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METOAUKA MOHITOPUHTY CIVIbCBKOT'OCIHOJAPCBKUX 3EMEJIb
I KYJbTYP 3 BAKOPHUCTAHHSIM ®PAKTAJIBHOI'O AHAJII3Y TAHHUX
JUCTAHIOIMHOI'O 30HAYBAHHSA 3EMJIT

Anoranis. [IpexrmMeToM IoCIiIKEHHS € METOANKA OLIHKHU CTaHy CLTBCHKOTOCIIONAPCHKUX 3€Meb i KyJIbTyp 3 BUKOPHC-
TaHHSIM (PaKTAIBHOTO aHAi3y KOCMIYHHUX 3HIMKIB CymyTHHKa Sentinel-2, siki € y BUTbHOMY AOCTYIi y Mepexi [HTepHeT.
OG6’€KTOM JIOCIIKEHHS € JaHi AUCTaHIiHOTO 30HyBaHHs 3emii (J33) cilbChKOrOCIOAapChKUX 3€MENb i KYJIBTYp IS
OLIHKH iX cTaHy. MeTOoI0 € pO3IJIsia METOAUKHM MOHITOPHHTY CiIbCHKOTOCHOIAPCHKHUX 3€MEJIb 1 KyJIBTYpP 3 BUKOPHCTAHHIM
OHJIAWH pecypciB A oTpuMaHHs naHuX J[33, iX ¢pakTaqbHOTO aHANi3y Ta MPEACTABICHHS pe3yJbTaTiB aHAJI3y 3a JOMO-
Mmororo ['IC TexHosorii. 3aBAaHHsA: aHANII3 PI3HOMAHITHUX METOAIB MOHITOPHHTY CTaHY CLIbCBKOTOCIIOAPCHKHUX 3eMeb i
KyJIbTYpP; BU3HAUCHHS MOXKIMBHX IIUIIXIB OTPUMaHHs AaHuX /133, siki € y BUTbBHOMY JIOCTYII y Mepexi [HTepHeT; po3risin
MOJKJIMBOCTI TIONIEpeIHbOT 0OPOOKH KOCMIYHUX 3HIMKIB 3a JoroMororo ['IC TeXHOMOrii; OIliHKa MOYXKITUBOCTI BUKOPHUCTAH-
Hs (PpaKTaIBHOTO aHANI3y JUIS OLIHKH CTaHy CLIBCHKOTOCIIONAPCHKUX 3eMeITb 1 KYJIbTYp; PO3po0Ka METOANKH MOHITOPHHTY
CTaHy CUIbCHKOTOCIIOJAPCHKHUX 3€MENb 1 KYJbTYP 3 BUKOPHCTAHHAM (paKTaTIbHOTO aHANII3y KOCMIYHUX 3HIMKIB CyITyTHHKA
Sentinel-2. Orpumani HacTynHi pe3yabTaTu. Y pe3ysbTaTi HOCITIIKEHHS OylIO pO3pO0JIEHO METOIHMKY MOHITOPHHIY
CLIBCHKOTOCTIOAAPCHKUX 3EMEIIb 1 KYNbTYp, SIKa J03BOJIsiE OTpuMyBaTH fdaHi /133 3 oHnaiiH pecypciB, 3aiiCHIOBaTH iX (pak-
TaJbHMIl aHai3 Ta 3a pe3y/bTaTaMH IbOTO aHaji3y BU3HAYaTH iX cTaH. HaBeleHO CTPYKTYpHY CXeMy METOMMKH, sKa Mic-
TUTB YOTHPH €TalH. PO3MITHYTO 3MiCT KOJKHOTO 3 €TalliB Ta HaBeJICHO OCHOBHI oreparii, SKi BUKOHYIOThCS Ha IUX eTarax.
Tlokazano, mo 3actocyBanHs y MeToauili cydacHuX ['IC TeXHOOTiH T03BOJISE KOMILICKCHO OI[IHFOBATH CTaH 3€MEIb 1 Ky-
JBTYP Ta MPOTHO3YBATH PIBEHb BPOXKAIO 3 BUKOPHUCTAHHSM, K BIJIOMHX BETCTaIlIMHUX 1HIEKCIB, TaK i HOBUX METOJIB (pak-
TaJBHOTO aHaJTi3y KOCMIYHUX 3HIMKIB cynmyTHHKIB /[33. BucHoBku. Omnucana B qaHiii poOOTI METOUKA MOHITOPUHTY JI0-
3BOJISIE KOMIUIEKCHO OLIIHIOBATH CTaH CLIBCHKOTOCIIONAPCHKUX 3€MENb 1 KyJIbTYp Ta MPOTHO3YBATH PiBEHDb BPOKAIO.

KnaouoBi ciaoBa: naHi AuCTaHUIHHOTO 30HAYBaHHS 3€MIli, MOHITOPHHT CITbCHKOTOCIOAPCHKUX KYJBTYp 1 3eMelb, iH-
nexkc NDVI, ¢ppakransHa po3MipHICTh, GpakTatbHUN aHAMi3.

Beryn

SIK CcBIOYUTH CBITOBHM JIOCBij, JaHl AUCTaHIIHHO-
ro 3oHmyBaHHsA 3emii (/I33) Bce wacTime BHKOPHUCTO-
BYIOTh Uil pIlIGHHS Pi3HOMAHITHUX 3aBIaHb IIiJ[ 4ac
MPOBEICHHS CilTbChKOTOCIIONapchkuX poOiT [1]. 3okpe-
Ma OCHOBHHMH 3 HUX €: KapTorpadyBaHHS POCINH; MO-
HITOPUHT CUIBCHKOTOCIIOAPCHKUX KYJIBTYp 1 3€Melb;
MPOTHO3yBaHHs BpoxkaitHocTi Toio [2]. Illupoxke 3acto-
cyBaHHs jgaHux J[33 oOymoBIeHO mepIin 3a Bce omepa-
TUBHICTIO Ta HAOYHICTIO MiJ yac oOpoOKHM JaHUX, IO
OTPUMYIOThCS 3 BEJIMKUX TEPUTOPIiH, Ta B yMOBAaX IIBH-
JIKOT 3MIHM BETeTAIlIfHOTO CTaHy CiIbChKOTOCTIONAPCh-
kux KyneTyp. Cywachi cymytauku 133 (Terra, Aqua,
Landsat 8, 9 Sentinel-2) no3BossifoTh OTpUMYBaTH KOC-
Mi4HI 3HIMKHM TEpHTOpIiH, 110 JOCHIIKYIOThCA, 3 Hepio-
JU4HICTIO Big 1 10 8 nmib Ta 3 MPOCTOPOBHM PO3pi3HEH-
M Big 250 o 10 metpiB [3]. Takoxk cydacHi MeTOIH
00poOkn manmx 133 103BOJISIOTH CTBOPIOBAaTH HAaOYHI
KaprorpadiuHi Marepiaii, IO CHpHiE ePEeKTHBHOMY
BeZieHHIO arpoBupoOHuITBa [4]. Kpim Toro, ocranHiM
4acoOM CIIOCTEPIra€ThCsl TEHJISHIIIS 3POCTaHHS JIOCTYII-
HOCTI JI0 TAHUX JUCTAHIIIMHOTO 30H/TyBaHHSI.

Bci 11i YMHHUKY € AyXKe BaXJIMBUMH JIJIsI OpraHi3a-
11ii MOHITOPHHTY CiTbCHKOTOCTIOAAPCHKUX 3€MEINb, alle y
OibLIIH Mipil TOCTOBIPHICTH OJIEP)KYBaHUX PE3YJIbTATIB
3aJIeXKHUTh Bl cioco0y 0OpoOKM KOCMIUHHMX 3HIMKIB, a
KOpUCTYBaYiB IIKaBUTh KIHLIEBUH pe3yibTaT Ta HOro
NIPEACTABIICHHS JUISl NPUIHATTS yNPaBIIHCHKUX PillICHb.

OCHOBHI METOJM MOHITOPHHIY CTaHy CLIBCHKOTOCIIO-
JIAPCHKUX 3€MeJIb bl KYJIbTYP PO3IOAUIIOTHCS Ha [5]:

- CTaTHUCTHYHI METOJIM Ha OCHOBI OIIIHOK IOTOYHO-
ro CTaHy, sIKi BUKOPHCTOBYIOTh JIHIHHY perpecito s
MOJICTIOBaHHsI 3aJISKHOCTI BpPOXKAWHOCTI BiJl CHEKTpa
HOTJIMHAHHS POCIIMHHOTO TIOKPUBY;

- TMHAMI9HI METOJM Ha OCHOBI MOJIENIeH pocTy, 3a
JIOTIOMOT010 SIKHX JOCIIUKYIOTh 3pOCTAaHHS POCIIHH Mij
BIUIMBOM METEOPOJIOTIYHNX I1apaMeTpiB, XapaKTEepHC-
THK I'PYHTY 1 CKJIaly 10OpHUB, III0 BHOCSATHCS;

- CTATHCTHYHI METOM HAa OCHOBI OIIHKH (Di3MIHIX
(haxTOpiB HABKOJIMIIHBOTO CEPEIOBHUINA, SIKi CIIPSIMOBa-
Hi Ha BUSBIEHHS 3alle)KHOCTI MK XapaKTepUCTHKaAMU
JIOBKIJUIA 1 BpPOYKAaWHICTIO i3 3aCTOCYBaHHSM METOIiB
JHIHHOTO 1 HEJIHIHHOTO perpeciifHoro aHaiizy Ta Hei-
POHHHUX MEPEK.

Benmka KinbKicTe METOIB MOHITOPHHTY CLIBCHKO-
TOCIIOJIAPCHKHX 3€MEJIb bl KYJBTYp TaKOXK 0a3yeThcs Ha
BHKOPHCTAHHI BETETAIIMHUX I1HAEKCIB (iCHYye OJHM3BKO
160 BapianTiB Takux iHAekciB) [6], siki BU3HAYAOTHCS
eMITIPUYHO 1 BpaxoBYIOTh (Di3W4HI BIACTHBOCTI CBITIA,
BiZIOMBarOYy 3/1aTHICTH POCJIMH Ta IHIII BAXXJIMBI Xapak-
TepucTukH. Cepex BCiX iCHYIOUMX IHAEKCIB HalOinblIe
PO3MOBCIO/KEHHS OTPUMaB HOPMAai30BaHUM pi3HMIIE-
Buii Beretaniiuuii ingexc (ingexc NDVI).

Ane, min yac Bu3HaueHHs iHaekcy NDVI HeoOxin-
Hi JaHi IBOX CHEKTPAIbHUX KaHAJIB (OJMKHLOTO iH(-
pavepBOHOTO Ta YEPBOHOTO), IO IPU3BOANTH 0 YCKIIa-
JTHEHHS 00JIaqHaHHS 71 OTPUMAaHHS BHXiTHOTO 300pa-
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xeHHs. A Takox, iHgekc NDVI y 3nauniit mipi 3ane-
JKHUTh BiJl KUTBKOCTI aKTUBHOI OioMacH Ta crae Heedek-
TUBHHMM B TI€PiO/iM, KON POCIHHHICTB € MOCIa0JICHO0
a00 crocTepiraeThCsl HU3bKHIA PIBEHb BEreTallii.

[lepcrieKTHBHUM HaNpsMKOM MiABHIIEHHS 1HHOP-
MaTHBHOCTI KOCMIYHUX 3HIMKIB, SKi OTPHUMYIOTHCA
TIJIBKA B OJHOMY JIiana30Hi XBHJIb, € 3aCTOCYBAaHHS Me-
TONIB (pakTanpHOTO aHamuizy 300paxkeHs [7]. PizHa
CKJIATHICTh TTOBEPXOHb Ta POCIWHHOCTI NMPHBOAMTH 10
pizHEX Qopm mudpoBoro 300pakeHHs. KimpkicHo omi-
HUTH CKJIAJHICTh IUX (OpM MOKHA 32 TOTIOMOTOIO Be-
TMYuHU (paktansHoi posmipHocti (PP). ¥V pobdori [8]
Ha OCHOBI JIaHUX JWCTaHIIIHOTO 30HAYBaHHS Ta BHKO-
pucranHs OP nokazaHa MOJIMBICTH PO3MOJLTY PI3HHUX
THUIIB IPYHTIB. Y 3B’S3Ky 3 UM MPEACTABISE TEOPETHU-
YHUH 1 MPaKTHYHHUN 1HTEpeC NMPOBECTH aHalli3 BEITUYUH
®P KOCMIYHHX 3HIMKIB MiJ{ YaC 3MiHH CTaHy CLIbCHKO-
TOCHOJApChKUX 3eMeNb Ta 3acrtocyBaHHiA PP mim wac
MIPOTHO3YBaHHS piBHS Bpokaio. Ha BiaMiHYy BiJ BHKO-
pHUCTaHHS BereTallifHUX 1HAEKCiB, KOJIH HEOOXiTHO 3a-
CTOCOBYBaTH JdaHI NEKITbKOX CHEKTPAIFHUX KaHAJIB,
Mg 9ac (paKkTaIbHOTO aHaJi3y JOCTaTHBO OJHOTO Ka-
Hay.

Memoto cmammi € po3ensd memoouxu MoHimopu-
HeY CITbCbKO20CNOOAPCLKUX 3eMelb | KVIbMYp 3 GUKO-
PUCMAHHAM OMIAUH Pecypci@ 01 OMPUMAHHA OAHUX
/133, ix gpaxmanvhoco amanizy ma npeocmasieHHs
pesyrvbmamie ananizy 3a oonomozoio I'IC mexnonozii.

MeToauka MOHITOPHHTY
CiJTbCHLKOT0CMOAAPCHKHUX 3€MeJIb i KYJIbTYP
3 BUKOPUCTAHHAM (PPaKTATBLHOTO aHAJI3Y

JU1s OWiHKHM CTaHy CILIBCHKOTOCIONAPCHKUX 3e-
MeJlb 1 KyJNbTyp PO3pOOJICHO METOJMKY 3 BHKOPHCTAH-
HAM (PaKTAIBHOTO aHANi3y KOCMIYHUX 3HIMKIB CYIyT-
HuKa Sentinel-2, sKi € y BUTBHOMY IOCTYII Y Mepexi
Inreprer. CHpolieHy CTPYKTYpHY CXeMa METOAUKH
HaBesIeHo Ho puc. 1.

