operational area
and the rules for comparing configurations

Next, it is necessary to formalize when the integral
survivability metric certifies that the information system
is in the operational zone and how to correctly
compare architectural configurations and recovery
policies based on it.

Taking the above into account, let us summarize

some concepts:

- I1,=CVaR, ({ . }) — service "tail" assessment

for the service S,;
R . . .
- J :=Zr:l @2, — the integral contribution of

secondary failures.
Next, we set the reference limits:

— k;>0 — acceptable tail degradation of the

S, service (at the level of CVaR );

— 7>0 — acceptable integral level of secondary
failures;
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— I'>0 — global limit of the integral survivability
metric.

Therefore, the trajectory of the information system
lies within the operational range if three budget
conditions are met simultaneously:

Condition (29) is explained by the fact that local

service "tails" and the aggregate contribution of
secondary failures fit within their budgets, and their
weighted sum does not exceed the global risk budget.

A simple sufficient condition for operability follows

I<k Vi, J<z, ISM,<T. (29) from the linear structure of ISM :
Y B, +y-r<T=(I,<k Vi A J<r)=1ISM, <T. (30)
i-1
Condition (30) provides a mechanism for allows you to conveniently track the margin
reconciling local limits (x,,7) with global limits T . to threshold:
Accordingly, if local budgets are chosen so that their A=I-ISM,. G

weighted sum does not exceed the global limit,
then the fulfillment of local constraints guarantees
the fulfillment of the global constraint.

The algebraic difference between the limit and
the current value of the metric (margin to limit)

ISM,,

¢ =1-
which is a dimensionless indicator: { =1 means zero
risk, { =0 - threshold point, <0 — shows the
percentage of "exceeding" the global limit.

To calibrate the limits (x,,7,T"), we first calculate
empirical values Z, for each service and J for secondary
failures at stable intervals; then we set local thresholds
as high percentiles: «,:=q,(Z,), 7,:=¢,(J,) from
p €[0.90,0.95]. After that, we reconcile them with

weights and set a global limit so that with a given margin

A,.. > 0 the sufficient condition is satisfied:

Z,BI.K,.+;/~TSF—Ami“ (33)

i=1

Any T' from the interval {Zﬂiiq +y-T +Amin,ooj

i=1
satisfies condition (33). To fix a specific value, it is
convenient to take the minimum allowable:

F::Zﬂilq+7/~‘r+Amm. (34)
i=1

If necessary, the reserve can be specified in relative

form ¢, >0, then from (34) we have:
Br +y-T
F:—Z‘"BI 7 . (35)
1_é,min

When the mission priorities change (weights f,;
if necessary, k,), we check the higher condition
with the new values and rebindI" (35) or A, to

maintain the target reserve.

Then, at A >0 (31) shows that the system is within
the operating range (there is a reserve); A=0 — at the

limit; A<O - outside the range (exceeding |A]).

For operational control, it is also convenient to use
a normalized reserve:

€ (—oo,l], (31) shows that the system is within the operating range (there isa reserve); (32)

Next, we can formalize the rules for comparing
assume that the

and Y,

configurations. We

configurations/policies ‘¥, are evaluated

using the same weights (f,, »), limits (x,,z,I') and
windows W, . Then:

Rule R1. A configuration is acceptable if and only
if conditions (29) are satisfied. Configurations that
do not satisfy these conditions are discarded without
further ranking.

Rule R2.

preference is given to the one with Iless

Among acceptable configurations,

ISM,, .
For practical stability of comparison, the dominance
margin §>0 is used: if ISM, (¥,)<ISM,(¥,)-4,

then ¥, dominates ‘¥, .

Rule R3. If [ISM,(¥,)-ISM, (¥,) <&

(tie according to R2), preference is given to the
configuration with a smaller J (fewer invariant

violations), because secondary failures increase the
structural risk of cascades.

Rule R4. If the previous criteria are equal, compare
the vector Z, in descending order f,. The configuration
with lower Z, for the highest priority services wins.

Rule R5. For strategic planning (before selecting

B., 7), it is useful to construct a Pareto front [22] along

two coordinates: (zl BIL.T ) Alternatives that lie
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above/to the right of the front (worse on both criteria)
are rejected as dominated (alternatives for which there
is another alternative that is not worse on all criteria
and is better on at least one).

To make the comparison of configurations resistant

to estimation errors (since Z, and J are calculated based

on a finite number of windows W,), we take

a confidence interval for each value: I,E[Z,-,I_i],

Jelg.T)
Then we formulate the rules:
Rule 1. The configuration is considered acceptable

if, even under the worst-case scenario, the budget system
is fulfilled (robust acceptance):

I_,.s K, Vi, J<r, Zﬂil_'iﬂ/jél". (36)

i

Those who do not satisfy condition (36) are cut off
without further ranking.
Rule 2. Let wus

configurations ¥, and ‘¥, . Suppose that ¥, dominates

compare two admissible

W, if its worst generalized indicator is less than the best

indicator of ¥, :
AT+ TN <2 BT 4y T G7)

This guarantees an advantage even in the "worst

case for ¥, " versus the "best case for ¥, ". If necessary,

we add a small margin of & >0 to the right side of (37)
as a tolerance for rounding.

In practice, if the intervals overlap and the
inequality is not satisfied with a margin, and the
conclusion is "undetermined," then we either increase the
number of windows (more data), or use the buffer
mode CVaR with a larger M , or transfer the decision
to the profile level (rules R3-RY5).

To transform the integrated survivability metric
from a simple diagnostic figure into an operational tool,
two aspects need to be fixed: how to act for different
values of the indicator, and how to make correct
comparisons between different target functions of the
information system.

To this end, an algorithm of actions for the
purpose,
a standardized indicator (32) will be used as a single
"traffic light":

— emerald zone:

operational zone is proposed. For this

¢ 202 - normal operation

of the information system;

— yellow zone: 0<¢§ <0.2 — warning mode: limit
non-critical loads, increase the weight of w(t) in critical
intervals, activate preventive localization policies;

— red zone: § <0 — information system outside
the operational zone: cascade cut-off policies must be
applied immediately — reduce 4 and/or increase ¢;
forcibly align invariants, increase resource reserves.

At the same time, we monitor the contribution
structure. If the share of secondary failures inISM,
exceeds ~ 40-50%, this is an indicator of the secondary
nature of the degradation. In this case, the priority should
be to restore invariants (Ian , Inv,,, Inv B).

To correctly compare configurations for different
target functions of the system

(different critical interval schedules, different W,') s

i

same information

it is necessary to ensure the invariance of settings:

maintain the same weights ( B, }/) and the same level
of @ ; normalize w(r) so that IW w(t)dt =1 in each

target function of the information system (then Y, -

comparable in scale); ensure the same 7, .
Under these conditions, ISM , becomes comparable

in terms of the results of performing different target
functions by the same information system.

Analytical comparison of the integral metric
of survivability with basic indicators

Next, we will demonstrate through analytical

examples (scenarios) how ISM, provides a more

informative and stable assessment than common basic
indicators such as the proportion of time out of demand
(binary indicator), average deficit, information system
availability, average downtime, etc.

First, let's look at the basic indicators that will be

compared with ISM, . So, let's say that for the service S,,
the quality indicator ¢,(¢)€[0,1] and the requirement
0,(t)e[0,1] are observed on the horizon [z, ].

The deficit is determined by formula (1). Then:
1. Binary indicator of violations (the proportion of
time when d, (¢)>0):

1
Y, :=?y({t eltpt]:d,(t)>0}), T=t,-t,, (38)
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where x(+) is the Lebesgue metric (the proportion of

time during which the deficit d,(¢) was positive) [23].

2. Average deficit indicator:

1 ¢
9 = -l d,(t)dt. (39)

3. Availability indicator:
0,=1-0, (40)

These indicators (38—40) do not see either the
topology of dependencies or the tail structure of the
distribution of deviations, and therefore may give the
same values for significantly different risks.

Next, let's move on to the scenarios themselves.

Scenario S1 ("heavy tails"). Let's construct two

deficit trajectories for a single service at [0,1] :

— trajectory O, with rare but significant declines in
service quality: d,(¢)=1 in the range of ¢, and in the
rest of the interval d, (1) =0;

— trajectory O, with frequent but minor dips in
service quality: d, (t) = ¢ throughout the entire interval.

Both trajectories have the same average deficit:

9 = e1+(1-¢)-0=¢, 9 = (1)-¢, 9O = g(©2),

Similarly, YEU') =g, YE“Z) =1 (forany ¢>0), i.e,
the binary indicator even ranks them in reverse: in O,,
the indicator records constant violations, while in O,

they are rare. However, in terms of peak risk (operational

loss, emergency shutdowns), the O, scenario is worse.

Let w(t)=1 and A=y=0 (i.., ignore cascading

1
and secondary). Then Y = JO(W*di)(t)dt equals

(by unit convolution) & . But CVaR  acts on a sample
of windows, and for & > (1—-¢) we will have:
CVaR™ =1, CVaR'”™) ~¢.
Therefore, ISM'”) > ISM'®) for any « in the tail
(a>(1-¢)).

distinguish O, from ©O,, and the binary ones are

Thus, the average indicators do not

misleading; ISM_, correctly reflects the danger of short
critical peaks.

Scenario S2 (cascading). Consider a graph with two
nodes ¥ ={1,2} and an arc 1—>2, 4, =1, the rest of
the values are 0. The service S is projected onto both

nodes: IT=¢ +e,.

Let's compare two patterns of localized deficits

z(t) (5) of equal amplitude 5 > 0 (at equal time intervals):

— pattern ¢ ("deficit at the top" (the primary node

pulls the dependent node)): z =[5,0]";
— pattern ¢, ("deficit down" (final node)):
Z=[O,5]T.

Cascading correction gives:

reoesr . i)
o)

Service deficit in each pattern:
0+ A0 A6 +6

N .

2 2
That is, at the level of instantaneous values, they are

=4 b

the same. However, the reason is different: in ¢, the
violation "pulls" the dependent node (cascade), and in ¢, ,
the primary node is "at the end." When secondary
violations (violations of interlevel invariants) are marked

in event logs for ¢, then o () takes on a positive value,

while for ¢,, it does not. Thus, with the same d ISM,_,
, is greater due to the addition of ) ®,%, . The basic

indicators 9, Y, o do not distinguish between

while ISM

a

these structurally different cases,

separates configurations through the component of
secondary failures.

Scenario S3 (hidden desynchronization). Let ¢, (¢)
perform the requirement g, (t) >0, (t) =d, (t) =0 over
the entire interval. At the same time, the invariant Inv,
is violated on a large scale, so o . (¢)~1 on a significant
portion of the windows. Then:

8 =0,Y,=0,0 =1,
but
ISM,= 0 +7) 0% >0.

service part
That is, ISM, warns of a hidden systemic risk

(high probability of secondary failures and cascades
when dependent processes are activated), which basic
indicators do not notice.

Scenario S4 (observation gaps and availability
windows). With intermittent communication, part of the
telemetry is missing from the information system. Basic
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indicators either exclude these intervals (overestimating
"availability") or consider the deficit to be zero
(underestimating the problem). In the approach proposed
in this work, aggregation is performed only within the

agreed windows {7}"

i and integrals are normalized by
definition — the metric becomes resistant to gaps and
comparable between target functions of information
systems with different observation "densities."

Thus, the scenarios presented show that ISM, is

the basis for achieving increased survivability of
an information system on a mobile platform with
multi-level dependencies, while basic indicators remain
useful only as simple diagnostic overviews without
a guarantee of correct configuration ranking.

Experimental verification
of the integral survivability metric

As part of this study, a reproducible Python
testbed [24] was developed that implements ISM, and
demonstrates its behavior on synthetic but representative

scenarios. The experiment was conducted in a software

environment using Python 3.11.8, NumPy 1.24.0,

Pandas 1.5.3, and Matplotlib 3.6.3.
Initial data:

— dependency graph AGR‘K‘X‘V‘: random sparse
directed graph (|V|=30) without loops, edge weights
in [0.2;0.8];

— services m =3 with projections onto nodes via
matrices B (distribution of deficit onto nodes) and C
(reverse service cut). Each service covers a subset
of nodes, normalization guarantees [0;1];

— time: 7 =300 steps (discretization in 1 s).
Availability windows: mostly 30 s each; in scenario S4,
every third window is missing (interrupted connection);

—  parameter a €{0.8,0.9, 0.95, 0.99},
2 €{0,0.2,0.5, 0.8}, exponential smoothing with half-
life 7,,~In2/p, service weights ge(0.5,0.3,0.2).
The penalty for secondary failures is implemented
as Zra),.Zr with a weight vector of invariants
1n=(0.05,0.02,0.01), i.e. y absorbed in 7 for ease

of comparison);
— cascade

Neumann series z = min{Z(LZO(ﬂA)/ z,l} with L=6

values:

correction: approximation of the

(fast convergence for selected A ;

— CVaR : empirical weighted calculation over sets
Y,, , where weights are proportional to window duration.

Scenarios:

— S1: §, service — rare but deep failures; S, —
constant minor failures; S, — nominal;

— S2: two spikes (the first one is at the top of the
chain with a secondary marking (invariance violation),
the second one is more local);

~ 83: q,(t)=6,(¢r) always, but three intervals
violate the invariants (IIIVT, Inv, ) ,80 2, >0;

— S4: similar to S1, but every third window is
unavailable; time weights are amplified in available
windows.

For analytical validation, along with ISM, , basic

indicators were collected on the services: average
deficit 4 and proportion of time outside demand Y .
The dataset of the experiment results is available in

the Zenodo repository [25]. Below are graphs showing
the results obtained by (Figs. 1-5).

Fig. 1 shows the family of dependencies of the
integral survivability metric ISM_ on the tail sensitivity

parameter ¢ for a fixed cascading depth A2 =0.5 for
four scenarios: S1 — rare deep failures versus frequent
minor failures; S2 — cascading failures with marked
secondary nature; S3 — only secondary failures without
service deficits; S4 — operation with intermittent
connection, taking into account availability windows.
The curves demonstrate three typical modes: monotonous
growth followed by saturation at large o when CVaR
focuses on the worst windows; increased metrics in the
presence of cascades and secondary failures; practically
« — invariant behavior in the absence of a service
component (J dominates).

Fig. 1, a) shows that as the parameter « increases
from 0.8 to=0.95, the
significantly and then levels off; this is due to the fact that

metric value increases
at higher «, CVaR gives greater weight to rare but deep
service failures — a manifestation of "tail" sensitivity.

In Fig. 1, b), the steepest growth is to « ~0.95,
followed by a plateau; tail sensitivity amplifies the
contribution of windows with cascading/secondary
disturbances.

In Fig. 1, ¢) growth to a~0.9 and subsequent
distort the

since aggregation is performed only on

saturation; missing windows do not
estimate,

available intervals.
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It should be noted that when ¢ increases above the

threshold that "covers" the worst windows, CVaR,

averages the same tail of the distribution, so ISM, stops
growing. At 3~ 0, the curve is practically horizontal —
the service part has no effect, and the system penalty J
does not depend on «; the metric remains positive,

fixing the latent risk.

ISM |
0.28
0.26
0.24
0.22
0.20
0.18
0.800 0.825 0.850 0875 0.900 0925 0950 0975
a)
0.500 e
——15
ISM | =
0.475
0.450
0.425
0.400
0.375
0.350
0.325
0.800 0.825 0.850 0.875 0.900 0.925 0.950 0.975 o
1sM | B
0.335
0.330
0.325
0.320
0.315
0.800 0.825 0.850 0.875 0.900 0925 0.950 0.975
©)

Fig. 1. Dependence of the integral metric on the level of "tail"
sensitivity (ISM,) froma for a fixed 2=0.5:
a) scenario S1; b) scenario S2; ¢) scenario S4

Fig. 2 shows the dependence of the integral metric
on the depth of cascade correction (ISM, ) from 4 for

a fixed 2=0.95 for four scenarios. The parameter

A =[0, 0.8] scales the impact of propagation of failures

along the dependency graph (I - }pA)f1 ; thus, an increase

in A amplifies the contribution of cascades, while
secondary failures are accounted for through J.
The curves show the structural sensitivity of the metric:
in the presence of cascades/secondary failures, the slope
increases, and in the absence of service deficits, the curve
remains almost unchanged.

o5

0.40

0.20

0.70
ISM

0.65

0.60

=== [SM

ISM
0.45

0.0 01 0.2 03 0.4 0.5 06 07 08}

©)

Fig. 2. Dependence of the integral metric on the depth
of cascade correction (ISM, on 1) for a fixed

A =0.95: a) scenario S1; b) scenario S2;
¢) scenario S4

Fig. 2, a) shows that the curve increases
monotonically and is convex at the top; the largest

increase is observed in the interval A =[0.5, 0.8], where

cascade correction "pulls up" the influence of rare deep
drops in dependent nodes.
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Fig. 2, b) shows that the steepest gradient among all
scenarios: an increase in A sharply increases ISM, due

to the combined action of cascade amplification and J
from violated invariants.

Fig. 2, ¢) shows a steady, smooth curve growth
without jumps; the largest increase is at high 4. Working
exclusively in accessible windows makes the assessment
robust to telemetry omissions, so cascading manifests
itself without artificial artifacts.

If the service component is zero and J does not
depend on A , then ISM, remains almost constant.

The example of scenario S1 (rare deep troughs SO
versus frequent small troughs S1) (Fig. 3) shows the
discrepancy between the integral metric and the average
deficit. With a fixed «=0.95 and an increase in the
cascade parameter A, the value of ISM, monotonically
increases (from approximately 0.19 to 0.45), while 9 for

services remains almost unchanged (S, ~ 0.012,

S, ~ 0.005). This illustrates that $ does not respond to
either the depth of the cascade or the "tails" of the
distribution, and therefore may misrank situations.
Instead, ISM, correctly increases the risk assessment

with the growth of A, accumulating the cascade
amplification of rare but critical episodes.

0.1

0.0

Fig. 3. Discrepancy between ISM, and § in scenario S1 —

dependence on the cascade parameter A (a = 0.95)

Fig. 4 shows that in scenario S3, the average deficit
9 is practically zero for all «, since g,()>6,(¢)
(there are no service deviations). At the same time,
ISM_, maintains a stable level (~0.166) and is almost
independent of «, because the value of the metric is
determined by J, which

violations (secondary failures) and is not included in

accumulates invariant

CVaR - aggregation of service deficits. Thus, the metric
signals a latent risk when the SLO is in the emerald zone,
which remains invisible to basic indicators such as 4.

0.175

0.150F
0.125
0.100
0.075
0.050

0.025

—— ISM,
0.000H--- #(=0) frmmmmmm e

0.800 0.825 0.850 0.875 0.900 0.925 0.950 0.975 o

Fig. 4. Detection of secondary failures in the absence of service

deficits (ﬁ, = 0.5)

Fig. 5 demonstrates the coordinated growth

of ISM, with both an increase in "tail" sensitivity «
and a deepening of the cascade A . The largest increase
occurs in the direction of A (the cascade component
"pulls up" the deficits from the upper levels), while the
increase in « amplifies the contribution of the worst
windows; in the a 2 0.95 zone, a plateau is observed,
since CVaR averages the same tail of the distribution.
The surface ridge in the area of large « and A reflects
the combined effect of cascading and secondary failures
and sets the working parameter range for the target
functions of an information system on a mobile platform
with increased risk and survivability requirements.

Fig. 5. Three-dimensional surface — ISM, (a,/i) s for cascade

disturbances with secondary markers
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The stand confirmed the key properties of the
metric: monotonicity in cascade depth, tail sensitivity
to rare critical episodes, structural informativeness

(distinction ~ between  primary and  secondary
degradations), and robustness to observation gaps due
to availability windows. Thanks to the developed
procedure for calculating the integral metric in real time,
the calculations are lightweight and suitable for on-board
applications when the information system is deployed
on a mobile platform, and the parameters considered
earlier in the study are interpreted and controlled under

the target function of the information system.

Scope of application
of the integrated survivability metric

The proposed integrated survivability metric is
designed for information systems on a mobile platform
and reflects their conditions

specific (availability

windows, partial observability, cascades of "data—
processes—resources"). Outside this class of information
systems, the metric can be applied by reconfiguring SLO
thresholds, dependency graph topology, and aggregation
parameters, but empirical validation of such transfers is

not the subject of this study.

Conclusions

The paper develops an integrated metric of

information system survivability on a mobile platform
(ISMa) as a single scalar functional operating across the

entire multilevel structure of "data—processes—resources"
and reconciles temporally weighted deficits in relation
to service requirements with cascading propagation of
failures and the contribution of secondary functional
failures. A single-pass real-time calculation procedure is
proposed based on the localization of deficits at nodes,
cascade correction with messages according to the
dependency graph, exponential time convolution in
availability windows, and risk-sensitive aggregation

through conditional average excess (CVaR), which

makes the metric suitable for use with intermittent
connectivity and limited resources. The limitations,
ISM,,

parameter perturbations and incomplete observations are

monotonicity, and resistance — s to small

analytically justified; the concept of an operability zone
with agreed thresholds and configuration comparison
rules is introduced, which ensures controllability in

decision-making. Experimental scenarios confirmed the
correct ranking of configurations in cases where basic
indicators (proportion of time outside demand, average
deficit) are uninformative, and also demonstrated tail
sensitivity to rare critical episodes and the ability to
distinguish primary disturbances from induced secondary
ones. A method for adjusting parameters is proposed
separately, and the reproducibility of the results is
demonstrated (all related FAIR/O data are added).

The scientific novelty lies in the fact that the paper
proposes for the first time an integral metric of the
survivability of an information system on a mobile
platform, which simultaneously aggregates temporally
deficits,

cascading propagation in the

weighted service corrects them taking
into account their
"data—processes—resources" graph, introduces a system
penalty for secondary failures due to consistency
invariants, and amplifies the contribution of rare but
critical episodes using CVaR , with the entire procedure
implemented in a single pass with an operation on
For the

service semantics,

availability windows. first time in such

a coordinated format, structural
cascading, and secondary nature are combined in a single
functionality suitable for comparing configurations and
managing a viable area, as well as for working with
Additionally,

comparison rules are proposed, taking into account the

intermittent  communication; robust
uncertainty of evaluation, which ensures the stability of
conclusions with a finite sample of windows.

The proposed metric provides researchers with
a single indicator of the state of the information system
with a decomposition of the contribution of services and
secondary failures, serves as an early warning tool and
allows prioritizing recovery actions — reducing cascading
through redistribution of dependencies and loads or
eliminating secondary failures through restoration of
time, integrity, and queue invariants. ISM, It supports

the selection and validation of configurations according
to agreed survivability thresholds, ensures comparability
between the target functions of the information system
through weight normalization, and can be used in a mode
of minimal use of additional information system
which

facilitates integration into industrial and embedded

resources without heavy matrix operations,

information systems. Working with availability windows

makes the assessment resistant to intermittent
communication and telemetry gaps, ensuring support
for the mobility conditions of the platform on which

the information system can be deployed.
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Further work involves identifying the structure
of dependencies and weight parameters of telemetry
metrics, developing adaptive schemes for selecting

environment distributions (in highly mobile platforms),
scaling the approach to groups of information systems
(megasystems) with shared risk budgeting [26-27],

as well as verification on real event logs of operation
thresholds and
assessment of the effect of changes in architectural and
load balancing tasks of
[28] and virtual

levels o and time weights w(t) in real time,

with calibration of survivability

integratingr ISM , with predictive and control strategies

for selecting localization and recovery policies,

operational decisions in
deepening the dictionary of invariants for more accurate multiprocessor computer systems
detection of secondary failures and reduction of heterogeneous data centers [29]

false positives, studying robustness to shifts in
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IHTEI'PAJIBHA METPHUKA )KUBYYOCTI
TH®OPMAIIMHOI CUCTEMHA HA MOBLIBHIN IIJIAT®OPMI
B YMOBAX KACKAJTHUX I BTOPUHHUX ®YHKIIOHAJIbHUX 350IB

I[Ipeamerom focuigxkeHHsi € iHTerpajbHa METpUKA JKHBYYOCTI iHQOpMAmiiHOI CHCTEMH Ha MOOUIBHIH IUIaThopMi
3a MEepepHBHOTO 3B’SI3KY, YaCTKOBOI CIIOCTEPE)KYBAHOCTI Ta KAacKaJHHWX i BTOPMHHHX 300iB. CHcTeMy HOJaHO sK OaraToOpiBHEBY
CTPYKTYpy "HaHi — mponecu — pecypcu'". MeTa po6oTH — po3poOHTH IHTETpAIbHY METPUKY JKHUBYYOCTI, sIka Oepe 10 yBarm 4acoBi
BIAXWIEHHS BiA BHMOT, IX HOIIMPEeHHS rpadoM 3ameXHOCTeH 1 NpHXOBaHI IOPYIICHHS, 3aIllpOIOHYBaTH OIXHOMPOXIiTHUIT
QITOPUTM 1 JOBECTH HOro BIACTHBOCTI Ha CIeHapisx. st HOCATHEHHS OKpEecIeHOi METH HEOOXIIHO BHKOHATH TaK 3aBJAAHHS:
(hopmMaitizyBaTH CepBiCHI BUMOTH i NPOEKIIIO CTPYKTYpH; MOOYIyBaTH METPUKY 3 PH3UK-OPIEHTOBAaHUM arperyBaHHAIM AeQiluTiB,
KacKaJHOI0 KOPEKLI€I0 Ta CHCTEMHHUM YpaxyBaHHSIM BTOPMHHUX 3001B; pO3pOOHMTH OIHOIpPOXimHI oOuuciaeHHA y "BiKHax
JOCTYIHOCTI"; TOBECTH MOHOTOHHICTh, iHBapiaHTHICTh MacuITaly il CTiliKicTh J0 MPOIYCKiB; BU3HAYMTH IPAaBUIIA HAJALITyBaHHS
napaMeTpiB 1 MOPIiBHSIHHS KOHQIryparii; eKCIepuMEHTAIbHO MEepeBipUTH il 3iCTaBUTH 3 0A30BUMHU iHAMKATOPAMH. YIIPOBAIKEHO
Taki MeTO/M: IPOEKLIs CEpBICIB Ha piBHI JaHMX, MPOLECIB i PecypciB; BHKOPHCTAHHS YMOBHOTO CEPEIHBOTO IEPEBHILCHHS
SK PU3UK-OPIEHTOBAaHOI arperamii; KackagHa KOpEKLis 3a TIHOWHOI Ta INMUPHHOK; opraHizamis ¢ikcail BTOPUHHUX
300iB 1 pO3CHHXpOHi3alii; HOPMyBaHHSA y "BiKHaX IOCTYMHOCTI"; OJHONPOXiAHI OHOBIEHHS OJM3BKOI 1O JiHIHHOI CKJIAQJAHOCTI.
JlocArHyTi pe3yJbTaTH: 3aIPONOHOBAHO i ()OPMATbHO BHU3HAYCHO IHTETPAIIbHY METPHUKY >KUBYYOCTi; HOBEICHO ii MOHOTOHHICTH
3a mapaMeTpaMi, OOMEXEHICTh, 1HBAapiaHTHICTh A0 MaciuTaOyBaHHS i CTIHKICTH O HPOIYCKiB; MPOAEMOHCTPOBAHO BiIMIHHICTH
BiJl cepeaHBOro AeimuTy — po3poOieHa METpUKa MiACHIIOE BHECOK PIOKICHHX TIMHOOKHMX IPOBANIB 1 pearye Ha KacKaJHICTb,
TONI SIK CEpelHi 3HAa4eHHS Maibke CTalli; 3a BIICYTHOCTI CEpBICHHX HIe(ilMTiB 30epiracrbcs MOAaTHUN pIBEHb 3aBISKH
BUSBIICHHIO JIATCHTHHX BTOPUHHHMX 3001B; Ha CIIEHapisiX OTPUMAHO Y3TOJUKEHI CiMelCTBa KPHBUX 1 TPHBHUMIPHY HOBEPXHIO,
SKi JIEMOHCTPYIOTh KEpOBaHE HAJAIITYBAaHHS YYTJMBOCTI Ta CTilike paHXyBaHHS KOHQIrypaiiii a1 NPOMHCIOBHUX YMOB
eKCIUTyaTamii MOOUTPHHX TUIaTGopM. BHCHOBKH: 3amponoHOBaHa METpHKa 3a0e3ledye CEpBICHO Y3TOKEHY OLIHKY CTaHy
iH(pOpPMAITIITHOT CHCTEMH, OJHOYACHO 3BAXKAIOYM Ha 4YacoBi JediluTH, KacKajHe MOIIMPEHHS Ta BTOPHHHI 3001; iHTErpambHa
MeTpHuKa IPHAaTHA IS MOCIITOBHUX O0YHCIIEHb Y PECYpCHO OOMEKEHHX yMOBAX, IIJICHIIIOE PAHHE BUSBIICHHS PU3HKIB 1 MATPUMYE
MOHITOPHHT, JIOKaJi3aIli0, 3a0e3Meuye KUBYYiCTh.

KonrouoBi cioBa: iHTerpasbHa MeETpHKa; JKUBYUIiCTh, iH(opMamiliHa cHcTeMa; KacKagHHW 30ii; pH3HMK-Opi€HTOBaHWUIA

MOHITOPHHT.
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Table 1. Weather conditions

Day Outlook Temperature Humidity Wind Play Tennis
D1 Sunny Hot High Weak No
D2 Sunny Hot High Strong No
D3 Overcast Hot High Weak Yes
D4 Rain Mild High Weak Yes
D5 Rain Cool Normal Weak Yes
D6 Rain Cool Normal Strong No
D7 Overcast Cool Normal Strong Yes
D8 Sunny Mild High Weak No
D9 Sunny Cool Normal Weak Yes

D10 Rain Mild Normal Weak Yes

D11 Sunny Mild Normal Strong Yes

D12 Overcast Mild High Strong Yes

D13 Overcast Hot Normal Weak Yes

D14 Rain Mild High Strong No

Fig. 1. Example of constructing a decision tree

We perform similar calculations until all the leaves

of the tree are formed.

Fig. 2. Decision tree

The above algorithm for extracting and representing

knowledge has a number of advantages, among which

the following can be highlighted:

— high
process;

speed

of

the

knowledge discovery

As a result, we obtain the desired decision tree,
shown in Fig. 2.

— generation of rules for subject areas in which it
is not possible to obtain a formal model of knowledge
representation by other methods;

— intuitively understandable classification model
of the subject area.
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The results obtained can be interpreted in the
form of one of the classical models of knowledge
representation — a semantic network. A semantic network
is a directed graph whose vertices are concepts and
whose edges are the relationships between them.
Concepts are usually abstract or concrete objects,
and relations are connections such as "genus-species",
"part-whole", "class-subclass", etc. A distinctive feature
of semantic networks is the mandatory presence of
three types of relationships: "class — class element",
"property — value", and "example — class element".

A semantic network provides the following
basic functions:

— storage of information about objects and the
relationships between them;

— search for objects by various properties;

— replenishment and correction of the system's
knowledge during its training;

— implementation of various procedures for

generalizing and specifying knowledge.

Fig. 3. Semantic network

With the help of a semantic network, it is possible
to provide a formal decision-making procedure and
pre-record network elements in the form of predicates.
From the analysis of the decision tree obtained using
the ID3 algorithm, we can draw the disappointing
conclusion that three weather parameters follow from
this decision: Outlook, Humidity, Wind. The predicate
will look like this: let's go play (yes/no) (Outlook,
Humidity, Wind).

So,

If we go play

Yes (Outlook = Sunny, Humidity = Normal)
Yes (Outlook = Rain, Wind = Weak)

In general, a semantic network is understood as

an expression in the form of S =<0,R>, where
R:{Rj,jzl,_k}, 0:{Oi,i:1,_n}, O,.,izl,_n a set of

objects in a specific subject area; R, j = Lk — a set of
relations between objects; j — type of relationship.

Let's imagine a decision tree obtained by applying
the ID3 algorithm in the form of a semantic network.
The root of the tree, Outlook, is linked to the child nodes
by the
By analyzing all the components of the decision tree —

relationships  Sunny, Overcast, and Rain.
links and relationships — we can represent a set of
objects in the subject domain as follows:

Outlook (Sunny, Overcast, Rain)

Humidity (Normal, High)

Wind (Strong, Weak)

Thus, for example, the problem situation "how
weather affects tennis" can be described as a semantic

network, the structure of which is shown in Fig. 3.

Yes (Outlook = Overcast)
If we are not going to play
No (Outlook = Sunny, Humidity = High)
No (Outlook = Rain, Wind = Strong)
Based on the
a semantic network can be developed, the appearance

predicates formulated above,
of which is shown in Fig. 4.
It should be noted that the

intelligent data analysis and knowledge representation

approach to

in the form of a semantic network proposed in this

article can be applied to large-scale databases,

the schema of which may
1,000 attributes.

contain more than
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Fig. 4. Semantic network construction

Searching for associative rules
in data represented by a relational model

Most often, the method of evaluating the associative
properties of data is used in the following areas:

— retail (determining which products should be
promoted together; choosing the location of products
in the store; analyzing the consumer Dbasket;
forecasting demand);

— marketing (searching for market segments,
trends in consumer behavior);

— customer segmentation (identifying common

characteristics of the company's customers, identifying

buyer groups);
— catalog design, sales campaign analysis,
determining customer purchase sequences (which

purchase will follow the purchase of product A);

— analysis of web logs.

One of the most frequently cited examples
the Market-Basket
Problem. The essence of this problem is to identify

of associative rule mining is

products that people buy together. This is necessary
so that marketing specialists can place these products
in the store in an appropriate manner to increase
sales, as well as make other effective decisions.
It is the ability to discover hidden rules that makes
associative rule mining valuable and contributes
to knowledge discovery.

Let us consider this task in a generalized
form (3)—(11). Let us denote the objects that make up

the sets under study by the set
I={i,iy,d,.d,}, 3)
where i — objects contained in the sets being analyzed;
n — total number of objects.
Transactions are called sets of objects located in
the database that will be analyzed. Let's describe

a transaction as a subset / :
r=fili e} @

The set of transactions for which information
is available for analysis will be presented as a set D

D={T.T,,...T,...T,}, )
where m — number of transactions available for analysis.

Set of transactions to which i, -object belongs,

D={r,

i, cT;j=l.mr=l.m{cD.  (6)
We will define the general set of objects as follows:
F=liliel;j=1.n}. 7
The set of transactions to which the set F belongs
will be represented as
D, ={T|Fc<T;r=1.m}cD. (8)
The ratio of the number of transactions to which
the set F belongs to the total number of transactions
is defined as the support of the set and denoted
by Supp(F):
Supp(F) = |DF|/|D‘ . )

During the search process, the analyst can
specify the minimum support value for the sets that
interest him Supp,_ . . A set is called large (large itemset)
if its support value exceeds the minimum support

value specified by the user:
Supp (F) > Supp,;, - (10)

Therefore, when searching for associative rules,
it is necessary to find a set in the sets:

L:{F|Supp(F)>Suppmm}. an

Development of a database model
for solving associative analysis problems

Let us consider the options for relational database
(RDB) structures that meet the requirements of tasks
(3)—(11) for searching for associative rules [16].
Expression (3) describes the objects of intellectual
analysis. According to the rules of RDB design, the
following model can be considered for representing
objects from different subject areas: the "Objects"
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relation has a key attribute "Object ID" and a list of

attributes  4,,...,4,. An example of the relationship

between "Objects" in general terms and the practical
"SUPPLY" is given.

Fig. 5 shows a diagram of the "Objects" relationship.
As an example, a fragment of a database for displaying
a list of goods is given, which in theoretical-set form

Fig. 5. Example of the "Objects" relations

Fig. 6. Relation "Tax invoices"

Let us determine the type of relationships between
first- and second-level objects. Note that a single transaction
may contain several first-level objects and, accordingly,
there cannot be duplicate objects in a single transaction.

The type of relationship considered corresponds

to the many-to-many multiple type, or M —> N.

Fig. 7. Database "Waybills Goods" schema

looks like this: SUPPLY ={ID, NAME, PRICE} . In the

methodology discussed above (3)—(11), a transaction is
understood to be an object or set of second-level objects
that are determined by the integration properties of
previously located objects. Therefore, the second-level
object relationship diagram will be identical to the
diagram shown in Fig. 6.

In a relational data model, this type of relationship
is implemented through an additional relation [17].
An example of a transaction is a real second-level
object with integration properties — a delivery note
objects (goods). The RDB
"Waybills_Goods" is shown in Fig. 7.

containing schema
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The "Waybills Goods" database schema contains
three relations: "Waybills", "Goods", and "Waybills
Goods". Key attributes are marked in bold. A double
"Waybills_Goods".
This solution allows us to maintain the integrity

composite key is used for

Fig. 8. Database "Waybills Goods" schema

The above relationship "Invoices_ Goods" meets
the normalization conditions: goods PRINTER and
PC HP321 are added to invoice No. 101, invoice No. 102
contains one item PRINTER, and invoice No. 103 contains
three goods: PRINTER, PC HP321, and LG HD phone.

An arbitrary set of objects added to the analyzed
ones forms a set for associative analysis. This parameter
is variable and is a subset of the set:

1 ={LG HD phone, PC HP321, PRINTER} .

Let F ={LG HD phone}, then the content of the

associative analysis task (9)—(11) will be as follows:
determine how many times an object LG HD phone

occurs in the total number of goods received according
to all invoices Supp (LG HD phone) =1/6 .

The universal approach to building a relational data
model for an information system that searches for
associative patterns in data, as proposed in this article,
makes it possible to solve a whole class of typical
problems in which objects are related by a "many-to-

Fig. 9. Relationship "Specialist Council Specialty"

constraint formulated at the stage of setting the task

of synthesizing the database schema: one item
can be added twice to one waybill. An example of

the "Waybills_Goods" relation is shown in Fig. 8.

many" relationship, or M — N [18]. Examples of such
tasks include: a polyclinic (this task involves two entities
in a M — N relationship: "Patients" and "Doctors");
library ("Readers" and "Literature"); audio and video
media rental ("Customers" and "Discs"), etc.

As an example, let's take the task of searching
for associative patterns in the subject area
"POSTGRADUATE STUDIES" of a higher education
institution (HEI) in Ukraine. Let's consider one of the
most important tasks performed by this department.
PhD and doctoral dissertations

applicants in

are defended by
which
scientists who are leading experts in scientific fields

specialized councils, include
in their specialties. A specialized council may consist
of 5 (PhD defense) to 25 specialists, if it is a specialized
addition,

scientist-specialist in a specific

doctoral council. In according to the
requirements, one
field of research cannot participate in the work of more
than two specialized councils. The universal relationship

of the relational database is shown in Fig. 9.
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As a
relation shown in Fig. 9, the relational DB schema

result of normalizing the universal

Fig. 10. Schema of the relational DB "Specialist Council_Specialty"

The COUNCIL-SPECIALITY
satisfies the requirements for a data structure oriented

relation  fully

towards the application of associative pattern search
technology (3)—(11).

The example considered confirms that normalized
relations of the relational data model, reduced to
3 normal form, containing a double composite key,
allow for the most effective application of associative
data analysis methods [19].

Conclusions

The scientific novelty of the research lies in
a comprehensive analysis of the relational data model,
namely, identifying the impact of the normalization level
of the RDB schema on knowledge extraction technology
using the example of developing a semantic model of
knowledge representation and associative data analysis.
The results obtained make it possible to formulate
conditions for effective collaboration with analytical
processing systems based on Data Mining methods.

The article examines the features of relational
algebra operations regarding the application of aggregate
functions and considers the concept of functional
associative rules, which contributes to the implementation
of the classic ID3 decision tree generation algorithm
focused on information processing in relational systems.

can be transformed and take the form shown

in Fig. 10.

The universal approach to building a relational data
model of an information system for searching for
associative patterns in data, proposed in the article,
makes it possible to solve a whole class of typical tasks in
which objects are related by a "many-to-many"
relationship, or M — N . The semantic network, built
on the basis of the proposed approach, helps to improve
the efficiency of decision support systems.

The relational DB model, proposed as a universal
information structure for solving associative analysis

tasks, will improve the efficiency of the analyzed

approach through its implementation in modern
information systems.
The examples given in the article confirm

the effectiveness of the developed and considered
approaches to performing the task of intelligent data
analysis in the environment of relational systems. Solving
the task of identifying knowledge in data will contribute
to improving the quality of management decisions.

Theoretical and practical issues of automatic or
automated construction (generation) of the structure and
model of an expert system knowledge base, based,
for example, on a production model and, therefore, the
integration of information system data designed on
a relational data model and an expert system, can be
considered as a prospect for further development
of this area of research.
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®dinator BasenTtnn OJieKcaHIAPOBHY — IOKTOp TEXHIYHHX HayK, Hpodecop, XapKiBCbKUH HaliOHAJBHUH YHIBEPCHTET
paioeneKTpoHiKy, Ipodecop KaheapH MTYIHOTo iHTeNeKTy, XapKiB, YKpaiHa.

3osioTyxin OuJier BikTOpoBHY — KaHAWZAT TEXHIYHHX HAyK, JONEHT, XapKIBCbKUH HALIOHAIGHUHA YHIBEPCUTET
panioeneKTPOHIKY, AeKaH (PaKyJIbTeTy KOMIT IOTEPHUX HayK, XapkiB, YKpaiHa.

KyapsiBuea Mapuna CepriiBHa — KaHAWAAT TEXHIYHMX HayK, JOLEHT, XapKiBCbKUil HaIllOHAIBHUI YHIBEpCUTET
paioeneKTpoHiKH, Ipodecop KadeapH MTYIHOTo iHTeNeKTy, XapKiB, YKpaiHa.

IHTEJEKTYAJIbHU AHAJII3 TAHUX
V PEJIIIAHUX IHOOPMAIIMHO-AHAJITUYHUX CUCTEMAX

IIpeameToM nOCHIMKEHHSI € METOAM IHTEICKTYaJlbHOTO aHaidy, a came MoOyZoBa JepeBa pillleHb, acOUIaTHBHUI aHai3,
BUSIBIICHHS 3aKOHOMIPHOCTEH MDK TIIOB’S3aHMMH HOAIIMH Ha OCHOBI JaHHWX, SKI IIOJaHO pEJFIIHHOI0 MOMIEIIIO.
MeTta — mpoaHalizyBaTH pEJAMIHHY MOJENb NAaHWX, 30KpeMa BIUIMB piBHSA HOpMaii3amii cXeMu pensiiHoi 0a3uW JaHWX Ha
TEXHOJIOT1I0 BUJOOYBaHHS 3HAHb HA MPHUKIAIl PO3POOJICHHS CEMAaHTHYHOI MOJENI MOJAHHS 3HAHb 1 ACOIL[IATUBHOIO aHANi3y AaHUX.
VY craTTi HeoOXiZHO BHKOHATH TaKi 3aBAAaHHSI: PO3MVITHYTH DPEILLIMHY MOZAENh NaHUX SIK HaWOUIbII MOMYJSApHY H e(eKTHBHY
CTPYKTYDY, sIKa BHKOPHCTOBYEThCS B IHTEIEKTYaJIbHUX 1HPOpPMaLifHUX cucTeMax 0OpoOIeHHs Ta 30epiraHHs JaHUX; IIpoaHali3yBaTh
0COOIHMBOCTI OTIeparii pessiitHol anredpu MOA0 3aCTOCYBaHHS arperaTHuX QyHKINH; po3poOUTH 3arajibHy (GOpPMaNbHY MOCTAHOBKY
3aBlaHHs BUAOOYBaHHS 3HaHb 3 0a3u JaHUX PESILIHHOrO THUITY; PO3IJISAHYTH HMOHATTS (YHKLIOHATBHUX aCOLIATUBHUX IMPABUI,
aNTOPUTM TeHepailii nepeB pimieHs 1D3, opieHToOBaHMI Ha 0OPOOJICHHS NaHUX Y PENAIIMHUX cUCTeMaX. YTIPOBAIKCHO TaKi METOMM:
permsiniitHa anreOpa, Teopis HopMalizamii BiXHOIICHB, MOPIBHSUIBHMI aHami3. JocsirHyTi pesyastaTtH. JlOCHiKEHO perLiiHy
MOJIeNIb JaHUX SIK HaWOUTbII e(QEeKTUBHY CTPYKTYpY, LIO BHUKOPHCTOBYETHCS B IHTENEKTYaJbHUX iHGOPMALIHUX CHCTEMaX
00pobneHHs Ta 30epiraHHA AaHUX. BHOKpeMileHO Ta MpoaHaTi30BaHO TPYIy arperatHux (yHKIIH persmiiHux 0a3 JaHUX OO
KJIFOYOBHX aTPHOYTIB BiTHONICHHS, IO Ja€ 3MOTY OyAyBaTH JIOTiYHI 3aJI©KHOCTI MK iHGOpPMALifHUMU ONUHUISAMH IpPEIMETHOL
ramysi, sika aHamizyerbcs. PopMansHO chopMyIbOBaHO 3amady BHIOOYBaHHS 3HaHb 3 0a3M IaHHWX. 3alpONOHOBAHO ITOHSTTS
(yHKIIOHANBHUX AaCOLIaTHMBHUX TMPaBWI. PeTenpHO MpoaHANi30BaHO AITOPUTM TeHepamii nepeB pimenb [D3, opieHTOBaHUI
Ha O0OpOoOJIeHHS JaHUX y persliifHuX cucremax. CeMaHTHYHA Mepeka, MoOyIoBaHa Ha OCHOBI 3alpONOHOBAHOTO MiIXOXy, CHpHSIE
IiIBUIICHHIO €(EKTHBHOCTI CHUCTEM MiATPUMKH NMPUHHATTS pilieHb. BHCHOBKH. 3amporoOHOBaHUH y CTaTTi YHiBEpCAJbHUM MiIXil
0 MOOYIOBU PENSIiHHOT MOJeNi JaHuX iHPOPMAIHOI CHCTEMH TOINYKY acOI[laTUBHUX 3aKOHOMIPHOCTEH Yy JaHUX Ja€ 3MOTY
PO3B’sI3yBaTH IUIHIA KJIaC TUIIOBHX 3aBJaHb, B SKHX 00’€KTH MOB’s13aHi BiTHOMIEHHSM "GaraTto g0 6aratrox", a6o M — N. Pensmilina
MoJens 0a3W JaHUX 3alpoNOHOBaHA K YHiBepcalbHa iH(OpMaliiiHa CTPYKTypa Ui BHKOHAHHS 3aBJaHb ACOI[IaTUBHOTO aHAJi3y
Ta TOJAHHS 3HaHb Y BHIJIAJl CEMaHTH4HOI Mepexi. HaBermeHi B cTaTTi NMpUKIagM MiATBEPAXKYIOTh ePEKTHBHICTH PO3pPOOICHHX
1 PO3MIISTHYTHX IIXOXIB 0 PO3B’S3aHHS 33/1adi IHTEJIEKTYyaIbHOTO aHai3y JAaHHX y CepelIOBHUII pelsnidHuX cucTeM. BukoHaHHS
MOCTABJICHOI 3a/1a4i BUSBJICHHS 3HaHb Y IJAHUX JACTh 3MOTY IMi/IBUIIUTH SKICTh IPUHHATHX YIPAaBIiHCHKHX PIllICHb.

KurouoBi cioBa: pemnsmiliHa MOJenb; 1HTENCKTYaIbHAI aHANI3 JaHUX; aCOI[IaTUBHI 3aJeKHOCTI; 0a3a JAaHHX; EPEBO PIllICHB;
CEeMaHTHYHA Meperka; iHhopMalliiiHa cuctema.
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A.KHOVRAT, V. KOBZIEV

A TWO-LAYER MODEL TO DETECTING FALSIFIED INFORMATION
USING NEURAL NETWORKS IN SOCIALLY ORIENTED SYSTEMS

The subject matter of the article is the problem of detecting fabricated information in socially oriented systems characterized by
significant user load. The goal of the work is to develop of a two-layer fake information classification model based on a combination
of a naive Bayesian classifier and a hybrid recurrent-convolutional neural network. The following tasks were solved in the article:
conducting expert evaluation and domain analysis to determine basic classes of fake information; analyzing linguistic markers of
disinformation and developing feature vectors for classification; developing models for data segregation using a naive Bayesian
classifier; conducting experimental verification of the proposed two-layer model in comparison with the RCNN approach.
The following methods used are — analytical method for forming a set of disinformation markers; inductive method for determining
the target set of indicators for implementing the second layer of the model; expert evaluation for determining the most influential
efficiency factors and feature weight coefficients; experimental and multi-criteria evaluation methods for determining the most
effective model. The following results were obtained — a classification structure for types of fake information was formed, including
five categories from jokes to globally harmful news. A set of discriminative features characteristic of fabricated information was
developed, including primary linguistic markers and secondary stylometric indicators. It was determined that the approach
using a two-layer model demonstrated, on average, a 15% improvement in efficiency compared to direct application of a hybrid
recurrent-convolutional neural network. Conclusions: the application of a two-layer data classification model successfully
expands the capabilities of basic detection of data falsification, including scale assessment and analysis of fabrication intentionality.
Empirical analysis shows that implementation of a two-layer model with a naive Bayesian classifier achieves an average
15% performance improvement compared to simple neural network application. This performance difference becomes particularly
significant in high-throughput systems where rapid identification and response to fabricated information are critical operational
parameters. The obtained result allows us to assert the feasibility of implementing the proposed approach, and accordingly, provides
the opportunity to reduce the impact of such information in socially oriented systems, especially during crisis situations.
Keywords: data analysis; naive Bayes classifier; neural networks; parallelization; fake news.
Introduction social transformations crisis

catalyze caused by

phenomena and amplify their destructive impact [6].

Over the past decades, digital technologies that
enable the creation of falsified materials have evolved to
such an extent that the issue of identifying inauthentic
content on social interaction platforms is being discussed
at the legislative level [1]. At the same time, the intensity
of this problem varies depending on the type of
information resource. For example, manipulative
techniques have not yet reached a critical threshold of
perfection in relation to video materials [2]. As for text
content and images, a research base has already been
formed and practical solutions have even been developed
to detect falsification [3, 4]. Under normal circumstances,
this problem can provoke interpersonal conflicts within
social groups, which is particularly evident in digital
communities [5]. The situation becomes particularly
critical during periods of geopolitical tension, when
information flows are processed through the filter of
heightened emotional reactions, which slows down
analytical thinking. When manipulative content is

integrated into the mass media information space, it can

This effect can have financial, sociocultural, or even
strategic consequences and distort public opinion.
An illustration of such scenarios is the large-scale
campaign of disinformation during the Russian-Ukrainian
war [7], which was used to cover up war crimes or
undermine trust in Ukrainian security forces. Specific
approaches to implementation depend directly on the
nature of the information in question. This work focused

on text-based news.

Analysis of recent studies and publications

Three key approaches prevail in the classification
of textual information [4]:

— the wuse of probabilistic models, such as

naive Bayes classifiers, Markov chains, Bayesian

networks, etc.;
— the use of neural networks, in particular recurrent
or convolutional or other

networks, transformers,

deep learning models;

© A.Khovrat, V. Kobziev, 2025
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— the use of naive polynomial models, for example,
those containing a linear additive convolution with
weight coefficients and specific boundary values.

In the process of researching inauthentic text
content, Spanish scientists [8, 9] found that automatic
learning algorithms are determined by the need for large
data sets to ensure high-quality classification results
(with precision rates above 95%) and also demonstrate
increased susceptibility to anomalous values. Regarding
alternative methods for detecting manipulative content,
it is worth noting the popularity of approaches based on
graph structures, which were studied in detail by Harvard
scientists [11] in the context of detecting fake accounts.
Such methods provide rapid results with minimal
requirements for basic data. However, their adaptation
for the of textual information
significant which

analysis requires

pre-processing, neutralizes the
advantages in terms of speed.

In the context of the problem of detecting unreliable
information, it is appropriate to mention the issue of spam
filtering. A Chinese-American research group has
demonstrated the effectiveness of Markov chains [12].
At the same time, the nature of the subject area makes
their use quite resource-intensive and requires significant
computing power, as confirmed by Canadian scientists
from Montreal [13]. An alternative option involves the
use of autoregression to detect synthetically generated
information (in particular, when original records of the
target person are available). In the case of contextual
manipulation, such models prove to be ineffective.
For this reason, they will not be considered as part of the
classification toolkit in further analysis.

Previous studies focused on the binary division of
information into authentic and falsified have already
covered probabilistic models and various neural network
architectures [5, 14]. The results achieved have shown
that one of the most effective approaches in terms
of precision and computational performance is a hybrid
network that integrates recurrent and convolutional
RCNN. Additionally, it has been
established that one of the challenges in researching

components —

such information differentiation is determining the
degree of social significance of inauthentic content.
In particular, certain texts may have a clearly humorous
tone that is easily recognized by people. Such materials
do not pose a risk to society. On the other hand,
information messages aimed at undermining trust in
socially important legislative decisions carry a high
level of potential danger.

Identification of previously unsolved parts
of the general problem.
Purpose of the work and objectives

An analysis of scientific literature reveals several
key gaps in the field of detecting falsified information.
First of all, existing studies focus on binary classification
of content without considering the degree of public
danger. Humorous content and targeted disinformation
require different approaches to detection, but there is
no corresponding taxonomy that would take into account
the scale of impact and the level of potential harm.
Despite the high efficiency of hybrid neural networks
such as RCNN, their potential can be significantly
expanded by creating multi-layer model architectures.
Existing studies do not consider the ability to integrate
RCNN with alternative classification methods to improve
the overall performance of the system. At the same time,
most existing solutions require significant computational
resources and large amounts of training data, which
limits their practical application.

The purpose of this article is to develop a two-layer
model for classifying fake information based on
a combination of a naive Bayesian classifier and a hybrid
recurrent convolutional neural network. To achieve this
goal, the following tasks must be performed:

—identify markers of fabricated information to
simplify its detection;

— conduct an expert assessment to establish the
main classes of fake information;

— develop a methodology for segregating groups
of fabricated information based on a naive Bayesian
classifier;

— experimentally test the proposed two-layer
model and compare it with a single-layer model
based on RCNN;

— analyze the results of the experiment and
formulate conclusions based on the solution of the multi-
criteria selection problem.

Materials and methods

Materials and methods:

— density of rhetorical devices (excessive use of
interrogative constructions aimed at distorting the
sociolinguistic context);

— manipulation of lexical valency (systematic
constructions

elimination of negative along with

hyperbolic replacement of terms);
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— pragmatic incongruity (inappropriate use of

appealing and stimulating linguistic  structures;
particularly evident in contexts that attempt to imitate
legitimate news discourse);

— analysis of pronoun density (excessive use
of pronouns often correlates with attempts at
contextual manipulation);

— patterns of grammatical and stylistic deviations
(the presence of systematic grammatical and stylistic
anomalies, especially in alleged quotations from
authoritative sources).

This expanded set of features facilitates the
development of a robust, multidimensional classification
model capable of identifying fabricated information
modalities  with

in different increased  precision

and reproduction rate.

Disinformation classes

The first step in solving the problem of multi-
classification is to define the fundamental categories
of disinformation through a clear methodological
structure. To develop this classification scheme, an expert
panel of 100 data analysts from various European
and North American countries was assembled.

An open survey was then conducted using
a standardized assessment protocol to identify the most
vulnerable  types of information falsification.
The aggregated responses from 300 participants
(n =300, 95%,

error + 5.66%) formed the basis for the formulation

confidence interval = margin of
of the following groups:
identifiable

manifestations (determined by explicit linguistic markers

— satire with objectively
and structural patterns);

— satire with contextual or grammatical manifestations
(requires semantic analysis and cultural interpretation);

— news targeting specific individuals or small
groups (micro-level disinformation with focused
vectors of influence);

— news targeting multiple regions, countries,

or large groups (meso-level disinformation with
broader societal implications);

— news targeting multiple countries or society
(macro-level disinformation with potential
systemic effects).

This categorization demonstrates a hierarchical
structure with increasing potential impact, facilitating
both  quantitative and

qualitative  analysis  of

disinformation patterns. Such a taxonomic approach
allows for a more detailed examination of information
manipulation strategies while providing a standardized
basis for comparative analysis.

Basic characteeristics

After establishing the properties of fabricated
information, we can proceed to developing a set of
metrics that serve as input variables for models.
The main one — the "emotional characteristic" -
is derived using content analysis principles [15],
implementing the following algorithmic sequence:

— segmentation of text content into sentence units
and tokenization of lexical elements, avoiding non-
semantic constructions (e.g., "however", "this", "or");

— application of lemmatization and stemming
operations to extract morphological roots from the
vocabulary set;

— calculation and normalization of frequency-
emotional indicators at the sentence level,

— implementation of  sentiment analysis
methodology using the NLTK module in Python3 to
determine lexical frequency distributions and emotional
valence metrics.

In addition, six auxiliary quantitative metrics were
added to the analytical structure:

— rhetorical density coefficient (RDC) (defined as
the ratio of rhetorical constructions to the total number of
sentences — RDC = (RCS/TS), where RCS = number of
rhetorical constructions; TS = total number of sentences);

— frequency of negative constructions (FNC)
(quantifies the density of negative linguistic structures —
FNC = (NNC/TS), where NNC = number of negative
constructions; TS = total number of sentences);

— contextual emotional index (CEI) (derived from
the analysis of the moods of temporally relevant high-
traffic content; analyzes patterns of emotional valence
among the 50 highest-rated news articles, providing
temporal calibration for classification algorithms);

— suspicion coefficient (SC) (calculated by lexical
comparison of patterns with predefined indicators of
deception; uses a validated corpus of terms related to
fabricated information; needed to implement normalized
frequency analysis for intertextual comparison);

(MIF) (hierarchical
significance,

— message impact factor

classification of content which is

a weighted evaluation system based on content

domain and coverage);
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— mood value vector (MVV) (an aggregated of local spatial dependencies; however, the nature of the

measure of the intensity of emotional content, serving as proposed metrics requires understanding extended
a normalized representation of the overall valence of a temporal sequences without adding future state
message; contains both polarity and measure components). dependencies [5]. This is a limitation, given the

This set of features enables reliable classification of
potentially fabricated information in different contextual
domains, taking into account language characteristics.

importance of context that may exist outside the
receptive field of CNN. To address this architectural
issue, a hybrid approach combining recurrent neural
network (RNN) and CNN methodologies was introduced.
In this case, the recurrent neural network is presented
with support for both long-term and short-term memory

(LSTM). Figure 1 shows a simplified version of
the resulting model.

The first layer of the model

In traditional convolutional neural network (CNN)
architectures, filter operations facilitate the incorporation

Attention Mechanism )

r \}
! \
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\
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Fig. 1. Schematic representation of the architecture of the RCNN model

The proposed RCNN architecture combines the

field; use of skip connections to preserve detailed feature
advantages of convolutional

information; integration of attention
to capture long-term dependencies);

and recurrent neural
networks through a multi-stage processing pipeline. This
integration mitigates the limitations of each approach
when applied individually to the detection of textual
disinformation. The textual input undergoes tokenization
and embedding transformation, resulting in a matrix

mechanisms

— memory management protocol (introduction of
ventilated memory units to control information,
application of adaptive forgetting valves to optimize

memory retention; integration of memory-efficient

representation where each row corresponds to a token and
each column corresponds to an embedding dimension.
To optimize the performance of the defined model,
several architectural improvements have been implemented:
— receptive field optimization (introduction of
extended convolutions to expand the effective receptive

backpropagation methods);

— optimization of gradient flow (introduction of
residual connections to facilitate gradient propagation;
use of layer stable learning

dynamics; integration of gradient clipping to prevent
numerical instability).

normalization for
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During cross-validation, the following optimal
hyperparameter configurations were obtained:

— kernel dimension — 4 units (optimized using
Bayesian hyperparameter search);

— step parameter — 1 unit (determined by
optimizing the grid search);

— zero padding (omitted based on the set step
parameters);

— bias term (removed based on domain-specific
considerations);

— filter dimensions — 5x5x3 tensor (the third
dimension corresponds to the cardinality of the
target indicator).

The training protocol for this integrated architecture
involves training on a

program for improved

convergence, starting with simpler examples and
gradually adding more complex cases. Dynamic batch
size determination optimizes memory usage, starting
with larger batches and gradually decreasing the size
to improve convergence precision. Early stopping

with a patience factor of p =5 controls validation loss to

prevent overfitting, while learning rate scheduling
implements an initial rate of 0.001 with an exponential
decay factor of 0.95 per epoch. Regularization strategies
include dropout layers (rate=0.3) for improved

generalization, applied after both convolutional and

recurrent components. L2 regularization (A =0.01)

prevents overfitting, especially for dense layers, while

feature-wise regularization enables reliable feature
learning by applying normalization at multiple stages

of the network. Recurrent dropout (rate=0.2) is

specifically implemented for LSTM state transitions
to prevent co-adaptation of recurrent units.

Several methods have been implemented to
improve computational efficiency:

— model quantization reduces memory usage by
converting 32-bit floating point operations to 16-bit;

— sparse tensor operations are used especially for
high-dimensional embedding layers;

— parallel processing for batch computations
distributes forward and backward passes across
resources;

— gradient accumulation enables efficient training

with limited memory resources.

This  improved  architectural  configuration
demonstrates  high  performance  characteristics
while maintaining computational efficiency.

The integration of bidirectional recurrent components
with convolutional layers enables effective capture
of both spatial and temporal dependencies in feature
space, achieving 94.3% validation precision on
the benchmark dataset. The hybrid
successfully addresses the challenges of disinformation

architecture

detection through complementary processing
methods: CNN components effectively extract local
linguistic  patterns and  stylistic markers, while
LSTM components capture long-term dependencies
and contextual inconsistencies that often characterize

fabricated information.

The second layer of the model

The naive Bayes classifier (NBC) is based on the
fundamental principle of Bayesian probability theory,
calculating the probability of belonging to a class while
maintaining the assumption of feature independence.
This assumption of independence demonstrates practical
reality in the current context, as a defined set of metrics
reveals minimal inter-feature dependence in the further
determination of values.

Bayes' theorem describes the probability of
an event occurring based on prior knowledge of
the conditions associated with that event. In this context,
it calculates the probability of information belonging
to a particular class by considering several key
components: the probability of observing specific
features when the information belongs to that class,
the overall probability of the class occurring in the
data set, and the overall probability of observing
these specific features among all possible classes.

This relationship is mathematically expressed as
P(F,F,,...,F,|C)-P(C)

i i

P(FI,FZ,...,FH)

P(C|F,F,\.. Fy) = . (M

where P(C[|FI,FZ,...,F,,) — a posteriori probability

of class C, provided that there are features F, to F;

n?o

P(F.F,,...,F,

C.) — the reliability of observing these

features in the class C,; P(Cl.) — a priori probability of
a class C;; P(F,F,,...,F,) — evidence, or the overall

probability of a set of features.
Under the naive assumption of independence, the
reliability member can be decomposed as

P(F,F,...F|C)=]T P(F]C). )
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The classes C; correspond to the five categories of
disinformation defined above:
- C -

manifestations;

satire with objectively identifiable

— C,— satire with contextual or grammatical

manifestations;
C, — news targeting specific individuals or

small groups;

— C, — news targeting multiple regions or large
groups;

— C, —news targeting multiple countries or society.

Features F; meet the seven indicators set out above:

— F, —emotional characteristic;
— F, —rhetorical density coefficient;
— F, —frequency of negative constructions;
— F, — contextual emotional index;

F, — suspicion coefficient;

— F, —message impact factor;
— F, —mood value vector.

The implementation follows a comprehensive three-
phase approach. In the training phase, conditional

probability P(Fj |Cl.) distributions are estimated for each

class and feature using kernel density estimation. A priori

classes P(C,) probabilities are calculated using the

frequency distribution in the training data set with
Laplace smoothing to resolve class imbalance.

During the inference phase, feature values are obtained
from the input instances and normalized according
to the procedures described above. For each class, the
posterior probability is calculated based on Bayesian
principles with a naive assumption of independence.
To prevent numerical overflow from multiplying small
probabilities, calculations are performed in logarithmic
space with a weight coefficient based on information
gain metrics:

A 7
C= argm(;ax{logP(C,.)+wa log P(Fj |Q) , (3
; =
where w, —normalized weight coefficient of information
gain for a feature F .

additional mechanisms

improve the classifier's performance, including feature

Several optimization

normalization and bandwidth parameter optimization

for kernel density estimation. Collectively, these

methods  enable reliable  classification  through

systematic evaluation of class membership probabilities,
which is particularly effective for multiple independent
feature sets.

The second layer of the model described is
potentially capable of improving the precision of
disinformation classification compared to simple RCNN
through systematic evaluation of class membership
probabilities, which is particularly effective in scenarios
involving multiple independent feature sets.

The essence of MapReduce technology

The MapReduce technology is based on distributing
the input data array for processing across separate
computing nodes. The key operations are the application
of reduction and aggregation functions. The first function
distributes information among the nodes for the
necessary processing, while the second collects the
results from all nodes and combines them into
a single result.

It is important to note that MapReduce technology
defines only the principles for implementing the relevant
components within specific platforms. In this case, the
overall implementation can vary significantly. For the
current study, we chose to use MapReduce within the
Hadoop platform. A visual representation of the proposed
solution is shown below (Fig. 2).

In our case, the distribution and combination
functions play a special role. They are necessary for
additional parallelization within each node using different
memory areas. For a better understanding of this
approach, the main nodes can be considered as processes,
and the specified memory areas as execution threads.

In addition to these functions, an important feature
is the sorting of data before the reduction stage.
This study considers data that is critically dependent
on sequence and does not contain additional time stamps.
To avoid problems during reduction, a field with
a sequential identifier for each text fragment was added,
according to which sorting will be performed.

Regarding the specifics of implementing the
proposed technology, it should be noted that MapReduce
will be used autonomously in the preliminary processing
of input information and during the training of neural
networks. To carry out this processing, it is critical to
form the most complete dictionary possible. For this
purpose, a specialized non-relational database with
support for multithreaded access was created, where,
after basic processing (removal of service words,

lemmatization, stemming), the entire available lexicon
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will be stored. Thus, an increase in the volume

of processed material leads to an increase in the

map

partition
combine

splitl  |—
Spit2 Region 1
Split3 Region 2
splita | —

Split5

Region 1

Region 2

Fig. 2. Schematic representation of MapReduce based on Hadoop

For the RCNN model, the initial phase is the CNN

convolutional layer. In it, the weight parameters
are iteratively adjusted by calculating their partial
gradients after each training set passes through
the network. Thus, parallelization during the training
process can be implemented by segmenting the data
into several parts. Each segment is passed to multiple
CNNs, which are trained independently. The results
are then aggregated through a reducer to obtain the
final information used to update the weight coefficients
for the next iteration.

After the convolutional layer is complete, the
aggregated data is sent to the LSTM layers. To speed up
a bidirectional neural network, the work of two neural
networks can be distributed between separate nodes.
In this case, the reduction function actually acts as
an aggregator of the results of both networks.

The naive Bayes classifier is particularly well
suited for parallel processing due to its probabilistic
nature and the independence of calculations for different
features. Parallelization can be implemented at several
levels. During the training phase, the data is distributed

among the nodes for independent calculation of the

precision of the formation of the corresponding
frequency characteristics.

Task Track R1

Task Track R2

OutputFormat

statistics for each feature. Each node calculates local
frequencies and probabilities for its part of the data.
The reduction function aggregates these statistics to

obtain global probability distributions P(Fj|C,.) and

prior probabilities P(C,). At the classification stage,

the calculation of posterior probabilities for different
classes can be performed in parallel on separate nodes.
Each node receives a feature vector and calculates
the probability of belonging to its assigned subset of
classes. The final classification is determined by
comparing the results of all nodes.

Additionally, the

for different features can be parallelized, since, according

calculation of probabilities

to a naive assumption, the features are independent.

This allows the calculations P(Fj|Cl.) to be distributed

among the nodes and the results to be combined
by multiplication in logarithmic space.

Among the main advantages of the proposed
approach are its scalability, cost-effectiveness, ease of
use, and the ability to monitor performance using
Hadoop (standard Python methods are used for internal
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monitoring). The disadvantages are the need to develop
a significant amount of program code, the concealment
of processing details (despite the ability to view logs),
and the need for lengthy system configuration.

Experimental environment

In modern neural network research, controlled
experimental protocols require precise implementation
structures and standardized execution environments.
The complex computing infrastructure utilizes
an Intel Core 15-1135G7 processor with 16 GB of RAM
and 4 GB of video memory, providing distributed
processing through virtual nodes. These nodes operate
with optimized 8 GB memory allocations, facilitating
efficient bidirectional network parallelization.

Implementation precision relies heavily on precise
temporal measurements achieved using the Python 3
datetime  library  with  nanosecond  resolution.
Computational optimization utilizes the numpy and
polars libraries, while linguistic processing uses nltk
functionality. TensorFlow provides the fundamental
neural network framework necessary for developing
complex model architectures and training protocols.

The rigor of the validation stems from two different
datasets focused on contemporary socio-political events.
The primary analysis covers the Russian-Ukrainian war,
containing 20,000 balanced records derived from
5,000 initial trilingual posts, standardized through
Ukrainian The additional

analysis uses a dataset from the 2020 US elections,

linguistic  transformation.
maintaining an equivalent volume in English and
facilitating cross-linguistic validation. Both datasets
apply error mitigation protocols within an 80/20
training/testing split.

Methodological
comprehensive

reliability comes from

evaluation protocols involving the
expertise of 50 data analysis specialists from different
countries. In studying the results of the expertise, three
identified to

effectiveness of the proposed models:

key indicators were evaluate the

— precision indicator (weight coefficient 0.8),
calculated using a 4 to 1 ratio of Precision and Recall
metrics normalized to a scale from 0 to 1;

— information processing time savings indicator
(weight coefficient 0.1), defined as the inverse of the
normalized processing time relative to a single-layer
RCNN-based model;

— information volume savings indicator (weight
coefficient 0.1),

calculated wusing a proportional

reduction in the minimum number of samples required
relative to the baseline (set at 20,000 records).
Statistical validity is formed through linear additive

convolution with weight coefficients, providing
a comprehensive evaluation of the model while
maintaining  focus on  classification  precision.

This approach demonstrates particular effectiveness
in processing high-dimensional feature spaces and
complex linguistic patterns in different languages,
minimizing false negative classifications in socially
sensitive contexts. Architectural flexibility facilitates
seamless integration of computing nodes, enabling
scalable performance optimization without structural
modifications. Such adaptability proves invaluable
in processing heterogeneous information flows and
maintains stable classification precision across different
linguistic and contextual domains.

Experimental quantification of uncertainty requires
systematic identification and mitigation of potential
sources of error in the measurement structure. Analysis
of the experimental protocol reveals two main categories
of uncertainty: temporal measurement errors and
precision estimation bias. In temporal measurement
domains, uncertainty arises from both anthropogenic
factors and instrumental precision limitations. The human
variability
while

factor introduces through  operational

inconsistencies, instrumental error manifests
itself through systematic and random deviations in the
performance of measurement equipment.