OtpumManss aanHux /133, 110 € y BIAKPUTOMY
JOCTYyTIi
L
IMomepeatst 00poOKa KOCMIYHUX 3HIMKIB
cynyTHuKiB Sentinel-2 3a 10momMororw xMapHoi
I'IC ArcGIS Online
Sl
BusHayeHHS 1HIUKATOPIB IIOTOYHOTO CTaHY
3eMeJb 1 KyJIbTYpP 3 BHKOPHCTAHHSIM
(paKTaIbHOTO aHANIZY
L
IIpencraBneHHs pe3ynbTaTiB MOHITOPHHTY
CLTBCHKOTOCIIOTAPCHKIX 3E€MENThb 1 KYJIBTYp 32
nonomororo xmapHoi ['IC ArcGIS Online

Puc. 1. Cnpormena cTpyKTypHa cXeMa METOANKH
MOHITOPHHTY CiIbCHKOTOCIIOIAPCHKUX 3EMETh
1 KyJBTYp 3 BHKOPUCTAHHIM ()PaKTATBHOTO aHAII3Y

Sk BuaHO Ha puc. 1, METOIMKAa MICTUTH JIEKiJbKa
eramiB. Po3risHeMo OLIbII JOKIAZHO 3MICT KOXKHOIO 3
nux eramiB. Ha mepmioMy erari METOIUKH OTPUMYIOTh-
cs mani JI33, mo € y BIAKpUTOMY AOCTYII.

CnpouieHy CTpYKTYpHY CXeMy IIEpLIOTO eTary Ha-
BE/ICHO HO pHC. 2.

Otpumanns aanux /133, mo € y Binkpuromy
A0CTymi

1L
OTpuMaHHA KOCMIYHIX
3HIMKIB CyITyTHUKIB
Sentinel-2 3
BUKOPHCTAHHSIM OHJIalH-
cepgicy Copernicus Open

JL

OTpuMaHHS YHUCENBHUX
3HaYeHb YNHHUKIB,
1[0 BILUTUBAIOTh Ha

PiBEHB BpOXKaI0

Access Hub
Bubip obnacTi .
. [pupoaHi YUHHUKA
H> OOCIIKEHHA >
O BILJIUBY
(oGumacrTi iHTEpecy)
HanamryBanHus OpranizauiiiHo-
Ly GineTpy st BUOOPY | Hp{ TEXHOTEHHI YMHHHMKU
(momryxy) BILIUBY
N 3aBaHTaKCHHS N Bionoriudi YMHHAKK
KOCMIYHOT'O 3HIMKa BILIBY
J L JL

30epeKeHHs] KOCMIYHOT'O 3HIMKA B AUPEKTOPIil
«IMG_DATA i uncenbHUX 3Ha4eHb YHHHUKIB
BILJIMBY Ha BpOXKail

Puc. 2. CrporiieHa CTpyKTypHa cxema
TEPILIOTO eTaIy METOUKH

HocTyn 10 KOCMIYHUX 3HIMKIB CYMyTHHKIB Senti-
nel-2 3miliCHIOEThCS 3 BUKOPUCTAHHIM OHJIaWH-CEPBICY
Copernicus Open Access Hub, 1t 4oro nepexoasith Ha
caiir The European Space Agency “Copernicus Open
Access Hub” [9] Ta BUKOHYIOTH pEECTpALLiO [JISI HOBOTO
KOpHCTyBa4ya a00 aBTOPHU3ALiI0 Ui BXKE 3apeecTpoBa-
HOro KopucryBaua. IHTepdeiic cepsicy Copernicus
Open Access Hub naBeneno Ha puc. 3.

Copernicus Open Access Hub

Puc. 3. Iurepdeiic ceppicy Copernicus Open Access Hub

[Micns ycnimHoi peectpanii/aBropu3sanii 3xiHcHIO-
€TbCsT BHOIp 00NacTi JociipkeHHs (00acTi iHTepecy),
Jns 11boro BUKOPHUCTOBYIOTBCS MOJJIMBOCTI BOYJOBa-
HOTO €JeKTpOHHOro arnacy. [ns mpuknany, Ha puc. 4
MOKa3aHa KapTa Ha sKiii € o0macTh iHTepecy — 3emii
BinbxyBarcbkoi cinbebkoi pamyd UyTiBCHKOTO palioHY
[TonTaBcekoi oOmacTi.

Ha nactynaOMYy Kpori poboTn KopHCcTyBad y pyd-
HOMY pPEXHMi NpHOIM3HO BUOWpae (MO3HAYAE IPSIMO-
KyTHHKOM) 0OJacTe iHTepecy (HOCHiIKEHHS), SK IIe
MIO0Ka3aHo Ha puc. 5.
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Puc. 5. Bubip o6xnacti inTepecy (qOCIiKEHHS)

[Ticns Bubopy obmacti iHTepecy KOpHCTyBad Ha-
nmamToBye (GimpTp s BUOOpPY (TMOIIyKYy) HEOOXiaHOT
konekuil naHux. CroyaTky BCTQHOBIFOETBCS THII COP-
tyBanHs («Sort By: Sensing day»), 3a HUM mopsaok
copryBanns («Order By: Ascending»), a moTiM KaieH-
JapHa Jara MOYaTKy Iepiogy 30HayBaHHs («Sensing
period: 2021/03/01»). Hactymaum KpokoM € Bubip micii
cnocrepexeHHs. [yl [bOro BCTaHOBJIIOETHCS «rajoy-
ka» Harmpotu «Mission: Sentinel-2» ta posmounHaeThCst
MOIIYK HEOOXimHOI KoJekiii AaHuX. 3a pe3yibTaraMu
momryky (oOpoOKM 3ammTy) Ha cepBepi, KOPHUCTyBaudy
HAJlA€ThCSI MOJIE 3 yCiMa MOMIJIMBHMHU pe3yJibTaTaMu
TIOUIYKY BiJINOBIHO /0 MOYaTKOBUX HANAIITYBaHb (i-
JBTPY, 5K 1Ie TIOKa3aHo Ha pHuc. 6.

SIx BUIHO Ha puc. 6, y BiKHI 3 pe3yJibTaTaMu I0-
LIyKy, MOXHA OTpUMAard iHQOpMaIil0 Mpo KUIBKICTH
3HAMJICHNX CIIEH Ta MEePEersHyTH iHpOopMallio 1mpo cue-
Hy, IKa MICTHTb JaHi MMpo:

- THII amapary, 3 SKOIo IPOBOAWJIOCS 3HIMaHHS —
Mission Sentinel-2;

- amapatypy 3HiMaHHsA — Instrument MSI;

- IaTy Ta 4ac MpPOBEJCHHS 3HIMaHHI — Sensing
Date 2021-03-10T08:48:01.024Z;

- po3mip npoaykty — Size 762.19 MB;

- OCYJIAHHS JIJISl 3aBaHTAKCHHS.

Ha nactynmHOMy Kpori pobOTH MOKHa CKOpHCTa-
THCSI PO3IMIMPEHOI0 iH(pOpMaIi€ro mpo obpaHy CIEHy —
«View Product Detailsy, inTepdeiic BikHa 3 11i€r0 iHDO-
pMarlli€xo HaBeJeHO Ha puc. 7.

Posmupena ingopmartis mpo oOpaHy CrieHy 3a0e3re-
4qy€e OTpUMaHHs OUTBIIT MOBHOTO HAOOPY JaHUX Ta MoTepe-
JHIO Bi3yaJIbHy OINHKY JaHWX, IO BHOHMparoThes. Ilicms
O3HaHOMJICHHSI 31 BCiMa HEOOXiTHUMH XapaKTEepHCTUKAMHU
CLICHH, 1110 BHOMpAeThCs, ii MOXKHA JIOATH O KOP3HHH
(«Add Product to Cart»), B sikiit 00pani nani 6yayTh 30epi-
TaTCs U MOAAIBIINX MaHIMy s 3 HuMu. [Ipoanaimi-
3yBaBIIM BCi pe3yJbTaTH IOIIYKY, KOPHUCTyBad Iepexo-
JIUTh 10 3aBAHTAXXCHHS KOCMIYHOTO 3HIMKAa. s 1boro
BiZIKPHBAETHCS KOP3UHA, BUOUPAETHLCS HEOOXiTHA CIIEHA Ta
HaTHCKAeThCs KHomka «Download producty.
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Display 1 to 25 of 56 products.
Order By: Sensing Date + 0 products selected
Request Done: ( footprint:"Intersects(POLY GON((35.219499887537545 49.57568235152257,35.440360753368054 49.57568235152257,35.440360753368054 49.66420760200907,35.219499887537245
49.66420760200907,35.219499887537545 49.57568235152257)))" ) AND ( beginPosition:[2021-03-01T00:00:00.000Z TO NOW] AND endPosition:[2021-03-01T00:00:00.000Z TO NOW] ) AND (
(platformname:Sentinel-2))

S2A_MSIL2A_20210310T024801_N0214_R107_T36UXV_20210310T113842 [w]
L Cts5('658329¢2- 66236eb83170)/Svalue
e 2021-03-10T08:48:01.024Z Size: 762 19 MB
[w]
e-b71
990.90 ME
[w]

ducts(T7d24330-8290-464e-5217-479961C96a7 5)/Svaiue

e 2021-03-12T08:3719.0247 Size” 868 44 MB

page: Eors > > P

Puc. 6. PesynpraTin nomryky HeoOXiAHOT KONEKIii JaHuX

https://scihub.copernicus.eu/dhus/odata/v1/Products(’658329c2-af11-4fc2-b0a7-66

Download TCI

238eb83170')/$value
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A Summary

Date: 2021-03-10T08:48:01.024Z

Filename:
S2A_MSIL2A 20210310T084801_N0214_R107_T36UXV_20210310T113842.SA

Identifier:
S2A_MSIL2A 20210310T084801_N0214_R107_T36UXV_20210310T113842

Instrument: MSI
Satellite: Sentinel-2

Size: 762.19 MB

4 »

¥ Product

A Instrument

Instrument abbreviation: MSI

Instrument name: Multi-Spectral Instrument
A Platform

NSSDC identifier: 2015-028A
Satellite name: Sentinel-2

Satellite number: A

A Footprint

A Atfributes

b

& S2A_MSIL2A_20210310T084801_N02... T36UXV_20210310T 113842.SAFE
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Puc. 7. Iarepoeiic BikHa «View Product Details»

[Ticns mporo BUOHMpPAETHCS HEOOXITHUN KAaTaIOT B
akoMy Oyne 30epiraTics KOCMI9HIH 3HIMOK. 3a pe3yiib-
TaToOM POOOTH (3aBaHTaXEHHS) CTBOPIOETHCS apXiB 3
posmHpeHHsM «*.zip». OTpuMaHuii apXiB MICTHTh pi3-
HOMaHITHI MeTa/IaHi PO 3aBaHTAXKEHY CIICHY Ta 0e31o-
CepeNHbO caM 3HIMOK. 3HIMOK 3HAXOJATHCS B TUPEKTO-
pii «(IMG DATA». [dupekropis «IMG DATA» wmic-
TiTh 3 migkaTtaigord «R10my», «R20my» ta «R60m» Bia-

MOBIJIHO, IO BKa3ylOThb Ha IIPOCTOPOBE PO3Pi3HEHHS
3HIMKA.

B pesymnbraTi mpoBeneHNX Miif KOPUCTYBad OTPH-
My€ KOCMIYHMH 3HIMOK cymyTHHKa Sentinel-2. Ha
puc. 8 mst MPUKIaay HABEACHO KOCMIYHHMU 3HIMOK Ka-
nany b8 cymyrauka Sentinel-2, Ha sKOMy TOKa3aHi 3eM-
1 BinbxyBartcbkoi cinbebkoi pagu UyTiBcbKoro paiiony
[MonraBcbKoi 06nacTi.
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Puc. 8. 3emii BinbxyBaTchkoi CiTbCBKOI pagyi CTAaHOM
Ha 16.06.2018 B GixkHBOMY iHpadepBOHOMY
nianasoni (kaxan b8)

Sk BumHO Ha pHc. 8, 32 JOTOMOTOI0 KOCMIYHOTO 3HIM-
Ky MOYXHa BHKOHATH Bi3yaJIbHHH PO3MOJILI 3eMeNb CUIbCh-
KOTOCIIOIAPCHKOTO TPU3HAYCHHS, BHM3HAUMTH X MEXi, a
TaKOX BUIUIUTH €JIEMEHTH NpHUpOAHOro JaHmmadry (piy-
KU, SIPY Ta 1H.) 1 IITy4HI 00 €KTH, CTBOPEHI JIFOAbMH (IOpPO-
', OyIMHKH Ta iH.). AJIe Bi3yaJlbHO HEMOJIIMBO BH3HAYUTU
THII CUIBCBKOIOCIIOAAPCHKUX KYJIBTYP Ta CTaH iX BereTatlil.
JIns BupimeHHs 1HX 3a1a4 HeoOXiTHA MoTepe/Hs (KOHTAK-
THa) iH(pOpMAIIis PO THI BUPOIIYBAaHUX KYJIBTYP Ha KOHK-
PETHIH OUISHIN Ta ToJajbia 00podka KOCMIYHIX 3HIMKIB y
pi3HI "acoBi iHTepBayM. J{I1 OTPUMAaHHS YHCETHHUX 3HA-
YeHb YMHHFIKIB, 10 BIUTMBAIOTH HA PIBEHH BPOXKAI0, KOPHC-
TyBad BHKOPHCTOBYE iH(opMallito, sika € y Mepexi IHTep-
HET, a TaKOX, 5IKa € y culbrocnBupoOHUKiB. Tak iH(popMma-
L0 MPO MPHUPOAHO-KIIMATHYHI YMHHUKK (IHTEHCUBHICThH
CBITJIa, TEMIIEpATypa HaBKOJIMIIIHBOTO CEePEIOBHIIA, KOHIIE-
HTpAIIisl BYIJIEKHCIIOrO ra3y B arMocgepi, BOJIOTICTh TIOBIT-
Ps1, IPUPOJIHA POOYICTh IPYHTY 1 T. JI.) MOYKHA OTPUMATH y
Mepexi IHTepret, a mpo Oionoriuni (opraHiyHi J0oOpHBa,
COPT HaciHHSA, TiOpHIN 1 T. /1.) Ta OpraHizaniiHO-TEXHOTEHH]
YUHHUKK (00poOKa IPyHTY, TEpPMiHHM 1 cIOCOOM TMOCIBY Ta
TIOCa/IK1, MiHEpaJIbHI JTOOpHBa, Meriopartist, 3aco0n 3axuc-
Ty POCIIHH 1 T. J1.) Y CUTBTOCHITIIIPHEMCTBI.

Ha ngpyromy erari METOIWKH MPOBOJMTHCS IOTIE-
penHst 00poOKa KOCMIYHHMX 3HIMKIB  CYITyTHHKIB
Sentinel-2 3a momomorow xMapHoOi reoinpopmariitHoi
cuctemu (I'IC) ArcGIS Online. CnpomieHy CTpyKTypHY
CXeMy APYTOro eTaly HaBeAeHO HO puc. 9.