These temporal uncertainties directly affect the
assessment of computational efficiency and system
response. Precision estimation uncertainty mainly stems
from data quality variations and integrity considerations.
These uncertainties can manifest through incomplete
data sets, annotation inconsistencies, or classification
ambiguities, potentially affecting the reliability of
To address these

performance metrics. systematic

uncertainties, a robust measurement protocol was

established that implements tenfold (n=10) iterations

for each performance metric. This repeated measurement
approach allows for statistical validation of results,
minimizing the impact of random fluctuations and
systematic biases. The implementation of multiple
measurement cycles facilitates the calculation of
standard deviations and confidence intervals, providing
a more comprehensive understanding of the model's
stable performance.

A defined, clear approach to

uncertainty ensures the reliability and reproducibility

quantifying
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of experimental results, establishing a standardized

framework for evaluating performance in similar

classification systems.

Research results

In the precision analysis process, ten independent
iterations were performed for each model to ensure
statistical reliability. Figure 3 shows detailed precision
results for each of them for the first dataset.

The average precision values for all iterations were

65.4% (0=0.55) for simple RCNN and 95.3%
(o0 =0.35) for RCNN+NBC. The stability of the results

across two datasets indicates the robustness of the

architectural models to linguistic and contextual
variations between different domains of disinformation.
It is noteworthy that the two-layer RCNN+NB approach
consistently  outperformed the baseline RCNN
implementation across all iterations and datasets.

Figure 4 shows the precision results for the
second data set.

Processing time was evaluated through multiple
iterations of measurements,

recording the average

output time required to classify a single sample.
The hardware configuration was used consistently across
all architectural variants to ensure comparable results.
Table 1

for five independent iterations.

shows the processing time measurements

@ RCNN @ RCNN+NB
100
80
60
40
20
0
Iter 1 Iter 2 Iter 3 Iter 4 Iter5

Fig. 3. Precision results for each architecture on the Russian-Ukrainian war dataset

@ RCNN @ RCNN+NB

100

80

6

o

4

o

[\*]
o

o

Iter 1 Iter 2 Iter 3 Iter 4 Iter 5
Fig. 4. Precision results for each architecture on the 2020 US election dataset
Table 1. Processing time measurements (milliseconds) across multiple iterations
Model Attempt 1 Attempt 2 Attempt 3 Attempt 4 Attempt 5 Median Standard deviation
RCNN 125 124 126 123 127 125 1.6
RCNN+NBC 131 132 130 132 131 131.2 0.8
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The processing time results show moderate
differences between the model architectures. The baseline
RCNN implementation achieved the lowest average
RCNN+NBC

configuration required 5.0% more time (131.2 ms)

processing time (125 ms). The

compared to the baseline.

To evaluate information efficiency, each
architecture was evaluated using progressively larger
training datasets until an precision of over 80% was
achieved. This threshold was set based on expert
level of

assessment as the minimum acceptable

Table 2. Normalized experiment results

performance for practical implementation. The results

reveal significant differences in data efficiency
presented. The RCNN+NBC

configuration demonstrates exceptional data efficiency,

between the options

requiring only 500 samples to achieve acceptable
performance — a 90% reduction compared to the baseline
implementation, which required 5,000 samples.

To facilitate a

comprehensive  comparison,

individual performance metrics were normalized

relative to the baseline RCNN implementation and
aggregated, as shown in Table 2.

Model Saving time on information processing Precision Information volume savings
RCNN 1.00 0.65 0.00
RCNN+HBK 0.95 0.95 0.90

The application of linear additive convolution
together with the weights defined above for each of the
target indicators determines efficiency coefficients
of 0.62 for simple RCNN and 0.945 for RCNN+NBC.

The experimental results demonstrate that the
RCNN+NBC model showed an average 52.5% increase
in efficiency compared to the direct application of the
RCNN method. This improvement covers all evaluated
metrics, with particularly significant improvements in
data efficiency and classification accuracy. It follows that
this model is more effective because it achieves the
highest overall convolutional function value of 0.945.
The proposed model combines the reliable feature
extraction capabilities of RCNN with the probabilistic
classification structure of the Bayesian approach,
resulting in exceptional data efficiency while maintaining
high classification accuracy.

Conclusions

The aim of the study was to develop an effective
two-layer model for detecting text information forgery
based on a hybrid recurrent-convolutional neural network
approach and a naive Bayesian classifier. The study
conducted a comprehensive analysis of the characteristics
of text information falsification in socially oriented
systems, which are determined by significant user load.
Based on expert assessment, a classification structure was
formed, containing five categories of fake information —
from satire to globally harmful news. In addition,
a set of seven discriminatory features has been
developed to identify fabricated information: emotional

characteristics, rhetorical density coefficient, frequency
of negative constructions, contextual emotional index,
suspicion coefficient, message impact factor, and mood
vector. These features form the basis for classification
through a naive Bayesian classifier, which is the
first layer of the proposed model.

To improve computational efficiency, the training
and information processing processes were parallelized
using MapReduce technology based on the Hadoop
platform. This made it possible to distribute the training
of CNN components across multiple nodes with
subsequent aggregation of results through a reducer.
Two datasets were experimentally tested: news
about the Russian-Ukrainian war (20,000 records)
and the 2020 US elections

A multi-criteria approach with weighting coefficients

(equivalent volume).

was used to evaluate effectiveness: accuracy (0.8),
time savings (0.1), and data efficiency (0.1).

The results of the
the significant advantages of the proposed two-layer
RCNN+NBC
an accuracy of 95.3% compared to 65.4% for the
baseline RCNN,
performance. Particularly significant is the improvement

experiments demonstrate

approach.  The model  achieved

representing a 15% increase in
in data processing efficiency — the two-layer model
requires only 500 training samples to achieve acceptable
accuracy, compared to 5,000 for the baseline architecture,
representing a 90% reduction in information.

Processing time increased insignificantly (5.0%),
which is offset by a significant improvement in
classification quality. The overall efficiency coefficient
of the two-layer model was 0.945 compared to 0.62
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for the baseline

a 52.5% improvement.

implementation, demonstrating

The use of a two-layer -classification model
successfully expands the capabilities of basic detection of
information falsification, in particular, assessing the
scale and analyzing the intentionality of fabrication.
The results confirm the feasibility of implementing
the proposed approach to reduce the impact of
disinformation in socially oriented systems, especially
during crises. Prospects for further research include

extending the methodology to multimodal content
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XoBpar Aprem BsiuecniaBoBuu — XapKiBChKHH HAIiOHATBHUI YHIBEPCHTET pPaIiOCNEKTPOHIKU, acHipaHT Kadenpu
"[IporpamHa imxkeHepisn", XapkiB, YkpaiHa.
Ko063eB Bosionumup I'puropoBuy — KaHAUIAT TEXHIYHUX HAYK, XapKiBCHKHUI HAIllOHATHHUI YHIBEPCUTET PATiOCIIEKTPOHIKH,

CTapIIuil HayKoBHH criBpoOITHHK, podecop kadeapu "I[Iporpamua imxenepisa”, Xapkis, YkpaiHa.

JIBOIIIAPOBA MO/IEJIb JJI51 BUSIBJIEHHSA ®AJTBCUPIKOBAHOI IHOOPMAIIIL
3 BUKOPUCTAHHSM HAIBHOI'O BAECIBCHKOI'O KJIACU®IKATOPA
B COLIAJIBHO OPIEHTOBAHUX CUCTEMAX

IIpeamerom pocaimkeHHss € mpobiema BHABICHHSA chabprkoBaHoi iH(pOpMaIli B COILIATBLHO OPIEHTOBAHUX CHCTEMaX, SKHM
BJIACTHUBE 3HAYHE KOPHCTYBallbke HaBaHTaXeHHsA. MeTa — po3poOieHHs nBomapoBoi Mozeni kiacudikamii deiikoBoi iHpopmarii
Ha OCHOBI TO€IHAHHS HAiBHOTO 0aeciBChKOro KiacudikaTopa W TiOpWAHOI PEKypeHTHO-3TOPTKOBOI Helpomepexi. Y craTTi
PO3B’s13aHO Taki 3aBJaHHA: CKCIIEPTHE OLIHIOBaHHS Ta AOMEHHHH aHalli3 JUId BH3HA4eHHS 0a30BHX KiaciB (elikoBoi iHpopMarii;
aHaNi3 JIHTBICTMYHHX MapKepiB aesiH(opMmarii Ta po3poOJeHHs BEKTOpIB O3HAK Ui Kiacugikamii; CTBOPEHHS MOJENeH Uist
cerperamnii JaHUX 3 BUKOPHUCTaHHSIM HaiBHOTO 0aeCiBCHKOrO KiacHu(ikaTopa; eKCIepHMeHTajbHa IIepeBipKa 3alpOIIOHOBAHOT
nBomapoBoi Moneni Ta mopiBHAHHA 3 migxomoM RCNN. VmpoBamkeHO Taki MeTOAM: aHANITHYHHH (11 GopMyBaHHS HabOpy
MapkepiB aesiHdopmarii); iHIYKTUBHHHA (3 METOI0 BH3HAUY€HHA WLiIHOBOTO HAOOpy IHAMKATOPIB Ui peaii3amii Apyroro mapy
MOJIelli); eKCIIepTHE OLIHIOBAHHS (IS BCTAHOBJICHHS HaWOUIbII BIJIMBOBUX (aKTOpiB e(EeKTHBHOCTI Ta BaroBHX KoedilieHTIB
03HAK); EKCHEePUMEHTAIBHUN 1 OaraTOKpHTepiadbHUH METOJM OLIHIOBAHHS (3 METOI0 BH3HAUCHHS HAHOLTBII e(eKTUBHOI MOJEIi).
JocsirnyTi pesyabstatu. ChopMoBaHo Kinacu¢pikaniiiHy cTpyKTypy Ais TUMiB (eifkoBoi iHdopmarii, o MiCTHTh IT’SITh KaTeropiit —
BiJl XKapTiB A0 TIJI00aJbHO MIKI[UIMBUX HOBHH. Po3po0ieHO Hadip IUCKPHMIHATHBHUX O3HAK, BIACTUBUX U1 c(aOpuKoBaHOI
iHpopMalil, 30KpeMa MEpBUHHI JIHTBICTUYHI MapKepy Ta BTOPUHHI CTHJIOMETPUYHI iHAWKATOpH. Bu3HaueHo, IO MiAXif
3 BHKOPHCTAHHSM JIBOIIAPOBOI MOJENI IPOJEMOHCTPYBaB y cepeaHboMy 15% minBHIIEHHS e(QEeKTHBHOCTI MOPIBHSIHO 3 MPSIMHM
3aCTOCYBaHHAM TiOpHIHOI pEKypeHTHO-3TOpTOKOBOI Helipomepexi. BucHoBKH. 3acTocyBaHHS ABOMIapoBOI Mojeni Kiracuikamii
JAaHUX YCHIIIHO PO3IMIUPIOE MOXKIUBOCTI 0a30Boro BusiBICHHS (akTy danbcudikamii iHGopmamii, 30kpemMa OIiHIOBaHHS MacIiTady
it aHani3 HaBMUCHOCTI (abpukarii. EMIipudHuii ananiz 1eMOHCTPYE, 110 iMIUIEMEHTAIlisl ABOLIAPOBOI MOJeIi 3 HAlBHUM 0a€CiBCHKUM
kiacudikaTopoM nocsrae cepemHboro 15% migBHINEHHS NMPOXYKTHBHOCTI, HA BIJMiHY Bl NPOCTOrO 3aCTOCYBaHHS HEHPOHHOI
Mepexi. 1l pi3HHI B MPOAYKTHBHOCTI cTae 0COOJIMBO 3HAYYLIOK B CHCTEMax 3 BHCOKOIO MPOIMYCKHOK 3[aTHICTIO, Jie IIBHAKA
ineHTHdikamisa Ta pearyBaHHs Ha caOpuKoBaHy iHPOPMAIIO € KPUTUYHUMH OIEPAIlifHUMH HapaMeTpaMu. 3100yTuil pe3ynbTaT
Ja€ 3MOTY CTBEp/UKYBAaTH IPO JOLIJIBHICTh YIPOBaKCHHS 3almpONOHOBAHOIO IiAXOMy, @ BIAMOBIAHO, CIPHSAE 3MEHIICHHIO
BILUTUBY NOJIi0HOT iH(opMaIlii B conialIbHO OPIEHTOBAHHUX CHCTEMax, OCOOJIMBO MiJl Yac KPU30BHX SBHIL.

KawuoBi cioBa: anami3 jgaHux; HaiBHME  OaeciBchkuii  kiacudikartop; HEHpOHHI  Mepexi; Mapalerizaiis;
(hanbcudikoBaHi HOBUHH.
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O. MAPMITKO, C. TUMYUK

PO3POBJIEHHA IHTEJIEKTYAJBHOI CUCTEMHA
PAHHbLOI'O BUSIBJIEHHS ITATOJIOI' I 30PY
HA OCHOBI AHAJII3Y MIKPOPYXIB OYEH

IIpenMeToM mocaixkeHHsI € po3poOJICHHS Ta BIPOBA/HKEHHS CHCTEMH MOHITOPHHTY CTaHy 30pOB’sl O4Yel 3a JOIOMOTOI0 CyYacHHX
TEXHOJIOT1H, 30KpeMa 0e3POTOBUX CEHCOPHHX MEpEeXk, O10METPHYHMX JATYHKIB 1 MPOrpaMHOrO 3a0e3MEeUYCHHS AT aBTOMAaTHYHOTO
BUSBJICHHSI 3aXBOPIOBaHb 30py. OCOONMBY yBary MPHUIICHO METOAaM OOpOOJICHHS Ta aHaNi3y MOKa3HHUKIB i3 CCHCOPIB IS TOYHOI
JIIarHOCTHKH MATONOTIH, TakMX SK KaTapakTa, IJIaykoMa, ia0eTHYHa peTWHOmaTis Tomo. MeTa poG0oTH — CTBOPEHHS CHCTEMH,
sKa Ja€ 3MOTY BUSIBILITH TOPYILEHHS 30py B peanbHOMY daci, 3AiHCHIOBAaTH aBTOMATHYHY MIarHOCTHKY I HaJaBaTH peKoMeHIawil
mono JikyBaHHsA. CucTeMa IHTETPYETHCS 3 MOOITBHHM 3aCTOCYHKOM 1 MOXKE MpaIfoBaTH pa3oM 3 IHIIUMH MEAWYHUMH
MIPUCTPOSMH UIs TOJIETIICHHS B3a€MOJI] MallieHTa 1 Jikaps. 3aBJaHHsA, sSKi HEOOXiIHO BUKOHATH B CTATTi: 1) po3poOHTH cHCTEMY
i 300py ¥ MoHITOpMHTY iHpoOpMamii Hpo CTaH 370pOB’s Odei; 2) CTBOPUTH QITOPUTMH OOpOOJECHHS # aHawizy
orpuMaHoi iH(opmamii; 3) po3poOHTH MOOULTEHHMIA 3aCTOCYHOK; 4) IMPOTECTYBaTH 3alpOIIOHOBaHy cHcTeMy. Meroam, 1o
3aCTOCOBYIOTBCSI B JOCIHIJDKEHHI: aHaii3 iHdopmarii 3 OIOMETpPUYHHMX CEHCOpIB, AJTOPUTMH AaBTOMATHYHOTO IOPIBHSIHHS
MOKa3HHUKIB 3 0a30l0 HOPMAJBHMX 1 TATOJOTIYHUX 3HAUYEHb Ta Oe3ApoToBi TexHoiorii mepemaui manux (Bluetooth, Wi-Fi).
Po3pobnena 6a3za mgaHux i mporpaMHe 3a0e3NEUeHHS CHPUSIOTH 3aXHUIICHOMY 30€pEeKCHHIO W aHai3y MEAWYHUX ITOKa3HHKIB.
JocsirnyTi pe3yabTaTi. JlOCTIDKEHHS IPOAEMOHCTPYBAIO, IO CHCTEMa Jja€ 3MOTYy KOHTPOJIIOBATH CTaH 30py B PealbHOMY daci
3 BUCOKOIO TOUHICTIO (85-90 %), BUABIATH MATONOTI] HA PaHHIX CTAMiAX 1 ABTOMAaTHYHO CIIOBIIIATH IMANi€HTa U JIiKaps PO BHUABIEHI
BigxwieHHs. CucTeMa JeMOHCTpYy€e epeKTHBHICTh Y PaHHbOMY BHSIBJICHHI XBOPOO i J]a€ 3MOTY BYAaCHO NpU3HAYATH JIKyBaHHI abo
JomaTKOBI o0cTexeHHs . BucHoBKkH. Po3pobiieHa cucteMa € BaXKIIMBUM KPOKOM JIO iHTeTrpamnii MeJMIHIX TEXHOJIOTIH y TOBCSKICHHE
KUTTA. BoHa 3a0e3nedye BUacHe BHUSBIICHHA HOPYIICHb 30pYy M 3pyYHHMH OOCTYH OO pe3yJIbTAaTiB MOHITOPHHTY. Y MalOyTHROMY
MOXKJIMBE PO3IIMPEHHs (YHKLIN A BUSBICHHS {HIINX 3aXBOPIOBaHb OYeH Ta IHTErparlis 3 JOAaTKOBHMH MEIHYHUMH MPUCTPOSIMU
JUTSL KOMIUTEKCHOTO MOHITOPHHTY 3[10pOB’S Malli€HTA.
Ki1i040Bi cjioBa: MOHITOPHHT 30py; 6€3pOTOBI CEHCOPHI MepeiKi; pO3yMHi OKYJISIPH; aBTOMAaTHYHE BHSBICHHS XBOPOO.

Beryn

[IpoOnemu, noB’s3aHi 3 opraHaMu 30py, MOCIJal0Th
OJlHE 3 MPOBIIHMAX MICIh Cepell XPOHIYHUX 3aXBOPIOBAHb
i CyTTE€BO BIUIMBAIOTH HAa SKICTh JKUTTS JIFOJUHH,
obMmexytoun ii mpodeciiiHy, comiadbHy Ta HMOBCAKICHHY
aKTHBHICTh. [lOTipHIeHHs 30py MOXE HpPU3BOJUTH JIO
3HIKCHHS TPAale3JaTHOCTi, OOMEXEHHS MOMIINBOCTEH
JUIs HaBYaHHS, YYacTi B COLIIBHUX 1 KYyJbTYPHHX
3aX0Jax, a TaKOX JO 3pPOCTaHHSA PH3UKY HEIacHHX
BUMAJAKIB y moOyTi # Ha pobori. 3a iHdopMmarier
BcecBiTHpoi opranizarii oxoporu 3mopoB’s (BOO3),
noHax 2,2 MipA JIONEH y CBITI MaroTh mpoOieMu
i3 30poM, BOAHOYAC MpHONM3HO 1 MIIpH BHIMAAKIB
MoxHa Oyio O 3amo0irTm abo YCHIIIHO BWJIIKYBaTH
3a JIOTIOMOTOI0 PAaHHBOI MIarHOCTUKM Ta BiIIIOBIIHOTO
nmikyBaHHs. Ll cTaTHcTHKa CBITYMTH TPO TIIOOATBHY
3HAYyIicTe  TpoOieMH ¥ HarajgpHy  MOTpedy
B YNPOBa/DKEHHI e(QEeKTHBHHX METOJIB MOHITOPHHTY
Ta PO ITAKTHKHN 3aXBOPIOBAaHb OUEH.

OnHuMH 3 HaWOUIBII TOIIMPEHUX 1 CEepHO3HHUX

OYHHUX 3aXBOPIOBAHb € KaTapakTa, IIayKoMa, TiabeTHdHa

peTHHOMATIS, a TaKOX IHII TATOJIOTii CITKIBKH OKa,
skl 0e3 BYACHOTO BUSIBJICHHS MOXYTh NPH3BOAUTH 0
3HAYHOTO TOTipIIeHHS 30py a00 HaBiTh IMOBHOI CIIMOTH.
Taki nmarosorii He JHIIE 3HIKYIOTH SKICTh XKUTTS, aje i
CTBOPIOIOTH CYyTTE€BE HABAHTAXKECHHS HA CHCTEMY OXOPOHHU
3I0POB’S Ta EKOHOMIKY JIep)KaBH 4Yepe3 MoTpely
B TPHBAJOMY JIKyBaHHI, XIPypTidHHX BTPyYaHHIX
i CoIliaJIbHIHM MiATPUMII MAI[IEHTIB i3 TOPYIICHHSIM 30DY.
ToMmy paHHe BHSABICHHS 3a3HAYCHUX MATOJOTIH,
pEryJIipHE CIOCTEPSIKCHHSI W TMOCTIHHUN MOHITOPUHT
CTaHy 30pYy € KPUTHYHO BaKIMBUMH AT 30€peKeHHS
3]I0POB’S OYEH, 3aro0iraHHsl TSHKKMM YCKJIQJIHEHHSM Ta
3HIDKCHHSIM COIIaJTbHO-eKOHOMIYHIX BHTpAT, OB’ S3aHHX
i3 JIIKYBaHHSM 1 aJanTarfi€ro JrIeH i3 MOpyIICHHIM 30Dy .

TpagumiiHi METOIM TIarHOCTHKHU 30pOBUX (PYHKITiH
3a3BUYall mependavaroTh Gpi3MYHUI BI3UT 10 MEIUYHOTO
3aKiIaay ¥ BHUKOPUCTaHHS CIICIiaNi3oBaHOTO OOJaJIHAHHS,
TaKOro sK OQTaJIbMOCKONM, NEPUMETPH Ta iHMI
nmiarHoctuaHi mpuctpoi. [Ipore Taki MiAXOOM MOXKYTh
Oyt OOMexeHi B JOCSKHOCTI Ui  HACEJICHHS,
0CcO0JIMBO I MEIUIKAHIB BiJJalleHUX, CLILCHKUX abo

BaKKOJIOCTYIIHHX perioHiB. Kpim Toro, oOMexeHa yacrora
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IUIAHOBUX OIJIAIB, OYIKyBaHHS 4Yepr 1 JIOTiCTHYHI
TPYIHOII TPHU3BOIATH JO 3ali3HUIOTO BUSBJICHHS 3MiH
y CTaHl 30py, KOJH JIIKyBaHHS CTa€ OUIbII CKJIaJHHM,
BUTPATHUM i MEHIII €(pEeKTUBHUM.

Y 3B’a3Ky 31 CTPIMKHM pPO3BHTKOM Cy4YacCHHX
TEXHOJOTIH 1 3pOCTaHHSM IOTpeOM B MOKpalIeHHI
JOCTYITHOCTI MEIMYHHUX MOCIYr 3 SBIISE€TbCSA HarajbHa
HEOOXiMHICTh y CTBOPEHHI IHHOBAaLiMHMX CHCTEM IS
MOHITOPHHTY CTaHy 370poB’ss oueil. Taki cucremun
MaroTh 3abe3nedyBaTH UCTaHUINHWK, Oe3mnepepBHUi
1 BUCOKOTOYHHH KOHTPOJIb 3a CTAHOM 30py Ha OCHOBI
MEepeloBUX  TEXHOJIOTIYHMX  pilleHb:  0e3IpOTOBHX
CEHCOPHHX MEpexX, PO3YMHHX IPHUCTPOiB, alrOpUTMIB
00poOneHHst iHpopMalli B peaTbHOMY 4Yaci ¥ METOIIB
IITY9HOTO MOIiIOHNX

IHTENeKTy.  BmpoBamkeHHS

TEXHOJOTIH Ja€e 3MOTry aBTOMAaTHYHO  BHSIBISTH
BIIXWICHHS BiJ HOpMalbHUX IOKa3HHKIB, (HhOpMyBaTH
MoTIepe/KyBalIbHI  TIOBIIOMJIGHHSL  JUISi  KOpUCTyBaya
i MeangHOTO (haxiBISL, a TAaKOX BYACHO pearyBaTH
Ha PO3BUTOK ITaTOJIOTIYHUX IPOIIECIB.

Mera  mpOro  JOCHIKEHHS —  PO3pOOHTH
KOMIUIEKCHY CHCTEMY JUIsI MOHITOPHHTY CTaHy OueH
Ta PaHHBOTO BHUSBIICHHA

OYHUX 3aXBOPIOBAHb i3

3aCTOCYBaHHSIM  O€3[pOTOBHX  CEHCOPHHX  MEPEK.
Oco6nuBy yBary NpHIUIEHO BUKOPHCTAHHIO PO3YMHHX
OKYJISIpiB 13  BOYJOBaHUMHU

CCHCOpaMH, 3JaTHUMU

BIICTeXKYBaTH 3MiHH 30py, ¢ikcyBatn (isionorigni
napamMeTpu KOpUCTyBaya W aBTOMaTHYHO IIepeaaBaTH
MOKAa3HUKN Ha MOOUTBHI mpucTpoi. IHTEerpamis Takmx
TEXHOJIOTIH 13 MOOITBPHMMH 3aCTOCYHKaMH 3a0e3reuye
MOUJIMBICTE  TOCTIHHOTO MOHITOPHHTY B  PEKHMI
pealbHOTO Yacy, aBTOMATHYHHMUA 30ip 1 aHaTi3 JaHUuX,
a TaKoXX OIepaTHUBHE iH(GOpPMYBaHHS TAIli€HTa W JIKaps
PO MOTEHLiIHI TpobIeMu.

3anpornoHoBaHa CHCTEMa ITOETHYE CYyIacHi CeHCOpHi
TEXHOJIOTIi, aJropuTMH OOpOOJICHHS I aHai3y AaHUX,
IHTYITUBHHH iHTEepdeiic KopHCcTyBauya Ta iHTETPAIio
3 MOOUIBHUMH TIPHCTPOSIMH, IO JOIOMAarae IMiJABHIIUTH
e(eKTUBHICTb PAaHHBOI  [IarHOCTUKH, 3abe3mednuTH
JOCTYIHICTh MEOUYHHUX TOCHyr y OyIb-KMH dac
i B OyIp-SKOMy MicClli, a TaKOoX CIPHUSE PO3BHUTKY
HAYKOBHUX JOCTKCHb 1 TWIABHIICHHIO MPAaKTUIHOT

3HAYYI[OCTI ~ MOHITOPMHTY  OYHHMX  3aXBOPIOBaHb.

KpiMm mepeniyeHoro, Taka cHCTeMa BIIKPUBAE HOBI
HEepPCHEeKTUBH A1 I[EPCOHAN30BAaHOI  MEIMIUHHY,
Jle CIIOCTEPEXEHHS 3a CTaHOM 30py 3JIiHCHIOETHCS
IHIUBIAYyaJbHO Ui KOXKHOTO KOpPHCTyBada 3 OIJILY
0COOJIMBOCTI,

Ha Horo (izionoriuni CTHIIb JKUTTA

51 YMOBH HAaBKOJIMIIHBOI'O CEPEAOBHUIIA.

Mera ii 3aBIaHHA

MOHITOPHHT 3[I0POB’Sl OYCH € OJHUM 13 KIIFOYOBHX
CKJIaHUKIB CyYaCHUX MEIUYHUX TEXHOIOTIH, OCKITBKHU
BYaCHE BHABJICHHS 3MIiH Yy CTaHi 30py Ja€ 3MOTy
MIOTIEPETUTH PO3BUTOK CEPHO3HUX OQPTATBMOIOTITHIX
3aXBOPIOBaHb. J[0 TaKKMX MATOJIOTIH HaJIeKATh KaTapaKTa,
riaykoMa, JiabeTHYHa  pPETHHOIATIS,  JleTeHeparlis
CITKIBKM Ta IHIII ypakeHHS OYHOIO armapary, ski 0e3
e(pEKTUBHOTO KOHTPOIIO MOXYTh TPU3BOIUTH IO
3HAYHOT'O MOTIPIIEHHS 30py a0 HaBiTh ciinoTH. BuacHa
JIarHOCTHKA [UX CTaHIB € KPUTHYHOI HE JHIIE s
30EpeKCHHS TOCTPOTH 30py, ajle W JUId MiATPUMKH
BHCOKOI SIKOCTI >KHTTS IALII€HTIB, 3MEHIIIEHHS COI[1aIbHO-
€KOHOMIYHOTO HABAaHTAKCHHS HAa CHCTEMY OXOPOHH
3I0pOB’sl Ta IJBUIICHHS 3arajlbHOi Oe3MeKH JIOAWHU
B TIOBCSKICHHIH JisUTHHOCTI.

B yMoBax CTpIMKOTO pO3BHUTKY O€3IpOTOBHX
CEHCOPHUX MEpEX, HOCUMHX IPHCTPOIB 1 MOOUIBHHX
TEXHOJIOTIH  3’SBISAETBCS  MOMIIMBICTH  CTBOPCHHSA
IHHOBAaI[IfHUX CHUCTEM JJIsI MOHITOPHHTY CTaHy OuYeH
Yy peXHMi pearbHOro Jacy. Taki CHCTEMH JAfOTh 3MOTY
30py,

BUABJIATU TOPYHICHHSA Ha paHHiX CTaHiHX, a TaKOX

ABTOMATHYHO  BIJCTEXKYBaTH 3MiHU BYacHO

Ha/aBaTW KOPUCTYyBayaM 1 MEIUYHUM MpalliBHUKaM
11010
AITOPUTMIB

ONepaTWBHI  PEKOMCHIAIIIT MOJANTBIIAX  JTiH.

BukopucTaHHs — CydacHHX 00pOOIICHHS
Ta aHauizy iH(popMalii aomomarae 3MEHIINTH BIUIUB
BUIIJKOBUX  IIyMiB, KoOpuryBaTH aptedakta U
MOPIBHIOBATH ITOKa3HUKH KOPUCTYBAUiB i3 06azamMu TaHUX
HOPMAaJBHUX 1 NATOJOTIYHHMX 3HAYeHb, IO CTPIMKO
MiBHUIY€ TOYHICTh TIarHOCTHKU.

Mera nmOCHiDKEHHS — PO3pPOOJICHHSI KOMIUIEKCHOT
cucTeMu JUIs O€3IpOTOBOTO MOHITOPHHTY CTaHy O4eH,
sKa BHUKOPHCTOBYE PO3YMHI OKYJISApPH i3 BOYIOBAaHUMHU
CEHCOpaMH JUIsl aBTOMAaTHYHOTO 300py iH(opmamii
mpo crtaH 30poBux (QyHKiiH. Cucrema mnpU3HAYCHA
JUIL BUSIBIICHHS TaKWX 3MiH, SK 3HIKEHHS TOCTPOTH
30py, MOsiBA OpEOJIiB, UM abo 3aTeMHEHb Yy IMOJi
30py, SIKI MOXYTh CBIAYHTH TIPO PO3BHUTOK CEPHO3ZHHX
0(TaTbMOJIOTIUHUX 3aXBOPIOBAaHb. BaXXJIMBUM acnekToM
€ 3OaTHICTP CHCTEeMH IepefaBaTd  iH(pOPMAIIo
B pealbHOMY 4aci Ha MOOUIBHI MPUCTPOI KOPHCTyBaua,
a TakoX 3a0e3medyBaTd iX HajiliHe 30epeXeHHS,
00poOJIeHHsT Ta aHayli3 Jyis MOJAIBIIOrO 3aCTOCYBaHHS
B KOHCYJBTAIISX 3 JTIKAPEM.

OCHOBHOIO METOIO JIOCJI/DKEHHS € CTBOPEHHS
TEXHOJIOTii O0e3qPOTOBOTO MOHITOPHHTY CTaHy OYel

i3 BUKOPHUCTaHHSIM pPO3YMHHMX OKYJSIPIB, OCHAILEHUX
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ceHcopamu Juisi  (Qikcanii 3MiH 30py W mepepadi

IIOKa3HUKIB 3a gomomoror Bluetooth a6o Wi-Fi

Ha MOOUTBHI mpucTpoi. Kiro4oBuM  acmekToM €
IHTerparis i€l TeXHOJOTii B MOOUTBHI 3aCTOCYHKH, SKi
3a20e3MMeuyIoTh MalienTa i MequIHOro (axiBLs 3PYIHUM
iHTepdeicoM aisl OTpUMAaHHs pe3yJIbTaTiB BHMipIOBaHb,
(opMyBaHHS 3BITIB 1 HaJaHHS pPEKOMEHAAIiil om0
nojanpmMx — mid.  Taka  iHTerpamis  gae  3MoOry
3MiACHIOBAaTH Oe3MepepBHHUI MOHITOPHHT CTaHy 30pY,
aHaJi3yBaTH AMHAMIKy 3MiH 1 BYacHO pearyBaTH
Ha IIOTEHIIHHO HEOE3MEYHI CHUMIITOMH.

Y Mexax [bOro JOCHIIPKeHHS HependayeHo
PO3B’A3aHHS HU3KH 3aBJIaHb!

— po3poOJeHHs cHCTeMH 300py H MOHITOPHHTY
iH(opMarii mpo cTaH 3I0pOB’s O4eH i3 BUKOPUCTAHHSIM
CeHCOpiB, BOYNOBaHUX Yy PO3YMHI OKyJsipu a0o iHmI
HOCHMI TpHCTpOi, Ans 3a0e3medyeHHs Oe3nepepBHOTO
i TOYHOTO BUMIPIOBaHHS IIOKa3HHKIB 30PY;

— CTBOpPEHHS AJTOPUTMIB OOpOONEHHS W aHamizy
OTPUMaHMX NOKA3HHKIB JJISi aBTOMAaTHYHOTO BHSIBIEHHS
3MIiH y 30pOBHX (YHKIIAX, SKI MOXYTh CBITYHTH IIPO
HasBHICTH matojoriid. Ile mepembauae impTpariro
IIyMiB, HOpMAli3alil0 CUTHAIIB, KOPEKIiI0 apTedakTiB
i TOpiBHAHHA 3  0a30l0 JaHUX  HOPMaJIbHHX
1 MaTOJIOTIYHMX MMOKA3HUKIB;

— po3poOiieHHsT MOOIIBHOTO 3aCTOCYHKY  JUIsl
30epiraHHs icTOpii BUMIPIOBAaHb 1 IOCTYIY [0 pe3yJIbTaTiB
MOHITOPUHTY B pEaJbHOMY Yaci. 3aCTOCYHOK Jla€ 3MOTY
BiJICTeXKYBaTH TUHAMIKY 3MiH CTaHy 30py KOPHCTYBadiB,
(opmyBatH aHamITH4HI 3BiTH, 3a0e3nedyBartd iHTepderic
JUTS B3a€EMOJIL 3 JTiKapeM 1 HaJCHIIaTH HaraJyBaHHS IIPO
HEOOXIiTHICTb MePEeBipKH 30DY;

— TECTYBaHHs pPO3pPOOIEHOT CHCTEMH TS OIiHIOBAHHS
il ToYHOCTI, HAamIMHOCTI Ta €(PEKTUBHOCTI B pEaNbHHUX
yMoBax ekcmuryaramii. lle mepembadae TmepeBipKy
37IaATHOCTI CHCTEMH TOYHO BUSIBIISITH 3MiHH 30pY, TIPaBHIEHO
IHTepIpeTyBaTH pE3yNbTaTH W HaJaBaTH KOPEKTHi
peKOMeHalliT KOPUCTYBayaM 1 MEANYHUM MPaI[iBHUKAM.

JocmimkeHHss TakoX mependadae  MPOBEACHHS

EKCIIePUMEHTAILHUX ~ BUNPOOYBaHb ISl TIEPEBIPKH

Mpane3qaTHOCTI  CUCTEMH Ta  MIATBEPDKEHHS 11

e(eKTUBHOCTI B pAaHHbOMY BHUSBIICHHI IaTOJOTIH.

OuiKyeThCsl, 110 BIOPOBAKCHHS TAaKOi TEXHOJOTIT

MiABUIINTG €(PEKTHUBHICTH MOHITOPHHTY CTaHy OYeH,
COPUATHME BYACHIA MEIMYHIA JTOMOMO3i, 3MEHIICHHIO
PH3HKY IIPOTpecyBaHHs CEPHO3HUX 3aXBOPIOBaHb OPTraHiB
30py, @ TAaKOX BiIKpUE HOBI NEPCIEKTUBH JUIS PO3BUTKY
MEIULIMHY, e

IepcoHali3oBaHoi 0 TabMOJIOTiYHOT

CIOCTEPEXKEHHsT 32 CTAHOM  30py  3JIHCHIOETHCS

IHOMBIAYaJbHO [UI1 KOXKHOTO KOPHCTyBada 3 OIILY
Ha Horo (¢i3ionoriyHi 0COOIMBOCTI Ta CIIOCIO XKHUTTSL.

AHaJi3 ocTaHHiX my0Jikamii

Y cy4acHHX CHCTEMaX MOHITOPUHTY CTaHy
3]I0pOB’S O4el 0coOJMBY yBary MpUAULIOTH HE JIUIIE
300py iH(opMariii, a i ii BHCOKOTOYHOMY Ta BYaCHOMY
aHamizy. lle € KpUTHYHO BaXJIMBUM, OCKUIBKM paHHE
BHUABIICHHA 3MiH Yy 30pOBHX (YHKISIX [da€ 3MOTy
3aro0irTd  PO3BUTKY CEepHO3HHX OQTaIbMOJOTIYHUX

3aXBOPIOBaHb, TAaKMX SIK  Karapakra, [JayKoMa,
niabeTHYHA pETHHONATis a00 JereHepaTWBHI 3MiHU
ciTkiBk. BuacHa miarHOCTHKa MinBUIINYE €(PEKTHBHICTH
npoTAKTHYHUX ~ 3aXOJiB, JOMOMAarae MpPU3HAYHTH
e(eKTHBHE JTIKyBaHHS Ta 3MEHILIUTH PU3UK YCKIIAJHEHb.

CyuacHi JOCHIHUKH IPOIOHYIOTh KOMIIJIEKCHI

MiIXOOM MO CTBOPEHHA TaKUX CHCTEM, aKTHUBHO
IHTErpyI04r TEXHOJIOTIl IITyYHOTO iHTEJEKTY, MOOIJIbHI
mw1aThopMu ¥ CEHCOPHI MPUCTPOi. 3aBISKH IITYIHOMY
IHTEJNEeKTY W MeToAaM MAIIMHHOTO HaBYaHHS MOJKHA
aBTOMATHYHO AaHANI3yBaTH BEIUKI MAacCHUBH JaHUX
PO CTaH 30py, BHSBITH IPHXOBaHI 3aKOHOMIPHOCTI
Ta TPOTHO3YBAaTH pO3BUTOK maroJoriii. MoOinbHi
aTopMu  JONOMAraroTh peaji3yBaTH AMCTAHIlHHE
CIIOCTEPEKEHHS, HANAI0YM KOPHUCTYBayaM 1 MEIUYHUM
¢daxiBIsiM  akTyanpHy — iHQOpMalil0o B PEXKHMI
peansHOro yacy.

CeHcopHi IpUCTPOT, 30KpeMa BICOKOTOYHI JTaTYUKU
pyXy Oded, ONTHYHI CEHCOpH W OiOMETpWYHI MOy,
3a0e3neuyroTh

OesnepepBHUil  30ip  (i3ionorivyHMX

i onTmuHUX TapameTrpiB oka. IloemHaHHS TaKWX
TEXHOJIOT1H CTBOPIOE MO>KJIMBICTB JIJIsl aBTOMAaTH30BaHOT'O
i TepcoHaNi30BaHOTO KOHTPOJIO 3a CTaHOM  30pY,
3MEHIIYIOUH 3aJIeXKHICTh BiJl YaCTHX BIABIAYBaHb KIIHIK
1 MOBUIIYIOYM JOCTYNHICTH MEAWYHOI JOIIOMOTH.
3aBsKM 1IbOMY Cy4YacHI CHUCTEMH MOHITOPHHTY 30Dy
CTaloTh €(peKTUBHUM iHCTPYMEHTOM pPAHHBOI JiarHOCTHKHY,
npodiakKTUKW Ta MIATPUMKH  3[0pOB’S Oded y
TIOBCSIKIICHHOMY XHTTi. ABTOpH pobotu [1] mocmimKyroTs
3aCTOCYBaHHS TIJHMOOKMX HEHPOHHHMX MEpex s
ABTOMAaTHYHOT'O MPOTHO3YBaHHs pedpaKiiiHIX MOMIIOK
3a JIOTIOMOTOI0 300pa’KeHb OYHOTO JHA. YTIPOBA/KCHHS
BOr0 MIAXOLY CHPHUSIE MOCATHEHHIO BHCOKOI TOYHOCTI
JIarHOCTUKH Ta MOKe OyTH iHTerpoBaHe B MOOUIBHI
3aCTOCYHKH [UIi MOHITOPHHTY 30py B pPEAIBHOMY
T IBHIIY €

PaHHBOTO BUSIBIICHHSI MATOJIOTIH 1 3a0e3medye BUACHY

yaci. Taka TexHoOJIOTIsA e(EeKTUBHICTh

PO IAKTHKY O TAIEMOIOTIYHUX 3aXBOPIOBAHb.
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Y  mpami  [2]
MOOUIBHOTO HNPUCTPOIO ISt OPTAIBMOJIOTIYHOTO OTJISIAY,

3alpOIIOHOBAHO  PO3POOIICHHS

SKHA ~ JomoMarae  3IiMCHIOBaTH  O(TaIbMOCKOIIIO

B IOJHOBHX YMOBaxX i3 BHUKOPHUCTaHHSM CTaHIAPTHHX
TexHoyorii. JlocmimKeHHs

MOOLTBHUX JIEMOHCTPY€

e(eKTUBHICTh  JUCTAHIIHHOTO  MOHITOPHHTY 30Dy
W TOTeHmian [UIi BIPOBAKCHHA NONIOHWUX pilIeHb
y CHCTEeMH, 1[I0 [JalTh 3MOTy  KOpHCTyBauyaMm
KOHTPOJIIOBATH CTaH O4eil 3a JOMOMOTOI0 CMapT(HOHIB.

pobotu  [3]

CTCKCHHA 3a

ABTOpH PO3riIgaaar0Th METOOU

aBTOMAaTUYHOTO pyxoM  3iHHUIb

(eye-tracking), saxi MOXyTh OYTH 3acTOCOBaHi JIIs

30py.
3IHAIL  Ja€

JTUCTAHIIIITHOTO  MOHITOPHHTY

aHamizy  pyxy
CTBOPIOBATH IHTEPAaKTUBHI CHCTEMH U TiarHOCTHKH,

Buxopucranss
ANTOPUTMIB 3MOTry
IO 37aTHI BUSBIITH TOPYLIEHHS HAa paHHIX erarax

PO3BUTKY TIATOJIOT1H, T IBUIY 09N TOYHICTb
1 ONlepaTUBHICTH MOHITOPHHTY.

VYV myOmikamii [4] omucaHO cHcTeMy, IO IHTETPYeE
CeHCOpH ¥ MOOUTBHI MIaThOpMU Al BUMIipIOBaHHS
PI3HUX IOKa3HUKIB 3I0pPOB’S, 30KpeMa 30pOBi (YHKIII.
Taka cucrema Moke OyTH ajanToBaHa JUIS JUCTAHI[IHHOTO
MOHITOPHHTY 30py 13 BHUKOPHUCTAaHHSIM MOOITHHHUX
3aCTOCYHKIB i 300py iH(OpMamii Ta BiIgaJeHOTO
KOHTPONIO, IO POOUTH CIIOCTEPEKEHHS HTOCTYIMHUM
y OyZIb-sIKUii 4ac i B pi3HUX yMOBaXx.

Y pobori [5] mpoaHai3oBaHO METOAN 3aCTOCYBaHHS
IITYYHOTO IHTEJEKTY JUISl CKPUHIHTY O(TaIbMOJIOTTYHNX
3aXBOPIOBaHb, 30KpeMa ia0eTUIHOI PETHHOIATII, KA €
ONIHUM 13 HAWOIBII MONMUPEHUX TATOJOTIH, IO
HEraTMBHO BIUIMBAIOTH Ha 3ip. PesympTat 1BOTO
JOCTI/DKCHHSL JIEMOHCTPYIOTh TMOTEHIian iHTerpamii Al
B CHCTEMH MOHITOPHHTY [UIi PAaHHBOI'O BHSBIICHHS
MaToJIOTiH O4YeH, 10 3HAYHO MiABHIIYE €(EeKTHBHICTH
MpoQUTaKTUYHAX 3aXOJiB 1 Jae 3MOTYy JKapsMm
OTIEpaTHBHO pearyBaTH Ha 3MiHH B CTaHi Mallie€HTa.

Y  nocmimkenHi [6] ommcaHO
MpOrPamMHOT0

MiABUIEHAS TOYHOCTI IIarHOCTHUKH B O(QTaIbMOJOTII.

BHUKOPHCTAHHSI
CIIENiaIi30BaHOr0 3a0e3neyeHHs s

Kommniekc  3abe3medye  aBTOMaTH30BaHHMH  aHami3

300pakeHb OYHOTO JHAa ¥ BHU3HAYa€ HASBHICTh
3aXBOPIOBAHb 13 BUCOKOI TOYHICTIO, IO € Ba)KIIMBUM
aCTIIEKTOM Y CTBOPEHHI CHCTEM MOCTiHHOTO MOHITOPHHTY
CTaHy 30py. YTPOBADKCHHS TMOMIOHMX TEXHOJIOTIH
morioMarae e(eKTUBHO BiJCTEeXKYBaTH IUHAMIKY 3MiH
y CTaHi O4el, BUaCHO BHSIBJIATH PO3BHTOK 3aXBOPIOBAHb
i HamaBaTH peKOMEHMIamii Ui  JTiKyBaHHS  a0o
JIOJIaTKOBHX OOCTEKEHb.

Y  poboti [7]

eye-tracking y TO€IMHAHHI 3 AJITOPUTMaMHU TIIIHOOKOIO

PO3IIITHYTO  3aCTOCYBaHHS

HaBYaHHA M1 PAHHBOIO BHABJICHHS [JiaOeTHYHOL
pernHonarii. BUKOpHUCTaHHS IBOTO MiAXOAY Aa€ 3MOTY
BH3HAUYATH 3MiHM 30py Ha PaHHIX CTaJisX Ta IHTErPyBaTH
TEXHOJIOTiI0 B MOOUIbHI 200 HOCHMI CHCTEMH MOHITOPHHTY,
i ABUIYIOYH TOYHICTH 1 BYACHICTH JIarHOCTUKH.

ABTOpH myOumikarii [8] MPOIOHYIOTh
IHTENIeKTyali30BaHy CHCTEMY OI[iHIOBaHHA IHHAMIYHHUX
3MiH GiOMEIMYHNX 300paKeHb, sIKa aBTOMaTHYHO 00po0IIsie
1 aHami3ye MeOW4HI MOKAa3HWKH. Taka TEXHOJIOTiA MOXe
OyTH 3acTrocoBaHa JUIsl JAUCTAHIIHHOTO MOHITOPUHTY
CTaHy oOdYel 1 CTBOpPEHHS CHCTEM BIICTEKEHHS 3MiH
30poBHX (DYHKIIIH y pearbHOMY 4aci.

Y poborti [9] onncano 6ararodyHKIIOHATBHI THYYKi
KOHTaKTHI JIH3M 13 BOYJOBaHMMH CEHCOpaMH IS
MOHITOpHHTY cTaHy od4ed. Ll po3pobka meMoHCTpye
MoTeHIia)l iHTerpanii 010CEHCOPIB y HOCHMi HPHUCTPOI
JUTA TIOCTIHOTO BiACTEXeHHS (i310JOTiYHNX MapaMeTpiB
i 30poBUX (YHKIIH, OO PO3IIUPIOE MOKIHBOCTI
CYy4acHHX CHUCTEM MOOUIFHOTO MOHITOPHHTY.

JocnimkeHas [10]

HOPUCBAYCHO MCIHUKO-

OpraHizalifHIM miaxoaaM bi (o) oInruMizarii
CIIOCTEPEKEHHS 3a MOPYIICHHSM 30py B IIKOJSIPIB.
ABTOpPH HaroJIOIIyIOTh Ha BAaXKIMBOCTI OpraHizaIliifHuX
1 TEXHOJOTIYHUX PIlICHb I CHCTEMATUYHOTO 300py
iHpopmamii Tpo CTaH OYeH y IiTeH, mo Moxe OyTH
OCHOBOIO ISl BIPOBA/DKEHHS MOHITOPMHIOBUX CHCTEM
Y HaBYaJIbHUX 3aKJIa/1axX.

VY mpaui [11] 3anponoHOBaHO riOpUIHY apXiTEKTypy
JUIA  aHaNi3y KOHTEKCTHHX MapaMeTpiB pyxy ouei
3 METOI0 e(QEeKTUBHOI JIarHOCTUKU PI3HUX MaTOJIOTiH.
BukopucTaHHs Takoro migxoxy Ja€ 3MOTY IiJABHIIUTH
TOYHICTh Kiacuikauii 3aXBOpIOBaHb Ta IHTEIPYBaTH
HOro B CHCTEMH MOHITOPHHTY JUI PAaHHBOTO BHUSBIICHHS
o(TabMOJIOTIUHHX MTPOOIIEM.

ABtopu pocmikeHHS [12] TPOMOHYIOTE MeETOn
aHai3y  CJEKTPOPCTUHOCUTHANIB  JUIS  IiJBUIICHHS
iH(OPMATHBHOCTI CHCTEM MiarHOCTHKH CTaHy CITKiBKH.
Meton chpusie OUTBIII TOYHOMY OIIIHIOBAHHIO CTaHy
30poBuUX (YHKOIH Ta WiABHIEHHIO e(eKTHBHOCTI
ABTOMATH30BaHUX CHCTEM MOHITOPUHTY OYeH.

IIpamro [13] npuCBAYEHO BUKOPUCTAHHIO III(PPOBIX
nokasHukiB pyxy oued (DEMOs) sk 0Oiomapkepis
JUIsl  BUSBIICHHSA HEBPOJIOTIYHUX CTaHIB. Pesynpratn
JOCII/KEHHST MiATBEPKYIOTh TOTEHIlia]d 3aCTOCYBaHHS
MONIOHWX TIOKAa3HWKIB y CHCTeMaX MOHITOPHHTY
JUIL PaHHBOTO BHUSIBJIICHHS 30POBUX 1 HEHPOJIOTTYHHX
HOpPYLICHb.

VY nocnimxenti [14] onucaHo CUCTEMH Bi3yajbHOTO
MEOWIMHI Ta IX

MOHITOPHUHTY B 3aCTOCYBaHHS

JUIsL  BIACTEeXEHHs cTaHy 30py. PoOoTra pemoHcTpye
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e(heKTUBHICTD  IHTErpamii  CEHCOPHHX  TEXHOJIOTI
1 IpOrpaMHOro 3a0e3nevyeHHs AJIsi aBTOMaTHYHOTO 300py
iH(dopMariii Ta mITPUMKA MEIUYHOT JiarHOCTHKH.
ABtopu mpani [15] 3anporoHyBany BHCOKOUIUIEHY
HamiBCepUIHO BHUTHYTY MATPHUIO 300paKeHHA Ha
OCHOBI T€TepOCTPYKTYpH MoS,-rpadeH, sika HaluXaeThCs
JFOACEKUM OKOM. Ll M’ska ONTOENeKTpOHHA cHcTeMa
3[aTHa JI€TEKTYBaTH ONTWUYHI CHTHAIM Ta 31iHCHIOBATH
EIIeKTPUYHY CTHMYJIILIIIO 30pPOBOTO HEpBa 3 MiHIMAJIbBHUMU
MEXaHIYHUMU HaBaHTAXCHHIMH Ha CITKIBKY.
BukopucTaHHS aTOMHO TOHKHAX MaTepialiB i po3paxyHKiB
CKiHYCHHUX €JICMCHTIB

METOJIOM MiATBEPIKYE

e(eKTUBHICTD 3alIPONOHOBAHOI KOHCTPYKIIii.

Onuc cucTeMu MOHITOPUHIY CTaHY 3/10POB’s ouei

3amponoHOBaHa CHCTEMA IIependayac BUKOPUCTAHHS
CHeLiaIbHUX PO3YMHHX OKYJISIpiB 13 BOYZOBaHUMH
CEHCOPHUMH JIaTYMKaMH, sIKi 3a0e3reuyroTh Oe3nepepBHHUit
Ta  aBTOMAaTU30BaHMH  MOHITOPHHT  CTaHy  oOueil
KopucTyBada. CEHCOpHI MOMYJIi OKYJIIPIB 3/1aTHI 30HpaTH
IIMPOKUIA CHEKTP IapaMeTpiB 30py, 30KpeMa pyXH Ouei
(eye-tracking), hoxycHa 31aTHICTB, piBeHb OCBITJICHOCTI,
pO3Mi3HAaBaHHSA OPEONiB ab0 3aTEMHEHb Yy IOJi 30pY,
a TakoX IHON (i3i0NOTiYHI TOKa3HUKH, [0 MOXYTb
CUTHAJII3yBaTH PO PaHHI O3HAKU OYHHX 3aXBOPIOBaHb.

OkyJsipy OCHAIIEHI MOAYJIEM Oe3/IpOTOBOI Iepenayi
inpopmanii (Bluetooth abo Wi-Fi), mo pnae 3mory
OIIepaTHBHO HAJICWJIATH 310paHi IMOKA3HUKHM Ha MOOITbHHI
MPUCTPiK KOPUCTYyBada — cMapTOH, TUIAHIIET a00 THIINH
cyMicHUMI TajpkeT. Ha MOOiIbBHOMY PHCTPOi BCTAHOBIICHHH
creliai3oBaHuii 3aCTOCYHOK, 1110 BUKOHYE aBTOMAaTHYHE
00poOIeHHS OTpPUMaHMX IOKa3HWKIB 32 JOIIOMOTOIO
ANTOPUTMIB INTYYHOI'O IHTENIEKTY W Cy4YacHHUX METOJIB
00poOeHHs CUrHATiB. 3aCTOCYHOK OIIIHIOE CTaH Ouei
BiIXWJIEHHS BiJ

KOPHUCTYBaya, BHSBISE TMOTCHIINHI

HOPMAJIbHUX TIOKa3HUKIB 1 HAIa€ 3p03yMilli MOBIIOMIICHHS
3 PEKOMEHJALIsIMM, HAINPUKIaZ 3BEPHYTHUCS IO JIKaps
a0 MpOWTH J0AATKOBE OOCTEIKEHHSI.

Cucrema 3a0e3rneuye TOCTIHE BIJACTEKEHHS 3MiH
y CTaHi OYeW, IO Ja€ 3MOTy BYACHO BWSBIIATH PaHHI
CHMIITOMH TaKHX 3aXBOPIOBaHb, SIK KaTapakTa, IJayKoMa,
niabeTMdHa PETWHOMATIsI, JETeHepallis CITKIBKH TOIIO.
Kpim Toro, BOHa Bele JACTANbHY ICTOPIIO CTaHy 30py
3iHCHIOBATH

KOpHCTYBaya, 1o JOIIOMarae

JIOBFOCTPOKOBUI ~ MOHITOPWHI, aH&TI3yBaTH JUHAMIKY
3MiH 1 3a0e3medyyBaTd NEePCOHANI30BaHI pPEKOMEHAaIlii
Ha OCHOBI HAKOMHMYEHOI iHpopMaii.

Cxemy  (yHKIIOHAIPHHX  MOAYNIB  CHCTEMH
MOHITOPUHTY CTaHy 310pOB’s o4el momaHo Ha puc. 1.
Bona MicTUTB Taki OCHOBHI KOMIIOHEHTH:

— TATYUKU OKYJLIPIB UIs 300py IapameTpiB 30py
1 (i310JIOTIYHNX MOKA3HUKIB KOPUCTYBaUa;

—Moayib  Oe3npoToBoi  mepemaui  iH(popMariii,
mo 3abesmedye MBUAKY W HaAiiHy CHHXpPOHI3aIliio
iHpopMaii 3 MOOLTEHUM 3aCTOCYHKOM;

— MOOITHHHN

3aCTOCYHOK I  aBTOMAaTHYHOI'O

aHamizy, oOpoOyieHHs Ta Bi3yamizamii IOKa3HHKIB,
(hopMyBaHHS 3BITiB 1 peKOMEHAIIIH;

—CcHCTEeMa  TOBIOMIICHb  KOpDHCTyBaya,  sKa
iHpopMye TIpO BHUABJICHI BIOXWICHHS, HAJa€e TIOPaIH
010

KOHCYJIBTAIIi1 JIiKapsl.

npodinakTHYHUX  Jiif  abo  HEoOXiTHOCTI

Taka apxiTekTypa J1a€ 3MOTy CTBOPHUTH IHTErpOBaHE
1 3pydYHe y BHUKOPHCTaHHI DIMICHHS IS PEryJISIPHOTO
KOHTPOJIIO 32 CTAHOM O4el y Oy/ib-SIKHMX YMOBax — BJIOMa,
Ha poboTi abo mig Yac TOmOpokeH. YTpoBamKEHHS
noJiOHOI cucTeMH MiIBUILYE €(EKTHBHICTH PaHHBOTO
BUSBJIEHHS IaTOJIOTIH,

0 TaTHMONOTIIHIX crpusie

BYACHIM mNpoQinakTHli 3aXBOPIOBaHb 1 JIOTOMarae
KOpPHCTYBady KOHTPOJIIOBATH CTaH 30py B PEATBHOMY

Yaci, He BIIBIIyF0UM MEIMYHHUN 3aKIIaI.

Oxkynsipu Tenedon
3 BMOHTOBaHMMU > 3 MOOLJIBHUM
JaTdyuKaMu 3aCTOCYHKOM >
ba3za nannx

3BA30K 3 JiKapeM

Puc. 1. Cxema QyHKIIOHATBHUX MOJYJIiB CHCTEMH MOHITOPUHTY CTaHy 370pOB’s oueil

CucreMa CeHCOPHHX OKYJISPiB

Jatumky, iHTErpoBaHI B PO3YMHI  OKYIIIPH,

NPU3HAYeHI JUIs BUSBICHHS IIMPOKOIO CIIEKTpa 3MiH

y 30pi, 30KpeMa 3HI)KEHHS HOro TOCTPOTH, IOsBA

OpeoJIiB, IUISIM, 3aTEMHEHb Yy IOJi 30py a0o MopyIIeHHS
KOHIeHTpauil mormsany. Taki CHMOTOMH MOXYTb OyTH

paHHIMH  O3HAaKaMH PO3BUTKY CEpHO3HHX  OYHUX
3aXBOpPIOBaHb, CEpel SKMX KarapakTa, [rJlayKoMa,
niabeTMYHa ~ PETHHONATIS,  JeTeHepaiis  CITKIBKH,




Cyyachuii cman HAYKOBUX O0CNIOH#CeHb ma mexHono2iu 8 npomuciosocmi. 2025. Ne 4 (34)

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

3anajibHi mporecd abo TpaBMAaTHU4YHI YIIKOKESHHS OKa.
JIyis BYaCHOTO BHSIBIICHHS ITATOJIOTIH cHcTeMa 3JiHCHIOE
aBTOMAaTUYHE 3ICTaBJICHHS

OTPUMaHUX pe3yJbTATiB

i3 BenMkor 0a30l0 HOPMaIBHUX 1 MATOJOTIYHHX
mapaMeTpiB, IO Ja€ 3MOTY BH3HAYATH BIIXWICHHS Bif
CTaHAApPTHUX 3HAYCHb, OLIHIOBATH PHU3UKH PO3BHUTKY
3aXBOPIOBAHb 1 IPOTHO3YBATH IX MOTEHIIHHUH MIpOTpec.
OCHOBY CHCTEMH CTaHOBJISITH BUCOKOTOYHI CEHCOPH
BIICTeXEHHA pyXy ouei (eye-tracking sensors), sKi
BUKOPHCTOBYIOTh 1H(padepBOHI KaMepu # cCreliaibHi
JoKepena CBiTia I (ikcamii TOT0KEeHHS Ta pyXy 31HHII
IIOI0 OKa ¥ TOJOBM KOPUCTYyBaya. 3aBISKH LILOMY
pyxiB
KOHLICHTPALIO TIOTJIALY, IIBUIKICTh peaKiii Ha Bi3yallbHi

MOJXHA  OLIHIOBATH  KOOPIHMHAIIIIO OYEeH,
CTHUMYJH, a TaKOXX BHABJATH aHOMAaii B POOOTI OYHHUX

M’s3iB, IO  CBiI4aTh Tpo  HedposoriuHi  abo
0o TaTBEMONOTIYHI TPOOIIEMH.

OnTu4Hi CEHCOpPH aHaNi3yIOTh BIACTHUBOCTI CBITIA,
sIKe BiTOMBAETHCA BiJ] CITKIBKH, POTIiBKH Ta KPUIITAIHKA.
Ile momomarae ouiHiOBaTH (DOKYCyBaHHS 30pOBOTO
arapary, Ipo30piCcTh ONTHYHHX CEPEIOBHIL OKa i BUSIBILTH
HENpo30pi YTBOPEHHS, BJIACTUBI JUIs KarapakTH abo
IHIIAX 3aXBOPIOBaHb. 3aCTOCYBaHHSA TaKUX CEHCOPIB
3abe3nevye BUCOKOTOYHE BUMIPIOBAHHS MapaMeTpiB 30py
06e3 HeoOXiAHOCTI iHBa3WBHUX IPOLEAYpP, MO POOUTH
MOHITOPHHT KOM(OPTHHUM 1 O€3MEeYHNUM JIJIs1 KOPUCTYBaya.

BiomeTpudHi CEHCOpH MONATKOBO BIIACTEXKYIOTh
3araibHUIA ()i310JIOTIYHAN CTaH MAIliEHTa, a caMe: MYJIkC,
TeMIepaTypy Tijla, TUCK i pyxu romoBu. Lle mae 3mory
cuctemi Opatm 10 yBarMm  30BHIIIHI  (aKTOpu
H ¢iziomoriuHi KONWBaHHI, $KI MOXYTHb BIUIHBATH
Ha pe3yJbTaTH BUMIpPIOBaHb, MiJBUINYIOYH TOYHICTb,
HAJIWHICTD Ta IHIUBIAyai3allifo JiarHOCTHKH.

3i0paHi MOKa3HUKM aBTOMATHYHO MNEpENaroThCS Ha
cMapTOH KOPUCTyBadya 3a JOTIOMOTOI0 OE3IPOTOBHUX
sk Bluetooth abo Wi-Fi.

aHalizye

KaHallB 3B’S3Ky, Taki

MoOGinpHuiT  3aCTOCYHOK iH(popMariro,

MOPIBHIOE 11 3 0a3010 JaHUX HOPMAIBHUX 1 HaTOJOTTYHUX
MOKA3HUKIB, (OpMye IeTalubHI 3BITH PO CTaH 30py
W Hamae marieHToBi 3po3yMini pexoMenparii. [le moxe
OyTH mOmNepe/KEHHsT PO BIIXWICHHS, HOPaad OO0
podiTaKTHIHUX

3axX0[iB, a TaKOX PEKOMEHMIAIis

3BepHyTHCS 10 OQTajabMoyiora Juisi  NOJAJbIIOro

oOcTexxeHHs a00 JTIKyBaHHSI.

IToenHaHHA CEHCOPHUX TEXHOJOTIH, ONTHYHOTO

Ta OIOMETPHYHOTO KOHTPOIIO, a TaKOX aJITOPUTMIB

0o0poOneHHss iHpopMamii Ta IMITYYHOTO IHTEIEKTY

3abe3rnedye  BCEOIUHMH  MOHITOPHHI  CTaHy  OYeH

y peanbHoMy daci. Taka cucremMa He JHILIE Ja€ 3MOTY

BUSIBUTH IIATOJIOTIIO, ayne H

30py,
e(eKTUBHICTh JIKYBaHHS i NPOQLIAKTUKY, HiIBUILYIOYH

Ha paHHbOMY erai

BIJICT&)XKUTH JWHAMIKY 3MiH IIpOaHalli3yBaTH

3arajbHy pe3yJbTaTUBHICTE OXOPOHHM 3JI0POB’S Ouei
Ta SKICTh KUTTSA KOPUCTYBAaUiB.

Onuc nporpamMHoro 3ade3nevyeHHst

Po3pobnennit anroput™ o6pobneHHs iHdopmaii i3

CCHCOPHUX OKYJIIpiB MOOYJOBaHWH Ha  TPUHIIHITL
HOPIBHSHHS OTPUMAaHUX IOKAa3HUKIB 13 BEJHMKOIO 0a30ro
MAaHUX HOPMAaJbHMAX 1 TMATOJOTIYHUX 3Ha4YeHb. [licms
npuitomy iHdopmauii Big ceHcopiB — eye-tracking,
ONTUYHUX 1

O0lIOMETpHYHUX — alTOPUTM BHUKOHYE

OaraTopiBHEBE  TONEpPEAHE OOpPOOICHHS  CHUTHAIB.
Le#t eran mependavac:

— (QinpTpanito MWyMIB JUIS YCYHEHHS €JIEKTPOHHUX
1 MeXaHIYHUX TMEPEnIKoI, 0 BHHUKAIOTH Mia Jac 300py
MMOKA3HHUKIB;

— HOpMali3allilo CHTHANiB, 1m0 3abe3medye
HOPIBHSHICTh MOKA3HUKIB MDXK PI3HUMH KOPHCTYBauaMH
il yMOBaMH BUMIipIOBaHHSI;

— YycyHeHHs apre(axTiB, BUKIMKAHUX pyXaMH
oueif, MopraHHsIM a00 3MiHOI0 YMOB OCBITJICHHS.

Taki mporeaypy 3a0e3MedyroTh BHUCOKY TOYHICTh
aHai3y ¥ MiHIMI3yIOTh BIUIMB 30BHIIIHIX (akTopiB Ha
pe3yJbTaTd BUMIPIOBaHb, 110 KPHUTUYHO JJIsI BYACHOTO
BUSIBJICHHSI PaHHIX 03HAK O()TAIbMOJIOTTIHIX 3aXBOPIOBAHb.
hopmye
IHIUBIyaTbHUN TPOdiss CTaHy 30py KOPHCTYBaya, SIKHA

Ha  wHacrymHomy  erami  cucrema
MICTHTD KIIFOYOBI MMapaMeTpH: TOCTPOTY 30pPY, HAsIBHICTh
OpEOoJiB, TUIIM a0 3aTeMHEHb, a TAKOXK MOKA3HUKH PyXy
oueil 1 ¢isiomoriuni mapamerpu (IMyjbC, TEMIIEPaTypa,
pyxu
oTpuMaHy iHGOPMALIiI0 3 TMaTepPHAMH, IO 30epirarThCs

TOJIOBH). AITOPUTM aBTOMATHYHO 3iCTaBISE
B 0a3i manux marooriii. Lle mae 3mory:

— BH3HAYaTH HAfABHICTH a0O0 BIJACYTHICTH O3HAaK
KOHKPETHHUX TaKUX  SIK

3aXBOpPIOBaHb, KaTapakTa,

riiaykoMa, Jia0eTHYHa pETHHONATIis, JereHepaTHUBHI
3MIHH CITKIBKH, 3a1ajIbHi a00 TpaBMaTH4YHI ypaXKeHHS;

— TIONEpeJHbO MPOTHO3YBAaTH PO3BUTOK IMATOJIOTIH
Ha OCHOBI aHAJIi3y TUHAMIKH MTOKa3HUKIB;

— aJanTyBaTH IIOPOTOBI 3HAYEHHS OLIHKH JUIs
KOHKPETHOTO KOpHCTyBada, Oepydd IO yBaru icTOpiro
BUMIPIOBaHb Ta IHIWBIIyanbHI OCOOJMBOCTI 30pOBOTO
arapary.

Jlist miABMIEHHS TOYHOCTI A1arHOCTHUKH aJITOPUTM
3aCTOCOBYE€ METOAM MANIMHHOIO HAaBYaHHS, 30KpeMa

kiacudikaiifHi Ta MPOrHO3HI MOJENI, SKi Jal0Th 3MOTY
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BU3HAYaTH TEHICHWIi 3MiH 30py Ta IPOTHO3YBATH
HMOBIPHICTh PO3BHUTKY 3aXBOpIOBaHb Yy MailOyTHbOMY.
Ile o0co0mMBO BaXIMBO I PAHHBOTO BHUSBICHHS
NPOTPeCylounX CTaHiB, TakMX sK Triaykoma abo
niabeTHYHA PETHHOMATIS, M0 Ha IOYaTKOBUX CTafisx
MOXYTb HE BUSBIISITHCS OYEBUIHIMHU CUMIITOMAMH.

Ha Buxonmi amroputm QopMmye CTPYKTYpOBaHi
Ta 3pO3yMiNI MOBIJOMIICHHS JJIsl KOPHCTyBada i Jikaps,
110 TIepen0adaroTh:

— iHdopmaniio npo BUSABJICHI BiIXUICHHS;

— MOXKJIMBY ITaTOJIOTIO, IO CTIPUYHHSE BiIXWICHHS,

— PpexoMeHpanii o0 HOAANBIINX Ail, HAPHUKIIA
KOHCYNBTAIls O(TaJbMOIOTa, TOJATKOBI OOCTEXEHHSI a0o
MOBTOPHI BUMIPIOBAHHS IMiCJIsI TEBHOTO TIPOMIXKKY Yacy.

3aBASKH TaKOMY KOMIDIEKCHOMY HiIXOIy cHCTeMa
3abe3neuye OesnepepBHE, aBTOMATH30BaHE 1 BYacHE
BUSIBJICHHS 3MiH CTaHy 30y, CIIUPAIOYHCh Ha NOPiBHSIHHS
3 JIOCTOBIpHOIO  iH(OpMAIl€l0 PO  TATOJIOTII.
Ie mixBumIye K HAYKOBY 3HAYYIIICTh, TAaK 1 MPAKTUIHY
LIHHICTh  3alpONOHOBaHOI  TeXHoJorii, poduth il
e(eKTUBHIM IHCTPYMEHTOM ISl PaHHBOI iarHOCTHKH,
MOCTIHHOTO

MOHITOPUHTY Ta PO iIaKTHKN

0 TaTHEMONOTIYHIX 3aXBOPIOBAHb.

Mo6inbHuii 32CTOCYHOK

MoO6inbHUI 3aCTOCYHOK JJIsi MOHITOPUHTY CTaHy
oueil ctBopeHo s miathopMu Android 13 TOTEHITIHHOIO
MOXJIUBICTIO azanTtanii mig iOS 1 3 BUKOPHCTaHHSIM
cepenmoBuma po3podnenHs Android Studio Ta MoOBH
nporpamyBanHs Kotlin. Jlns 3a0e3nedeHHss 0OpoOIeHHS
MOKA3HHKIB Y peabHOMY 4Yaci 3aCTOCOBaHO 0araTormnoTOKOBI
NPOLIECH, IO Jar0Th 3MOTY OJHOYacHO OTPHMYBATH
iH(popMaIlif0 BiI CEHCOpPIB OKYJSApIB 1 BHKOHYBaTH Il
aHayti3 0e3 3aTpUMOK 1 repepuBaHb. Takuii miaxin rapaHtye
IUTaBHY POOOTY 3aCTOCYHKY HAaBITH 3a BEJIIMKHAX OOCSTIB
iH(popMarlii Ta BUCOKOT YaCTOTH OHOBJIEHHS NIOKA3HHKIB.