Ilonepennsi 00podka KOCMIYHUX 3HIMKIB
cynytHukiB Sentinel-2 3a gonmomororw xmapHoi
I'IC ArcGIS Online
I L
CTBOpEHHsI MacKH TI0JIiB Ta X KOHTYPiB
Ha BCii TEPUTOPIi JOCHTIKEHHS

BusHauenHs moiis 3
3aJaHUM THIIOM

CLTBCHKOTOCIIOTapPCHKOT >

KyJIBTYpH

[Mapu 3
iHpOopMalliero
PO KYJIBTYDH,

SIKi 3HAXOSTHCS
B 00POOITKY

BusnaueHHss MiHIMaIbHOTO

: Kaptu i30miniit
| po3Mipy NoJis 3 3aJaHUM P

TeMIepaT
THUIIOM KyJIbTypH eMIepatyp,
N KiJIbKOCTI
BupizanHa NpsIMOKYTHHX OIaJiIB Ta 1HIINX
> THISTHOK TIOJIB 3 METEOPOJIOTIUHUX
YMHHHKIB

MiHIMaJIBHUM PO3MIpOM

Kaprtu napamerpip

CtBopenHs 6a3u pebedy
KOCMIYHHUX 3HIMKIB > (kpyTusHu i
MPSMOKYTHOI ()OPMH ISt HAIPABIEHOCTI
1X MOJAIBIIOrO aHAII3Y CXUIIIB)

Puc. 9. CripoiiieHa CTpyKTypHa cxema
JIPYTOTO eTany METOIHKH

Ioptan ArcGIS Online [10] mpeacrasisie co6oro
rortoBy xmapHy I'IC, B sikiii MoxkHa 30epiratu i my0Ji-
KyBaTu CBOI IIPOCTOPOBI JlaHi, KapTH, IHCTPYMEHTH i
cepBicH, a TakoXx oOMiHIoBarucs i kepyBaru HUMHU. Oc-
HOBHI ckianoBi yactuHU ArcGIS Online npeacrasieHo
Ha puc. 10.

ArcGIS Festures Plans Gsllery Map Scene Help

Battle of C

Participants

+ Sign-up now (] Make a Map

Get 3 free ArcGIS Online account Create 3 map that can be viewed

and start making web maps today. in a browser, desktop or mobile
device. Share it an a blog, via

email, or embed it in a website,

Esricom | Help | Termsof Use

Privacy | Contact Esr
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Camps (2013)

] ArcGIS for
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# Discover Lessons

Take hands-on lessons based on
Build custom web and mobile real-viorld problems.
applications that incorporate your

maps and data.

Regart Abuse

Puc. 10. Xmapna indpactpykrypa ArcGIS Online
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Jns epekTHBHOTO MOHITOPHHIY CTaHy CLIBCBKO-
TOCIIOJIAPCHKHX 3€MeNlb 1 KYJIbTYyp KOPUCTYBad CTBOPIO-
BaTH HU3KY KapTorpagiuHUX MPOJYKTIB: BEKTOpHI Ila-
pH 3 iHpOpMalier NPO KyJNbTYPH SKI 3HaXOAATHCS B
00poOITKY; 1HAEKCHI KapTH CTaHy CLIbCHKOIOCIIONAPCh-
KHX KYJBTYp Ha IPOTS3i BCHOTO MEPiody BereTarii; Kap-
TH 1307iHIN Temmeparyp, KiTBKOCTI OmaaiB Ta IHIIHX
METEOPOJIOTIYHAX YNHHHKIB; KapTH MapaMeTpiB pelbe-
¢y — KpyTH3HH 1 HampaBlIeHOCTI cxXwiiB. g 1mporo
KOPHCTYBad 3[iliCHIOE peecTpanito Ha caifti ArcGIS

Online Ta cTBOpIOE MepepaxoBaHi BUlle KapTorpadiyni
MIPOJLyKTH, BUKOPUCTOBYIOUH icHyt0uM naHi J[33, craru-
CTWYHI JJaHi 3 METEOCTaHIIi, KAPTOrpaMH JTOCIiPKCHHS
IpyHTiB Ta iH. Ha puc. 11 HaBeseHO KapTy 3 MacKoro
MOJIB Ta iX KOHTYPIB Ha BCIH TEpUTOPIl AOCIIIKESHHS.
Kinnesuit BUTISII KapTH 3aJI€KUTH TIJIBKH BiJl KITBKOCTI
JOJAHWX INapiB, iX HAJAMITYBaHHS, MOPSAAKY BimoOpa-
JKeHHS, a TaKOX Bif BUMOTr 1o iHopMmamii, mo Heoo-
XiJIHa KOpUCTYyBady MiJ Yac MOHITOPHHTY CTaHy CLIbCh-
KOTOCHOAAPCHKUX 3€METb 1 KYIbTYp.

Home v 3emni_MCMN_[pyx6a_2016

# Add ~ | edit [ Basemap | B

O About  [Z] Content Legend

Analysis bl save 88 Share

Contents
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Puc. 11. Be6-kapra Teputopii mpuBaTHOTO CibChbKOTOCTIOAapchkoro mianpuemcrsa (I1CIT)
«pyx6a» YyTiBcrkoro paiiony [lontaBcbkoi obmacti

AHani3yloun CTBOpEHy KapTy, KOPHCTyBau BH3Ha-
4yae TOJIsl 3 3aJlaHUM THUIOM CUIbCHKOTOCIOAaPChKOT
KyJIbTYpH, HAIpHUKIAJ, TOJS 3acCisiHi KyKypya3orw. Y
pa3i HeoOXiJHOCTI MOXHA MO3HAYMTH BCl TUITH KYJIBTYP
Ha noisx. Jlami kopucTyBad BH3HA4a€ MiHIMalbHUIMA
PO3MIp NoJIs 3 33laHUM TUIOM KynbTypu. Lle HeoOxin-
HO, MO0 OTPHMAaTH OJHAKOBI 32 PO3MIPOM «BHPI3KI»
MPSIMOKYTHUX KOCMIYHHUX 3HIMKIB i 3a0€3MEYUTH OJIHA-
KOBi yMOBH iX aHamizy. [IpsSIMOKyTHI KOCMIYHI 3HIMKH
moTpiOHI y 3B 3Ky 3 THM, II0 BOHH Y MOJANBIIOMY OY-
IyTb OOpOONATHCS 3 BHKOPUCTAHHSM IPSIMOKYTHOTO
«KOB3HOTO» a00 «CTpuOarvoro» «BikHa». Takox ¢op-
MaT 3HIMKIB y pa3i HOTpedu TakoX Moke OyTH 3MiHe-
HUM, Hanpukiam, 3 ¢gopmary *.jp2 Ha dopmar *.bmp.
[Ticna Bupi3aHHSA NPSIMOKYTHHX IUISHOK MOJIB 3 MiHi-
MaJbHUM PO3MipOM, CTBOPIOETHCS 0a3a KOCMIYHHX 3Hi-
MKIB HPSIMOKYTHOT ()OPMH 3 3a/IaHMM THIIOM KYJIBTYPH
Ha HUX, HaIpUKIAJ, 0a3a KOCMIYHUX 3HIMKIB IOJIB 3a-
CiTHUX KyKypyn3oro. Lli 3HIMKH MOXYTh 30epiraTtucs B
OKpeMill Tamii 3 BIAMOBIAHAM TO3HAYEHHSIM, HAIpH-
knan, «Kykypynza», a Ha3Bu QaililiB MOXYTh MICTUTH
iHpOpMaIif0 PO HOMEp IMOJsl, CHEKTPaJbHUI KaHa
3HIMKY Ta oro aary, Hanpukiazg, «pl b8 2018.06.16».
Taxki 6a31 KOCMIYHHX 3HIMKIB MOXYTh CTBOPIOBATHCS i
MEPiOANIHO TIOTIOBHIOBATHUCA Ui BCiX THIIB KYJIBTYP,
[0 BUPOIMYIOTECS y CUTbroCHITiqnpueMcTBi. [Tpukmann
MPAMOKYTHUX KOCMIYHUX 3HIMKIB, ITOJISI, TIO3HAYEHOTO
Ha pHUC. 8 KOJIOM, HaBeICHO Ha puc. 12.

a 0 B

Puc. 12. Enement kocMiuHuX 3HIMKIB (kanan b8) 3 mosem,
3acisIHUM KyKypya3oto, ctaHoM Ha: 16.06.2018 (a);
09.07.2018 (6); 29.07.2018 (B)

Ak BumHO Ha puc. 12 HeBelMka 3MiHA Trpajamii
Ciporo KoJIbOpy (BiJl TEMHO-CIPOTO IO CBITJIO-CipOro)
JI03BOJIsSIE 3pOOUTH BHCHOBOK, 1[0 3a 4Yac cIocTepe-
JKEHHSI MPOUIUTN SKiCh 3MIHHM JOCHIIKYBaHOI KYJb-
TypH.

Ane 31iCHUTH KiIbKICHUIM aHami3 1 MPOCTEXUTH
3MIiHM B CTPYKTYpi HOCIBIB Ha IOJSIX HEMOXJIHBO. Lle
00yMOBJIEHO THM, II0 00poOKa 3HIMKY TUIBKH KaHay
b8 He mo3BoOMIsIE pO3paxOBYBATH BiOMi YHMCIIOBI MOKa3-
HUKH aHaJi3y IiICTHIBHOT MOBEPXHI Ta 3/1iHCHIOBATH 32
X JIOTIOMOTOI0 IHTEPIPETALIIO JaHUX.

Ha tpeTpoMy piBHI KOpHCTYBa4 pO3paxoBye iHje-
ket NDVI [11] ta momst ¢pakTaabHHUX PO3MipHOCTEH
[12] xocmiunmx 3HiMkiB cymyTHHKiB Sentinel-2, na
AKHUX 300pakeHi MO 3 3aJaHUM THIIOM KYJIbTYpH.

CropomieHy CTPYKTypHY CXEMy TpPEThOTO €TaIy
HaBeACHO HO puc. 13.
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BusHaveHHs iHIMKATOPIB MOTOYHOIO CTAHY
3eMeJIb i KyJbTYP 3 BUKOPHCTAHHAM
(ppakTanbHOro aHamizy

1L JL

PozpaxyHox nomst PozpaxyHok
(hpakTaIbHUX PO3MIPHOCTEH iHgexciB NDVI
JL 1L

Busnauenns || BusHauenns || BusHauenns
MaKCHMaJbHOI || MiHIMaIbHOI || CEPEAHBOTO
oP oPpP 3HayeHHs1 QP

<L L

| Busnauenns pizanni OP |

A 4
MerToa MOHITOPHHTY 3MiH ||
CTaHy 3eMelb
CUIBCHKOTOCIIOIAPCHKOTO
MIPU3HAYCHHS

A

v \ 4
Mertox OLiHKHU CTaHy
CLITBCEKOTOCTIOAAPCHKHX
KyJBTYp Ha IpOTs3i
BCHOTO TIEPiOTy BereTartii

v Vv

MeTox IpOTHO3yBaHHS
PiBHS BpOXKaro

CIITbCEKOT0CIIOAAPCHKHX

KyJIbTyp

Puc. 13. CripornieHa CTpyKTypHa cxema
TPETHOTO eTaIy METOANUKA

Jus BusHaueHas iHpekciB NDVI moxke Bukopwmc-
toByBarucst xmapua ['IC ArcGIS Online, a mis po3pa-
XyHKY ToJs (pakranpHuX posMipHocTelt ([IDP) xocwmi-
YHUH 3HIMOK OOPOOJNSETHCS 3 BUKOPHUCTaHHSIM «KOB3a-
F0YOT0 BiKHA» a00 «CTpUOAFOUOT0 BiKHAY 1 I KOKHOTO
TIOJIOXKEHHSI «BIKHA» BHM3HAYa€ThCS YMCENbHE 3HAYCHHS
(dpakTagbHOT PO3MIPHOCTI, IO 3aIKHCYETHCS B OKPEMY
MAaTpHULIO, siIKa Ha3uBaeThCs I1DP.

3a pesyasraTamMu po3paxyHky IIDP kopucTtyBau
TAaKOXK BU3HAYa€ Ta aHaNI3y€ CEepelHi, MaKCHMaJIbHi i
MiHIMaIbHI QpakTarbHi pO3MIPHOCTI Ta IX Pi3HHULIO.

Ianexcu NDVI Ta cepenni ¢ppakranbHi po3MipHOC-
Ti y HOAAIBNIOMY BHUKOPHCTOBYIOThCS SIK 1HIMKAaTOPH
ITOTOYHOT'O CTaHy MOCIBIiB Y METO1 MPOTHO3YBaHHS PiB-
HS BpOXKAalO CLIBCHKOTOCIIONAPCHKUX KyJIbTyp. CyTb
BOr0 METOJy JMAOKJIAJHO PO3risiHyTo y podoti [13].
OTtpumaHi cepeiHi, MaKCHMaNbHI 1 MiHIMaJIBHI (pakTa-
JBHI PO3MIPHOCTI Ta iX Pi3HMII BHKOPHUCTOBYIOTHCA Y
METOJ[i OI[iHKH CTaHY CLIbCHKOTOCIIOJAPCHKUX KYJIBTYP
Ha MPOTS3i BCHOTO TMEPioAy BereTallii Ta MeTOJi MOHi-
TOPHHIY 3MIH CTaHy 3eMellb CLIBCHbKOTIOCIIOJapChKOTO
npu3HadeHHA. CyTh IUX METOJIB JOKIATHO PO3IIITHYTO
y pobotax [12] i [14], BiznoBinHo.

Ha getBepromy ertari MeTOANKH O(OPMITIOIOTECS pe-
3yJbTaTH MOHITOPHHTY CLIECHKOTOCHOJAPCHKUX 3eMellb 1
i pesynbratd myOmdikytoTbess y xmapuid ['IC ArcGIS
Online. CrpolueHy CTpyKTYpHY CXEMY YETBEpPTOrO eTaIry
HaBesleHO HO puc. 14. CTBOPIOIOTHCS KQpTH CTaHy 3eMeJlb
CLIBCHKOTOCTIOIAPCHKHUX MPH3HAYEHHSI Ta BUPOIILYBaHHX
KyJIBTYp Ha IPOTSI3i BCHOTO Iepioxy Bererartii. [Tpu msomy
BHUKOPHCTOBYETHCS TIOIIAPOBA OpraHizamis 30epeKeHHs
JMAHUX Y BUTJSOI TeopelsmiiHoi Mojemi. Taxiil miaxin
3a0e3redye 30epeKeHHsT OHOPITHOI TPOCTOPOBOI Ta at-

puOyTHBHOI iH(OpMALlis PO CTaH 3eMelb 1 KyJbTyp B
OKPEMHUX TaOJHIIIX PEISILIIHOT 0a3u TaHUX.

Ipeacrapiienns: pe3yJbTaTiB MOHITOPUHTY
CiTbCHKOrOCIOAAPCHKHUX 3eMeJIb i KYJbTYP 3a
naonomororo xmapuoi I'IC ArcGIS Online

Kapru crany kynbTyp Ha npoTsi3i
BCBOT'O IEPioly BereTarii

v
Bizyamnizamis [IOP ta anHomManbHUX
IUISTHOK I10JIIB

A
[Iporuo3oBanuii piBeHb BPOXKAIO

A 4 A
[TyGmixamis pe3yapTaTiB MOHITOPHHTY Y XMapHii
I'IC ArcGIS Online

Puc. 14. CrpoieHa CTpyKTypHa cxema
YETBEPTOTO €TANy METOUKH

Jani npoBoauthes Bizyanizauist [IOP 3 monansumm
fioro anamizoM. Ilix wac Bizyanizauii [IOP BuGHpaeTses
KUIBKICTh PIBHIB pPO30OMTTS [iana3oHy 3MIiH BEJIMYHH
(bpakranpauX po3MipHoctel Ha [IDP. KoxeH 3 piBHIB
MO3HAYAETHCSI TICBHUM KOJILOPOM a00 rpajalfi€o ciporo.
Takoxx moxe OymyBatucs ricrorpama [1OP i 3 ii Bukopu-
CTAQHHSIM CTBOPIOBATHCS] CEJICKTHBHI 300paskeHHs (30-
OpakeHHs 3 MO3HAYCHUMHU Jiana3oHamu 3MiH OP).