3acToCyHOK OTpuUMy€ iH(OpMAIlifo Bil CEHCOPHHUX
OKyJIsIpiB  4epe3 Oe3mpoToBi iHTepdeiicu Bluetooth
ta Wi-Fi, mo 3abesmedye cTaOuIbHY CHHXPOHI3AIIIIO
Ta Ha/ilHYy nepenady NOKA3HHKIB, MIHIMI3yIOUH BTpaTH
MaKeTiB JaHUX 1 3aTPUMKH y BiJTBOPEHHI PE3yJIbTATIB.
JInst migBUINEHHS HAIMHOCTI 3aCTOCOBAHO MEXaHi3MH
MOBTOPHOI mepemadi Ta Oydepusarii iHpopmarii, 110
JoroMarae  3abe3nednTH Oe3NepepBHICTh MOHITOPHHTY
HaBITh Y pa3i THMYACOBHX MEPEPB Y 3’ €JHAHHI.

[aTepdeiic kopucTyBadya po3podIeHO 3 BUKOPHCTAHHIM
XML s po3MITKH €KpaHiB Ta Cy4YacHHX EJEMEHTIB
Material Design. lle 3a0e3neuye iHTYITHBHE YIPaBJIiHHS,

3py4HYy HaBIraiifo Ta MIBHIKUA TOCTYH J0 OCHOBHHX
GbyHKIin
30py, icTopii
BigxwieHHs. [[ns nokampHOTO 30epiraHHs iH(poOpMarlii

34aCTOCYHKY, TaKuX dK HOEeperyida CTaHy

BUMIPIOBaHh 1 [OBIZOMJICHH IIPO
BHUKOPHUCTOBY€EThCSL SQLife, M0 Hae 3MOTY BECTH apXiB
BUMIpIOBaHb 0e3 J0CTyIy 10 iHTepHeTy. s XMapHOTO
30epiraHHs Ta CHHXpOHI3alili 3acrocoBaHo Firebase
Realtime Database, 1110 noriomarae BiZICTEKyBaTH AUHAMIKY
3MiH CTaHy 30py KOpHCTyBada Ta HAagaBaTH JIKApIO
a0 MeIMYHOMY TIepCOHANy JOCTYI JO aKTyalbHOi
iH(popMarii B pexXiMi peaJbHOTO Jacy.

Jlst 00poOIeHHS METUYHMX MOKA3HHUKIB PO3POOICHO
BrmacHi amroputMu Ha Kotlin, sKi TOpIBHIOIOTH
pe3ynpTatd 3 0a30100 HOPMAIbHHX 1 MATOJOTIYHUX
3Ha4YeHb. AJNTOPUTMH AaHATI3yIOThb 3MIHH B 30pPOBHX
(GyHKIISX, GOPMYIOTH TOIIEpeIHI BUCHOBKH Ta TOTYIOTh
MOBIAZOMIIEHHS  JUIS

KopucTyBada  abo  JiKaps.

Jdus  migBumieHHs Oe3nmekd Ta  KOH(MIICHIIHHOCTI
iHpopMamii peanmizoBaHO MexaHi3MHU i1 mmdpyBaHH,
YIPaBIHHSA JOCTYIOM 1 aBTEHTHU(]IKalii KOPHUCTyBadyiB,
110 3a0e3edye 3aXUCT IePCOHATIBHOI MEAWYHOI iH(OopMAITii
BIJIMIOBIIHO /10 Cy4YacHHX CTaHapTiB O€3MeKd, pa3oMm
3 GDPR- ta HIPAA-niogiOHUMH BUMOTaMH.

3aCTOCYHOK Ma€ MOAYJIBHY apXiTeKTypy, IO Jae
3MOTY JIETKO TOJaBaTH HOBI (DYHKII Ta miITpUMyBaTH
CYMICHICTP 13 pI3HUMHU MOJIENISIMH CEHCOPHHUX OKYJISIPIB.
Le 3abe3nedye MacmTabOBaHICTh CHCTEMH ¥ MOXIIHBICTH
iHTerparii JOMAaTKOBMX METONIB aHai3y iHpopMarlii
B MaiOyTHROMY, 30KpeMa aJrOpUTMIiB MAaIIHHHOTO
HaBYaHHS JUIs [TPOTHO3YBAaHHS 3MiH 30py a00 pPaHHBOTO
BUSIBJIEHHS TTATOJIOTIH Ha OCHOBI JMHAMIKHN ITOKA3HUKIB.
B3a€EMOJii KOMIIOHEHTIB

Cxemy MPOTPaMHOTO

3a0e3nedeHHs, IO JEeMOHCTpYe€ TOTIK iH(opmarii
Bl CCHCOpIB OKYJISPiB JIO MOOUIBHOTO 3aCTOCYHKY
1 XMapHOTO CXOBHIIA, ITOJAHO Ha puc. 2. BoHa micTuTh
TaKi MOJTYJIi:

— 30ip iHdopmamii — TmpHIOM CHUTHANB BiX
eye-tracking, onTHYHUX 1 GIOMETPUYHUX CEHCOPIB;

— 00poOneHHs CUTHAIIIB — TorepeaHs (impTparis,
HOpMaJTi3allisi, KOpeKIist apTedakTis;
podiro

— (opmyBaHHS KOpHUCTyBada  —

IHIUBIyalbHI TAapaMeTpu cTaHy 30py # ¢i3ionoridsi

napameTpu;
— TeHepalis  NOBLIOMJIEHb —  (OpPMYyBaHHA
3pO3yMUIMX  pe3yJbTaTiB 1  peKOMeHjamid s

KOpHCTYBaya if ikaps;

— 30epiraHHs Ta CHHXPOHI3aIlis — JOKajgbHA 0a3za
SQLite Ta xmapHa 0a3a Firebase s apXiByBaHHS
Ta BiJAIEHOTO AOCTYIY.
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Taka apxitektypa 3a0e3neuye KOMILICKCHUH Ta
IHTErpOBaHMH MiJXiJA MO MOHITOPUHIY CTaHy O4eH,
MOEIHYIOYM BUCOKOTOYHMM 30ip IMOKAa3HUKIB, HajiliHE
00poOneHHs, 3py4yHuii inTepdeiic 1 OGe3neuyne 30epiraHus

Mean4HOi iHdopMallii, 1o poOUTh cucreMy eeKTHBHUM

IHCTpyMEHTOM JuIi TOCTIHHOrO ¥  JUCTaHIiHHOTO

KOHTPOJIIO 3a 3JIOPOB’SIM OYEH.

3Bs130K 3 JliKapem

InTepdeiic
KOPHCTyBa4a

IToBinomaeHHs
KOpHCTyBaua

A

4

v

A

KepyBanus
JaAHUMHU

Jani 3 1aT4uKiB

AHaJii3 Ta BUSABIIEHHS BIIXWIEHb

v

30epiraHHs gaHUX

baza nanux

Puc. 2. Cxema B3aeMOJii KOMIIOHEHTIB IIPOIPaMHOTo 3a0e3IeYeHHs

PesyabraTn

OcHOBHa MeTa TMIPOBEIEHOTO EKCHEPHUMEHTY
KOMIUIEKCHO  OIIHUTH  €(eKTHBHICTh 1  TOYHICTh
pPO3po0IeHO CHCTEMH MOHITOPHHTY 30py Ha OCHOBI
CEHCOPHHUX OKYJISIPIB y BUSABJICHHI HAHOLIBIT TOMIMPEHUX
0(TaJIbMOJIOTIYHUX 3aXBOPIOBaHb, TAKHX SIK KaTapakTa,
rmaykoMa Ta pAiabetwmyHa pernHomatis. ExcnepmMmeHt
TaKOX IepeidayaB BU3ZHAUCHHS POAYKTHBHOCTI CUCTEMHU
OIIIHIOBAHHS
10

BYACHOTO BUSBIICHHS 3MiH y CTaHi 30py KOPHCTyBadiB.

B pEabHUX YMOBax BHKOPHCTaHHS,

cTabimpHOCTI  POOOTH  aNrOpuTMIB 1 34aTHOCTI

Oco0nuBy yBary MPHIUIEHO MOXKJIHMBOCTI CHCTEMHU
BUSIBIISITH PAaHHI CHMITOMH 3aXBOPIOBAaHb, IIO /A€ 3MOTY
BYaCHO pearyBaTd ¥ MNPOBOAMTH  NpOQiIaKkTHYHI
a00 JTIiKyBaIbHI 3aXO0/IH.

[Tix yac ekcriepuMeHTy cuctema OyJia IPOTEeCTOBaHa
Ha TPyIi NAami€HTIB Pi3HOTO BiKy, CTaTi Ta 3 Pi3HUM
PIBHEM TSDKKOCTI 3a3HAUEHHMX 3aXBOPIOBaHb, 1110 JOTIOMOTIIO
BCEOIYHO OIIHUTH POOOTY aNTOPUTMIB Y PiZHOMAHITHHX
KIIHIYHUX yMOBax. Takuil migxin gaB 3MOry OpaTH JI0
yBard iHAWBiAyambHI OCOONMBOCTI MAIli€HTIB, 30KpemMa
aHAaTOMIYHI BIIMIHHOCTI O4YeW, HasBHICTh CYIYTHIX
maToNorid Ta iHmn ¢isionoriuni ¢axropH, sIKi MOXYTh
BIUTUBATH HA TOYHICTh BUMIPIOBaHb.

Host

CTaHAApTHI MEAWYHI METPUKH, 30KpeMa TOYHICTh 1

aHaNli3y pe3yNbTaTiB BHKOPHCTOBYBAIHCS
YYyTIHBICTB, IO JOTIOMAraloTh IMOPIBHATH aBTOMATH30BAHY
JIarHoCTUKY 3 pe3yJbTaTaMHM KIACHYHUX MEIUYHHX
00CTeKeHb. 30KpeMa SK KOHTPOJIbHI METOIH 3aCTOCOBYBAIN
odrasbMOCKOIIIO Ui OIJSILy CITKIBKM Ta pOTIBKH,

ToHOTpadifo s OUiHIOBaHHS BHYTPIITHROOYHOTO THUCKY,
a TakoX ONTHYHY KorepeHTHY Ttomorpadito (OCT),
mo 3abe3medye NeTajbHy Bi3yallizallilo CTPYKTYp OKa.
VYHpoBa/KEHHSI TaKUX TOPIBHSUIBHUX METOIB Jaio
3MOTY OTpUMAaTH OO0 €KTUBHY OLIHKY e()eKTUBHOCTI
CCHCOPHUX OKYJISPIB 1 MIATBEPAUTH JOCTOBIPHICTH
aBTOMAaTU30BaHUX PE3YJIBTATIB.

[Ticns 3aBepuieHHS] TeCTyBaHHS 3i0paHO OCHOBHI

MTOKa3HUKH e(DeKTUBHOCTI i TOYHOCTI (auB. TabIMI. 1).

Tabauus 1. Pezyrvmamu 0ocnioxcenHs

TounicTs TounicTs TounicTs
Howmep . . .
. JIarHOCTHKH | JIarHOCTHKA JarHOCTHKH

JIOCIIDREHHA (xarapaxra), % | (rmaykoma), % | (petunonaris), %

1 95 90 98

2 92% 85% 89%

3 93% 96% 90%

4 98% 92% 88%

5 89% 87% 95%

6 91% 94% 96%

AmHami3z orpuMmaHoi iH(popmamii MMOKazaB, IO

CHUCTEMa MPOJICMOHCTPYBaja BUCOKHH PiBEHb TOYHOCTI
MIarHOCTUKM U BCIX TPhOX 3axBOpIOBaHb. HalBuiry
TOYHICT BHSBJCHHS Majia KaTapakra 13 CepeaHiM
110
ITOPUTMIB Yy pO3Mi3HaBaHHI

MOKa3HUKOM  94%, CBIIUUTH TIPO HAMIHHICTH

I[LOTO 3aXBOPIOBAHHSI.
Jemo HWKYMH piBeHb TOYHOCTI CIHOCTEpiraBcs s
IJIAYKOMH, CEpeAHIH TOKa3HUK sKOi CTaHOBUTH 91%,
a jgna  piabermunoi permHomatii — 93%. Busasneni
HEe3HaYHi

BIAXUJIEHHS B TOYHOCTI JIarHOCTUKHU A

OKpEMHUX TAIli€HTiB, OCOOIMBO B pa3i TJIAyKOMH

(85-96%), MoxyTh OyTH TOB’s3aHi 3 IHIUBIAYAIbHUMH
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0COOJIMBOCTSAMM ITALICHTIB, TAaKUMH $K aHAaTOMIYHI
BIIMIHHOCTI OYe#, a TakoX i3 BIUIMBOM (hakTopiB
30BHIIIHBOTO ~ CEPENOBUINA  IIiJi 4Yac TECTyBaHHS.
Ili pesynbraru cBiguaTh HpO Te, IO, ITONPH BUCOKHUH
3aranbHUil  piBEHb TOYHOCTI, ICHY€ TIOTEHILAT IS
MOJAJBIIOr0  BJIOCKOHAJIEHHS aJlTOPUTMIB  CHCTEMH,
30KpeMa 3aBIOJKH ONTHMi3amii oOpobneHHs iHopmarii
Ta MIIBUILIEHHS aJalTUBHOCTI MOJENeH O Pi3HUX YMOB
BUKopucTaHHA. OTpHMaHI pe3yJNbTaTH MiATBEPIKYIOTH,
CEHCOPHUX OKYJSIpIB €

mo po3pobieHa cHcTeMa

e(peKTUBHIM 1HCTPYMEHTOM [UIS aBTOMAaTH30BAHOTO
MOHITOPUHTY CTaHy 30py, IO Ja€ 3MOTy  BYacHO
BUSBISITH 3MIHM W TOTEHIHI [ATONOTii, CIPHUAIOYH
MJIBUILEHHIO SAKOCTI MEIWYHOI  JIarHOCTUKHA  Ta
paHHBOMY BTPYYaHHIO B Pa3i OYHUX 3aXBOPIOBAHb.

BUCOKHI

Hespaxaroun Ha 3arajJbHUM  piBEHb

TOYHOCTI  JIarHOCTHKH, pE3YyJNbTaTH EKCIIEPHMEHTY

BKa3ylOTb ~ Ha  HAasBHICTh  ITIEBHUX  OOMEXEHb
1 TIOTEHIIMHUX HENOJIKIB CHCTEMH MOHITOPHHTY 30py
Ha OCHOBI CEHCOpHHUX OKyJusipiB. L{i oOMexxeHHs TOB’si3aHi
SK 13 XapaKTepUCTHKaMH CEHCOPHHUX TEXHOJIOTiH, Tak
1 3 OCOOJIMBOCTAMH aJITrOPUTMIB 00poOiIeHHs iHpopMarlii
Ta PeAIbHUMH YMOBaMH BUKOPHCTaHHS.

[No-mepriie, CMOCTEPIrarOThCSl KOJIMBAHHS TOYHOCTI
B pa3i BHSBIICHHS IJIAYKOMH, J€ TIOKa3HHUKH BapifOIOTh
Bi1 85% 10 96%. 1le cBiqUuTh MPO BIUIMB iHIWBITYaTbHUX
0COOIMMBOCTEH  MAIli€HTIB, TaKUX K  aHaTOMIYHI
BIZIMIHHOCTi Ouei, (hopma 3iHHI, TOBIIMHA POTIBKH Ta
iHIi ¢izionorivHi GakTopu, Ha eEeKTUBHICTh aNTOPHUTMIB.
B okpemux Bumaakax i (GakTOpH MOXYTh 3HIKYBaTH
TOYHICTH aBTOMAaTHU30BAaHOI'O0 BMSBJIEHHS IIATOJIOTII,
0cOONMBO Ha paHHIX CTafisX 3axXBOPIOBAHHS, KOJHU
CHMITTOMH He 3Ha4HI Ta iX BaXKO 3a(iKCyBaTH CEHCOPAMIL

[To-npyre, 30BHINIHI yMOBH TeCTyBaHHS, 30KpeMa
piBEHBb OCBITICHOCTI, PyXH TOJIOBH, MOPTaHHS MaIli€HTa
abo iHmi HenepenbauysaHi (GakTOpH MOBKILIS, MOXYTh
BIUIMBATH Ha SIKICTh CUTHANIB BiJl CEHCOPIB i, BiANOBITHO,
Ha pe3ynbTaTd aHamuily. lle Harosomye Ha HEOOXiTHOCTI
MOAAJIBIIOTO  BIOCKOHAJCHHS

¢inpTpiB  00pOOIEHHS

iHpopMarii, aJropuTMiB  KoMmIeHcamlii  apredaxTiB
1 BIPOBa/KEHHSI MEXaHI3MIB CAMOKOPEKIIIT JUIsl 3MEHIIICHHSI
BIUIMBY 30BHIIIHIX (h)aKTOPiB HA TOYHICTh IarHOCTHKH.
[o-Tpete, cucrema JIEMOHCTPYE TEBHI OOMEXEHHs
B TpoIeCi MJIarHOCTHKH Mia0CTHYHOI PETHHOMATII
Ta KaTrapakTH B TMAI[i€EHTIB 13 HECTaHAAPTHUMH abo
CKIaHUMH KIIHIYHUMH BHITAJKaMH. Xo4a CepeaHi
MTOKA3HUKH TOYHOCTI 3aJIMIIAIOThCA BUCOKUMH (93-94%),
OKpeMi HE3HAYHI

pe3ysibTaTu JACMOHCTPYIOTh

BIIXWJICHHS, [0 CBIAYMThH MPO MOTEHINAT IS iHTerpariii

I0aaTKoBO1 iH(opmariii ado OUIBII CKIaIHHUX METOIIB
00pOoOIIeHHS, TaKUX SK aJITOPUTMH TINTMOOKOTO0 HaBYaHHS,
MYJbTUIIADAMETPUYHUN aHai3 1 MO€IHAHHS PI3HUX
CEeHCOPHMX CHUTHAJB JUISl  MiJBUINEHHS TOYHOCTI
B CKJIJJHUX BHUIIAIKAX.

[To-ueTBepTe, Ha ILOMY €TaIll CHCTEMa OpiEHTOBaHA
NepEeBaXKHO Ha BH3HAYECHHS KOHKPETHHX 3aXBOPIOBAHb
1 He 3abe3medyye KOMIUIEKCHY OIIIHKY BCIX MOXKJIHMBHX
0(TaTBMOJIOTIYHHAX TATOJNIOTIH, TaKMX SIK JIeTeHepaTHBHI
3MIHM CITKIBKM, 3allajibHi TIpoliecn abo TpaBMaTHYHI
ymkomkeHHs oka. lle oOmexye ii yHiBepcalbHICTH
1 BUMarae IOJAJIBIIOTO PO3POOJICHHS, MacIuTaOyBaHHS
QITOPUTMIB 1 pO3MMPEHHA O0a3u JaHWX IaTOJOTii
JUIsl 3a0e3reueHHs] OUIbIl KOMIUIEKCHOTO MOHITOPHHTY
CTaHy 30py.

3 ommsaay Ha 3a3HAYCHI OOMEXKCHHS JOUIIBHO
mo O6epyTh
J0 yBark IHAWBIOyaJIbHI OCOOJMBOCTI KOPHCTYBadiB,

BIIPOBA/DKYBATH aJaNTHBHI aJITOPUTMH,

MiIBUIIYBATH  CTIHKICTP CEHCOpPIB /MO  30BHIIIHIX

¢daxTopiB, po3mmproBaTd 0a3zy JaHWX  MATOJOTIH
1 3aCTOCOBYBAaTH METOAW IMPOTHO3YBAaHHS 3MIH 30py Ha
OCHOBI aHAaJi3y JMHAMIKY IMOKA3HUKIB. Taki BJOCKOHAIICHHS
JAIOTh 3MOTY MiABHIMUTH ©(eKTHUBHICTb 1 HAIIHHICTH
CHCTEMH B PealbHUX YMOBAX €KCILTyaTallii Ta 3a0e3MeunTH
OUTBII TOYHE paHHE BHUSABJICHHS IIHPOKOTO CIIEKTPa

0(TaTBMOJIOTIYHHUX 3aXBOPIOBAHb.

BucHoBku

Po3po6neHo KOMITIEKCHY CHCTEMY Uil MOHITOPHHTY
CTaHy 370pOB’Sl O4Yeii, OCHOBaHy Ha PO3YMHHUX OKYJIsIpax
i3 BOYIOBaHUMH CEHCOpaMH i OE3IPOTOBOIO IEepeaadcto
iHpopmamii. Cucrema 3abe3nedye  aBTOMAaTHYHHNA
i OesnepepBHUI 30ip KIIOYOBHX IMOKAa3HUKIB MPO CTaH
30py KOpHCTyBauya: TOCTPOTa, PYXH OUeH, ONTHYHI
XapaKTEPUCTHKH POTIBKH Ta CITKIBKH, a TaKOX
¢izionoriyHi MmapamerTpu, Taki SK MyJbC, TEMIIEpaTypa
Tima ¥ pyxu romoBu. Llg iHdopmarisn mepemaeTbes
Ha MOOUTEHHI 3aCTOCYHOK, III0 JOIIOMAarae KOpHCTyBadyam
i JiKapsM  ONEpPaTHBHO  OTPUMYBATH  pe3yJbTaTH
MOHITOPHHTY ¥ TIpUAMATH OOTPYHTOBaHI PIllICHHS IIOI0
HEOOX1THOCTI METMYHOTO BTPYYaHHSI.

VY cucremi peamizoBaHO aNTOPUTMH OOpPOOICHHS
Ta aHamizy iHdopMarlii, SKi aBTOMAaTUYHO MOPIBHIOIOTH
MMOKa3HUKU 30poBUX (YHKHOIH i3 Benukor 0azoro
HOPMaJIBHUX 1 HATOJOTTYHUX 3HAa4YeHb. Takui Mmiaxia nae
3MOTY BYACHO BWSBIIITH paHHI 3MiHH B CTaHi 30Dy,
110 MOXKYTh CBIJYUTH PO PO3BUTOK TAKUX 3aXBOPIOBAHB,

SK Karapakra, TJjaykoma, [aia0eTHdHa peTHHOMATIs,
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JIETCHEPATHBHI 3MIHM CITKIBKH, 3amajbHi Mpoiecu adbo
TpaBMaTU4Hi YIIKOJUKEHHS OKa. AJTOPUTMH IPaLIOIOTh
y PeXHMI peanbHOro yacy I JeMOHCTPYIOTH BHCOKY
TOYHICTh JIaTHOCTHKH — CEpeAHs TOYHICTb OIIHKH
JUI  pI3HHX 3aXBOPIOBaHb KOJMBAETBCS B  MeXkax
91-94%, mo mNiATBepIKYE HAMIMHICTE 1 NPaKTHYHY
e(eKTUBHICTD CHCTEMH.
Hdns  30epiraHHs Ta 0OOpOOJIEHHS pe3yNbTaTiB
CTBOPEHO cHemiaii3oBaHy 0a3y MeauyHOi iH(opMmariii
3 METOI0 BIJICTEXKCHHS

icTopii 3MiH cTaHy 30py

KopucTyBada. lle yMOXIHUBIIOE aHANI3 JWHAMIKA
PO3BUTKY MATOJIOTIH, Jomomarae JiKapsiM OTPUMYBaTH
aKTyaJbHY iH(pOpMANio IJIsi KOHCYJBTAIlii, IPOTHO3yBaTH
NPOTPeCyBaHHs 3aXBOPIOBaHb i NpUIMaTH OOIPYHTOBaHI
KITiHIuHI pimeHHs. s 3abe3nedeHHs KOHQIASHIIHHOCTI
Ta Oe3MeKH IMEepPCOHANBHHUX IOKA3HUKIB peaji30BaHO ix
mmdpyBaHHSA, KOHTPONb [OCTYNy I aBTEHTH]IKAIIIO
KOpUCTYBaYiB, IO BIANOBIIa€ CyYaCHUM CTaHAapTam
3axucTy MeauuHoi inpopmanii, 30kpema GDPR i HIPAA.

CucreMy eKCIIEpUMEHTAIBHO OI[IHEHO B PEATbHHUX
yMOBaX BUKOpPUCTaHHS. TecTyBaHHS I10Ka3ajJ0 BUCOKHUI
piBEHb TOYHOCTI MIarHOCTHUKM ¥ 3/1aTHICTb CHCTEMH
(hYHKITISIX
KopucTyBauiB. He3HauHi BIAXWJICHHS B TOYHOCTI IS

BYaCHO BUABJIIATH 3MIHH B 30POBUX

OKpeMHX 3aXBOPIOBaHb CBig4aTh TPO  IMOTEHINA

MMOJABIIOTO  BJIOCKOHAJICHHS  alTOPUTMIB, 30KpeMa
Croco0oM iHTerparii aganTHBHUX METOMIB OOPOOIICHHS
iHpopMamii Ta anropuTMIB MAIIMHHOTO HABYaHHA, IO
CHpUATHME MiJBUIIEHHIO e(QEeKTHBHOCTI W HAaIiItHOCTI
CHUCTEMH B TIPOIECI MOHITOPHHTY IIMPOKOTO CIIEKTpa
0(TaTBMOIOTIYHHX MMATOJIOTIH.

Po3pobnena cucrtema TaKOX nependayae
MacmTaboBaHICTh Ta IHTETPalil0 HOBHUX TEXHOJOTIH:
MOXJIMBICT  TiJ’€JHAHHS  JOJATKOBHX  CCHCOPIB,
aJIalTaIliio aJTOPUTMIB AJIS Pi3HUX THITIB KOPHCTYBAYiB,
30KpeMa JIiTed 1 JITHIX Jronel, a TakoX IHTerpariro
3 CNeKTPOHHMMH  MEAMYHUMH  KapTKaMu st
LIEHTPaTi30BaHOr0 O0JIIKY iHpOpMaIIii.

Orxe, cucremMa 3abe3medye KOMIUIEKCHHH Ta
IHTErpOBaHMUH TIJXiM O AaBTOMATHU30BAHOTO MOHITOPUHIY
CTaHy Ouel, TO€AHYIOYM BHCOKOTOYHI CEHCOpHI
TEXHOJIOTIi, aITOPUTMU aHATi3y MOKA3HUKIB Y PeaTbHOMY
yaci, Oe3rmeune 30epiraHHs iHpopMmarmii Ta MOMKIHUBICTh
IHUCTAHLINHOTO

croctepexxeHns. e migBumrye sk

MPaKTHYHYy MIHHICTh, TaK 1 HAYKOBY 3HAYYIIICTh
3aIllPOIIOHOBAHOTO PIIIEHHs, CTBOPIOIOYM e(EeKTHBHUI
IHCTpYMEHT i PaHHBOI MiarHOCTHKH, MOHITOPHHTY

1 PO IAKTUKK OYHUX 3aXBOPIOBAHb.
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DEVELOPMENT OF AN INTELLIGENT SYSTEM FOR EARLY DETECTION
OF VISION PATHOLOGIES BASED ON ANALYSIS OF EYE MICROMOVEMENT

The subject of the research is the development and implementation of an eye health monitoring system using modern
technologies, in particular wireless sensor networks, biometric sensors and software for automatic detection of vision diseases. Special
attention is paid to methods of processing and analyzing data from sensors for accurate diagnosis of pathologies such as cataracts,
glaucoma, diabetic retinopathy and other eye diseases. The aim of the work is to create a system that allows detecting visual
impairments in real time, performing automatic diagnostics and providing treatment recommendations. The system integrates with
a mobile application and can work together with other medical devices to facilitate patient-doctor interaction. The tasks solved in the
article: 1) develop a system for collecting and monitoring eye health data; 2) create algorithms for processing and analyzing the
obtained data; 3) develop a mobile application; 4) test the developed system. Methods used in the study: data analysis from biometric
sensors, algorithms for automatic comparison of indicators with a database of normal and pathological values, and wireless data
transmission technologies (Bluetooth, Wi-Fi). The developed database and software provide secure storage and analysis of medical
data. Results. The results of the study showed that the system allows monitoring the state of vision in real time with high accuracy
(85-90%), detecting pathologies in the early stages and automatically notifying the patient and doctor about detected deviations.
The system demonstrates effectiveness in early detection of diseases and allows for timely prescribing of treatment or additional
examinations. Conclusions. The developed system is an important step towards integrating medical technologies into everyday life.
It provides timely detection of vision disorders and convenient access to monitoring results. In the future, it is possible to expand the
functions to detect other eye diseases and integrate with additional medical devices for comprehensive monitoring of the
patient's health.

Keywords: vision monitoring; wireless sensor networks; smart glasses; automatic disease detection.
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I. NEVLIUDOV, S. NOVOSELOV, O. SYCHOVA, S. ZYGIN

THE METHOD DEVELOPMENT
FOR CONTROLLING THE MOBILE PLATFORM WITH FOUR STEERING WHEELS

The subject matter is a method for determining the robot trajectory with four steering wheels to reach a given point
on a terrain map. The research goal is to develop a method for determining the orientation of the wheels depending on the
trajectory of the mobile platform to increase the maneuverability of an autonomous robotic vehicle in a limited production space.
Tasks to be solved: to analyze similar solutions, describe the proposed design of the steering unit mechanism for a mobile robotic
cart, describe the kinematics of a mobile robot with four steerable wheels, develop an algorithm for the steering unit control module,
propose a method for controlling a mobile platform with four steerable wheels, and perform experimental studies on the
application of the proposed method. Scientific novelty: a method for determining the orientation of the wheels to reach a given
point on the terrain plan has been proposed. An algorithm for performing calculations using a software tool has been developed.
A mathematical justification for the method of controlling individual wheel blocks of a mobile platform has been provided.
Methods of the study: modeling methods and automatic control theory, methods for describing linear dynamic systems, analytical
modeling methods, computer modeling in the Matlab/Simulink environment. Results and conclusions: The mobile platform
movement principle using four independent steering wheels is considered. A method for determining the orientation of the
steering wheels depending on the trajectory of movement is proposed, which is based on the geometric analysis of the position
of the platform and the target point, which allows calculating the angle of rotation of each wheel in such a way as to ensure
movement to a given point without lateral slippage. A mathematical model of the control system is built, a structural and
functional diagram is developed, an algorithm for processing commands, calculating the angles of rotation is described, and
a three-level control system is implemented: linear speed, wheel orientation angle and angular speed of the entire platform.
The developed mock-up sample of the mechatronic steering wheel assembly is described. The simulation conducted in the
Simulink environment confirmed the operability of the proposed system.
Keywords: mobile robot; AGV; intelligent manufacturing; control method; automated system.

Introduction of the others. This allows the AGV to perform complex

maneuvers, including:

In modern manufacturing environments, automated
guided vehicles (AGVs) play a key role in intra-shop
logistics, cargo transportation, and production line
maintenance. However, the effective use of AGVs is
often complicated by the specifics of the premises:
limited space, narrow aisles, a large number of
obstacles, and the need to perform precise maneuvers.
Mobile transport robots operating in confined spaces,
such as warehouses and factory floors, have strict
requirements for omnidirectional mobility. Currently,
various drive units have been developed that can move
[1-5].

technologies that solve the problem of omnidirectional

in all directions The two most common

movement can be distinguished: omnidirectional
Wheels [6] and rotary steering wheels [7].

The technology of using four steering wheels (4WS)
opens up new opportunities for improving the
maneuverability and precision of control of mobile
platforms. The basic idea of 4WS is that each of the
four wheels is not only driven by a separate motor,

but can also change its angle of rotation independently

— circular movement with a minimum turning radius;

— "crab movement" (lateral movement of the entire
platform);

— U-turn on the spot;

— precise positioning in the loading or service area.

In production facilities with narrow aisles, this
allows you to reduce the area required for maneuvering,
which, in turn, increases the density of equipment
placement and optimizes logistics routes. In addition, by
reducing the number of reverse movements, the load on
the drive mechanisms is reduced, energy efficiency is
increased and wear on the platform elements is reduced.

Intelligent control systems used for AGVs with
four steering wheels are able to process sensor data,
analyze trajectories and make decisions in real time.
This ensures safe navigation in a dynamic environment,
collision avoidance, and adaptation to environmental
changes. This technology is especially effective for
robots working in warehouse complexes, in electronics or
pharmaceutical production, where space constraints
are tight and movement accuracy is critical.

© I. Nevliudov, S. Novoselov, O. Sychova, S. Zygin, 2025
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This study is relevant because mobile platforms
with four steering wheels have increased maneuverability
in a confined space compared to traditional wheeled
and even tracked types of control. However, such
platforms are not yet very widespread due to the
complexity of their control methods. The complexity of
the control methods is due to the peculiarities of the
kinematic scheme of the mobile platform, in which each
wheel turns a certain angle independently of each other.

The goal of the work is to develop a method for
determining the orientation of the wheels depending on
the trajectory of the mobile platform to increase the
maneuverability of an autonomous robotic vehicle in
a limited production space. The object of the study is
an automated system for controlling the movement
of a mobile platform. The subject of the study is a method
for determining the trajectory of a robot with four
steering wheels to reach a given point on the terrain map.

Research task statement: to achieve the goal, it is
necessary to analyze similar solutions, describe the
proposed design of the mechanism of the steering wheel
block for a mobile robotic cart, describe the kinematics
of a mobile robot with four steering wheels, describe
the developed algorithm for the operation of the steering
wheel block control module, describe the proposed
method for controlling a mobile platform with four
steering wheels, and perform experimental studies on the
application of the proposed method.

Analysis of last achievements and publications

A wheeled platform with independent drives and
steering capabilities has several key advantages that make
it particularly effective for mobile robots in various
applications. Independent control of each wheel allows
the robot to perform complex maneuvers, such as turning
on the spot or moving in a tight space. This is especially
important for tasks where space is limited, such as in
production and warehouse facilities with narrow aisles.
Thanks to the independent wheel drive, the platform
can easily adapt to different surface conditions and
provide reliable traction with it. This reduces the risk of
slipping, allowing precise control of movement even on
uneven or slippery surfaces. Steering of each wheel
allows you to configure different movement modes,
such as parallel control to reduce the turning radius or
crab movement, where all wheels turn at the same angle
for lateral movement. This significantly expands the

possibilities of using a mobile autonomous robot
in various scenarios of its use.

In works [8-10] a comparative analysis of different
types of kinematic schemes of mobile robots is presented
(Fig. 1). of the
implementation of a three-wheeled mobile robot with

Scheme 1 shows an example
a motorized rear wheel drive and a neutral steering
front wheel, with which the direction of movement
is controlled. Scheme 3 shows an example of the
implementation of a three-wheeled mobile robot, in
which a front drive steering wheel with a motor is
used. The rear wheels in this scheme are neutral

without motors.

M

4 k) 6
Fig. 1. The mobile robots main kinematic schemes classification:

M — Motor wheel; N — Neutral wheel;
MS — Motor and Steering wheel

Scheme 3 is a classic implementation of a mechanism
with differential control (Differential Drive) [11]. In such
a scheme, each wheel has its own separate drive (motor),
but the direction of movement and turns of the robot are
achieved due to the different speeds of rotation of the left
and right wheels, without turning the wheels themselves.
The advantage is a simple design, high maneuverability,
the ability to turn in place, but the disadvantage is the
complexity of control on uneven surfaces.

Scheme 4 uses four independent wheels, each of
which can rotate. This is the so-called four-wheel scheme
with independent wheel control (Four-Wheel Independent
Steering and Drive) [12]. Each wheel has its own drive
and can be independently controlled. This allows you to
control the direction of movement of the robot without
having to turn the entire platform. The advantage is high
maneuverability, the ability to move sideways (crab
movement), the ability to turn in place, but the
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disadvantage is the complex design and the need for
complex control.

In scheme 5, steering is achieved using Ackermann
Steering [13]. This scheme is used in cars and has
motorized front wheels that turn and rear wheels that
move straight. Turning is achieved by changing the
angle of the front wheels. The advantages are stability
at high speeds, effective steering over large areas.
The disadvantages include poor maneuverability in
confined spaces and the inability to turn on the spot.

Scheme 6 is a tracked platform where tracks are
used instead of wheels, which allows the robot to move
over complex and uneven surfaces (Tracked Drive) [14].
Tracks can be controlled using the differential control
principle. The advantage is high cross-country ability and
ability to overcome obstacles. The disadvantages of
such an implementation are limited maneuverability
compared to wheeled platforms, high friction.

The studies conducted in [8] showed the
effectiveness of a wheeled platform with independent
drives and the ability to steer.

The article [15] discusses the development of
a new control strategy for a four-wheeled mobile robot,
which allows it to accurately follow the route in off-road
conditions, while maintaining the desired orientation and
avoiding lateral slippage. The main goal of the study is to
develop a method that will not only provide the robot
with the ability to follow the trajectory, but also help
maintain the desired orientation of the robot,
compensating for the effect of slippage, which is typical
for off-road conditions. Also in this work a new approach
to control the angles of rotation of the front and rear
wheels using the strategy of "parallel control" is
proposed. To increase the accuracy of control in sliding
conditions, it was proposed to independently control the
angles of rotation of the front and rear wheels. The rear

Manipulator

Steering wheel

Sensor rack

a)

Driven motor

wheels are responsible for the correction of lateral
deviation, while the front ones control the orientation of
the robot relative to the trajectory. To implement this
strategy, two control laws are used, based on the
backstepping method, which allows to achieve both the
required trajectory and the desired orientation.

A feature of the proposed solution is the use of
an observer to estimate the side slip angles. This allows
to increase the control accuracy, taking into account the
adhesion conditions with the surface and adjusting
the algorithms based on the current slip conditions.
The application of the developed strategy is promising,
in particular, for solving tasks where mobile robots must
perform tasks in confined spaces or on rough terrain.
of the
combination of the observer with the control laws based

The results simulations confirm that the
on the backward search method allows the robot to
perform complex maneuvers with high accuracy.

In [16], the design of a mechatronic system of
a four-wheeled robot with independent control of each
wheel and a mechanism of fault-tolerant feedback by
odometry is described. To perform tasks in a confined
environment, the authors decided to use a platform
with independent control of each wheel (4WS), which
provides high maneuverability and efficiency of
movement. One of the key design tasks was to
synchronize eight electric drives to provide independent
control of the movement and rotation of each wheel.
This allows the robot to perform complex maneuvers
in confined spaces. To implement these tasks,
an embedded controller based on an embedded PC
is used to provide the necessary computing power.

The article presents a 3D model and kinematic
diagram of the mobile platform, and provides
a description of the rotary unit for four independent

wheels (Fig. 2).

First Driving Servo Motor
Driving Driving Encoder
Gearbox ¢

Steering
Servo Motor

Steering Encoder

Stationary Part

Steering Gearbox

Second
Driving Gearbox

Rotating Part

Fig. 2. Proposed design of a mobile robot with four independent swivel wheels [14]:
a) 3D model of the mobile robot; b) design of the swivel wheel mechanism
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The kinematic models presented in the article are
used both for calculating motion control signals and for
estimating the robot speed. Special attention is paid to
solving problems with odometry and fault-tolerant
estimation of the robot speed and position. The authors
note that the developed
maneuverability and reliability in difficult conditions.

system provides high

Fault tolerance is achieved due to special kinematics
estimation algorithms that allow ignoring incorrect
sensor data and maintaining operability even in the
event of partial equipment failures.

In [17], a motion control algorithm for a four-wheel
autonomous steering system (4WS) is presented, which
independently controls the steering angles of the front
and rear wheels. This capability allows the use of three
different driving modes: forward steering mode, crab
steering mode, and symmetrical steering mode.
The proposed algorithm effectively uses these modes
to achieve precise maneuverability, facilitating accurate
navigation to the target location. The authors conducted
a kinematic analysis of a four-wheel steered vehicle,
focusing on its motion characteristics.

A separate task should be to plan the trajectory of a
mobile autonomous robot with four independent swivel
wheels. In [18], a description of the trajectory planner
method based on the adaptive control strategy for a four-
wheel steering autonomous vehicle (4WS) is presented.
The article describes two control strategies for following
the trajectory of a mobile robot with four steering wheels
based on the feedback control method. In [19], a method
for controlling a four-wheeled vehicle with steering
wheels is proposed based on the calculus of variations,
and the corresponding optimal path is selected according
to a predefined objective function. In [20], a new
approach to local path planning for an independent
mobile base with four wheels (I4WS) is presented.
The proposed method adaptively steers and rotates the
platform, continuing to follow the given path and
avoiding obstacles. The implemented predictive control
model (MPC) generates optimized trajectories to avoid
collisions up to several meters ahead, taking into account
a set of data on a predefined trajectory, using the method
of laser reading of the surrounding space.

Method for determining the orientation of the wheels
depending on the trajectory of the mobile platform

In the process of moving a mobile platform, the
tasks of changing the rectilinear direction of movement

arise. For this purpose, various principles of constructing
steering mechanisms are used. In our work, the principle
of control with four independent swivel wheels is
considered. Fig. 3 shows a kinematic model of
a mobile platform with four wheels that can change
the angle of rotation.

This kinematic model is characterized by the fact
that the perpendicular lines to each wheel meet at
a single point, which is the center of rotation of the
mobile platform. This condition guarantees a rotation
without the effect

of slipping. The intersection

point C(x,y) is the center of rotation or the
instantaneous center of rotation of the robotic vehicle.
It can change during the movement — for rectilinear
movement, the radius from C (x, y) to each wheel has
an infinite length, while for motion in place it is equal
to the distance from the center of the wheel mounting
to the center of the platform M (x,, y, ).

The center of mass of the robotic vehicle
M(x,,,) rotates along a circular trajectory with
aradius R, as well as a linear velocity V' and an angular
velocity @. The distance between the front and rear
axles is the wheelbase /, the distance between the wheels
of one axle is the track d . Each wheel has a linear
velocity vector V, and a rotation angle J,, which is
measured between the longitudinal direction of the
robotic vehicle and the direction of the steering wheel.

Fig. 3. Kinematic model of a moving platform with four wheels
that can change the angle of rotation

The problem being solved has the following initial

requirements. For a platform located at point M (x,,,),

and currently having a velocity vector v (Fig. 4), it is
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necessary to determine such a rotation angle for each
wheel so that it reaches point T(xl, b2 ) .

The following method is proposed to solve
the problem.

On the map of the area, the coordinates of the
location of the mobile platform and the desired point
to which

are determined.

it is necessary to move this platform

If the target point is not on the axis of the velocity
vector v, then it is necessary to find such a position of
each steering wheel to ensure smooth rotation of the
platform during movement to this point.

Tixs y1)

0L 0

Fig. 4. Mobile platform movement trajectory

At the next stage, it is necessary to find the

coordinates of the center of the circle C (x, y) , on which

the trajectory of the platform movement lies (Fig. 5).

v

Fig. 5. Coordinates of the center of the circle C (x, y) ,on

which the trajectory of the platform movement lies

When determining the center of the circle, it is taken
into account that its center is always located on the
axis emanating from the geometric center of the
platform (Fig. 5), perpendicular to the velocity vector v.

To calculate the value of the radius R, it is
necessary to determine the angle of inclination of
the trajectory of motion « (segment MT in Fig. 6).

Vv

Fig. 6. Radius R calculation

By the law of cosines we get:
d* =2R* (1-cos(2a)), (1)

where d is distance between the center of the mobile
platform and the target point, R is the radius of the circle
on the boundary of which points M and 7 lie; « is the
angle between the velocity vector v and the line d .

Let us rewrite (1) as follows:

d* =2R* (1-cos(2a))=4R’sin’ a , )
Now from (2) we find R:
d
= . 3
2sina @)

In order for the platform to reach point 7,
knowing the radius of the circle that is the trajectory
of its movement, it is necessary to determine the angle
of rotation of each wheel.

Let us consider the procedure for determining
the angle of rotation of each wheel. To do this, we will
build a geometric model that describes the behavior
of the wheel during its rotation. Such a model for
one wheel is shown in Fig. 7.

The main task in this case is to find the coordinates
of the center of the wheel W, relative to the coordinates

of the center of the mobile platform M . When we know
this coordinate, we can draw a segment W,C from the

center of the circle of the platform's trajectory.
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The direction of rotation of the wheel will be
normal to the segment W,C .

In the general case, the platform will be in
an arbitrary position relative to the central axis, which
is the base for the terrain map and parallel to one
of the x or y axes in the coordinate system. In this case,

it is necessary to take into account the angle of rotation
of the entire platform « (Fig. 7).

Fig. 7. Geometric model describing the behavior of the wheel

In Fig. 7 D,, is the distance from the center of the
platform M to the line connecting the centers of the
front wheels. L, is the distance between the central
axis C, of the platform and the center of the wheel W, .

The x coordinate of the point C, , which is the
center of the segment connecting the centers of wheels
W, and W, (Fig. 3), is calculated by the formula:

Cy,=C,—Dycosa, 4
where a is the angle of rotation of the mobile platform
relative to the base axis; D, is the distance from the

center of platform M to the line connecting the centers
of the front wheels.

The y coordinate of point C, 1is calculated

similarly, but instead of cosine we use sine:
CW,y = Cy -D, sina . (5)
Finally, the coordinate of the wheel center W,
can be found using the:
W,,=C,—L,cos(a-90), (6)
where L, is the distance between the central axis C,

of the platform and the center of the wheel W, .

The coordinate of the wheel center W, is found

by the formula:
W,,=C,—L,sin(a-90), 7
The angle of rotation of the wheel is found as the
normal to the radius extending from the center of the

wheel W, to the center of the circle C, .

To find the normal, we need to know the diameter
of the wheel. Fig. 8 shows a schematic diagram
of the main parameters of the mobile platform for
calculating the angle of rotation of the wheel.

The coordinates of points D,, and D,, are

calculated using the formulas:

DWa = VV],X _DW > = > > (8)
\/(Cr _Wl,x) +(C} _le)
CX _WIX
Dy, =W, , =Dy ’ )

\/(CX P )2 + (Cy - Why )2

where D), is the wheel diameter; W, is x coordinate
of the wheel center; W, is y coordinate of the wheel
center; C, is x coordinate of the trajectory circle center;
C, isy coordinate of the trajectory circle center.

The wheel rotation angle J, is calculated as the
angle between the central axis of the mobile platform,

which is represented by points P, and F,, and the

vector V| connecting points D,, and D,, .
6,218 (Dyay = Diny» Dy = Dusc)» - (10)
0, =1g” (P, =B, P~ B.), (11)
where D, and D,, are the points that define the
diameter of the wheel; P, and P, are the points that

define the length of the platform along the main axis.

Pf
)

1

'.'F’b

Fig. 8. Calculation of the wheel rotation angle
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The modulus of the difference between the values
of 6, and 0, is calculated by the formula:

d, =16, -6,], (12)
The wheel rotation angle o, 1is calculated

by the formula:
8, =min{d,,[180-d,|}. (13)

Design of the swivel wheel unit mechanism

To build our own mechanism for the swivel unit,
existing designs of similar solutions were analyzed.
The MK4 Swerve Module [21] is an example of
an SDS Swerve drive. The MK4 is equipped with
a 1.5-inch wide swivel wheel. The MK4 uses a set
of SDS 2nd generation bevel gears to drive the swivel
wheel (Fig. 9). The MK4 uses a centrally located steering
encoder to directly measure the angle of rotation without
the use of gears. This eliminates encoder backlash
and reduces the complexity of the design.

Driven motor Steering

wheel motor

Mechanism with
angular gear

Steering wheel

Fig. 9. SDS swivel wheel design

The compactness of the design is achieved by the
vertical arrangement of the wheel drive motors and the
rotation of the entire mechanism relative to the platform.

Fig. 10 shows an example of the implementation
of the swivel wheel mechanism using the differential
construction principle [22].

This configuration of the drive motors allows for
a reduced height of the mechanism, which is suitable
for the implementation of autonomous mobile robotic
platforms for warehouse purposes. Such mechanisms
can be located in the corners
The MK4i
MK4 module to a lower position, where they do not
of the

Thus, the overall height and center of gravity are lower.

of the platform.

module inverts the motors on the

interfere with other components system.

The MK4i module also moves the wheel further into the
corner of the chassis for a wider wheelbase, which
provides more stable operation of the mobile robot. Since
the wheel is moved to the area usually occupied by the
frame, the MK4i includes an auxiliary plate for proper
placement in the chassis.

Steering
wheel motor

Driven motor

Gear-based drive

Steering wheel

Fig. 10. Differential drive of the swivel wheels

Thus, the
implementation of swivel wheel mechanisms showed

considered examples of the
that each design has its own advantages for a certain
sector of application and can be changed depending on
the purpose of the end device. This work proposes
a universal design of a mechatronic module that uses
the advantages of a parallel arrangement of motors
to simplify the implementation of the wheel drive,
and a differential one, which is characterized by
a lower height.

Fig. 11 shows the proposed design of the swivel
wheel unit.

This design uses a gear mechanism to rotate the
11, a). Using
a mounting plate, the wheel rotation unit is attached to the

wheel relative to the chassis (Fig.

chassis with four screws. Thanks to the drive gear, which
is mounted on the axis of the stepper motor, rotation is
carried out to a given angle. The gear of the rotation
angle sensor (Fig. 11, b) rotates synchronously with the
drive gear, through the main gear. The rotation angle
sensor is built on the basis of a multi-turn variable
resistor. The rotating wheel is driven by its own motor.
A belt drive is used to connect the wheel with the motor.
The entire mechanical part of the rotating wheel unit
is mounted on a base plate (Fig. 11, a, b), which rotates
relative to the axis on which the main gear is mounted,
which is rigidly attached to the chassis of the mobile
robot. An
a microcontroller is also mounted on the base plate.

electronic control unit based on
This unit receives commands from the central control

unit via the RS-485 interface and Modbus protocol.
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Mounting plate
X

Main gear _Driven gear

‘Wheel fork

Steering
wheel motor »
Position sensor

gear

Steering wheel
position sensor

Belt /

transmittion “\Steering wheel

Fig. 11. Proposed design of the swivel wheel unit:

Mounting base

Mounting plate

Main gear Driven gear

Position sensor ___——— ! L =
gear = -

Steering wheel
position sensor

Mounting base

“"Support bearings

" Driven motor

“Wheel fork

Steering/’
wheel motor

Belt

transmittion

N

Steering wheel

b)

a) view of the gear mechanism for rotating the wheel; b) view of the location of the motors and the rotation sensor

Description of the operating principle
of the automated system for controlling the position
of the steering wheel unit

Fig. 12 shows a block diagram of the motion control
system of a mobile transport robot with swivel wheels.

The central control unit performs the function of
collecting information from the local navigation
subsystem and transmitting commands to the executive
modules. It coordinates the operation of the turning wheel
units, based on commands from the remote control or the
autonomous navigation subsystem. At each step,
depending on the current location coordinate on the
map of the production facility, the angle of rotation of
each wheel is calculated. The obtained parameters are
transmitted using the RS-485 interface and the Modbus
protocol to each individual turning wheel unit.

The autonomous navigation unit is responsible for
the automatic movement of the robot according to the
programmed route or built-in navigation algorithms
(for example, using GPS, lidar, ultrasonic sensors, etc.).
It can determine the current trajectory of movement
and the position of the robot in space and transmits
this information to the central control unit for
further processing.

Independent turning wheel control units directly
control the drives of each wheel. They receive commands
from the central control unit and autonomously regulate
the rotation speed and angle of rotation of the wheels.
Thanks to this architecture, each wheel can move
independently, which allows the robot to perform
complex maneuvers, such as turning on the spot or crab

movement (sideways movement).

Main control |
unit
Autonomous | ] Remote control
navigation unit unit
Front right .
g Rear right wheel
wheel control —@ *— .
. control unit
unit
Front left wheel Rear left wheel
control unit control unit

Fig. 12. Block diagram of the motion control system
of a mobile transport robot with swivel wheels

Fig. 13 shows a diagram of the control algorithm for
the rotary wheel module. At the beginning of the work,
the wheel is set to the initial position. The initial position
is considered to be the position when the limit sensor
installed on the base is triggered. All other positions
of the wheel are counted from this position.

After finding the initial position, the wheel is moved
to the middle position. The middle position is considered
to be the position in which the wheel is oriented
clearly parallel to the direction of movement of the
mobile platform.

When
stage, the module controlling its operation goes into the

the module completes the calibration
waiting mode for commands from the main controller.
Upon receipt of a command from the controller, it is
processed and the specified angle of rotation of the
wheel is determined.
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|
Start determining Waiting for a
the initial position command from the
of the wheel controller

—1

Output of one
pulse to perform a
step by the motor

!

Output of one
pulse to perform a
step by the motor

Is the command
received?

Determining the
angle of rotation

Did you find the

extreme position? Output of one

pulse to perform a
step by the motor

Setting the wheel
to the center

e Has the target position
position get p

been achieved?

Output of one

pulse to perform a Sending
step by the motor confirmation to the
controller

]

Is the middle ground
reached?

Fig. 13. Swivel wheel module control algorithm

In case of receiving a specified angle, the process
of rotating the wheel to the specified position is started.
This position is determined by the number of pulses
to the stepper motor from the control module, and is
also controlled by data from the rotation angle sensor.
After reaching the specified position, the stepper motor
stops and holds the wheel in the specified position,
and the control module transmits a data packet to the
main controller to confirm the operation of performing
the wheel orientation.

Fig. 14 shows a diagram of the algorithm for
synchronous control of the complex of rotating
wheel modules.

At the beginning of operation, the initial position
of the wheels is initialized. For this, a corresponding
command is issued, which is recognized by each
individual rotation module. Each module, independently
of each other, executes the initialization command
and reports this to the main module at its request.

The main module sequentially polls each rotation
module and checks whether it has reached the initial
position. Only after taking the specified position, the
program proceeds to the stage of directly controlling the
movement of the mobile platform. The determination

of a certain angle of rotation of each wheel is based on

data from the main control unit, which is responsible for
laying the path. Typically, such a module is implemented
on the basis of a Raspberry PI mini-computer.

—

Initializing the Determining the
starting position of angle of rotation of
the wheels each wheel
N=0 N=0
Checking the initial Checking the
orientation of the achievement of the set
Nth wheel angle by the Nth wheel

Has wheel N
completed
the turn?

Has the N-wheel taken
position?

N=N+1

N Yes

T Yes
Expecting coordinates
from the pathfinding
module

Are the coordinates
received?

Fig. 14. Algorithm diagram for synchronous control
of a complex of rotary wheel modules

Based on the received target coordinate and the
current point in space, the method proposed in this work
determines the angle of rotation of each wheel.
Before starting the movement, the main controller
sends a command to each control module with the
corresponding data and monitors the completion of the
process of acquiring the wheels of the given orientation.
After completing the operation of turning the wheels, the
module goes into the waiting mode for new coordinates.

Synthesis of the automatic control system block diagram

Fig. 15 shows a block diagram of the system
for automatically adjusting the steering wheel angle
to a given angle and linear speed of movement.

In this scheme, three loops can be distinguished.
The first loop is responsible for regulating the

linear speed and providing the setpoint V),

target us lng
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a PID controller. The speed of movement is controlled
by an encoder mounted on the wheel axis. A speed sensor
is included in the feedback loop. The difference between
the current and desired speeds e, is used to control

the motor, which provides the necessary acceleration
or deceleration. The encoder provides feedback and

measures the actual speed V,, which allows the controller

to adjust the motor operation to achieve the desired
speed value 7,

arget *
The second loop is responsible for controlling
the rotation of each controlled wheel to the desired

angle O, An sensor — a multi-turn

target * angle
potentiometer — is used as a sensor to measure the current

angle of rotation of the wheel. The error e,;; between

the actual angle

out

and the specified angle of

rotation O,

target i

is processed by a PID controller that

regulates the motor, which ensures smooth and accurate
positioning of the wheel mechanism. The angle of

The third loop regulates the angular velocity o,
of the mobile robotic platform. Each wheel has its
own angular velocity, which is determined by the radius
of rotation for the i -th wheel R; and the linear velocity
of the i -th wheel V,. Angular velocity

w, =V, / R, (14)
is determined by the turning radius, which is calculated
by the formula

/

R=—_,
l tg(gtu,i)

is the angle of the wheel rotation; / is the

15)
where J,;
distance between the front and rear axles.

The error between the actual angular velocity o,

and the average angular velocity @, determined

by the other steered wheels is fed to the PID controller
to correct the steering angle of the wheels.

The lateral component of the velocity for each
wheel is defined as:

rotation is monitored by a sensor based on a multi-turn .
’ y . v, =Vsin(8,). (16)
resistor. The model takes into account a reducer based
on a gear transmission to provide the required ratio.
G
! |
! I
! Spos,i es A6 Gear Sout |
i —>®—> PD  —»  Motor | " > |
| + Transmission |
| 4 |
! |
[ |
! Si Angle :
| Sensor |
[ | | |
: A Lo Angle control :
I | | e e e e e e e L4
r————————————————————————————————————I: Rr://tg(5w,i) :
: Speed control ! : |
: [ ¢ :
: Vtarget,/' ey 4y, VOW’: : _____________________________ |
| 4>®—> PID —> Motor ® ; | » w=V/R; Angular speed control |
| + |
| " |
- [
! | v !
| Vi : : 76, pos,i :
: Encoder : : Wavg=Vavg/Ravg PID —?@—:7
i I f |
| " |
o _n Other Steering Surgeri |
i Wheels |
VGlllll I_ _______________________________________ :
Fig. 15. Block diagram of the system for automatic adjustment of the steering wheel angle
to a given angle and movement linear speed
The lateral component of velocity is the component lateral displacements that occur during turns or

of the velocity vector that determines the speed
of an object in a direction perpendicular to the
main direction of its movement. This speed is directed
across the axis of motion of the vehicle or robot.
The lateral component of velocity takes into account

other maneuvers.

The circuits work in conjunction to ensure smooth
movement of the mobile robot. The first circuit controls
the speed of the platform, the second is responsible
for precise control of the angle of rotation of the wheels,
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and the third ensures uniform execution of the turn
by all wheels of the platform.
The total angular velocity of the mobile robot ®,,,

is determined based on the average turning radius
and the average linear velocity. The average turning

radius R, will be calculated taking into account all
four wheels, taking into account their individual radii R,

and linear velocities V; :

iRlVl iVi ; (17
i=1 i=1

Then the angular velocity «,,, of the robot can be

calculated as:

a)avg = Vavg /Ravg > (18)
where R, is the average turning radius, taking into
account the different turning angles for each wheel; is

avg

the average linear velocity, calculated by the formula:

Given the independent control of each wheel
and their different angles of rotation, the formula

for angular velocity will look like this:

@, = W . (20)
l 1 i=1 t

Formula (20) takes into account the individual

angles of rotation and speed of each wheel of the mobile
robotic platform, which allows the robot to adapt to
complex trajectories and turns with different angles
for each steering wheel.

Thus, the proposed model allows you to control
the movement of a mobile platform with independent
control of each wheel, to ensure high maneuverability
in difficult operating conditions.

Description of the research results

Let us consider separately the circuit responsible
for precise control of the wheel rotation angle (Fig. 16).

This diagram corresponds to the manufactured
mock-up sample of the swivel wheel module, which
is shown in Fig. 17.

60 ut

Gear
Motor > .
Transmission

v

ZV (19)
5005 ey Aé,
PID P>
e
bw

Sensor <

Fig. 16. Block diagram of the wheel steering angle control circuit

Steering wheel
position sensor

Position sensor__~
gear (10 teeth)

Main gear _
(35 teeth) ~

Steering
wheel motor ~

Steering wheel
motor with driven
, gear (10 teeth)
/

PID Controller with
motor driver

Steering wheel

Fig. 17. Appearance of the mock-up sample of the swivel wheel module
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The parameters of the components of the layout are
as follows:

— number of teeth of the main gear — 35 pcs.;

— number of teeth of the driven gear — 10 pcs.;

— gain of the positioning sensor based on a variable
resistor — 5;

— type of stepper motor - NEMA17,;

—rated current of the stepper motor — 2 A;

— torque — 40 N-cm.

Let us describe each component of the structural
diagram separately. The PID controller has three main
components:

— proportional component (P) provides a proportional
response to the error;

— integral component (I) provides correction of the
constant error by integrating the error over time;

— differential component (D) takes into account the
rate of change of the error, which allows to increase the
stability of the system.

The transfer function of the PID controller is
written as:

Ki
WP,D(s)=Kp+?+de,

2

where K, is the proportional component coefficient;

K, is the the integral component coefficient; K, is the

differential component coefficient; s is the Laplace operator.
The transfer function of a stepper motor driving
a rotary mechanism is written in the following form:

where K, is the motor gain, which characterizes the

conversion of electrical pulses into angular motion;
T is the motor time constant, which determines

the inertia of the system.
The design of the swivel wheel mechanism uses
a transmission system in the form of two gears with
a number of teeth of 35 and 10 — this determines the
ratio between the angles of rotation of the stepper motor
and the swivel wheel mechanism. If N, is the number
of teeth on the driving gear (10 teeth), and N, is the
number of teeth on the driven gear (35 teeth), then
the gear ratio:
N,/N,=35/10=3.5.
Thus, the transfer function of the transmission
mechanism will be:
/4 (s) =1/3.5,

gears (23)
A variable resistor is used to measure the angle
through feedback. In this

transfer function of the sensor can be approximated

of rotation case, the

by a linear relationship that converts the angle signal
into an electrical voltage:

VVsensor (S) = Ksenmr b

24

where K

sensor

is the coefficient of conversion of the angle
of rotation into voltage, determined by the characteristics
of the variable resistor. This coefficient is usually
a constant value.

the determined transfer

Let wus substitute

W, or (s) = K, , (22) characteristics into the corresponding components of the
Ts+l steering wheel angle control system (Fig. 18).
ew A(S, 6out
4>®—> KotKi/s+Kys  —B  Kn/(Tms+l) —P 1/3,5
+
6w
KSensor <

Fig. 18. Block diagram of the circuit for automatic steering angle adjustment with defined transfer functions

To synthesize the overall transfer function of the
system, we need to combine the transfer functions of each

element. The overall transfer function will look like this:
W () =W (8)+ W ()4 Wy () + W, (5). (25)

sw motor gears

We substitute the transfer functions of each element:

K. K 1
VVSW(S)Z K +—+K;s | —"—-—K_, .. -
s T s+1 3.5

Simplifying this equation, we get:

(26)

KK o (K, s+ K, +K,s)

3.55(T,s+1)

W, (s)=

Let's simulate the developed automatic steering
angle adjustment circuit using the Mathlab Simulink tool.
Let's
characteristics. For a stepper motor, the gain K, depends

27

define the coefficients of the transfer
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on the torque M developed by the motor at the rated
current [, =24:

=M=ﬂ=2o(N'cmj. (28)
L, 2 y

The system time constant T, is determined by the
inductance characteristics of the motor windings and
can be calculated by the formula:

T,=L/R, (29)
where L is the winding inductance (for the selected

motor type, 5 mH); R this is the winding resistance
(for the selected motor type, 2 Ohms).

Thus, for the selected type of Nema 17 motor with
an inductance of 5 mH and a resistance of 2 Ohms:

1073
T, = > 20 :0.0025(s).
Thus, after substituting the coefficients in (22),
we obtain:
20
Wmm‘or (S) == .-
0.0025s +1

Fig. 19 shows a circuit diagram of the automatic
steering angle adjustment built in Simulink.

)

A 4

1

B P> 20 Sk
®) 0.0025s + 1 35 "

Fig. 19. Modeled circuit diagram of the automatic steering wheel angle adjustment

The PID controller parameters are as follows:

— proportional component coefficient K, =2.5;

— integral component coefficient K, =25;

— differential component coefficient K, =0.0125 .

A graph of the transition process was constructed
for the selected coefficients (Fig. 20).

4. Scope = o x )
File Tools View Simulstion Help ~

@-BOP®| H-Q- |0 F|&

Sample based | T=10.000

Fig. 20. Transient process graph for the modeled system

As can be seen from the graph above, the system
reaches a stable state quite quickly, approximately
1-1.5 seconds after the start of the simulation. The value
of the output parameter stabilizes at 0.2, which

corresponds to a change in the wheel orientation
by 1 degree. The gain coefficient of the rotation angle
sensor is 5. It can also be seen that there is no significant
excess of the set parameter, and the system quickly
becomes stable. The output variable increases rapidly
at the beginning of the simulation, which indicates
that the system has good stability and fast response

Conclusions

This work studies a current topic related to solving
the problem of increasing the degree of mobility of
a mobile autonomous robot in a confined space.
The principle of turning a mobile platform using
four independent steering wheels is considered.
A method for determining the orientation of the steering
wheels depending on the trajectory of movement is
proposed, which is based on the geometric analysis
of the position of the platform and the target point, which
allows calculating the angle of rotation of each wheel in
such a way as to ensure movement to a given point
without lateral slippage. A mathematical model of the
control system was built, a structural and functional
diagram was developed, an algorithm for processing
commands, calculating the angles of rotation was
described, and a three-level control system was
implemented - linear speed, wheel orientation angle
and angular velocity of the entire platform. The work
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also describes the hardware implementation of the
steering wheel module, which uses a stepper motor,
gear transmission and a position sensor based on
a variable resistor. The developed prototype of the
mechatronic assembly of the steering wheels is described.
The simulation conducted in the Simulink environment
confirmed the operability of the proposed system:
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PO3POBJIEHHA METOZY YIIPABJIIHHSA
MOBIJIBHOIO IVIAT®OPMOIO 3 HOTUPMA KEPOBAHUMH KOJIECAMU

IIpenrvMeToM BHBYEHHSI € METOZI BH3HAUCHHS TpPAeKTOpii pyxy pobOoTa 3 4YOTHpPMa KEpPOBAaHMMH KOJECaMH ISl JOCSTHCHHS
3aJaHoi TOYKH Ha KapTi MicrieBocTi. MeTa 10CTiAKeHHsI — PO3POOUTH METO BU3HAUCHHS OPi€HTALiT KOJIC BIAMOBIAHO A0 TPAEKTOPIl
pyxy  MoOimbHOI  ruaTropMu  JUIS  HIABHIICHHS  MaHEBPEHOCTI  aBTOHOMHOIO  POOOTH30BaHOTO  TPAHCIOPTHOTO
3ac00y B OOMEKEHOMY BHUPOOHHUOMY MPOCTOpi. 3aBAaHHs, SKi HEOOXiMHO BHKOHATH: MPOAHANI3yBaTH aHAJOTIYHI pIlICHHS,
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ONMUCAaTH 3alpOIOHOBAHY KOHCTPYKIIO MEXaHi3My pyJbOBOTO KepyBaHHS MOOLIEHOTO pOOOTH30BaHOIO Bi3Ka; IOAATH
KiHEeMaTHKy MOOUTBHOTO poOoTa 3 YOTHpPMa KEPOBAaHMMH KOJIECAMH; PO3POOMTH QJITOPUTM MOXYJS YIPABIIHHS pPYyIbOBHM
KEepYBaHHSAM; 3alpONOHYBAaTH METOA  YNPaBIiHHA MOOUIBHOI  IUIATGOPMOIO 3  YOTHPMAa KEPOBAaHUMH  KOJIECaMH;
eKCIIEPUMEHTAIBHO JIOCTHIIUTH e)EeKTUBHICTh 3alpONOHOBaHOr0 Metony. HaykoBa HOBM3HA: 3alpONIOHOBAHO METOJ BU3HAUCHHS
opieHTamii Komic U JNOCSATHEHHsS 33JaHOl TOYKM Ha IUIAHI  MICHEBOCTi; pPO3pOOJIEHO  aNropuT™M  pO3paxyHKIB
3a JIONOMOTOIO NPOTPAMHOTO 3aco0y; MaTeMaTHYHO OOIPYHTOBAHO METOJ KepyBaHHS OKPEMHMH KOJIICHUMH OJIOKAMH MOOUTHHOL
mwiarhpopmu. MeToau JOCTiAKeHHsS: MOJCTIOBAaHHS U TEOpis aBTOMATHYHOTO KEPYBaHHs, OIMC JIHIHUX NUHAMIYHHX CHCTEM,
aQHANITHYHI METOOM MOJCIIOBAaHHs, KOMII'IOTEpHE MOJIeNioBaHHA B cepenoBuilli Matlab/Simulink. Jlocarnyti pe3yiabraTn
W BHCHOBKM. PO3rIsHYTO NpHMHIMI PyXy MOOLIBHOI IIaTGopMH 3a JOINOMOIOI0 YOTHPHOX HE3AISIKHHX KEpOBAaHHX KOJIiC.
3anponoHOBaHO METO]] BH3HAYCHHS OPIEHTAIlil KEPOBAHUX KOJNIC BIAMOBIZHO 1O TPAeKTOpii pyXy, OCHOBAHOTO Ha T€OMETPHIHOMY
aHaJI3l MONOXKEeHHs IIAaTOPMHU # IIIBOBOI TOYKH, IO Ja€ 3MOTY PO3paxyBaTH KyT HOBOPOTY KOXKHOTO KOJECa TaKHM YHHOM,
o6 3a0e3meynTy pyx A0 3aJaHOi TOYKH Oe3 OokoBoro mpociusaHHsA. [loOynoBaHO MaTeMaTHYHYy MOAENb CHUCTEMH KepyBaHHS,
PO3pOOJICHO CTPYKTYPHO-QYHKIIOHAIBHY CXEMY, OIHCAHO QJITOPUTM OOpOOJCHHS KOMaHI, OOYKCICHHS KYTiB IOBOPOTY,
a TaKOXX peayizoBaHO TPHPIBHEBY CHUCTEMy KEepyBaHHS: JIIHIHHOIO IIBHIKICTIO, KyTOM Opi€HTamii KOJIC i KyTOBOIO IIBHJIKICTIO
Bciel miardopmu. OnucaHo po3poOieHHil MakeTHHIT 3pa30K MEXaTPOHHOTO By3ia kepMma. MoJeIoBaHHs, MPOBECHE B CEPEIOBHILI
Simulink, migTBEpAUIIO Mpale3aTHICTh 3aIPOIIOHOBAHOI CUCTEMH.
Kurouosi ciioBa: Mo6inbHUI po6oT; AGV; iHTeNeKTyanbHe BUPOOHULITBO; METO/] KEPyBaHHS; aBTOMAaTH30BaHa CHCTEMA.
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O. CEMEHOBA, A. JI)XvC, B. MAPTHHIOK

3ACTOCYBAHHS TEXHOJIOI'TH OBUUCJIIOBAHOI'O IHTEJIEKTY
B 3ATAYAX KJACTEPU3AIIL BE3JPOTOBUX CEHCOPHUX MEPEX

IIpenmeToM fociiTKeHHs € TIpomec BHOOPY OCHOBHOTO By3la KiacTepa B 0€3IpOTOBHX CeHCOpHHX Mepexax (BCM)
i3 BUKOPHCTaHHSAM IHTENEKTYaJlbHUX MiAXOMIB, 3AaTHHX AJaNTyBaTHCS OO MIHIMBUX YMOB cepenoBuiia. BCM MicTaTh 3HauHY
KUIBKICTh CEHCOPHHX BY31iB, LI0 30UpalTh, OOpOONAIOTH 1 mHepemaroTh iHpopmariro. EdexTuBHa kiactepuzamiss € OTHUM
i3 BaXJIMBHX MEXaHi3MiB onrtuMmizamii podotn BCM, amke nae 3MOry 3MEHININTH CHEPrOCHOXHBAaHHsI, MiJABUIIUTH HATIHHICTH
i MacmraboBaHICTE Mepexi. MeTol0 Ppo6oTH € aHami3 OCOONMBOCTEH 3acTOCYBaHHS CydacHHX IHCTPYMEHTIB i MeETOJIB
00YHCITIOBANIBHOTO 1HTENEKTY Ul MiABHIICHHS €(QEKTUBHOCTI MpOLECY KIacTepu3allii CEHCOPHHX BY3JiB, IO JOIOMAarae OpaTh
JI0 yBaru MHOXHHY (akTOpiB y MPUHHATTI pillleHb npo GopMyBaHHs KJIacTepiB i 0OpaHHs OCHOBHUX By31iB. TpaauiiiHi anroputMu
KJacTepu3anii He 3aBXXIU 3[aTHI QJaNTyBaTHUCS 0 3MiH y IapaMeTpax Mepexi, 0COOIMBO 3a HAasBHOCTI HEOJHOPITHMX BY3IiB
abo 3MiH y TomoJorii. ¥ 3B’S3Ky 3 UM yce OUIbIIOI akTyanbHOCTI HaOyBaroTh METOAM, OCHOBAaHI Ha OOYMCIIOBAaHOMY IHTEINEKTI,
30KpeMa TeHETUYHi aITOPUTMH, HEHPOHHI MEpexi, HeWiTKa JIOTiKa, a TaKoX riopuani migxomau. Lli MeToan HaroTe 3MOTY 3BaXKaTu
Ha HHU3KY HapaMeTpiB y mpoieci GopMyBaHHs KiacTepiB Ta BUOOPY 1X OCHOBHUX BY3IiB. 3aBIaHHSI AOCHII:KEHHS: aHAII3 HASIBHUX
migxoniB mo kmacrepusanii B BCM; po3poOieHHs HewiTkol cucTeMu Kiacrepusauii; moOynoBa 6a3u NpaBWi Ul HPUHHSITTS
ONTHMAJbHUX PpIIIeHb; eKCIIepIMEHTallbHAa IIepeBipka 3alpoOIlOHOBaHOI Mozeni. 3acTocoBaHi MeTOAM: IHCTPYMEHTH
00YHCITFOBANIBHOTO 1HTEJNIEKTY, 30KpeMa HelipoMepe)KeBe HaBYaHHS, FEHETHYHA ONTHUMI3allisl Ta HEYiTKe yIpaBIiHHSA, KOMII IOTCpHE
MOJICNIOBaHHA. Y CTaTTi NPOaHaJi30BaHO IepeBard BUKOPHCTaHHSA KOXXHOTO 3 HasBHUX MiaxoxiB. Pe3yabTaTH: po3pobieHo
CTPYKTYpy HEYITKOI CHCTEMH JIOTIYHOTO BHMCHOBKY; BH3HA4€HO BXiJHI Ta BHUXiJHI 3MiHHi; copMoBaHO 0a3y HEUITKHX MpPaBUI
1 QyHKIIH HaJIeXKHOCTI; 3MOIeNTbOBaHO podoTy cucrtemu B cepenosuii MATLAB; ontumizoBaHo po3po0OiieHy cHCTeMy i Bajimamito
il poboTn. BHCHOBKM: 3acTOCYBaHHS TiOPHIHHX IHTEJNEKTYalbHHX IIIXOMIB Ma€ CYTTEBI MepeBard UIs PO3B’SA3aHHSA 3amad
knacrepuzanii B BCM, mo Moke CBITYUTH NpPO HEPCIEKTHBH MOAAIBIIONO PO3BUTKY CHCTEM, 3/aTHHX €(PEKTHBHO (YHKIIIOBATH
B yMOBaxX OOMEXEHHX PeCypCiB i BUCOKOI CKJIAIHOCTI CepeIOBHILA.