Pe3ynpTaTil IPOTHO3Y PiBHS BPOXKArO A KOXKHOTO
TIOJISL MOXYTb TaKOX HA/IaBaTHCS y BUIVISII TaOJIUIb pe-
nsmifHoT 0a3n maHux. KapTtu i30miHiN TeMmeparyp, Kiib-
KOCTI OMaJiB Ta IHIIMX METEOPOJIOTIYHMX YHMHHHKIB i
KapTH TapaMmeTpiB penbedy MOXKyTh OyTH BHKOPHCTaHi
JUISL TIPUMAHATTS 1HIIMX YOPABIiHCHKUX PIllIeHb PiI3HUMH
(axiBIsIMH CUTbCHKOTOCIIOAAPCHKOTO IiANPUEMCTBA. Y
pa3i HeoOXiAHOCTI Bizyauizauii AWHAMIKH MPOCTOPOBUX
NPOILECIB MOXE CTBOPIOBATUCS Hadip KapT (AMHAMIYHUI
PsI KapT) 3 337aHOI0 YaCTOTOIO TUCKPETH3ALIIi.

3appsiku inTerpaiii ArcGIS Online 3 HacTtineHUMEU
MPOAYKTaMH, TOTOBI KaprorpadiuHi mponayktu myoOImi-
KYIOTBCSI Y BHIIIAII CEpBICIB JaHHWX 3a JOMOMOTOIO
ArcGIS for Desktop. Tlepumm kpokom mpu myOsikaii
JaHUX y BHIJIAI CEPBICY 3IIMCHIOETHCS 3allOBHEHHS
NEeBHUX IyHKTIB JokyMeHTy kaptu (Map Document
Properties): ma3Ba (title); pesrome (summary); gOKIaj-
Huit oruc (description); aBTop (author); mitku (tags). Ha
puc. 15 HaBeneHo mNpHKIa 3allOBHEHHS JIOKYMEHTY
KapTH BEKTOPHOTO ILIapy AJIsl MPUBATHOTO CLIIBCHKOTOC-
nogapcebkoro mignpuemctsa (I1CIT) «/Ipyxoay.

HeoOxinHO 3a3HauMTH, IO TEpepaxoBaHi BHIIE
ITyHKTH € O0OB’S3KOBMMH MJIsl 3aIIOBHEHHS, TOMY IO
MICTATh Ba)KJIMBY OIMCOBY iH(opMaito s myOsikamii
nanux. [licns 30epeXkeHHs] ONMCY KapTH NPOBOJHUTHCS
aHaJi3 JaHUX Ha HasBHICTH MOMMJIOK 3 BUKOPHUCTAHHIM
oyukuii «Analyze Mapy. SIKIo TOMUIKH iCHYIOTH He-
00XiTHO 3MIHCHHWTH iX BUIPABICHHS Ha BCiX PIBHSX,
TICTIS 9OTO 3MIHCHIOETHCS TTepeXil A0 My OmiKallii JaHuX.

Jna my6mikarii JaHUX KOpPHUCTYBa4 BUKOHY€E aBTO-
pH3ario, micias 40ro OTpuMy€e HeOOXiTHUI piBeHB OC-
TyTy, SKAHA JO3BOJISIE BUKOHYBATH IyOJIIKAIlIO JaHUX i
3MificHUTH mepexin a0 jianoroBoro BikHa «Publish a
Servicey, sike HaBeZieHO Ha puc. 16.
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Sk BumHO Ha puc. 16 s myOmikaii JaHuX BCTa-
HOBJIIOETBCSI HEOOXIAHE IMiJKIOYEHHS 1 BiANOBIIHO 10
MpaBUJI HAJA€ThCS Ha3Ba cepBicy. Ha 3aBepmampHOMY

erami, npu myOuikamii cepBicy, 34IMCHIOETbCS HEpexin
JI0 pEeIaKTopy MapaMeTpiB CepBicy aaHux — Service
Editor, sixuii HaBeseHO Ha puc. 17.

General

File:
Title:

Sumrmary:

Description:

Lands of Private Agricultural Enterprise "Druzhba”

PAE "Druzhba”is engaged in private agricultural
production on the territory of the Alkhuvat village
counil

PAE "Druzhba”is positioned as one of the leading =«
farms in the district, the specialization of which is
the cultivation of technical crops

Author: Max Mariushko

Credits:
Tags: PAE "Druzhba”

Hyperlink base:

Puc. 15. [pukiaj 3amoBHEHHS JOKYMEHTY KapTu BekTopHoro tiapy s [ICIT «/Ipyx6a»

Choose a connection

My Hosted Services (Max Maryushko)

)&

Service name

Zemni_NCN_Apywha_2016

Puc. 16. [Tianorose BikHo Publish a Service

Connection: My Hosted Services Service Name: 3emni_NCM_Jpyx5a2016

&limpot o Anaiyze & Freview g Publish ()

s Parameters
Capabilties Anti-Aliasing

Feature Access Anti-Aliasing:
Item Description Text Anti-Aliasing:
Sharing Properties

Maximum number of records returned by the server: 1000

Best

Farce

Advanced...

Puc. 17. BikHo penakTopy napameTpis cepricy manux — Service Edito

3a JI0MOMOT0I0 LILOTO PEJAKTOPY IPOBOJSTHCS 3a-
BepIIAIBHI HAJAaIITYBaHHS TaHWX, AKi OyIyTh OIyOIi-
KkoBaHi. Takox HEOOXiTHO MOBTOPHO BUKOHATH aHai3
JAaHUX Ha HASBHICTH MOMUIIOK, SIKI OYAyTh OIyOIiKOBa-
Hi. 3aBepmaeThcs MyOmiKallis MaHUX IiaIoTOBUM BiK-
HOM, sIK€ CIIOBIIIae MO YCHINIHY MyOiKaIliio cepsicy
Ha nopraii. B pa3i HeBmaui xopucTyBaudy Oyje CIOBi-
LIEHO IIPUYMHM, SIKI HEOOXIZHO YCYHYTH i cnpoOyBaTH
oryOIiKyBaTH JaHi 3HOBY.

[Micna myOmikamii JaHi ONMHSIOTBECSA Ha TOpPTai
ArcGIS Online. BukoHaBIln aBTOPH3AIi{0, KOPHCTYBAY
y Briaani «Moi pecypcm» Moke HEepersIHyTH IHPeK-
Topii 3 OmyOJIiKOBaHMMH NaHUMH. [HTepdeiic BKIaaku
«Moi pecypcn» 3 omyOJIiKOBaHHMHU JaHUMH HaBEIECHO
Ha puc. 18.

Sk BunmHO Ha puc. 18, onyOnikoBaHi JaHi MPeEICTaB-
JICHO Y BUIJISLAL 1BOX (hailIiB: IHIMBIMyaJbHOTO IIapy Ta
ommcy cepsicy. ®aiin onucy iHAMBIYaIbHOTO APy Mic-
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Cuctemu ynpasiiHHs, HaBiramii Ta 38's3ky. 2023. Ne 2

TUTH OIJILAOBY iH(OpMAII0 PO BeO-KapT 3 iHpopMalli-
€10 TIPO OCTaHHI 3MiHH, BUKOPUCTaHI mapy Ta iH. Takox
MOXKJIMBHUH MEPETIIsi/T PEryJIIPHOCTI BUKOPUCTAHHS TaHOT
KapTH B 3aJICKHOCTI BiJl BCTAHOBJICHOTO riepiony. Haa-

LITYBaHHS JJO3BOJISAIOTH 3aXUCTHTH KapTy BiJl BUIIAJKOBO-
ro BUJAJEHHS, HAIAIITYBaTH eKCTeHT Ta iH. Ha puc. 19
MPECTABICHO 1H(OPMAIIIIO PO OMyOTiKOBAHUM 1HAMBI-
nyanpuui BektopHud map aist TCIT «Ipyx6ar.

Home Gallery Msp Scene Groups Content Orgsnization

My Groups | My Orge

Max v | Q

+ Addlem v Create ¥ Q B = u
Fald Y 1-16.0f 22in NCN " pyxa" - wapn Sortby: Date Modified v 4
olders ew
O Tide Modified *
Q
E B 3ewni_NCN_pyx6a_2016 Service Definition B o Mey16,2017
All My Content
A oD B 3ewni_NCN_fpyxca_2016 Feature Layer (hosted) B Kk e Mayl6,2017
effor
sl — 0 @ MCN_Opyx6a_2016_kykypysss_Ha_sepHo Service Definition B Kk e Mayl6,2017
MCN " [pyx6e” - wapn [ MCN_Opyx6a_2016_kykypynsa_Ha_sepuo Feature Layer (hosted) B ko May 16,2017
Puc. 18. Inrepodeiic Bkragku «Moi pecypc» 3 OIyOTiKOBaHUMH JaHUMHU
Home Gellery Map Scene Groups Comtent Organization e Max » | Q

3emni_MNCMN_Opyxba_2016 . ex

[ONEINEN  Usage  Settings

# Edit Thumbnail

BinexyeaTcekol cinscexol pagu
B Service Definition by JefforD

Created: May 16,2017  Updated: May 16,2017 View Count: 1

% Add to Favorites

Description

MCN "ApyxBa” 33AMaETLES ClNLChKOrOCNOAAPEEKIM BMPOBHULTEOM Ha TEpUTOPIT # Edit

Download

‘ Update ‘

‘ Share ‘

‘ Metadsta ‘

# Edit

AKOMO CKNafae BUPOLLYBaHHRA TEXHIHYHUX KyIbTYD

MpuyeaTHe cinscorkorocnoaapebke nignpuemcTeo "ApywBa” No3uLOHYETLCA, AK ORHE 3 NePefoBMX TOCNOAAPCTE PAROMY, OCHOBY

[tem Information

Low

@ Learn more

High

Terms of Use

Comments (o)

Add any special restrictions, disclaimers, terms and conditions, or limitstions on using the item’s content.

I Top Improvement: Add & longer description
# Edit
Details
Published as:
3emni_MNCMN_Opy=x&e_2016, Featurs Layer
Size: 73KB

Shared with: The item is not shared.

Puc. 19. [nopmarntist mpo Bexkropuuii map I1CIT «/Ipyx6a»

KinneBuii BUrIIs KapTH, siKa MyOJIKY€EThCS, 3aje-
KHUTh TIIBKH BiJ KUTBKOCTI JOJaHUX MIapiB, IX Hajaml-
TyBaHHSI, TOPSAKY BiJOOpa)KeHHS, a TAaKOX BiJl BUMOT
o iHdopmanii, mo HeoOXigHAa KOPHUCTyBaudy MHiJx 4ac
MOHITOPUHTY CTaHy CUIbCHKOTOCHOJAPCHKUX 3EeMellb i
KyJBTYD.

BucHoBku

3anporoHOBaHO METOJIUKY MOHITOPHMHTY CiJIbCh-

KOTOCHOAAPCHKUX 3€MeElb 1 KYJIbTYp, SIKa Bipi3HIAEThCA

BiJl BIZIOMHX BHKOPHCTaHHSM OHJIAHH pecypciB JuIs
orpumanHs nanux /133, ix ¢pakrampbHOro aHanmizy Ta

MIPEACTAaBICHHS. PE3yJIbTATIB aHaJi3y 3a JOIOMOTO0
I'[C TexHOMOTII.

ITin wac po3poOku MeToaMKM Oysia IpoBeneHa
OLlIHKAa XapaKTEpPHUCTHK CYNyTHHUKIB Sentinel-2 mist mo-
HITOPUHTY CiIbCHKOT'OCIIOAAPChKUX 3eMelb Ta MpoaHa-
J1i30BaHi OCHOBHI METOAM OI[IHKH CTaHy CiJIbCHKOT'OCIIO-
JAPCHKUX 3€MENb 3 BUKOPUCTAHHS KOCMIYHUX 3HIMKIB,
a TaKOK BU3HAYCHI OCHOBHI OHJIAMH-pecypcH, sKi mpe-
craBisoTh aaHi JI33 B mepexi [HTepHEeT y BiIbHOMY
JOCTYMI, 1 MOKAa3aHO MOJKJIMBICTH 3aCTOCYBaHHS (pakx-
TAJILHOTO aHaJi3y JJIsl MOHITOPUHIY CLIBCHKOTOCIONap-
CBHKHX 3€MelIb 1 KyJIbTYP.
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3acrocyBanHns y Mertoaui cydacHux ['IC texnomoriit [Mig yac momanbIIUX AOCIHIIKEHb JOLIIBHO PO3T-
JI03BOJISIE KOMIUIEKCHO OLIHIOBAaTH CTaH 3€MeNb Ta MpO-  JITHYTH OCOOJIMBOCTI 3aCTOCYBaHHS PO3po0JIeHOT MeTo-
THO3YBaTH PiBEHb BPOXKAIO 3 BUKOPUCTAHHSM, SIK BIIOMUX  JUKH IiJ] 4YaC MOHITOPUHIY KOHKPETHUX CLIBCHKOTOC-
BereTaliiHNX 1HAEKCIB, TaK 1 HOBUX METOAIB (PPAKTAIBHO-  ITOJAPCHKHX 3€MeENb 1 KYJIBTYp, @ TAaKOX BUKOPHCTaHHS
IO aHaJI3y KOCMIYHMX 3HIMKIB CymyTHUKIB /133. KOCMIYHHUX 3HIMKIB Pi3HUX CyIyTHHUKIB /]33.
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Method monitoring of agricultural earths and cultures
with the use fractal analysis of earth remote sensing data

R. Pashchenko, M. Mariushko

Abstract. The subject of the study in the article is the method estimation of agricultural earths and cultures state with
the use fractal analysis of satellite Sentinel-2 spaces pictures, which are in free access in a network the Internet. The object of the
study is the Earth remote sensing (ERS) date of agricultural earths and cultures for estimation of their state. The goal is consider-
ation method monitoring of agricultural earths and cultures with the use on-line resources for the receipt of ERS data, their fractal
analysis and presentation results of analysis by GIS technologies. The tasks: analysis various methods monitoring of agricultural
earths and cultures state; determination possible ways receipt of ERS date, which are in free access in a network the Internet;
consideration possibility rough-down of spaces pictures with the help GIS technologies; estimation possibility use fractal analysis
for estimation of agricultural earths and cultures state; development method monitoring of agricultural earths and cultures state
with use fractal analysis of satellite Sentinel-2 spaces pictures. The following results were obtained. As a result of research the
method monitoring of agricultural earths and cultures, which allows to get ERS data with on-line resources, was developed, to
carry out their fractal analysis and on by the results of this analysis to determine their state. Show the flow diagram of method,
which contains four stages. Maintenance each stages is considered and basic operations, which are executed on these stages, are
resulted. Show that application in the method modern GIS technologies allows complex to estimate earths and cultures state and
to forecast the level of harvest with the use, both known vegetation indexes and new methods fractal analysis of satellites ERS
spaces pictures. Conclusions. The method monitoring of prognostication described in this work allows complex to estimate of
agricultural earths and cultures state and to forecast the level of harvest.

Keywords: Earth remote sensing data, monitoring of agricultural cultures and earths, index NDVI, fractal dimension,
fractal analysis.
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ABTOMOOINBLHUN, PiYKOBUMN,
MOPCLKUU Ta aBialiMHUN TPaHCNOPT

VJIK 656.051

I1. ®@. 'opbauos, €. B. JIroouit

doi: 10.26906/SUNZ.2023.2.015

XapKiBChKHI HaIllOHATBHUN aBTOMOOUTFHO-IOPOXKHIN yHIBEpCHUTET, XapKiB, YKpaiHa

MIIXII JO OLIHIOBAHHSI 3ATPUMOK TPAHCIIOPTHHUX ITOTOKIB
Y ITAHI KOOPTUHAIIT

AHoTauis. Y crarti po3pobieHi aHaTITHYHI MOJEIT, 10 MOYKHA BUKOPUCTOBYBATH /IS OLIHIOBAHHS 3aTPUMOK TPAHCIIOPT-
HUX 3aCc00i1B, SIKl pyXarOThCS CKOOPAMHOBAaHUMU IUITHKaMH MiCBKHX MaricTpajiei B yMOBaX HU3BKOTO Tpagiky Ta MpH iXHBOMY
IPyNOBOMY MPHOYTTI IO YEProBOro MepexpecTs B IUIaHi KOOpAMHaLLi. Pe3yabTaTi BU3HAUSHHS 3aTPHUMOK 32 IPECTaBICHUMU
MOJIETISIMH JOIIFHO BUKOPUCTOBYBATH TIPH MOPIBHAHHI aTbTEPHATHUBHUX IIaHIB KOOpAWHALI1, ()OPMyBaHHI METOIUK iIXHBOTO
CTBOPEHHSI, @ TAKOXK JUTS TIOIIYKY Hi€BUX i HAJIHHUX IHCTPYMEHTIB JUTsl MiJBUIIEHHS e()eKTHBHOCTI CTBOPIOBAHUX IUIaHIB KOOP-
JuHalii. B mogansoiomMy po3po0GiieHi MoJiesi ToTpeOyoTh YyTOYHEHHS 3a PaXyHOK PO3IIILY iHIIMX MOJKJIMBUX BapiaHTIB opra-
Hi3allii 3cyBY BKJIFOUYCHHS JI03BUIBHOTO CUTHAITY JJIsl JTIBOITIOBOPOTHOI ()a3u B paMKaXx IIaHy KOOPAUHAIII.

KawuoBi ciaoBa: rpymnoBe npuOyTTs, 3eJIeHa XBUJIS, Ta4Ka aBTOMOOLIIIB, IUIaH KOOPIUHALI1, TPAHCTIOPTHI 3aTPUMKH.

Beryn

Ha cranii ctBopenns mwiany koopaunaitii (ITK) csi-
tiodopHoro perymoants (CP) Ha MicbKiil MaricTpani
(MM) iioro epeKTHBHICTh BH3HAYAETHCS HacamIiepen
CKOpPOYEHHSM BHUTPAT Yacy yYacHHKIB pyXy Ha OUIKY-
BaHHA HHMHU MOXXJIMBOCTI TPOi3y 4eproBoro mnepexpe-
cts 31 CP. OmiHka Takux BUTpAT, SKi 3a3BUYAN IPOCTO
Ha3MBAIOThCS 3aTPHUMKAMH, 3aBKAN 0a3y€eThCsl HA Xapak-
TEPUCTUKAX BXigHOTO MOTOKy [1, 2]. HuHi et motik Ha
migxXoJax JO 130JbOBaHUX IIEPEXPECTh 3ACOITBIIOTO
npuiiMaroTh 3a [lyacoHiBChbKUii, a00, Y HAUIPOCTIIIIOMY
BapiaHTi, — 32 MPOCTHI PETYJISIPHUM MOTIK i3 pIBHUMHU iH-
TepBaJlaMH IIPUOYTTS MIXK yciMa yuacHUKamu pyxy. py-
M BapiaHT JUIsl i30JIbOBAHUX TIEPEXPECTh HE 3aCIYTOBYE
Ha NMUJIBHY YBary 4epes BiJICYTHICTh PealbHUX TPAHCIIO-
PTHHX 00'€KTIB, SIKi MOXYTh HOMY BiAIIOBIIaTH, aJ ke Ha-
BiTh JJIs1 OOMEXEHOTO B Yaci mepiogaMyu BUCOKOTO HaBa-
HTQXCHHS KOJIOHHOTO PyXy OYEBHIHHUM € TOH (akT, mo
KOKEH BOJIH CaMOCTIHHO OOWpae JUCTaHII0 Oe3IeKH,
o0 TOPYIIYE PEryIIPHICTh TOTOKY aBTOMOOLIIB, sKi
mpudyBarTh 0 mepexpects. IlyacoHIBCBKUH ke, Hali-
MIPOCTIMINH NOTIK 100pe MiAXOJUTH ATl OTIMCY BUTIAIKO-
BOTO IpuOYTTA TpancmopTHUX 3acobiB (T3) mo mepex-
pecTb, aie i BiH y pasi MaricTpajgpHOi KOOpIHMHALII He
BiIMIOBiaTHME peaibHiil CUTYyaIlii, OCKUTbKHA BIUTHB CBi-
tio¢opHux rukiis (CLL) Ha xapakTep mpuOYTTS aBTOMO-
O1JTiB 10 IepeXpecTsl TYT 3aHAATO BEINKHIA.

AHami3 pociimkens i myOuikamiii. B icHyrounx
METO/IMKax PO3pOOIIEHHS IJIaHIB MaricTpaIbHOI KOOPIH-
Hanii BUKOPHUCTOBYIOThCS JIBa OCHOBHI IMIIXOAW JIO
OIIUCY IPYIIOBOTO MPHOYTTSI aBTOMOOIIIIB 10 CKOOPANHO-
BaHuX mepexpects [3]. Haiipo3BuHEHIIINM MOKHA BBa-
XKaTH MiAXig OUKTYHEX 1npo¢inie notoky Pobeprcona
[4, 5], sxuit B SBHOMY BHTJISIII OMUCY€E TPYIH aBTOMOOI-
JIiB, M0 IpuOyBalOTh 10 HacTymHoro nepexpects B I1K.
Opnak #oro peamizamis B mporpamax TRANSYT i
SCOOT He 3MoriIa 3a0e3MeYnTH OUTBIT BUCOKUX PE3YJIh-
TaTiB KOOPIWHAII TOPIBHSHO 3 aHAJIOTIYHUMHU Me-

TOJaMH, B SKUX BHUKOPHCTOBYETHCS HPOCTIMIMHA OIHC
TPYTIOBOTO MPUOYTTA y BUTIISAAL CTPIYKH PYXY aBTOMOOi-
niB. Takuit onuc peanizoBaHO B MPOCTOPOBO-YaCOBIH Ji-
arpami (ITY/]) [6] Ta aMmepuKaHCHKUX MpOrpaMax Koop-
muHanii MAXBAND, MULTIBAND ra iu. [7, 8]. 3ara-
JIBHOIO K MPUYMHOIO HEJOCTATHRO BUCOKUX PE3yJIbTATIB
KoopauHauii podotu cBitiaopopiB Ha MM € BUKOpHUC-
TaHHS y3arajJbHEHHX ONTHMI3alifHUX MiAXOIIB 10 PO3-
B'sI3aHHS Mi€l 3a1a4i, 6e3 JeTaTbHOTO PO3MIY i OKpe-
MHX acCIIeKTiB i, 30KpeMa, y BIACYTHOCTiI aHATITHIHOTO
OIMCY BTPAT Yacy aBTOMOOLIICTaMU Ha OYiKyBaHHS MO-
XKIIMBOCTI Tpoi3ay ueprosoro nepexpects B [1K.

B3arauri kaxxyuw, y Io1aHi MaricTpaibHOT KOOpIWHA-
mii poOOTH CBiTIO(GOPIB Mae BpaXOBYBaTHCS HAsBHICTDH
HE OJIHOTO, a JIBOX BapiaHTiB MpUOYTTS 0 PerysboBa-
Horo nepexpects. [lepurnii BapiaHT CTOCYETbCS KOOPIH-
HOBaHUX aBTOMOOLTIB, SIKI i1 IKAIOTh 10 YE€ProBOTO,
aJle He TepLIOro MepexpecTs TUITHKH, 10 KOOPIHHY-
etses [9]. A apyruii — 10 BCiX iHIIMX TPAHCTIOPTHHX TIO-
tokiB (TIT) Ha mepexpecTsix KOOPAMHOBAHOI MIISHKH
MM. Jlo HEKOOPAMHOBAHUX HaNEXKaTh MOTOKU aBTOMO-
OLUTiB Ha JPYTOPSAAHUX IMiIXO0JaX 0 MaricTpati Ta Ha IIi-
JIXOJI1 JIO TIEPIIOTO MEPeXpecTsi KOOPIUHOBAHOI JUISTHKH
Maricrpaii, Uil IKHX HapaMeTpH MOTOKY, IO BXOAUTH
Ha IepexpecTsi, BA3HAYaI0ThCsl yMOBaMH pyXy Ha Bizmo-
BiNHIM AUIAHINI BYTHYHO-TOPOXKHBOT Mepexi (BIM).
[Ipu npoMy BiJICYTHICTH KOOPAMHAIII 3 1HITMMH CBITIO-
(hopHUMU 00'€KTaMU 3yMOBJIIOE T€, IO HAHOUTBII ITiX0-
JSIIIM TYT BUJAETHCS MPHITYLICHHs MPO AOIIbHICTD
posrisany npulyTTs T3 3 UX HAIPSAMKIB 10 KOOPIUHO-
BaHMX TIEPEXpecTh SK BHIAAKOBOro. Toxmi ans #Horo
omucy 1o6pe niaxoauts [lyacoHiBChbKHMI HAHIPOCTIMIMNA
TIOTIK, @ BUTPATH 4acy YUYaCHUKIB PyXy Ha IT0/I0JIaHHSI pe-
T'YJIBOBAHOTO EPEXPECTsi MOXKYTh PO3pPaxoBYBATHCS 3a
BIZIOMMMH (OpMYJIaMHU 3aTPUMKH, 3aCHOBAaHUMH Ha 3a-
aexHocti Be6erepa [10].

IMocranoBka 3aBaanus. [l y4acHUKIB pyXy, 110
TepecyBarOThes Oe3mocepeIHb0 KOOPAMHOBAHOKO Maric-
TpaJLIIO, Yac MpHOYTTS A0 YEPTrOBOTO NiepexpecTs 6arato

© Topb6auos II. @., Jlrobwuii €. B., 2023
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B YOMY BH3HaudaeThcs napamerpamu [1K, a BunaakoBicTh
LILOT'O MPOIIECY, SIKa 3yMOBJICHA ITOBEIHKOIO BOJIIIB, Ma€
BPaxOBYBaTHCS B HAJIAIITYBaHHIX CaMOro IUIaHy. 3a Ho-
PMaJbHOTO MPOXOJPKEHHS! MAa4yKH 4yepe3 KOOpAMHOBaHi
cBiTIIO(OPH HA MaricTpali, 4ac O4iKyBaHHS JI03BIILHOTO
curHay s naukw, koiu [1K Hamae it MOKIHBICTB TIpO-
131y 6e3 OUiKyBaHHS MOYATKy ITO3BUIEHOTO CUTHAITY, PO-
3yMHO BBa)kaT piBHUM 0.

CBo€vacHe BBIMKHEHHS 3€JICHOTO CUTHAIY AJIS KO-
OpIMHOBAHOI TAYKN aBTOMOOLIIIB, BIaCHE, i € OCHOBHOIO
MeTOI0 MaricTpaibHoi KoopauHarii. JJooporauii I1K 30-
OOB'sI3aHUI CTBOPUTH TaKy MOXKJIMBICTh Ha BCIX Iepex-
pecTsaxX B OHOMY HalpsIMKY, OOpaHoMy 3a mpsiMuid (oc-
HOBHWUIA), Ta Ha OLIBIIOCTI IEPEXPECTh, SKIIO HE Ha BCIX,
y 3BOpOTHOMY HanpsMky. OnHak, sxozeH I1K He B 3M03i
3a0e3rneunTH HOro rMoBHE BUKOHAHHS BCiMa BOJISIMU B
TII, inauBigyanbHA MOBEIIHKA SKHX 3aBXKIH TPU3BOIHU-
THME JI0 BUIIaJKOBOTO XapaKkTepy HpolLecy PyXy aBTOMO-
6iniB y motomi. [Ipn mpoMy 3aTpUMKH, IO BUHHKAIOTH
yepe3 BUMAAKOBUH XapakTep MpoIecy pyxy aBTOMOOIIiB
y Tadiii, mepeayciM 3yMOBIICHI caMe TIOBEIIHKOIO BOJIIIB,
YHACJIIZOK YOTO BOHHM IiJAIOTHCSI BUKIIOYHO €MITipHd-
Hi# ominmi. /[ Hel MOTpiOHE CHOCTEPEKEHHS 3a TMOBE-
JIHKOIO 0araTboX IMayoK aBTOMOOUIIB B yMOBaX (yHKIIi-
OHYBaHHsS KOHKPETHOTO PEaJbHOI0 IUIaHY MaricTpalib-
HOI KoopAMHALil.

CutijJy TaKOK BiZI3HAYMTH, IO POOOTH, SIKI pO3BHBa-
I0Th KOHIETIIIIO IUKIIUYHUX npodiniB motoky [11, 12] He
MOXYTb OyTH Oe3mocepeTHh0 BUKOPUCTaHI I eMIipH-
YHOTO OI[IHIOBaHHS 3aKOHOMIPHOCTEH PyXy Mauku, TOMY
110, Ha XaJb, Cy4aCHUH PIBEHb IUIAHYBaHHS 3aXOJiB 3
oprawisariii 1opoxubsoro pyxy (OZIP) mie He 3abe3neuus
y MicTax CBITY ()YHKIIOHYBaHHS IIOMITHOI KiTBKOCTI
e(peKTHBHHUX (IOOPOTHHX) IUTaHIB MaricTpaabHOI KOOp-
nuHaIli. I 1e TaKoX yCKIIaJIHIOE€ MOXKIMBOCTI JIJISI OLIIHIO-
BaHHSI BUIAJKOBOTO €JIEMEHTY 3aTPUMKH aBTOMOOLIIB Yy
CKJIaJll KOOPAMHOBAHOI MayKyd Ha JaHOMY PiBHI JOCHi-
JokeHb. Taka oliHKa MOXKe OyTH €JIeMEHTOM OCTaTouY-
HOT'O TIPOEKTY 13 BIpoBajpKeHHs1 KoHKpeTHoro [1K. Aue,
OCKUTbKM OTPHUMATH i aHATITHYHO HE € MOXKJIHBHUM, TO
BHITA/IKOBI 3aTPHMKH MOXKHA BpaxXyBaTH Ha €Talli iMiTa-
LifHOTO MOJENOBaHHS Tpolecy (QYHKIIIOHYBaHHS HO-
Boro [IK, mpoBeneHHs SKOTO B CydyacHHX yMOBax BHUJa-
€THCS BETIbMHU OarkaHHUM.