KorouoBi ci1oBa: 6e31poToBa CEHCOpHA Meperka; KilacTepu3allis; HeuiTKa JIOTiKa; HelpOHHa Mepera; TeHETHYHUH aJlrOPUTM.

Beryn BUTpaTH eHeprii, martepiamiB i dacy. 36ip i mepemaua

MOKAa3HUKIB  ceHcopamu  (opMyloTh  iH(opMaLiiiHy

Hapa3i akryanpHOIO BIANOBIIAIO Ha MOTpeOH OCHOBY JUISl aHAITHKH, IPOTHO3YBAaHHS Ta aJalTHBHOTO

B MOJEpHi3alii MPOMHUCIOBOCTI B yMOBax TIJIOOaIbHOT ynpaeiiaas  nponecamu. Omxe, BCM  Bigirpatotsb

udppoBoi TpanchopMarlii € BOPOBAIKCHHS TEXHOJOTIH

Inmycrpii 4.0. Bonm 3a0e3nedyroTh  iHTETpamiro
iH(pOpMAaIIHHIX TeXHOJIOTIH, [HTepHeTy peueil Ta cuctem
aBTOMAaTH3allii Ui  CTBOPEHHS  IHTENEKTyaJbHHUX
BUPOOHMYMX KOMIUICKCIB. YTPOBA/KCHHS KOHIICIIIIT
Iamyctpii 4.0 nmae 3MoOry MIiANMPHEMCTBAM 3AJIUIIATHCS
KOHKYPECHTOCIIPOMOKHUMHY, TTiJIBUIIYBATH TPOTYyKTUBHICTh
1 IBHAKO aJanTyBaTHUCS MO 3MiH pPHUHKY W 3aIUTiB
CIIOXKUBAYIB.

BaxMBUM TEXHOJIOTIYHMM CKIaaqHUKOM [HmycTpii 4.0
€ 0e31poToBi ceHcopHi Mepexi (BCM), mo 3abe3nedyroTs
Oe3nepepBHUIT MOHITOPUHT (i3UYHUX MTPOLIECIB Y PEKUMI
pearbHOro Yacy. 3aBIsSKH 3IATHOCTI O CaMOOPTaHi3arlii
Ta aBTOHOMHOI pobotd BCM crmpustors nudposizarii
BUPOOHMYMX CHCTEM 1 MiJBUIIEHHIO IX THYYKOCTI.
Inrerpamiss ~ 0e3APOTOBUX  CEHCOPHHUX  MEpPeX 3
Kibep(i3MYHIMH CHCTEMaMH JOIIOMAara€ OICpPAaTHBHO

pearyBaTd Ha 3MIHM B CEPEIOBHIL, ONTHUMI3YIOUU

BH3HAYANBHY pOJIb Yy CTBOpeHHI "po3ymHUX" (habpuK,

CIpHSIOUM  TIIBUIIEHHIO  e(EeKTHBHOCTI,  Oe3neku
Ta IHHOBAIIIITHOCTI TPOMUCIIOBOTO BUPOOHHIITBA.

BCM - ne camokoH]irypoBaHi Mepexi, 1110 MICTATh
3HAaYHy KITBKICTh CEHCOPHHX BY3JIB, NMPU3HAUCHUX IS
MOHITOPUHTY (I3UYHHX YMOB, TaKMX SK TeMIleparypa,
BOJIOTICTh, THCK, pyX Tomo [1]. 3a3Bu4ail 1M By3IIaMm
BJIAaCTHBI OOMEXEeHI OOYHCIIOBaHI Ta CHEpPreTHYHi
pecypcH, MmO poOUTH MPoOJeMy EHEpPro30epeKeHHs
OIHICIO 3 HaWBaXKIUBIIIUX I 3a0€31€YeHHs] HaIiiHOIO
¢ynkuiroBanHss BCM. Yepe3 0co0nMBOCTI CTPYKTYpH
0e3pOTOBHX CEHCOPHHX MEpeXk, 30KpeMa BHCOKY
LIUTBHICTB BY3J1iB, OOMEXEeHHH pajiyc i Ta QyHKIiFoBaHHS
B CKJIQJIHUX 200 BaXXKOZOCTYITHHX CEPEJOBHIIAX, YACTO
BUHHMKA€E TMOTpeda y BHCOKOC(EKTHBHUX MeXaHi3Max
opramizamii cTpykTypu Mepexi. OmHuM i3 Takmx
MexaHi3MiB € knactepusanis. Lle mpouec po3moxiny

BY3JIiB Ha OKpPEMi IpyNu — KJIACTEPH, — y KOXKHIN 3 SKHX

© 0. Cemenosa, A. Jlxxyc, B. Maptuniok, 2025
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OOWH CEHCOPHMH BY30J] INPHU3HAYAETHCSA OCHOBHUM
By3ioM kiacrepa (cluster head, CH) Ta xoopaunHye
KOMYHIKAI[i0 By3JIiB IK BCEPEAMHI KiacTepa Mix co0oro,
Tak 1 3 0a3oBoro craHmiew. Lleit By3om BiAmoBigae
3a 30ip iH(opMamii Bix BY3JiB-WICHIB CBOTO KIacTepa,
ix arperamito (00’emHaHHS Ta OOpOOJICHHS) W Tepenady
arperoBaHux HaHUX A0 0a3o0Boi craHmii. Takwil migxifg
A€ 3MOTY 3MCHIIWTH KUTBKICTh Tiepefad Ha 3HAdHI
BiICTaHi, CKOPOTUTH 3arajbHe HABAHTAKCHHS Ha MEPEKy,
MPOJOBXKHUTH TPUBATICTh POOOTH BY3NIIB, ITiIBUIIATH
MacmTaboBaHiCTh Mepexi [2].

[IpakTiuHa peanizaliss epeKTUBHOI KiacTepHu3aiii
IOB’s13aHa 3 TEXHIYHUMH CKJIaaHoIaMu. Tak, JuHaMIYHI
3MIHH MEpeXeBOi TOIOJIOTil, 3yMOBJIEHI MOOIJIBHICTIO
ab0 X BiIMOBaMH BY3IiB, YCKIAOHIOIOTh HiATPUMAaHHSI
cTabUIBHOT KJIACTEpHOI CTPYKTypH. KpiM TOrO, BUHHKAIOTH
TPYIHOIII, TOB’s3aHI 3 €(eKTUBHOI0 MapUIPyTH3AILIEI0
JAaHWX Yy KiacrtepaX, O0coOIMBO B yMOBax MIyMy

i mepemkox. Takox oOMexeHI OOYHCITIOBATBHI

MOXIIUBOCTI CEHCOPHHMX BY3JIB CTBOPIOIOTH JOAATKOBI
MEePelKOaN U peami3amii CKIagHUX aJTOPUTMIB
knacrepusanii. llle omHUM THTaHHAM € 3a0e3nedeHHs
€Heproe(eKTHBHOCTI, IO IOB’SI3aHO 3 OOMEXCHHMH
€HEePreTHYHUMHU BY3JIB.

pecypcaMd  CCHCOPHHX

ToMy cy4acHI alNroOpuTMH KJIAacTepu3alil MaioTh

MiHIMI3yBaTH BUTpaTH €Heprii Ha mepepady iHpopmariii
Ta 00pobnenHs curHamiB. Kpim Toro, ocoOmuBYy
yBary BapTo NPUALISATH MPAaBUIBHOMY BUOOPY OCHOBHHX
BY3JiB KJIACTEpiB, aike camMe BOHH BHKOHYIOTh
JoAaTKoBl (YHKUIl arperanii Ta peTpaHCIIil AaHUX,
10 TPU3BOAWTE A0 IIBHIIIOTO BHYEPHAHHA iX E€Heprii.
Takok HaJ3BHYalHO BaXIMBO 3abe3neynTd OanaHc
HABaHT)KEHHSI MK OCHOBHMUMH BY3JIaMH IS 3aI100iraHHs

iX mepemquacHOMy BUXOIy 3 Nafdy [3-5].

AHaJIi3 0CTaHHIX J0CaiIKeHb i myOJikanii

Jns moyatky po3rmITHEMO METOIM KiacTepusariii [6].
Tak, LEACH (Low-Energy Adaptive Clustering Hierarchy)
€ OJHMM 13 mepmuX 1 HaiBIIOMIIINX MPOTOKOIIB
Kiacrepusaiii. Y HbOMY BHKOPHCTOBYETHCS HMOBIPHICHHI
MeXaHi3M BHOOpY OCHOBHHX BY3JiB  KJacrepa.
KirouoBoro #oro mepeBaroro € MNpoCTOTa peaizallii,
OJTHAK € 1 HeJIOJIK — BiJICYTHICTh ypaxXyBaHHS 3aJIMITKOBO1
eneprii By3niB. [Iporoxon TEEN (Threshold-sensitive
Energy Efficient sensor Network protocol) BAKOPHCTOBY€E
MOPOroBl 3HA4YeHHS MU iHimiamii mnepenadyi JaHUX.
BiH migxoauTs IS 3aCTOCYHKIB i3 BHCOKOIO UYTIUBICTIO

0 3MiH, OJHaK MOXE BTPaTUTH iH(OpPMAILIO, SKIIO

NeBHA MOJisi He mepesuinye mopir. Y nporokoni HEED
(Hybrid Energy-Efficient Distributed Clustering) y nipoueci
Kimacrepusaimii  OepeTbCcs 10

yBaru Imo4yaTKoOBa

W 3anmumkoBa eHepris. Bin 3a0e3neuye  Oinbin
30aJaHCOBaHE EHEProCIIOKMBAHHS, IPOTE MAaE BHILY
ckiaaHicTs obuncinens. [Iporokon DEEC (Distributed
Energy-Efficient Clustering) mia Jac KiacTepm3allii 3Baxkae
Ha TIOYaTKOBY U 3aJMINKOBY €HEprito, 3abe3nedyrodn
UM Kpally CTaOUIBHICTh y Mepekax 3 HEOJHOPITHOIO
eHeprielo. BiH € e)eKTHBHUM y JOBrOCTPOKOBHX CLIEHAPIsIX.
PEGASIS  (Power-Efficient  GAthering

in Sensor Information System) He KIIaCTepPH3Y€ CEHCOPHI

IIporokon

By31H, a (OpMye JAHIIOT TOCTiZOBHUX Tepenad. BiH €
6inbI eHeproeeKTHBHUM, X04a i Ma€ BUILLy 3aTPUMKY.

Bongrowac y HasBHHX MeTomax KiacTepu3arlii
He OepyTbCsi 10 yBarM CKJIagHI YMOBH pPO3TOpTaHHS
BCM, mo sxux HameXaTe HEPIBHOMIpPHE CIIOKHBAaHHS
€Heprii, MOOUTBHICTH BY3JIiB, EPEIIKOIH IiJ] Yac mepenayi
CHTHAITy Ta iHII (akTopu. Xoda TAKUM METOIaM BIIACTHBI
MPOCTa CTPYKTypa I MIBHIKA peai3allis, BOHH 0OMEKEH1
B ajanTamii 10 3MiH CepeloBHINA W HE 3BaXKAlOTh Ha
HEBH3HAYCHICTH a00 CKIIaIIHI 3aJIe)KHOCTI MK By3namu [7].

3 ormsmy Ha 11l OOMEKEHHS 3HAUHY YBary JOCIIITHUKIB
MIPUBEPTAa€ 3aCTOCYBAHHS TEXHOJOTIH OOYHCIIIOBAHOTO
iatenexty (aurin. Computational Intelligence), dxi
OXOIUTIOIOTH TaKi MiJIXO/H, SIK IITYYHI HEMPOHHI Mepexi,
reHetugHi anroputMu (I'A), HEUiTKi CHCTEMH, alTOPUTMU
POMOBOIr0 IHTENEKTY Ta IHINI CBONIOMIMHI OOYHCIICHHS.
IIi Meromu MarOTh 3JaTHICTH JO CaMOHABYaHHS,
ajanranii, ontuMizanii Ta edekTUBHOro 00pOOIECHHS
HEYIiTKUX, HETTOBHUX a00 3MIHHMX NaHHX, IO POOHUTH iX
0COOJIMBO TPUNATHUMH ISl CKJIaJHHUX PO3MOJIUICHUX
cucrem, Takux sk BCM. Ix sactocysamms mae 3mory
3MIACHIOBATH JWHAMIYHY KJIacTepusallifo, 1o Oepe
JI0 yBard TakKi mapaMeTpd W BIACTHBOCTI, K 3aJUIIKOBA
€Heprisi BY3JIB, TOIMOJOTIYHA WIUJIBHICTh, IPIOPUTETH
mepenadi, IMOMEpeqHi XapakTepuUCTHKH Tpadiky, 3001
B poOoTi By3miB ab0 BTpara BY3JiB, OCOOJUBOCTI
HaBKOJIMIIHBOTO CEPEIOBHILA.

Omxe, MABUIIMTY e(PEeKTUBHICTH PO3B’sI3aHHS 3aadi
knacrepuszanii bCM  3ampornoHoBaHO 3a JIOMOMOTIOO
3aCTOCYBAHHS TEXHOJIOTIH OOYMCIIIOBAILHOTO 1HTEINCKTY,
a caMe HEYiTKOi JIOTIKH, IITyYHHX HEHPOHHHMX Mepex
1 TCHCTHYHHX aJTOPUTMIB.

3arajioM CHCTEMH MPHUHATTS DIMICHHS Ha OCHOBI
HEUiTKOi JIOTIKM IaloTh 3MOTY MOJEJIOBATH CHTYaIlil,
KOJIM JaHl € HeYiTKUMM, HETOYHMMH ab0 YacTKOBO
BuU3HaueHHMH. Y pasi kiacrepusauii BCM Hewitki
CHCTEMH JIOTIYHOTO BHCHOBKY BHKOPHCTOBYIOTHCS IS
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OLIIHIOBAHHS CTYIEHS MPUIATHOCTI JESKOT0 CEHCOPHOTO
By3Jla MEpeki 1O BHKOHAHHS POJi OCHOBHOTO BYy3Ja
(8]

Ile 3abesmeuye THYYKICTh y TPHHAHATTI pIOIEHb Yy

Kjactepa 3a IEBHOKO MHOXXHHOK  KPHUTEpiiB
CKJIaIHUX yMOBax 0e3 MOoTpeObW B CTBOPEHHI TOYHHUX
MaTteMaTHIHUX Mojene. Tak, y po6oti [9] 3anponoHoBaHO
110
k-cepennix 3 MomudikoBanuM mnportokoromM LEACH,
JI0
PO 3HAYHE MOJOBXKEHHS Yacy JKUTTS MEPEeXi MOPiBHIHO

MIPOTOKOJI, MOEJHYE HEYITKY  KIaCTEePH3aIiio

TOTO K pe3yJdbTaTH MOJCIIOBAHHS  CBIIYaTh
3 kigacnyEuM MertomoM. llle onuwH eHeproeheKTHBHHN
PO3MOUICHUI ATOPUTM KJIACTEPH3aIlii Ha OCHOBI HEUITKOL
JIOTiKHM, BUKOPHCTAHHS SKOTO [all0 3MOTY IIOJIOBKHTH
JKUTTEBUH UK MEPEXKi, 3aPOITOHOBaHO B mparti [10].

[11]

TIOEHY€E HEUITKY KJIaCTEepHU3aLliio k-CepelHiX i3 HeHpOHHOIO

Y mocmimkeHH] PO3TIIIHYTO MOZETh, sKa
Mepexero, 1o 3abe3nedye BHILY EHEProepeKTHBHICTH
3aBISIKM HaBYaHHIO HEHPOHHOI MepeXi Ha BH3HAUCHHX
mapaMeTpax BY3IiB.

OxpiM TOrO, IITY4HI HEHPOHHI MEpEeXi YacTo
BUKOPUCTOBYIOTBCS IS

MOJCIIOBAHHS CKJIaJHHUX

3aJICKHOCTEH MIDK BXIZHUMH IapaMmeTpamu. Y 3amadi
KJlactepu3anii HeHpOHHI MepeXi MOXKYTh OYTH 3aCTOCOBaHi
JUIsl BUSIBJICHHSI MATEPHIB 3 METOIO OLIbII e€()eKTUBHOTO
¢dbopmyBaHHs  kiactepiB. OCKIIBKM BOHH  3IIaTHI
CaMOHAaBYaTHCSI Ha OCHOBI CTAaTHCTUYHHX ITOKA3HUKIB,
e

MIPUHHATHX pirneHs [12].

MOX€ CIpHATH TIOKpalleHHI0O  e(eKTHBHOCTI

3aBIsSIKM  CBOTH E€BOJIOLIHHIA NpPUPOII TE€HETHYHI
AITOPUTMHU 37aTHI 3HAXOAWTH HAOIMKEHO ONTHMAJBHI
pilleHHs Ui 3a1ad KiacTepu3alii HaBiTh y BEIUKHX
[13]. [14]

OIITUMI30BaHHUNI OCHOBHOTO

Mepexax Tak, y mpami 3aIIPONIOHOBAHO

MeTon  BHOOpY BYy371a
KJacTepa Ha TMIACTaBi TE€HETHYHOTO AalTOPUTMY IS
TTOJTOBXKEHHS CTPOKY POOOTH T'eTepOreHHOi Oe3IpOTOBOI
CEHCOPHOI Mepexi.

Takox y po06oti [15] mokaszaHo, 110 BUKOPHCTaHHS
HEWPOHHOI MepeXki Ta EBOTIOLIMHIX AJTOPUTMIB Y TpoIieci
KJjlacrepusanii Ja€ 3MOry MiABHIIUTH e(EeKTUBHICTH
nepenadi ranux y bCM.

Pe3ynpraTi TOpIBHSHHS PO3MIISTHYTHX IIAXOMIB 10

KJacTepu3aiii mogaso B Tadm. 1.

Taoauus 1. [lopisuanna mexuonoeitl i memoodie Kiacmepuzayii

Kpurepiii Tpanuuiiini meronun | Heiiponni mepe:xi | HeuiTka jorika | 'enernyni anropurmu
O6uncnroBanbHa CKJIAHICTD HU3bKa BHCOKa cepeHs BHCOKA
AManTHBHICTH 70 3MiH MEPEKi HH3bKA BHCOKa BHCOKa BHCOKa
IMoTpeba B HaBUATBHUX JTAHUX HEeMae BHCOKa HEeMae ToMipHa
PoGoTa B yMOBax HEBH3HAUCHOCTI obMexeHa cepenHs BHCOKaA cepenHs
MOXIHUBICTh ONTHMI3AIi] MapaMeTpiB oOMmexeHa BHCOKa cepenHs BHCOKa
IMpunatHicTh 10 peXUMY peaNbHOTO dacy BHCOKa oOMexeHa cepesHs obMexeHa
SkicTh Knactepusarii nomipHa pricoka B ymoax BHCOKa BHCOKa

SIKICHOTO HaBYaHHS
CkiragHicTh peaizarii HU3bKA cepeqHs ab0 BHCOKa cepenHs BUCOKa

Omxe, TpaIiiHI METOAM KIIaCTepU3allii € IONUTbHAMA
JUIsL TIPOCTHX MEPEX 3 OOMEKEHUMH PecypcamH, TOJI SIK
HEYITKI CHCTeMH, HeHPOHHI MepeXi Ta TeHETUYH] AITOPUTMHU
MarOTh 3HAYHWUH MOTEHLan [yl CKIAJHUX MEpEeK.
Metoau Ha OCHOBI HEUITKOI JIOTIKH 3a0€3MeUyIOTh OalaHc
MDK THYYKICTIO Ta OOYHCIIOBAJIBHOI €(QEeKTUBHICTIO,
0c00JIMBO B YMOBaX HEUITKHX a00 HETIOBHUX JAaHUX.

Po3podieHHs HewiTKOI cucTeMu

3 ormagy Ha OOMEXEHHS OKpEeMHX METOMIB
O0YHCTIOBAIEHOTO I1HTENEKTY ONTUMAIBHUM PIIICHHSIM
IUT KiacTepu3aiii B 0€3IpOTOBHX CEHCOPHHUX MEperkax

€ ridpuamsamis  KUTBKOX — miaxomiB.  O0’emHaHHS

TEHETUYHOrO  aJrOPUTMY, HEYITKOro  KOHTpoJiepa

Ta INTYYHOI HEWPOHHOI Mepexki Hae 3MOry e(peKTHBHO

MOETHATH 1X BJ'IaCTI/IBOCTi, a caM¢€ 3,HaTHiCTL TCHCTHYHHUX

QITOPUTMIB 70 TJIOOANBHOT ONTHMI3alli, THYYKICTh

HEUITKMX KOHTPOJIEPiB, aJanTHBHICTh 1 3/aTHICTH
JO HaBUaHHS HEWPOHHMX Mepex. Taka riOpuauzaris
CTIpHsie KOMIEHcalii HEJONIKIB OKPEeMHX TEXHOJIOTIH 1
JIOCSITHEHHIO OLTBII BUCOKUX TIOKA3HHUKIB €(DeKTHBHOCTI B
yMOBax IMHaMIYHOTO cepenoBHila ¢pyHKiiroBanHsI BCM.

O1xe, y Mexax IIbOr0 JOCIIDKEHHS PO3poOIeHO
CTPYKTYpPY HEUITKOi CHUCTEMH JIOTiYHOTO BHCHOBKY

JUIS  OL[IHIOBAHHS MPHUAATHOCTI BY3JIiB

bi (6]
3amporoHOBaHa cHUCTeMa Oepe OO yBard KITFOUOBI

CCHCOPHHX

BUKOHAHHS pOJIi OCHOBHOI'O BYy3Jla KIacTepa.
mapaMeTpu CEHCOPHUX BY3IiB. BHKOpHCTaHHS HEWITKOI
JIOTIKM JIoTIOMarae€ TpUHAMaTH pIllIeHHss Ha OCHOBI
HenoBHOI a00 HeToYHOi iH(opMarlii, Mo BIACTHBO IS

yMOB (pyHKLiIOBaHHSI 0€3POTOBUX CEHCOPHUX MEPEXK.
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Ha BigmiHy BiZ KIaCHYHMX MiAXOMAIB, IO

IPYHTYIOTBCSI Ha OJKOPCTKHX ITIOPOTOBHX 3HAYEHHSIX
mapaMeTpiB, HEWiTKa CHCTEMa Ha€ 3MOTy 3BakaTH Ha
CTYMiHb HAaJEXHOCTI CEHCOPHOTO BYy3Jla JO IEBHUX
KaTeropii 3a OKa3HUKAMH, TAKIMH SIK PIBEHb 3AJTUIITKOBOI
eHeprii, IMUIBHICTh CYCIIHIX BY3JiB, BificTaHb O 0a30B01
CTaHIii, HABaHTAXCHHS Ha BY30J, IIOKAa3HUK JOBipH
tomo. Takmi miaxix 3abe3nedye T'HYUYKICTh, TOYHICTH
1 aTalITHBHICTH TPOIIECYy BUOOPY OCHOBHOTO BY3JIa.

[IpomoHoBana B MeXax IOTO JIOCII/PKEHHS
mporenypa KiacTepusaiii B 0e3ApOTOBHX CEHCOPHHUX
Mepexax i3 BUKOPHUCTAHHSM HEYITKOI JIOTIKH mependayae
3MiHCHEHHS JIOTIYHOTO BUCHOBKY 3 OTUIALY Ha TP BXiIHI
napamMeTpu, KOXeH 3 SKAX OyJe TMepeTBOpEeHO Yy
BiNOBITHY HEYITKy MHOXXHHY 3a JOTIOMOTOI0 (PYyHKITii
HaJIeKHOCTi, IO BiITBOPIOIOTH pIi3HI piBHI 3HAYEHb
mapameTpa (HalpuKIaa, HU3BKWN, CepenHili, BHCOKUIt
piBenp). Takmil minxing aomomarae KOPEKTHO OIMCATH
peanpHI JaHi, OO0 HAIXOIATH BiJl CEHCOPIB 1 MOXKYTh
OyTM HemoBHMMH a00 HETOYHHUMH uepe3 CKJIaaHi
YMOBH CepeIOBUIIA.

[opanpmmii eran mnepenbadae po3poONeHHS Ta
3aCTOCYBaHHS TPaBHJ HEYITKOI'O JIOTIYHOTO BHCHOBKY,
c¢(hOpMOBaHHUX Ha OCHOBI EBPHCTHUYHHUX CIIIBBIIHOIICHB
MK mapamerpamu. Lli mpaBuna nar0Th 3MOTY OI[HUTH
JIOLUIBHICTE BUOOPY KOHKPETHOTO BY3Ja SIK OCHOBHOT'O
By3Jla KJacTepa, 3Ba)Kaloud Ha B3aEMO3AJICKHICTH
BXiHMX mapamerpiB. Hampuxman, By30m i3 BHCOKHM
piBHEM eHeprii, HE3HAYHOIO BIACTAaHHIO 10 0a30BOi
CTaHIIii Ta CEPEAHBOI0 IIUIBHICTIO CYCiiB Ma€ BHUIILY
HMOBIpHICTE OyTH OOpaHMM SIK OCHOBHHUI ITOPIBHSHO
3 IHIIUMH BY3JIaMHU.

OTtxe, hopMyBaHHS KJIAaCTEpPiB 3MIHCHIOBATUMETHCS
Ha OCHOBI OTPUMaHUX BUXIHUX 3Ha4€Hb HEYITKOI
CHUCTEMH JIOTIYHOTO BHCHOBKY (OIIIHOK) CITIOCOOOM
00’€MHAHHS CEHCOPHHUX BY3/iB HABKOJO OCHOBHHX,
SKi MarTh MaKCHUMaJbHHH piBEeHb HMOBipHOCTI OyTH
obpannmu. Takuii miaxin cupusie OiTbIn 30aTaHCOBaHOMY
PO3TOAiTYy HaBaHTAXCHHSA Ta MiHIMI3aIlil eHePreTHIHIX
BUTpAT Ha Iepejady JAaHUX YCepearHi KiiacTepa.
cTpyktypa BCM

HepiOZ[PI‘IHO OHOBJIFOETBCA, LIO0 386631’[6‘1}’6 aJlanTaio

[Micns  eramy xiacrepum3amii

0 3MiH CEpCIOBHINA, HANPUKIAT, BUYCPIAHHS
eHepropecypcis abo MmosiBa HOBUX BY3JIiB. 3aB/ISKH [[bOMY
MIJITPUMYETBCSI  €HepreTHYHa eQeKTUBHICTb, CTIHKICTbH
1 TPUBAJIICTh XUTTEBOTO LUKy MEPEXKIi.

SIK BXigHI BEJIMYMHH HEUITKOI CUCTEMH JIOTTYHOTrO
BHCHOBKY 3aIlpOIIOHOBAHO BHKOPHCTAHHS TAKHX TApamMeTpiB

BCM: 3anuiikoBa eHeprisi By3ia, WIUIBHICTh CYCIAHIX

BY3JIB 1 BificTaHb 10 6a30Boi craHIii. BxigHi BenmuauHu
OyJ10 00paHoO 3 OIIIALY Ha TaKi MipKyBaHHS.

3anumikoBa eHepris By3na B BCM — 1e KiIbKicTh
€HEepPreTHYHUX pecypciB (Hanmpukiazn, 3apsyg Oatapei),
0 3IHIIWIACS B CEHCOPHOMY BY3JI ITICIA BUKOHAHHS
HUM KOMYHIKAIIIHHUX 1 00YHCITIOBAIEHUX OTIEpallii, i ska
BH3HAYa€ MOJAIBIIY CIIPOMOXKHICTh By3Ja OpaTH y4acTh
y MeEpexeBill aKTUBHOCTI. PiBeHb 3aJHMINTKOBOI €HEprii
BY3Ja € BaXJIMBHM (PaKTOpOM y TIpoIieci KiIacTepu3allii,
OCKIJIbKHM BUOIp BY3I]iB 3 OUIBII BHCOKMM €HEPreTHYHHM
pe3epBOM AK OCHOBHHMX Ja€ 3MOTry 30anaHcyBaTé
€HEeproCIOXMBaHHS B MEpeXi, IMOJOBXKHUTHU 1i )KUTTEBUH
UK Ta 3MEHIIUTH HMOBIPHICTH IEPEIIaCHOTO BHUXOLY
3 JlaZly OKpPEeMHX KOMIIOHEHTiB. By3mu 3 HemocraTtHiM
piBHeM eHeprii He 374aTHI e(QEKTHBHO BHUKOHYBATH
(GYHKIIT OCHOBHHX, /K€ L€ MOXKE IIPU3BECTH [0
3HIDKEHHS HaOIIfHOCTI Mepexi. Y 6araTbox aiaropuTMax
KJlacTepu3anii 3aIMIIKOBa €HEpPrisl € OJHUM 13 KpUTepiiB
BEJINYNHA

NpUAHATTS pimeHHsa. Jusg  wmiel  BximHOi

JIHTBICTUYHI MHO>KMHHU BH3HAYEHO BIATIOBIIHO JIO BUPA3y

Ee {Hu3b1<a, Cepeons, Bucom} . N

HlineHicTe cycignix By3niB y BCM Biamosinae
KUTBKOCTI CEHCOPHHX BY3JIB Yy MeXax 30HH IPSIMOTO
panmio3B’si3Ky MEBHOTO By3Jla, BHU3HAYAIOUM TaKUM
YUHOM JIOKQJIbHY HACHYEHICTh MEpEKEBOi TOIIOJOTII.
[linpHiCTh CyCimHIX BY3JB TaKOXX BIUIMBAE Ha IIPOIEC
KJIaCTepH3allii, OCKITBKA BY3IIM 3 BHCOKOIO IIUTHHICTIO
OUIBIIMM  TOTEHLia) I

MarThb e(l)eKTI/IBHOFO

YOpaBIiHHA KJIAacTepoM, 3a0e3rmedyloun 3MEHIICHHS

KUTBKOCTI MDKKIIACTCPHHX 3’€JJHAHb Ta 3HWKCHHS
E€HepreTHYHNX BHUTpaT. BogHowac HaaMipHA OIUTBHICTH
MOJXKE CIIPHYUHHUTH MEPCBAHTAKECHHSI OKPEMUX OCHOBHHX

By3J'IiB, 10 BHUMaraTume 6aJ'IaHCyBaHH}I HaBaHTaXCHHA

Mixk kmactepamu. J{ns 1€l BXiTHOI  BENIMYHMHU
JHTBICTUYHI MHOXHHHU BH3HAUEHO 32 BUPA30M
Ne {Mcma, Cepeons, Beﬂuka} . 2)

Bincrasp Binm By3ma mo 6azoBoi crammii y BCM —
1Ie IPOCTOPOBE PO3TAIIyBaHHS CEHCOPHOTO BYy3Ja LIO/IO0
LEHTPAIFHOTO NPHIMAIBHOTO MYHKTY, L0 0€3M0CepeIHbO
BIUIMBAE Ha EHEPreTHYHI BHUTpPATH IMiJ Yac Iepenayi
naHux. Bincrane Bim Bysnma o 0a30BOi CTaHINI Takox
CYTTEBO BIUIMBAaE Ha KJAaCTepH3allilo, OCKUIBKU BY3IH,
po3TamioBaHi Ommk4de o 0a30Boi cTaHmii, TOTPeOYIOTH
MEHIIIC SHEPTii /I nepeaayi 1aHux, 1o POOUTh iX OB
NPUIATHUMH Ul BUKOHAHHS POJIi OCHOBHUX. BopHouac
Ha/JMipHa KOHIEHTpALlisl TAKUX BY3JIB y LIEHTPI Mepexi
MOXe NPHU3BECTH IO AUCOATIaHCy HAaBaHTAXKEHHS, TOMY

e(EeKTUBHI AITOPUTMHU KJlacTepu3alii MawTh OpaTu
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JI0O yBard He IIMIIE BiJCTaHb, a H PO3MOALT BY3IIB
y mpocropi. s miei BXigHOI BENWYMHM JIHIBICTHYHI
MHO>KMHH BU3HAYCHO BiANIOBIIHO JO BUpa3y

De {B]lquKa, Cepeons, ﬁaﬂeka} . 3)

Jus  Bcix TppOX BXiZHUX BenmuuuH  (PyHKIIT

HAJICXKHOCTI € TparneumienoaiOHi i po3paxoBYIOTHCS TaK:

0 axyox<p, x>gq,,
S AKWO py <X < P, ,
P, =P

p(x)=42 " “4)
1 axwo p, <x<gq,,
u;11<u40ql<xﬁq2,
4, — 4,

ne ,u(x)— (GYHKINS HaANEXKHOCTI IS BXiTHOI 3MIHHOT;
X — 3HAuYCHHS BXiJHOI 3MIHHOI; p, — HWXKHS Mexa,

ne (QyHKIiS HaJeXHOCTI modnmHae 3poctatu Big 0;
p, — HIDKHS MeXa, e (QyHKIIS HaJeXHOCTI gocsrae |;

q, — BepxHA Mexa, A¢ (YHKIis HaJIeKHOCTI BCe IIE
piBHa 1; ¢, — BepxHA Mexa, micas sKoi (QYHKIISA

HanexHocTi cramae o 0.
Bubip came mporo THiy QYHKIiH 3yMOBICHUI
iX mpocTOTOI0 peamizalii Ta 3[aTHICTIO aJeKBaTHO

Pe{oyace mana, mana, cepeons,

Jnst BUXiTHOT BEJIMYMHU B PO3pOOJICHIH HEUITKil
cucreMi (YHKIII HAJCKHOCTI 3aMalOThCI Y BHIIIAIL
KOHCTaHT (cuHrieroHiB). Takuit BUOIp nae 3Mory Hajaami
JIETKO IHTErpyBaTH HEWITKy CHCTEMY B CTPYKTYpy
HeiipoHeuiTkol cucremu. Otmxe, QYHKUIT HaleKHOCTI
BUX1THOT BETMYMHA OOYHCIICHO 32 (HOPMYIIO0

0if y=m,
p(y)=1, . (6)
1 lf y=m,
e y( y) — (yHKIIiS HAIEKHOCTI I BUXITHOI 3MIHHOT;
y — 3HAYEHHS BUXIIHOI 3MIHHOI; 71— €TAJIOHHE 3HAYEHHS.