Meta cTaTTi po3po0Ka aHATITHIYHUX MOJEICH IS
OIIIHKM Cepe/IHIX 3aTPUMOK aBTOMOOIJIIB, IO PyXalOThCS
B IaykaxX CKOOPIMHOBAaHUMH AissHKamMu MM 3a ymoB
HHU3BKOTO Tpadiky.

BuKJ1a]] 0CHOBHOTO MaTepiaJy

Crig po3yMiTH, IO aHATITUYHA OI[IHKA 3aTPUMOK
aBToMoOuTiB y [IK € abconroTHO HEOOXIAHOIO IS MOpi-
BHSIHHS QJIbTEPHATHBHUX IUIaHIB, (POPMYBaHHS METOANK
{XHBOTO CTBOPEHHS Ta IOIIYKY Ai€BUX IHCTPYMEHTIB JIJIs
miaBHIIeHHS epekTuBHOCTI cTBOproBaHuX [1K, 60 moBHi-
CTIO YHHUKHYTH 3aTPHMOK JJISi aBTOMOOLTIB, AKi pyxa-
IOTBCSI B KOOPAWHOBAHIN Madlli, MOXKHA TiJIbKH Y BHHSAT-
KOBUX BHIIaJKax — Ha ¢parmMeHtax B/IM 3 omHakoBuM
4acoM Mpoi3ay KOOPAMHOBAHMX AIISTHOK. 3a CTaHIapT-
HUX TIAXOMIB J0 IUIAHYBaHHS, 3aTPUMKHU 3COUTBIIOTO
BUHHMKAIOTh y 3BOPOTHOMY, IO BiTHOIIEHHIO 10 OCHOB-
Horo Hanpsmky pyxy TIL

BoHu BUKJIMKaHI BUMYLIEHHUMH BiAXUJICHHSIMHU PO-
3paxyHKOBOT'O 4acy BBIMKHEHHS JI03BUILHOTO CUTHAIY 3
METOI0 00'€THAHHS TO3BIIBHUX (a3 3yCTPIYHUX HAIPsM-
KiB B oqaoMy ClI Ha mepexpecTi, a TaKkoX i1 4ac IMoBoO-
pOTY aBTOMOOLNIB, IO KOOPJAUHYIOThCS, JIIBOPYY, KOJIH
BHiIIeHa JiBoIoBopoTHA ¢a3a HaseHa y CVY IIK. Taki
3aTPUMKH BHHUKAIOTh HABITh 3a ITOBHOTO JOTPUMAHHS
BCiMa y9acHHKaMH pyXy YMOB, o HagaroTecs [1K, xomn
3aTPUMKH JJIsI aBTOMOOLUTIB Y TIPSMOMY HAIPSIMKY PyXy
madku 3exaeHol xBuwii (3X) MokHa BBaXkaTH piBHEMHU 0.

[Tixg gac po3rsAny HACHIAKIB 3MIIIEHHS Yacy BBIM-
KHEHHSI JIO3BUIBHOTO CHTHAJIy BiJIHOCHO PO3PaxyHKO-
BOT'0 Yacy NpuOyTTs NayKH, 11 3aTPUMKH Ta 3aTPUMKH JIi-
BOIIOBOPOTHHX MOTOKIB, MalOTh OLIIHIOBATHCS JISI YMOB
HU3BKOTO Tpadiky, B SKUX YCs ayKa BCTUTAE MPOiXaTH
YeproBe NepexpecTsi 3a 4ac JI03BUIBHOTO CUTHAILY, BUII-
JIGHOTO JUIsl Hel B LIMKJII, Y TOMY pas3i, SIKIIIO MOMEHT MpH-
OyTTS TepIIOTo aBTOMOOUIA B TMAdIli HA YeproBe Iepex-
pects 30iraeTecsi 3 MOMCHTOM BBIMKHEHHS JI03BiJIBHOTO
CHUTHAIY.

HaBaHTa)XeHHS Ha TIEpeXpecTsi He Ma€e BPaxoByBa-
THUCSI B 3aTPUMII HE TOMY, II[0 Yac MPOI3Ay MAYKH Iia0u-
paroTh mmia 11 po3mip. JJoMOrTHCS Takoi BiAMOBIIHOCTI B
sopcTkux [TK npakTHYHO HEMOKIIUBO, OCKUTBKHU (DaKTH-
YHUI po3Mip Mauku € BunajakoBuM. Kpim toro, Ha mari-
CTpANISAX 3aBXIU MPUCYTHS BUMAIKOBA KiJIBKICTh J0IAT-
KOBHX aBTOMOOIIIB 3 PI3HUX HANpPSMKIB, SIKi CTAIOTh Ya-
CTHHOIO NMAYKH MOYHMHAIOYH 3 TOrO CBiTIO(Opa Ha Maric-
TpaJi, mepes SKAM BOHHU 3'IBIIIHCS. B ymMoBax peamizarii
IUTaHY JKOPCTKOI KOOpAHMHAMLIT 3a3BHYail BBAXKAETHCS, IO
10sIBa JIOJATKOBHX aBTOMOOLTIB KOMIEHCYETHCS KOJIH-
BaHHSIMHU IIBAAKOCTI TAYKH, 33 MMOCTIHHOI CepeaHbOl iH-
TEHCUBHOCTI IXHBOTO BUHUKHEHHS Ha IUIAXY ii pyxy (3a-
pa3 Oyio OinmbIe, Ha HACTYITHOMY TepexpecTi abo B Ha-
CTYIIHOMY LIMKJII CTaHe MeHIle). A cami BUTpaTH 4acy,
BUKJIMKaHI BUIAJKOBUM XapaKTepOM BUHHUKHEHHS J10/1a-
TKOBHX aBTOMOOLNIB, € IPEIMETOM OKPEMOTO BUBYCHHS,
3aJICKHO BiJ MPHUHHATOI cTpaTerii BUALICHHS T0JaTKO-
BOTO YacCy Ha TXHii pO3TiH 10 MBUAKOCTI pyXy KOOpPIH-
HoBaHoi mauku [9]. 1li BUTpaTH OIHIOIOTHCS OKPEMO i
ITiJ] 9Yac OI[iHKH BUTPAT Yacy JIIBOIIOBOPOTHHX MOTOKIB I
rmadku 3X Ha OYiKyBaHHS JJ03BUIBHOTO CHTHAJIY HE Bpa-
XOBYIOThCS.

3arpumMku madku 3X Ta JTiBOMOBOPOTHUX ITOTOKIB
CJIiJ] OLIHIOBATH B YMOBaX HH3BKOTO Tpadiky BHACIIIOK
TOTO, 1[0 BOHU O€3MOCEePEIHHO 1 B IBHOMY BUTJISII Ma-
FOTh BiT0Opa)kaTH HACIIIKK 3MIIIEHHS Yacy BBIMKHEHHS
JIO3BIIBHOIO CHTHAIY BITHOCHO PO3pPaxyHKOBOTO 4acy
MpuOYTTS MaYKH 210 Iepexpects. ToMy 101aTKOBI 3aTpu-
MKH, TIOB'SI3aHi 3 BHIIQAKOBICTIO MpoOIeCy ab0 BHCOKHM
3aBaHTAXKEHHSM MEPEXPECTsl, sIKi Oe3MmocepeIHh0 He To-
B'si3aHi 3 TAKMMH 3CyBaMHU, TyT BpaxoByBaTH He ciifl. He-
BiJl'€eMHA PI3HHUIISI M)k MOMEHTAMH BBIMKHEHHS JIO3B1JIb-
HOTO CHT'Haly Ta PO3PaXyHKOBHM 4acoM NPHOYTTS Ia-
YKH J0 NEPEeXpecTs, BIACHE, 1 € OYEBHIHOIO OIIHKOIO
Yacy O4iKyBaHHS MOXKJIMBOCTI IPOI3/ly Ma4KH Yepes pe-
rynsoBaHe mepexpectsi. Cama X MOIJIMBICTH HpOi31y
Maykyd oOMexeHa repiogom pobotu (asu, Mo J03BOIIsIE
PYX MavKH, i TOMy HOBHICTIO BU3Ha4daeThes 11K,

Jlnis Takux yMOB JOCTaTHBO IPUITYCTUTH, IIO BCl
aBTOMOOLTI B MadIli po3MOIiJeHi 1Mo i JOBXKUHI piBHOMI-
pHO, BITOMHM Yac TPHOYTTS TMEPIIOrO aBTOMOOLIS B
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naylll Ha IepexpecTsi, SIKe PO3TILIIAETHCS, 1 TOBKUHA T1a-
YKHM B OAMHHILIX Yacy. Lli mpumymieHHs 6arato B yomy
QHAJIOTI4HI MPEJICTaBJICHHIO TPYIIOBOT0 NPUOYTTS y BH-
[JISIL CTPIYKH, TOMY HE TIOTPEOYIOTh OKPeMOoro o0rpyH-
TyBaHHsI, BHACIIIIOK [IMPOKOTO BUKOPHCTAHHS CTPIUKH B
npakturi OJIP. Toxi, Ans po3paxyHKy dacy 3aTpPHUMKH,
MOTpiOHO 3HATH TPOMDKOK Yacy MiX MOMEHTOM VBi-
MKHEHHSI JIO3BUIPHOTO CHTHAIy Ta PO3PaxXyHKOBHM MO-
MEHTOM TNIPHOYTTS MEpIIOTO aBTOMOOINSA B Madi, IO,
BJacHe, ¥ BH3HAYAaTHME 4Yac 3aTPHMKH HA NEPEXpecTi,
SIKE PO3TIANAIOTH, 1 sikicTh [1K B3araii.

Takoxx ciig BpaxyBaTH TOH (aKT, 110 OCKUIBKH pi-
3HUIL MK LIUMH JBOMa MOMEHTaMH MO)XXe HalOyBaTH
OyZb-SIKMX 3HaUCHb Y MEXaxX LUKIY, TO B SIKHXOCh BUIIa-
JIKax BOHA MOJKE CTaBaTH HACTIJIBKH BEJIUKOIO, IO Yac-
THHA J103BUIBHOT (ha3u, siKa 3aIUIIUIIACS JJIst IPOi3ay ma-
4KH, OyJie MEHIIIOO 3a ii OBXKHUHY, & YaCTHHA aBTOMOOI-
7B OyzAe 3MyIlIeHa 3yNUHATHCS H OYiKyBaTH Ha BBIMK-
HEHHS JO3BUTHHOI (a3l BKe B HACTyHMHOMY IHKIi. Jlyis
X aBTOMOOLJIIB Yac 04iKyBaHHS 30UTBITY€THCS Ha 3200-
POHSIOUY PYyX YaCTHHY LUKILY, SIKa pa3oM i3 TPHBATICTIO
JIO3BUTFHOTO CUTHAy Ma€ OyTH IOCTYIHOK B OYIb-
SIKOMY TIIaHI KOOpAMHaLii, sIK 000B'I3K0BI 15t Horo ¢o-
PMYBaHHS €JIeMEHTH.

[Tepium eTanom OLiHIOBaHHS Ma€ CTaTH OLIbLI 3a-
rajJbHUI, CTOCOBHO MPSIMOTO PYXYy NadkKu, BUMAJOK MO-
BOpOTY aBTOMOOLUIIB 13 NaYKH JIIBOPYY, MPOTITOM BHIIi-
JNeHoi 1St IHOTo B UK (pasu. Moro cninbHicTh 3yMoB-
JIeHa BTOPHHHHMM XapakTepoM (asH JIBOTO ITOBOPOTY
010 OCHOBHOTO IMKIy KOOPAMHAMIi, [0 MOXE MOpo-
JUTH HAMpI3HOMAHITHINI TO€THAHHS MiX 9acoM IpH-
OyTTS JIIBOIIOBOPOTHUX aBTOMOOIIIIB Ha YEProBe Mepex-
pecTs B KOOpJMHAIIT Ta 4acOM YBIMKHEHHS JI03BUIFHOTO
curHay it Hux y mexax CL. [Ipupoxaum (mopedrnm)
TYT € NPUIYIIEHHS PO PIBHOMIPHHUII XapakTep po3rmo-
JITY JTIBOIIOBOPOTHUX aBTOMOOLITIB 32 IOBXKUHOIO MTAYKH,
IO 3YMOBJIEHO MLIJKOBUTOIO (IIOBHOIO) BHUIIAIKOBICTIO
npotiecy GopMyBaHHsI ITauKu KoopAuHOBaHUX T3 3 mor-
JISLy HAaNpsSIMKY MOZAJIBLIOr0 PyXy KOXKHOIO 3 HUX.

3BHUuaiiHa I OLIBIIOCTI HAsABHUX 1 MOTEHLIMHUX
[IK curyartis BHHUKA€E, KOJIH TPUBATICTH (ha3ul IS MAUYKH
3X mepeBuIIye TPUBANICTH Pa3u IS JIBOTO MOBOPOTY.
AJe SIK BUHATOK, MOXKe OyTH W IO-iHIIOMY, TOMY TaKy
MOJJIMBICTh HEOOXIZHO BpaxoByBaTH Mia 4dac QGopmy-
BaHHS BIJMOBIMHUX AHANITUYHHX 3aJieXkHOCTEeH. [pyra
CHUTYaIIisl U JTIBOITOBOPOTHHUX aBTOMOO1IIIB, y3araii Ka-
KY9H, CIPUATIUBIIIA, OCKITIBKY B Hili 000B'SI3KOBO Oyze
MIPUCYTHIN Tepio] Jacy, KOJIu aBTOMOOLTI BXKe HE IpH-
OyBarOTh, @ BUDK/KATH I1I€ MOXKYTh, III0 TAKOK Ma€ OyTH
BPaxOBaHO B aHAIITUYHOMY OIKCI TIPOIIECY.