HeuiTka 0a3a 3HaHb € HAOOPOM HEYITKUX MpPaBUII
UMy "SKII0, TOmi":
If E=4, and N=B, and D =Cy then P=p;, (7)

ge A, B, C,— BiANOBiAHI HEUITKI MHOXHHH I

j
KOKHOI BXIZHOI 3MIHHOI; Diix BUXIHE 3HAYEHHS
IUTA i, j, k-To TIpaBmIIa.

Ha BXim HediTKOI CHCTEMH JOTiYHOTO BHCHOBKY
MOJAIOTBCSI  KOHKPETHI  3HAYEHHS TPhOX  BXITHHX
Beqmund: E=e, N=n, D=d. Jlani i KOXHOIoO
HEYITKOTrO MpaBuiia OOYKMCICHO CTYMiHb WOTO akTHUBALil

3a opmyioro (8) i HOro BUXi/IHE 3HAYEHHS Py .

BIZITBOPIOBATH HEYITKI MEXKi MK JIHHIBICTHIHUMHU TEPMaMH.
Tpaneuienoniona ¢gopma gae 3MOry THYYKO ONHCYBAaTH
3MIiHHI, AJISl SKMX ICHYIOTh YITKO BHM3HA4€HI UISHKH
"Hu3pkux" 1 "BHCOKHX" 3HAuYCHb, a TAKOXK TEPEXiIHi
30HH, /I¢ HAJEXKHICTh IO TIEBHOI KaTeropii 3MIiHIOETHCS
moctymoBo. Takuii miaxix € mouuteHEM 11 BCM,
Jie TTOKa3HUKU €HEPreTHYHOTrO CTaHy a0o MPOCTOPOBOTO
pO3TalryBaHHs By3JiB MOXKYTh BapiloBaTUCS B ITUPOKOMY
miarrazoni. Kpim toro, Tpanenienonioni (GyHKmii HaIeKHOCTI
MalOTh He3HauHy KUTBKICTh MapaMeTpiB JUIs HANAIITyBaHHS,
10 CIIPOIIYE MPOIIEC iX MOAANBIIOI OITUMI3AITi].
BuxigHOIO BEIMYMHOIO TPOIOHOBAHOI HEYITKOI
CHCTEMH JIOTiYHOTO BHCHOBKY € WMOBIPHICTD [UIA
KOHKpPETHOTO By3na OyTH OOpaHMM OCHOBHHUM BY3JIOM
kiactepa. Lle 3HaUeHHS BIATBOPIOE CTYMiHb MPUAATHOCTI
By3Jla JI0 BUKOHaHHsS (DyHKILIH KJIaCTEpPHOrO KepyBaHHS
Ha OCHOBI IOro INOTOYHHX XapaKTEPUCTHK, TAKUX SK
3aJIMIIKOBA E€HEPris, BIICTaHb 10 ©0a30BOi CTaHIl
Ta UIJIBHICTH CyCimHIX By37iB. J[MHaMiuyHe OHOBJICHHS
LBOTO 3HAYEHHS JacThb 3MOTY aJanTyBaTH MpOILEC
KJIaCTepH3alii 10 3MiH y Mepexi, MIBUIIYI0UYN B TaKAH
HaIIHICTD.

croci6 1 THYYKICTH i Hus  BuxigHOl

BEJIMYUHH JIHTBICTHYHI MHOKHHH BU3HAYECHO 32 BUPA30M

6enuKa, Oyvrce 6enUKal. (5
Wik = Mai (e)"“fs/ (n) 4 (d), ®)
e wy — BaroBui KoeQillieHT (CTyIiHb aKTUBAIl) [, j,

k -ro mpaBuna; u,, (e) — (hyHKIIIS HaJIOKHOCTI 3HAYCHHS
e Bximuoi 3MiHHOI E 10 HeuiTkoi MHOXHHU A4, ;
,uB/(n) — (YHKIIS HaJNCKHOCTI 3HAYCHHS 7 BXITHOI
sminnoi N g0 Hewitkoi MuOXHHH B; p (d)

(GYHKIIST HAJIEXKHOCTI 3HAYeHHs d  BXiJHOT 3MiHHOT

no D Heuitkoi MHOXHMHU C, .

Buxigne 3HaueHHs, MO (opMye HEUITKa CHUCTEMa
JIOTIYHOTO BUCHOBKY, OOYHUCIICHO 32 BUPA30M
Z Wi * Pijx
P=tr ©)
2 Wi
i,j,k
OCKiJTBKM B IBOMY JOCIiIKEHHI 3alpONOHOBAHO
ribpuaHuilt migxix, TO po3polreHa HediTKa CHCTeMa
JIOTIYHOTO BHMCHOBKY ONTHUMI3YEThCS 3 BHKOPUCTAHHSIM
TEHETUYHOTO aJITOPUTMY JUIsl HAJIAIITYBAaHHS I1apaMeTpiB
¢byHKmid  HamekHOcTi. Takwii miaxim 3abe3meduTh
HAOJIVOKEHHS 10 TI00AIBLHOTO ONITUMYMY B TIPOIIECi BUOOPY

OCHOBHHX BY3JIiB KJIACTepiB 3a OaratsMa KpUTEpisIMH.
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3acTocyBaHHSA TEHETHYHOTO MIIXOAy Ja€ 3MOTy
3MIMCHUTH TNO0AJbHUI TOIIYK ONTHMAIbHUX pillleHb
y 0araToBHMIpHOMY MpPOCTOpPI MapaMeTpiB, YHUKAIOUU
NOTPAIUITHHS B JIOK&JbHI MIHIMYMH, IO 4YacTo €
MpoOIEMOI0 TPAIUIIIITHUX METOMIB ONTUMI3alii. 3aBIsIKu
IbOMY 3a0e3MeUyeThCs MiJBUINCHHS TOYHOCTI HEYiTKOT
CHUCTEMH W Y3TOIDKEHICTh MK BXITHHMHU IapaMeTpamMu
Ta pe3ylbTaTaMH OLIHIOBaHHS JOLUIBHOCTI BHOOPY
OCHOBHHX BY3JIiB KiacTtepiB. [eHeTHYHHI anroputM
BUKOHY€ €BPUCTUYHHIA MOUIYK CIIOCOOOM €BOJIOLIHHOTO
BiZIOOpY, CXpenlyBaHHS Ta MyTalil MOTSHIIMHIX pillleHb —
HabopoM mapameTpiB ¢yHKIIH HanexHocTi. Kpurepiem
onTuMizamii € Tak 3BaHa (YHKIIS IPHUCTOCOBAHOCTI.
VY reHeTHYHUX aJITOPUTMaX PO3B’sI3KH 3a/1a4i ONTHMIi3allii
MOJAIOTECS Yy BUIVIAII IBIHKOBHX XPOMOCOM. Y IBOMY
BUIAJKy, OCKUIBKA BHKOPHUCTaHI (YHKIIi HaJIe)KHOCTI
€  TpamemienomioHMMu, XpoMocomMa €  Habopom
napaMeTpiB TparerienomiOHux (yHKUi HaJeXHOCTI
1l BU3HAYAEThCSA TaK:
= [a,,bl,c],d,,az,bz,cz,dz,...,ag,bg,cg,d9] eR*. (10)

Y mpomy pas3i Oyge BUKOPHUCTAHO KIIACHIHUI
TeHEeTUYHUI alrOpUTM, 10 Ma€ Takuil Burisia [16]:

1) cTBOPIOEMO MOYATKOBY MOITYJIAIII0 BHITAIKOBHX
XPOMOCOM;

2) OIIHIOEMO KOKHY XpPOMOCOMY;

3) obupaemMo HalKparili XpOMOCOMH;

4) cxpemryeMo TapH XpOMOCOM-0AaThKiB, 00
CTBOPUTH HOBI XpPOMOCOMH-HAIIA/IKH;

5) MyTyeMO XpOMOCOMU;

6) 3aMiHIOEMO TipIINX, OHOBIIOEMO MOMYJIALIIO;

7) IOBTOPIOEMO KPOKH 2—6 TIPOTATOM KUTBKOX
MTOKOJTiHb;

8) obmpaemo HaWKpamuii pe3yibTaT — ONTHMAaJIbHI
napameTpy (QpyHKIIH HaIEKHOCTI.

Ha mactymHOMy erami omnTHMi3oBaHa HEUiTKa
cucteMa TpPaHCHOPMYEThCS B HEHPOHEUITKY CHCTEMY
tunty ANFIS (Adaptive Neuro-Fuzzy Inference System),
gKa TOETHYE aJaNTHUBHICTh 1 3[aTHICTh 10 HaBYaHHS
HEHPOHHUX MepeX i3 THYUKICTIO Ta IHTEpIpPETOBaHICTIO
HeuiTkux cucteM. Y ANFIS mapamerpu  QyHKii
HAJIOKHOCT] Ta BaroBi KOe(iI[ieHTH TPaBWJI YTOYHIOIOTHCS
101 (S14%))
3MOJIeTTbOBaHMX JaHuX. Lle 1ae 3Mory cucreMi caMOCTIHHO

32 JIONOMOTOIO HaBYaHHS Ha  OCHOBI
ajanTyBaTucs J0 3MIHHMX yMOB QyHKuitoBaHH1 BCM,
MIIBUIYIOYM TOYHICTh TPHUHATTSA PIMICHb 1 3HIDKYIOUH
HEOOXIHICTh Y pyYHOMY HaJIaIlTyBaHHI IIapaMeTpiB.
[I’stumapoBa  Heifpomepesxka ANFIS Ha ocHOBI
Ppo3pobIIeHoi HewiTKOT cucteMu (pOpMYEThCS 32 KIIACHYHOIO

CTPYKTYPHOIO CXEMOIO, JI¢ KOXKEH Iap BHUKOHY€E MNEBHY

(GYHKIII0O B MpOLEC] HEYITKOro JIOTIYHOIO BHCHOBKY
Ta aJanTHBHOTO HABYaHHSI.

[Mepmmit map Bukonye ¢asudikaiito BXIiAHUX
3MIHHHX, TOOTO MEPETBOPEHHS YITKUX 3HAYEHb TPHOX
BXIJHAX TapaMeTpiB y BIIMOBiIHI CTyNEHI HaJEKHOCTI
JO HEYITKMX MHOXHH. Jlpyruii miap mnpu3HaueHHi
UIA  KOMOIHYBaHHS 3HAaueHb HEUYITKUX 3MIHHHAX 1
OOYMCIICHHS! CWJIM aKTUBallii KOXXHOTO MpaBmia B 0asi
3HaHb. Sk HacHimOK, ¢opMyeTbcs Ha0Ip 3BaKEHHX
3Ha4eHb, IO BIATBOPIOIOTH MOTOYHY aKTHBHICTH IPaBHI
y cucremi. Tperii 1map BHKOHyE HOpPMAai3alilo
OTpPUMaHUX 3HAYEHb CWJIM aKTHBAIlil, 3a0e3medyroun ix
MPUBEICHHA [O BiTHOCHMX BaroBUX KOeQiIli€HTIB.

UerBepTuid IMap BIANOBiae 3a 3BaXyBaHHI Ta

OOYMCIICHHS BHXIIHMX 3HAYeHb HEUYITKUX IPaBHUIL
Ha oMy etarmi BigOyBaeThCsl IOETHAHHS HOPMAITI30BAHUX
BaroBux Koe(ili€eHTIB 13 pe3yibTaTaMH JIHIHHHX
KOMOIHAIIl BXiIHUX 3MIHHHX, IO BIJTBOPIOE BIUTUB
KO)KHOTO TIpaBWjIa Ha KiHIIeBe 3Ha4deHHA. [I’sTuil map
peaisye arperamiro pe3yJbTaTiB yCiX HEWIiTKUX IMPaBHII,
YTBOPIOIOYM KIiHI[EBE 3HAYCHHS BHUXITHOI 3MIHHOI —
OLIIHKY TPUIATHOCTI By3Ja JO BUKOHAHHS POJIi OCHOBHOTO
BYy3JIa KJIacTepa.

ANFIS

KOMOIHOBaHHMH MiAXiA, MO MOEAHYE METOZ HAaWMEHIITHX

Y  mpoueci  HaBYaHHS 3aCTOCOBYE
KBaJIpaTiB Uil KOPHUI'YBaHHS IapaMeTpiB HACIi/IKiB
1 3BOPOTHE MOMIMPEHHS ITOXWOKHM MJIs HaJaIITyBaHHSI
napaMeTpiB  QYHKIIA HaAJCKHOCTI. 3aBISKH I[HOMY

JOCATHYTO BUCOKY TOYHICTH alPOKCHMAITi.

Kommn’oTepHe Moie/IIOBAaHHSA

MO,Z[CJ'I}OBaHHSI HEYITKOI CHCTEMHU JIOT1YHOTO

BucHOBKY 1  ANFIS-ctpyktypu Ta onrumizaiiro
TCHETHYHUM QJITOPUTMOM pEali30BaHO 3a JOIOMOTO0
cepenoBuiia MATLAB, sike Mae po3BHHYTI IHCTPYMEHTH
JUIL  MOJEINIIOBaHHS HewiTkux cucreM (Fuzzy Logic
Designer), ontumizaniiiaux 3agau (Global Optimization
Toolbox) Ta moOynoBu HeiiponeuiTkux Moaenei (ANFIS
Editor).

e(eKTUBHY

Takuit BUOIp iHCTpyMeHTapilo 3abe3neuye

IHTerpamito  MeTomiB 1  Bidyasizamito
Pe3yJIbTaTiB MOJICITIOBAHHS.

3araibHUA BHTIILI pO3pOOICHOI HEWITKOI CHCTEMH
JIOTIYHOTO BHCHOBKY, NPHU3HAYEHOI IS PpO3B’SI3aHHA
3a/a4 KiacTepusaiii (HeYiTKOI CHCTeMH KJacTepH3allii)
B nporpami MATLAB, noxano Ha puc. 1. 3a ocHOBY
obpano wmozens CyreHo, sKa Mae IepeBary B
00YHCITIOBANIBHIN  €()EeKTHBHOCTI (SKIIO IMOPIBHIOBATH

3 MOJCJLIO MaMﬂaHi) 3aBJAAKW BUKOPHUCTAHHIO BI/IXi,HHI/IX
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(yHKLI-KOHCTAHT, 10 chpoinye eran aedasudikarii.

e

CyreHo B cHUCTeMax peajbHOr0 4Yacy 3 OOMEXCHHMHU

Ja€e  3Mory HpOCTiHIe pea.]'[i?}OByBaTI/I MOACIb

System: Clustering

pecypcamu. Kpim toro, 1151 MoJienb Kpatiie HiIX0AuTh st
ONTHMI3allii Ta HAaBYaHHS 3a JOMOMOTOI0 AalTOPUTMIB
MAIIMHHOIO0 HABYaHHS.

S
VA

E (3 MFs)
Sugeno

T\
\ A\

Type: Sugeno Type-1
And method [mn— ]+]
Or method |
Implication method ||3ror17'|
Aggregation method |sun17'|
Defuzzification method I:\\daveriv'l
Inputs: 3

lu) Outputs: 1
Rules: 5

N (3 MFs)

=

WA

D (3 MFs)

System Clustering: 3 input, 1 output, 5 rules

(5 MFs)

Puc. 1. Heuitka cucrema knactepusauii B mporpami MATLAB

Ha mnepriomy erami 3agaHo [diama3oHd 3HAYCHb
BXimHUX 1 BuXimHOI 3MiHHHX. [loTiM copmoBano 6azy
MPaBUJI, IKa BCTAHOBIIIOE JIOT1YHI 3B’SI3KM MIX BXITHUMHU
mapaMeTpamMu i BUXITHOIO peakiiero cuctemu. HediTka
cucTeMa  KiacTepu3ariii

HEUITKMX MpaBWI, [0 JONOMAara€ J0CTaTHbO TOYHO
onucaTé CKJIaIHI B3a€MOJil mapaMeTpiB i 3abe3mednTH
eexTrBHE (DYHKITIFOBAHHSA MOJIC/I B MEXaX MOCTaBJICHOTO
3aBfaHHs. Burmsin 6asu mpaBui B iHTepdeiici mporpamu

Mpalioe Ha OCHOBI I'STH MATLAB noznaso Ha puc. 2.
Fuzzy Inference System (FIS) Plot Membership Function (MF) Editor Rule Editor
System: Clustering
[ Add All Possible Rules | [ Clear All Rules |
Rule Weight |Name
1 liEisLand Nis Sand D is F then P is VL 1[rule
2 |liEisMandNisSandDis Mthen PisL 1| rule2
3 IfEis M and M is M and D is M then P is M 1|rule3
4 |lfEisMandMNisDand Dis Mthen PisH 1| ruled
5 IiEisHandMis D and D is N then P is VH 1|rules

Puc. 2. ba3a HewiTkux npasun y nporpami MATLAB

MogenroBaHHs pobotu HEYITKOT CUCTEMH
KJacTepu3ailii BUKOHAHO B cepeioBuIli Fuzzy Logic
Designer 3a nomomMoror BOYIOBaHHX I1HCTPYMEHTIB
Bisyasizauii Ta aHamizy noBeiiHKH cuctemu. Lli 3acobu
NAIOTh 3MOTy IOBHUAKO TIIEPEBIPUTH  KOPEKTHICTH
noOyzxoBanoi 06a3u mpaBwin 1 (yHKUIH HaJIeXHOCTI.
Pesynprar MopmemoBaHHS pPOOOTH HEYITKOI CHCTEMH

KJIacTepH3allii mpoJeMOHCTPOBAHO Ha PHUC. 3.

OTXe, AKIIO 3aTHUIIKOBA SHEPTis CEHCOPHOTO By3Ja
cTaHOBUTH 60%, NIUTBHICTh HABKOJUIIHIX BY3JiB — 70%,
BIJICTaHb Bif FOTO By31a 10 0a30Boi craHIii — 35% Bix
MaKCHMAaJIbHO JIONyCTHUMOI, TOAI el By30s Moxke OyTH
oOpaHHii OCHOBHHMM BY3JIOM Kiactepa 3 iMoBipHicTio 80,7%.

Jaii B po3po0iicHy CHCTEMY IHTETPOBAHO IE OIHY
TEXHOJIOTi}0 OOYHCITIOBAILHOTO 1HTEJIEKTY — TeHeTHIHIHA
aropuTM. Pesynbrar onTUMizalii CTPYKTypH HEYiTKOT
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CHCTEeMH KJIacTepH3aiii 3a [JOIOMOIOK TI'CHETHIHOIO
AIrOpUTMY MOAaHO Ha puc. 4. OnTuMmizauis mnonsrae
B aBTOMATHYHOMY HaJallTyBaHHI HapaMeTpiB HEYiTKOI

System: Clustering

CHCTEMH,

30kpeMa (opMm (yHKLIH HaeKHOCTI

Ta

BaroBUX KOC(QIMi€HTIB MpaBHJI 3 METOK MiHIMi3allii

CepeIHbOKBAIPATHYHOI TOMUIIKH.

Input values  |[0.6 0.7 0.35]

E=0§ N=07 D=035 P =0.807
' \\ "’ AND
1 \ \ :l.,-' {min)
o L \\ / \ AND
i \ r_ P _\“ ] (mim)
. L / _ / \ AND
-'" ._.,-' Vo _\“ L
A/ Y-- K- /o \ e
/ o _\‘ A e
5 L — f— — : avo L
i} 1 1] 1] 1
1 1
Puc. 3. Pe3ynpraT MoemoBaHHS
£| Convergence Plot x = Convergence Results x
System: Clustering System: Clustering
Training Convergence LTS Z9ATT 009379 UUGTE7 5
155 29660 0.09379 0.09594 0
156 29850 0.09379 0.09542 1
157 30040 0.09379 0.09512 2
) 158 30230 0.09378 0.09508 0
0.2 159 30420 0.09378 0.0943 0
160 30610 0.09378 0.09502 0
161 30800 0.09378 0.09524 0
162 30990 0.09378 0.09758 0
. 163 3Neo 0.09378 0.1002 0
z 0.18 164 31370 0.09378 0.1043 0
= 165 31560 0.09378 0.1134 1
= 166 31750 0.09378 0.112 2
g 167 31940 0.09378 01117 3
E 0.16 168 32130 0.09378 0.1099 0
=7 169 32320 0.09378 0.1069 1
= 170 32510 0.09378 0.1057 2
o 171 32700 0.09378 0.102 3
8 172 32890 0.09378 0.09%96 4
= 0.14 173 33080 0.09378 0.09656 5
= 174 33270 0.09373 0.09538 0
= 175 33460 0.09377 0.09524 0
E 176 33650 0.09377 0.09439 1
=3 177 33840 0.09377 0.09414 2
© 012 178 34030 0.09377 0.09405 0
179 34220 0.09376 0.09397 0
180 34410 0.09376 0.09449 1
181 34600 0.09376 0.09444 0
01 182 34790 0.09376 0.0951 1
: 183 34980 0.09376 0.00436 1]
184 35170 0.09376 0.09547 1
185 35360 0.09376 0.09471 2
186 35550 0.09376 0.09448 0
0.08 s s 2 s 187 35740 0.09376 0.09409 0
0 50 100 150 200 ga stopped because the average change in the fitness value is less than
Generation options.FunctionTolerance.

Puc. 4. PesynbraT ontumizanii
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Jani 10o1aeMo TPETIO TEXHOJIOTiH0 00YMCITIOBAJIEHOTO
IHTEJIEeKTy — IITy4yHy HEHpOHHY Mepexy. [ns mporo
TIEPETBOPIOEMO ONTUMI30BaHy HEUITKY CHCTEMY B a/IAlITUBHY
HeHpoHeUiTKy cucreMy JsoriuHoro BuCHOBKY ANFIS.
Le 3niiicHIOETECS 3 BUKOpUcTaHHAM iHcTpyMeHTy ANFIS
Editor GUL
HaByaJbHOI BHOIpKHM, Ha ocHOBI skoi ANFIS anmanrye

Ileti mpomec mependayaB CTBOPECHHS

napaMeTpu HEYITKOTO BUBCACHHA 3a  OOIIOMOI'OKO

HEHpOMepeKeBUX METOIB. Pe3ynbTaT mepeTBOpeHHs
HEYITKO1

CHUCTEMM KiacTepu3alii B HEHPOHEUITKy

cucTeMy 300paXkeHo Ha puc. 5.

Ilicns  HamamTyBaHHS — HapaMeTpiB  HaBYAHHS
BUKOHY€TbCS TpPEHYBaHHs, YyHachigok sikoro ANFIS
aBTOMATUYHO KOPUTYE TapameTpu (GyHKIIH HaJIeKHOCTI
Ut 3a0e3medeHHs MiHiManbHOiI moxuOku. ANFIS Oymna
HAaBYEHA 32 METOJOM 3BOPOTHOTO HOIIMPEHHSA MOXHOKH.
JIs 1bOro BHKOPUCTAHO EKCIIEPHMEHTAIBHY BHOIPKY
BXIHMX 1 BHXITHMX JaHUX. Pe3yjbrar HaBYaHHSI
Ha puc. 6 JIEMOHCTPYE, IO MMOXHOKA POOOTH CUCTEMHU
€ JOIyCTHMOIO, TOOTO cHCTeMa HaB4YeHa IPAaBUIILHO

i Mo>xe Oyam 3acTocoBaHa Juist Kiactepu3sanii B BCM.

(4] Anfis Model Structure

Puc. 5. HeliporeudiTka cucrema knacrepusarii B mporpami MATLAB

-
MNeuro-Fuzzy Designer: Clustering

File Edit View

Puc. 6. Pesynbrar HaBUaHHS afanTUBHOI HEHPOHEUITKOI clcTeMH Kiactepusauii B nporpami MATLAB
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Hactynuuii eran — Bamifaiisi OTPUMaHOI CHCTEMHU
Kiactepu3anii. Bamigaris HediTKOI CHCTEMH BUKOHYETHCS
3 METOIO OIIHIOBAHHS 3aTHOCTI CUCTEMH y3arajlbHIOBaTH
3HAHHS Ha OCHOBI 30BHINIHIX TECTOBHUX IIOKA3HHKIB.
[Micng iMmopTy HaHMX CHCTeMa IIOPIBHIOE PE3yJIbTaTH

3 ETaJOHHOI BHUXIAHOI iHGopMalieo. I[HTEpdeiic
Bamimamii Hamae rpadiku TOpPIBHAHHS, CTAaTUCTHUKY
MOXMOOK, a TaKoXX YHUCIOBI ITOKa3HUKH TOYHOCTI,

30KpeMa CcepeHbOKBaApaTHIHy MOMUIKY. Lle mae 3mory

Bi3yaJlbHO 1  KUIBKICHO  OLIHUTH  €(EeKTUBHICThH
noOynoBaHOI HEYITKOI CHUCTEMH JIOTiYHOTO BHCHOBKY.
VY pasi He3amOBUIBHOI SIKOCTI Bajimallii MOKHa BHECTH
3MiHA 70 0a3u mpaBwWwi, QYHKIIH HaJeKHOCTI abo
CTPYKTYPH MOJEJi Ta TOBTOPUTH MepeBipKy. Sk BUIHO
MiX CTaJIOHHUM i

3 puc. 7, 3HauHI PO3OIKHOCTI

OTPUMAHMMHU 3HAYCHHSAMH BIJICYTHI, BIATaK HeUiTKa
CUCTEeMa MPAIOE MPABIWIBHO W HE OTPEOYE TOJATKOBUX

HaJaITyBaHb TapaMeTpiB.

nction (MF) Editor Rule Editor Rule Inference Control Surface System Validation x
Show
Show legends
[]Prediction errors 0.8t 4 Inputl)
Merge 0.8} Input(2)
Input{3)
[#]Input axes 7} ‘\
Output axes 06}
Prediction error axes Refersnce -
Inputs ™
Reference Inputs —
[Unselect All|
Input Select \\
1
2 '
Output(1) [Reference]
3 0.3F Cutput(1) [Clustering]
Output(1) [Clustering_tuned]
07f
0.6}
Outputs
——  QOutput{1)0.5p
| Unselect Al |
e —— 0.4}
Qutput Select 03l
! 02F
5 10 13 20
Data point index

Puc. 7. PesynpraTu Banmigamii HewiTkol cucteMu kiaacrepusanii B nporpami MATLAB

OTxe, pe3ymbTaTH IOCTIKEHHS JEMOHCTPYIOTh
nepeBard BIPOBAPKEHHS TEXHOJIOTIH 00YHCITIOBAHOTO
iHTeNmekTy st kiacrepmsanii B BCM Ta BKa3yloTh
Ha TMEPCHEKTUBH IOJAIBIIOTO PO3BUTKY aJalTUBHUX
cUCTeM, 31aTHHX c(EeKTHBHO (YHKIIOBATH B YMOBAax
00MeKeHNX pecypciB 1 BUCOKOT CKIIaJHOCTI CepeIoBHIIA.

BucHoBku

VY craTTi JO0CHIHKEHO MOMJIMBOCTI M JOIIIBHICTH
3aCTOCYBaHHS TEXHOJIOTiH OOYHCITIOBAJIBHOTO IHTEIEKTY
JUTS. PO3B’sI3aHHS 3aja4i KiacTepusallili B Oe3IpOTOBUX
CCHCOPHHX Mepekax. AHaii3 OCHOBHUX MUTaHb, 30KpeMa
OOMEKEHICTh EHEpPreTHYHHX PEecypciB, MaciuTaboBaHICTB,
MUHAMIYHI TOTOJIOTIi Ta OalaHCYBaHHS HABAaHTAXKCHHS,

JaB 3MOTY BH3HAYUTH KIIOYOBI MpobieMu B MOOYHOBi
e(heKTUBHUX MEXaHI3MiB KJIACTePH3allii.

PosrmsayTO TpH TIPOBiTHI TEXHOJIOT11
OOYHCITIOBANIGHOTO 1HTENEKTY: TEHETHWYHHH aITOPHTM,
HEUiTKYy JIOTIKY Ta INTY4HI HelpoHHI Mepexi. Koxen
3 HUX TPOJIEMOHCTPYBaB OKpemi mepeBaru. BojHouac
HANKpAIIMM MOYKHA BB)KATH T1OpUIHUN TiIXiI.

10

MO>KJIMBOCTI

Amnamis  J0BiB, riopumui  migxomu,  sKi

MIOETHYIOTh TCHETHYHUX  aJITOPUTMIB,
HEUiTKOi JIOTIKM W HEHPOHHMX Mepex, 3a0e3neuyroTh
3HAQYHO Kpalli pe3yJIbTaTH MOPIBHSIHO 3 TPaJuLiHHUMU
ANITOPUTMAaMH KIIaCTEePH3aIlii.

Y poOoti po3po0iIeHO HEHITKY CHCTEMY JIOTi9HOTO

BUCHOBKY, OHTI/IMi30BaHy 3a JOIIOMOI'OK0 I'€HCTUYHOI'O
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AITOPUTMY Ta MEPETBOPEHY B HEHPOHEUITKY CHCTEMY.
Komrr’rorepHe MOJETIOBaHHS POOOTH HEYITKOT CHCTEMH
MIATBEPANIO IPABUIILHICTh PO3PAXyHKIB.

OTpuMaHi  pe3yJbTaTH

CTBODIOIOTh  MIATPYHTS

JUIISL nogaJIbIINX ,I[OCJ'Ii,Z[)KeHI), CIIPSIMOBAHUX Ha

pPO3pOOJTIEHHST ~ CaMOHAaBUAJIBHHUX  KJIACTEPU3AIIHHUX
MexaHi3MiB 'y BCM Ha OCHOBI cydacHHX METOXIB

00YHCITIOBAIHOTO IHTEJIEKTY.

OTKe, 3aCTOCYBaHHSI OOYHMCIIOBAJIBHOIO 1HTENEKTY,
0COOJIMBO Yy BHIJIAAI TIOPUITHAX METO/IB, € MEPCIEKTHBHUM
HAOpPsSMOM IMIABHIICHHS €()EKTUBHOCTI Ta HaAIHHOCTI
knacrepusanii 8 BCM. [Noganbmi pocmimpkeHHst OyayTh
CIpSMOBaHI Ha BIPOBAKCHHA METOIIB TIIMOOKOTO
HaBYaHHS, W0 JAaCThb 3MOTY Il€ Kpalle aJanTyBaTH
mporec  KiacTepu3artii

IO YMOB peEaJbHOro0 4Yacy

Ta BUCOKOT MOOUTBHOCTI BY3JIiB.
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APPLICATION OF COMPUTATIONAL INTELLIGENCE TECHNOLOGIES
IN CLUSTERIZATION PROBLEMS OF WIRELESS SENSOR NETWORKS

The subject matter of the study is the process of selecting the head node of a cluster in wireless sensor networks (WSNs)
using intelligent approaches that can adapt to changing environmental conditions. WSNs consist of a large number of sensor
nodes with that collect, process and transmit data. Effective clustering is one of the main mechanisms for optimizing the operation
of WSNs, as it allows reducing energy consumption, increasing network reliability and scalability. The goal of the study is to
analyze the features of using modern computational intelligence tools and methods to increase the efficiency of the sensor node
clustering process, which allow taking into account a variety of factors when making decisions about cluster formation and
selecting head nodes. Traditional clustering algorithms are not always able to adapt to changes in network parameters, especially
in the presence of heterogeneous nodes or changes in topology. In this regard, methods based on computational intelligence,
in particular genetic algorithms, neural networks, fuzzy logic, as well as hybrid approaches, are becoming increasingly relevant.
These methods allow taking into account a number of parameters when forming clusters and selecting cluster heads. Tasks of the
study are analysis of existing approaches to clustering in BSM; development of a clustering fuzzy inference system; construction
of a rule base for making optimal decisions; experimental verification of the proposed system. Methods of the study are tools
of computational intelligence, in particular neural network learning, genetic optimization and fuzzy control, as well as
computer modeling. The article analyzes the advantages of using each of the existing approaches. Results are: a structure of the
fuzzy inference system was developed, input and output variables were determined, a database of fuzzy rules and
membership functions was formed. The operation of the fuzzy system was simulated in the MATLAB environment. The developed
system was also optimized and its operation validated. Conclusions: the use of hybrid intelligent approaches has significant
advantages for solving clustering problems in BSM, which may indicate the prospects for further development of systems capable
of functioning effectively in conditions of limited resources and high environmental complexity.
Keywords: wireless sensor network; clustering; fuzzy logic; neural network; genetic algorithm.
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