Jlns BuBeieHHs (pO3pOOKH) BiAIIOBITHUX 3aJI€KHO-
CTEH, CrloYyaTKy CiiJi BBECTH HOHSTTS JUKEpET BHHUK-
HEHHSl 4acy 3aTpUMKH Oe3 HaBaHTaXXEHHs, TOOTO I
YMOB HU3BKOTO TpadiKy, B IKUX yCsI HaYKa BCTHTAE IIPO-
ixaTu yeprose NepexpecTs 3a 4ac JI03BUILHOTO CHTHAILY,
BHIICHOTO JUIs Hel B IHMKII, SKI0O MOMEHT HpPUOYTTS
MepIIoro aBTOMOOUIS B Mayllli Ha 4eproBe NepexpecTs
30iraeTbCcsi 3 MOMEHTOM YBIMKHEHHS TO3BUIBHOTO CHT-
Hay.

3a muX yMOB 3aTPHUMKH JOPIBHIOIOTH 4Yacy OUiKy-
BaHHS BBIMKHEHHS 103BIJIbHOTO CUTHAITY ISl JIIBOIIOBO-
POTHUX aBTOMOO1JIIB, i BOHO 00OB'I3KOBO BHHHKAE IS

Ti€l YaCTUHU MaYyKH, y CKJIaAi AKoi nepeOdyBaroTh i JiBo-
MMOBOPOTHI aBTOMOOII, 1 IKa HE MA€ CIUILHOTO MEPioTy
Yacy 3 J03BUIBHHM CHUTHAJIOM JIJIS JIIBOTO TIOBOPOTY.

e 3aBxau TO3UTHBHI i He OLIBIIN, Hi>K TPHUBAIICTh
¢asu s 3X, ogHa abo aBi o0nacti 3 nepiogy npuOyTTS
TIaYKH, OJOKEHHS 1 TPHBAJIICTD SKHX, Y 3aTAILBHOMY BH-
MMaJIKy, BU3HAYAIOTh PI3HUICIO YaciB MOYATKy W 3aKiH-
YeHHs JBOX IEpiofiB yacy: mpuOyTTsS aBTOMOOIIB (1a-
YKa XBUWJII) Ta IXHHOTO BinmpaBieHHs ((haza JIiBOTo MOBO-
poty). Jns po3mi3HAaHHS BIATIOBIIHUX EIEMEHTIB 4acy
BBOJIATBCS TaKi MO3HAYCHHS:

1. O6nactb panHbOTO NPUOYTTS €, pHC. 1

o
&

I_)\_I

T T

Puc. 1. Bapiant paHHbOr0 mpuOyTTS MAYKH,
K JDKepesla BHHUKHEHHS 3aTPUMOK

2. ObnacTh mi3HKOTO MPHOYTTA A , pHC. 2

A

k] I L]

Puc. 2. BapianT ni3HpOr0 npuOyTTSA NaYKH,
K JDKepesla BHHUKHEHHS 3aTPUMOK

Tyt 1 nmam BUKOPUCTOBYIOTHCS HACTYITHI ITTO3HA-
YEeHHS: €, A — IHJEKCH, [0 MO3HAYAITh 00JacTh paH-

HBOTO Ta Mi3HBOTO NPHOYTTS MAayKW aBTOMOOLNB; T, ,
T, — BLIIOBiIOHO, cepelHill Yac OYiKyBaHHs, 110 BUHU-
Ka€ B 00JIaCTi paHHBOTO 1 Mi3HBOTO MPHOYTTS, C; Ly, t —

BIJITIOBIZTHO, MOMEHTH MOYATKy 1 3aKiHUCHHS IEPioLy
IUIAaHOBOTO MpUOYyTTS navyku 3X 10 mepexpects, ¢; Tg,

T — BiANOBIHO, MOMEHTH MOYATKy Ta 3aKiHUYEHHS I'0-

PIHHS 103BUIBHOTO CHTHATY JJIsl TAYKH aBTOMOO1IIB, 1110
npulyBae, C.

3a cKOOpAMHOBAHOT pOOOTH CBITIIO()OPIB MOMEHTH
IUIAaHOBOTO MPHOYTTS mauku 3X 110 mepexpects 1y i BBI-

MKHEHHSI JO3BITFHOTO CHTHAITY IS Hel 30iraroThes. AJe
3apa3 po3TIAAETHCS 3aTPUMKA JIIBOIIOBOPOTHHUX aBTO-
MOO1JTiB, @ BHACHIZOK iXHHOTO PIBHOMIPHOTO PO3MOILTY
B mauni 3X, BOHU TaKOX TOYMHAIOTH MPUOYBATH JI0 TIe-
pexpecTss B MOMEHT uacy ty. Ase 103BiUIbHUII curHan

JUlsl JIIBOIIOBOPOTHHMX aBTOMOOUIIB — Tg MOX€ BMHKa-

THCS 1 HE B MOMEHT {XHBOTO IPUOYTTS 10 YEPrOBOTO Iie-
pexpectsi. Came Tomy, mo B [1K B 3aranbHOMY BHTIAAKY
MOMEHTH 4acy ty 1 Tg [ULL JiBOIOBOPOTHHUX aBTOMOOI-

JIiB HE 30IraroThCs, BOHH € HAU3pYUYHIIINM 00'€KTOM ISt
moOyTOBH IIYKaHUX 3aJE€KHOCTEH Yacy OWiKyBaHHS 0e3
HaBaHTAXEHHS IiJ 9ac TPYNMOBOTO HPUOYTTS — BOHU
MpuOyBaIOTh y CKJIaAi KOOPIMHOBAHOI MAuKH, a 3eJICHEe
CBITJIO JJIS1 HUX MOJKE BMUKATHCS MaiXke B OyIb-sIKHUi
MOMEHT y HWKJIi. YCi iHIII BapiaHTH TPYIIOBOTO MpH-
OyTTS € OKPEMHUM BHIIAJIKOM CTOCOBHO IPUOYTTS JIiBOIIO-
BOPOTHHX aBTOMOOLITIB.
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1106 orpumary 3arajbHUIl cepenHii yac OYIKy-
BaHHS JUIS BCIiX JIIBOIIOBOPOTHUX aBTOMOOILIIB, IO Mpsi-
MYIOTh y nauni 3X, cepeHili yac O4iKyBaHHS JUISI TAKHUX
ABTOMOOWUTIB, 1[0 MPUOYBAIOTh HA MEPEXPECTS BIPOTIOBK
Nepio/iB paHHBOTO 1 Mi3HKOTO NPUOYTTS, MOTPIOHO 3Ba-
JKUTHU Yepe3 BiANOBiTHI iM YaCTHHH TTAYKH:

T=T£'A8+T7\"A7\’, (1)

ne T — cepenHiif vac O4YiKyBaHHS IS BCiX JIIBOTIOBOPOT-
HHUX aBTOMOOLIIB, 110 HpsAMy0Th y maumi 3X, c¢; A,

A, —dJacTKa B mad4ili aBTOMOOWUIIB, 10 MPHOYBAIOTh Ha

MepeXpecTs MPOTIATOM IEPioAiB PAHHBOTO 1 IMi3HBOTO
MpUOYTTS BiAMIOBIIHO.

3HaueHHSI YaCTOK PO3PaxoOBYIOTh 3 YpaxyBaHHIM
TOro, 110 00JMAcTi paHHBOTO Ta MI3HHOTO HPHUOYTTS HE
MOXYTh NIEPEBHIILYBATH JIOBXHHY BCi€i TaYKH:

-t
TO—O, AKIIO Tg —tg <ty
Ay = tp , (2)
1, AKIIO T — 1 th
Ta
t, —
11 ko b -1 <ty
1, AKIIO b — 11 th

Je t, — TPHBANICTH EPiOY MIAHOBOIO HPHOYTTS MAYKH

3X 3 IIBOMOBOPOTHIUMH aBTOMOOLISAMHA IO TEpexpecTs,
th =t —t, C.

Po3paxyHOK cepeTHbOr0 Yacy O4iKyBaHHS JUIS aB-
TOMOO1TIB, MO MPUOYBAIOTH 3a MEpioJ]] PAaHHBOTO TPH-
OyTTS Ha MepexpecTs, K y)Ke 3raJyBajiocsl BUILE, IPYH-
TY€ETHCS. HA TMPUITYIICHHI PO PIBHOMIPHUAN PO3MOALT 3a
JIOBXXHHOIO ITAYKH aBTOMOOLIIIB, IO IPUOYBAIOTH 1 TIOBe-
PTArOTh JTiBOPYHY.

Take npuITyeHHsI 3yMOBIIIOE TO# (akT, 10 cepe-
Hiif yac O4iKyBaHHS JIOPIBHIOE IOJIOBHHI Pi3HUII MiX I10-
yaTtkoM (a3u JIBOTrO MOBOPOTY Ta MOYATKOM MPHOYTTS
nauku 3X B TOMY pa3i, SIKIIO JIiBUI TOBOPOT Oy/ie 103BO-
JICHO TPOTSITOM J03BUIBHOTO cHrHaiy aist 3X, siK Moka-
3aHo Ha puc. 1. [loscHIoeThCS 11e THM, 1110 3aTPUMKa Iep-
I0T0 aBTOMOOLIA 3 00JNACTI paHHBOTO MPUOYTTS ITAYKH,
akuil mpubyB y MoMeHT t; mopiBHIOE Tg —1y, a ocTaH-

HBOTO 3 Ti€i % 001acTi, AKUI MPUOYB Y MOMEHT T, JO-
piBHIOE 0, BIAOBIAHO CepeIHs 3aTPUMKa JUISL HUX JIOPi-

T —1
BHIOBaTHME % .

CyMma 3aTpuUMOK JJIs BCiX Tap aBTOMOOINIB, piBHO-
BifJlaJIeHUX BiJ] KIHIIiB IPOMIXKKY dacy Mixk ty Takox Jo-

piBHIOBaTHMME T —ty, BiANOBIIHO cepeiHs 3aTpUMKa
. To —to . .

IUIsL HUX JIOPiBHIOBATHME - 3a piBHOMIPHOTO poO-

3M0JT1Ty aBTOMOOLIIB y naylli, IMOBIpHICT BHHUKHEHHS

JUIsL BCIX TaKMX [ap JOPIBHIOE 1 CTAHOBUTH 2/N, jie N —

1€ KiTBbKICTh aBTOMOOLTIB y mauri. ToMy i iMOBipHICTB
y BCiX cepeHiX 0JJHAKOBA i MOPiBHIOE 2/N , IO B MiACY-

MKy HOpU3BOAUTH 10 3arajibHoi CepeILHLOi 3aTPUMKU

aBTOMOOLIIB 13 PO3IJISIHYTOI YaCTUHM 00J1aCTi paHHBOTO
. To — to
pUOYTTS, IO JOPIBHIOE -

SIKmo K MOYaToK JIBOTO IOBOPOTY BinOyBaeThCS
mo3a ¢a3or0 3X, To yacTHHA 00JIACTi pAHHBOTO MPUOYTTS
IIayKH, IO AOPIBHIOE Tg —1j , HOBHICTIO, 0€3 MOAiTy Ha
2, BXOAWTH Y 4ac OYiKyBaHHS JO3BUILHOTO CHTHAIY JUIS
JIIBOTIOBOPOTHHX aBTOMOOLTIB, 10 MPUOYBAaIOTH JI0 Mepe-
xpects y ckiaji nauku 3X, puc. 3.

Puc. 3. Ipyruii BapiaHT paHHBOTO IPUOYTTS MAUYKH,
K JDKepesla BHHUKHEHHS 3aTPUMOK

3 ypaxyBaHHSM IIMX MipKyBaHb, BUpa3 AJIsl cepell-
HBOTO Yacy O4iKyBaHHs aBTOMOOLIIB y mepio] paHHbBOTO
npUOYTTS MATHME TaKUH BHTJIS

Tg —1t

00 AKIIO Tg —Tg <ty

] 2 @
0+'Co—t1, )IKH.IOTo—t0>tp

HasiBHiCTE O4eBHUIHUX 3B'SI3KiB MK 4YaCOBUMH Xa-
pakTepuCTHKaMU B Gopmyti (4), 3yMOBICHHAX pO3TaIIy-
BaHHAM 000X (a3 ycepenuHi CLI, mae 3mMory momaTu 1eit
BHpa3 B iHIIOMY BUTJIAII:

To —t
UL U AKIIO Tg —tg <ty

2
T. = . 5
tO +t1 ( )

To — » KO Tg —1p > T,

O0nacTp Mi3HKOTO MPHOYTTS OXOILTIOE MEPioJT TIPH-
OyTTs mauku 3X, IO TPHUBAE MiCII 3aBEPIICHHS O3B~
HO1 (as3u U1 JIBOTO MOBOPOTY, pUC. 2. ABTOMOOLII, 1110
puOyBalOTh y 1IeH Tepiof], 3MYyIIIeH] 0OYiKyBaTH HA ITOYa-
TOK (ha3u JIIBOTO MMOBOPOTY BXKE B HACTYITHOMY IIHKIi. Y
3B'SI3KY 3 UM, a TAKOXK 3 YpaxyBaHHSIM BJIIACTHBOCTEH ce-
PEIHBOTO Yacy OYiKyBaHHS TO3BIIBHOTO CUTHAITY, 3a3Ha-
YEHUMH BUILE, BUpPA3 JUIS 4acy OUYiKyBaHHS aBTOMOOLIIB
3 001acTi Mi3HHOrO MPUOYTTSI MATUME TAKUN BHUIJISI:

h-1

+T, =1 — (g —17), Ko 0<ty — 77 <t

T = 7.6

O, ﬂKLI_lOt]_—‘E]_SO&60t1—‘C1 >tp

Je T| — TPUBAIICTb (ha3u JIIBOIO MOBOPOTY, T| = T1 —Tg
, C.

3B'SI3KM Mi’K YaCOBUMH XapaKTepPUCTUKAaMH B (op-
My (6) JaroTh 3MOTY 3amucaTd Iedl BUpa3 y MPOCTi-
OMY BHUTJISI:

t-1
T —t — , gakmo 0<t; —t; <t
TX:”IZ S )
0, skmol -1 <0aboty—1 >t,

Bupasu, orpumaHi s cepeHBOrO 4acy OdiKy-
BaHHS aBTOMOOLJIIB 3 TUITHOK PaHHBOTO 1 Mi3HBOTO MPHU-
OyTTs 10 TmepexpecTs, € 3BHYAHHUMM JOAaHKaMHU
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¢dopmyiu (1) He Ha BCbOMY LIMKJI CBITJIIOOPHOTO pery-
JIFOBAaHHS, OCKIIBKY MOXKJIMBa CUTYallis, KOJIHM BOHH ICHY-
I0Th OZTHOYACHO, 200 O/IHa 3 JOCHIKYBaHUX (a3 — 3X uu
JIIBOHOBOPOTHOT, pPO3IIOYMHAETHCS B OHOMY IMKJII, a 3a-
KiH4y€ThCS BXKe B HacTymHoMy. 11[00 BU3HAUMTH yMOBH
BHKOPHUCTAaHHA HonaHkiB ¢opmyn (5) i (7) y (1), motpi-
0HO 3a¢ikCyBaTH MOYATOK IUKITY, TIOB'S3aBIIH HOTO 3 I10-
YaTKOM OJIHOTO 3 0CHOBHHUX TakTiB CII. OCKibKH METOXO
KoopauHaIii poboTu CBITIO(OPIB € Oe3mepenIKoTHIH
mponyck mayku 3X, po3yMHO BBaXKATH caMe o ¢a3y
MepmIo0 B UK. Toai MOMEHT YBIMKHEHHS JO3BiJb-
Horo curHany ans ¢dasu 3X 1, BiH e NoYaTKOBHIl Mo-

MEHT MPUOYTTS MAYKH aBTOMOOLTIB IO IepeXpecTs, CTae
IIe i HOYaTKOM yChOTO LUKy, & CTapT HO3BUIBHOTO CH-
THally AJs JiBOTO MOBOPOTY Ty HaOyBae J0JAaTKOBOTO

CEHCY — 3CyBY MMOYATKY JIIBOIIOBOPOTHOI (pa3u BiTHOCHO
MOYaTKY IUKITY.

Bennunna niporo 3cyBy B peansHoMy [IK Moke Ha-
OyBaTH Oy/1b-sIKOTO 3HAYCHHSI, SIKE HE MIEPEBUIIY€ TPUBA-
nocti mukiy, 0< 1t <T, inpaBuia BAKOPUCTaHHS HOp-

My (1) MaroTs OyTH BU3HAYEHI AJIs1 BCHOTO [[LOTO Jlia-
Ha30HY.

BucnoBku

OmHAM i3 OCHOBHHX KPHTEPIiiB, IO XapaKTepU3ye
edpextuBHicTs BripoBamkeHHs [IK Ha MM € 3atpumMkn
TPaHCHOPTY, AKi HalfgacTime XapaKTepu3yIOThCS CKOPO-
YEHHSIM BUTPAT Yacy Ha OYIKyBaHHS yYaCHUKaMH PYyXy
MOJKJIMBOCTI MIpOi3ay deproBoro mepexpects B [1K.

Po3pobneni moneni chopmoBaHi IsI YMOB HHU3b-
Koro Tpadiky i rpynoBoro npuOyTTs Ta MOXYTh BUKOPH-
CTOBYBAaTHCh IIPU TPOBE/ICHHI OL[IHIOBaHHS BTpaT 4acy,
10 BUTpayaeThcs Ha OUIKyBaHHS BOJISMH, SIKI pyXa-
I0ThCS CKOOPAWHOBAaHUMU JuissHKamMu BJIM, moxiiBo-
CTi IPOT3y PEryJIbOBaHUX MEPEXPECTb, 10 BKIIOYEHI 10
K.

[MoganpmM HampsIMKOM HPOBEAEHHS TOCTIHKEHb
€ YJIOCKOHAJICHHSI OTPHMaHNX aHATITHYHUX MOZENEH 3a
paxyHOK ypaxyBaHHS B HUX IHIIUX MOXKJIMBHUX BapiaHTIB
OpraHizalii 3cyBy BKJIIOUYEHHS JO3BUIBHOTO CUTHAIY JUIS
PYXY JiBOITOBOPOTHHX MTOTOKIB.
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An approach to assessing transport delays in terms coordinated timing plan
Peter Horbachov, Yevhen Liubyi

Abstract. The article presents analytical models that can be used to estimate the delays of vehicles moving along coordi-
nated sections of city highways in low traffic conditions and when they arrive in groups at the next intersection in terms of coordi-
nated timing plan. The results of determining delays according to the presented models should be used for comparing alternative
coordinated timing plan, developing methods for their creation, as well as for finding effective and reliable tools to improve the
efficiency of the created coordinated timing plan. In the future, the developed models need to be improved by considering other
possible options for organizing the offset in the inclusion of the permissive signal for the left-turn phase within the coordinated
timing plan.

Keywords: group arrival, green wave, platoon, coordinated timing plan, transport delays.
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MOJEJIb MAPIIPYTHU3AIIIL OBJIbOTY MOBLJIbHUX OB'€EKTIB
BE3IIIVIOTHUM JIITAJIBHUM AITAPATOM

AHoTamisi. AHami3 JIOCBiIy 3aCTOCYBaHHS OE3IUIOTHHX JITAIBHHUX alapaTiB JOBOJHUTH, M0 €(EeKTHUBHICTE BUKOHAHHS
3aBaHb Oe3rmocepeIHbO OB sI3aHa i3 “IKIiCTIO” IUTAaHyBaHHS MapIIpyTy. BinbmIicTs METONIB IIaHYBaHHS MapumpyTy cho-
KyCcOBaHI Ha IOIIYKi Ta MOHITOPHMHTY CTaIlioHapHUX 00’ekTiB. [IpoTe B maHmii yac Habarato OunbIe 3HAYECHHS Mae€ BUPI-
LICHHS 33724l CIIOCTEPEKEHHS 32 MOOIIBHUMHE, pyXoMHMHU 00'ekTamu. B poOoTi BupileHa 3aa4a MmiaHyBaHHA MapLIpyTy
00160Ty MOOITBHUX 00’ €KTiB, 1110 30epiratroTh HANPSIMOK CBOTO PYXy HPOTATOM TPUBAJIOTO MPOMIXKKY 4acy i3 BUKOPHCTaH-
HSAM METOAy MaTeMaTH4HOi ONTHMIi3allil - JUHAMIYHOTO MporpaMyBaHHA. [Ipu BUpilIeHHI 3aBAaHHA HOOYZOBH ONTHMAlb-
HOT'O MapuIpyTy BpaxoByBajlach JUHaMiKa MONbOTY OE3MJIOTHOrO JITAIbHOTO anapary, o JO3BOJISE MOCTIJOBHO 10aBa-

TH 00’ €KTH 0 MapuIpyTy.

Kaw4oBi ciioBa: Oe3MUIOTHUHN JiTANbHUHA amapar, MOOUIBHI TPYIH, MapIIpyTH3aLlis, MOHITOPUHT, PyXOMHUH 00’ €KT

JUHAMIYHE IPOrpaMyBaHHS.

Beryn

[ocTranoBka npodaemu. B cygacHOMy CBiTi Bax-
KO YSIBUTH TaJTy3b JIIOACHKOI AisUTBHOCTI siKa Xo4a 6 1o-
TUYHO HE IIOB’S[3aHA 13 3aCTOCYBAHHSM OC3MUJIOTHHUX
cucTeM. 3aBISKH BiJTHOCHO HHU3BKiH BapTOCTI Ta JOCTY-
ITHOCTI IIUPOKOTO PO3MOBCIOKCHHS HaOyTH Oe3MiIOTHI
mitanpHi anmapaté (BrJIA). Illupoke po3moBCIOKEHHS
BriJIA BHKIMKaNO aKTHBHHH PO3BUTOK aJITOPHUTMIB,
MeToniB ynpaiiHHs brJIA nis BUpiIICHHS IIUPOKOTO
KoJIa 3a]1a4, OJJHI€I0 3 SIKUX € IUIaHYBaHHS MapLIpyTYy.

OnHak, He3BAKAIOYHM HA PI3HOMAHITHICTH METO/IIB
Ta aNrOPUTMIB IIOJ0 MOOYIOBH MapIIpyTiB MOJbOTY
BrJIA, meron oOMBOTY pPYyXOMHX 00’€KTIB TOTpedye
ONTUMI3aIlil Ta IOIIYKYy HOBHUX pIillleHb BPaxXOBYIOUH
HaKJIaJAeHl 0OMEKEHHS.

TakuM 4MHOM, OCHOBHHM IIJSIXOM Y ITiJBHIIEHHI
epeKTHBHOCTI 3acTocyBaHHsI BrJIA € momryk meroniB
IUTAHYBaHHS MAapHIPyTiB OONBOTY PYXOMHX 00’€KTiB
(rpym) i3 BpaxyBaHHSIM JAWHAMIKH PyXy O0’€KTYy CIIO-
cTepekeHHs Ta monboTy camoro bmJIA. Came Bupi-
LICHHIO Ifi€i MpUKIaaHOol 3a7adi MPUCBSYCHA TaHa Po-
Oora.

AHani3 ocTaHHIX pocaifkeHb i myOuaikamiii. vV
crarTi [1] mpoBOAMThCS MOPIBHSJIBHUII aHaNi3 METO/IB
IuTaHyBaHHS MapuipyTiB briJIA Ha rpadax ta MyipTHa-
TeHTHI aJTOPUTMH, MYPALIMHUK aITOPUTM Ta AITOPUTM
«3aIuT-BiANOBIAb-yrona». Po3pobnenuit meron, mio
6azyeTbcs Ha iHTerpamii NOIIYKOBUX IOXOJIIB Ha Tpa-
(ax Ta MyJBTHareHTHHX, IO NPALIOIOTh HA Mapajeib-
Hiif ocHOBi. Y crarti [2] mnpomoHyeThcs OHNIAH-
QJITOPUTM IUIaHYBaHHS MapLIPYTy €KCTPEHOT JOTICTUKU
Ha OCHOBI omnTHMi3alii moABiiHOI KoJoHii Mypax. Pe-
3yJIbTaTH EKCIIEPUMEHTY CBIIYaTh, 1110 3aIIPOIIOHOBAHUIT
AITOPUTM MOJKE MiIBUIIUTH €(PEKTHBHICTH PO3MOAITY
BHKOHABIIB MK 00’exTamu. Y crarti [3]ast renepariii
cybontumansHoro Mapupyry bnJIA  3ampoBamkeHe
BUKOPHCTaHHS HEHpoHHOT Mepexi Xomndinga. OnTuma-
JIBHAM B JIOCJI/PKEHHI BBO)KAETHCS [UISIX HaWKOPOTIIOL
JIOBXXUHH. 3alpONOHOBAHHUN IMiAXiJ CIPSIMOBAaHHUMA, B
Hepiry 4epry, Ha 3HIDKCHHS HaBaHTa)XXEHHS OIlepaTopa
npu BHOOpi onTHMambHOro MapupyTy. Y crarti [4]

BHUpIIIICHA 3a/laya MOOYJOBU MOJBOTHOTO 3aBIAHHS -
MapupyTiB pyxy s rpynu briJIA. Po3poGnena mepe-
xka g rpyn bmJlA, SKy MOXIHMBO pO3TOPHYTH Yy
HOJILOBUX yMoOBax. Y crarti [5] po3pobieHo reHerud-
HUW alnropuT™ JUis €eKTUBHOTO BHPILICHHS CKIIAJHOI
MoJIeNi onTHManbHOT MapmpyTu3amii briJIA. mis moric-
THKN SKa € €KOHOMIYHO BUTITHOIO Ta Oe3le’Horo. Y
cratti [6] omUCyeThCs ACLEHTPANi30BaHE YIPABIIHHS
rpynoio briJIA, 00’eqHaHUX y MEPEXKy, IO IPYHTYEThCS
Ha PO3B’s3aHHI TPaHCIIOPTHO-KOMYHIKa-IiHHOT 3amadi
sIKa 3BOJWTHCS A0 KIACHMYHOI 3ajadi MapIipyTH3arii
TPAHCIOPTHUX 3aCc00iB. PO3p0o0IieHO aaropuT™ po3s’si3-
Ky 3aj1a4i MapupyTu3anii TpaHCIIOPTHUX 3ac00iB.
MeTo10 cTaTTi € BHpILIEHHS 3aBJaHHS Mapuipy-
TH3alii 00JbOTY TPyNU PyXOMHX OO’€KTIB, SIKI MaroTh
CTally HIBWJAKICTH Ha IHTEpBaili yacy i3 BpaxyBaHHIM
JMHAMIKH pyXy O€3IIOTHOTO JITAIBHOTO anapary.

Bukiiag 0CHOBHOTO MaTepiary

IMoctanoBka 3agaui. Po3misHemMo po3B's3aHHA
3aja4l IJIaHyBaHHS MapUIPYTY MOJBOTY 32 TaKUX MpH-
MyIIeHb:

1. 3amaHo MHOXXHMHY KOHTPOJBOBAaHMX TOYKOBHX
PYXOMHX Ha3eMHHUX O0'€KTIB Ta X KOOPJMHATH Xij, Zij , Zj
B JaHWU dYac. 3amaHi IBUAKOCTI V,j 1 HAUPSIMKH aj
PYXy LHX O0'eKTIB, IO YCKIIAJHIOE 200 BUKIIOYAE MO-
MaJlaHHs X 9acTHHU /10 miiany. Lle Binpi3Hse 1o nocra-
HOBKY BiJ] KJIJACHYHOTO 3aBJIaHHA KOMIBOsDKepa IpH SIKiit
KOXHUH 00'€KT JOAAETHCS 10 IUIAHY MapIIpyTy.

2. Posrmsnaerscs pyx BrnJlA jmme y ropm3onTa-
JBHIN TJIONTWHI, KOJMM MOTOYHUN CTaH MOJbOTY Xapak-
TEPU3YETHCS JTIHIMHUMH KOOpIWHATAMH KOJii X, Z MO-
IyJeM IIBUAKOCTI V Ta KyTOM HaIlpsMy HIBHIKOCTI d.
[IBuakicTe V BBaXKAETHCS 3aJIaHOIO Ta HE3MIHHOIO, MPH
LBOMY

K;

=V,/V K1 1)

3. Junamika Oignoro pyxy BmJIA mpm nepensori
no ob'ekta j Moke OyTH ommcaHo Au(epeHIiaTbHUMHI
piBHSHHSIMH. SIKIO 3HEXTYBATH Di3HHULICIO B JTOBXKHHI
LUIXY 110 NpsMIH 1 M0 KpUBIH Koya IpU MEpenboTi B
TIoTIepeKEHY TOUKY:
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Xj—X Xj—X zi—z zj—2Z
x=]A ~ V;z=]A ~ - V;
4 i G i
Zi7% _ Zi7% _
T T a—a
a@=—2 ~ v=-_>+—v, (2
At; T T

]

I j - HOMep IyHKTY, 10 BUOUPAETHCS B MMOTOYHHHA MO-
MEHT 4acy, 1j - BifacTanb Mik BrJIA j-m o0'ektom, X, Z -
koopauHatu briJIA, a -nusxoBuit kyt briJIA, V - mBu-
nxicte BriJIA, Xj, Zj - KOOPIIMHATH j-To o0'ekTa, At; - gac
MEPENBOTY B j-i TyHKT.

4. Ilpu OivHOMY MaHEBpi OiuHE MepeBaHTAKCHHS
BriJIA oOmerkeHa, 110 BH3HAYaA€ 3aJaHMi MiHIMaIbHHAK
paxiyc R Koua, 3a SIKUM JOCTYIHHHA po3BopoT BriJIA.

5. Jlyist MOCSITHEHHS 4eproBoro 00'ekTa, 110 HE Jie-
XKHUTh Ha JiHII NPSIMOJIHIHHOTO MOJBOTY, 3AIHCHIOETHCS
HaBEJCHHS LUISIXOM TNpornopuiiHol Hasiramii. IIpouec
nepepaxyHKy HOBOTO KyTa y poOOTi TOKJIAIHO HE PO3T-
JSITA€THCSL.

6. SIk xpuTepilf ONTUMAIBEHOCTI MapUIPYTy TPHUITH-
STO YMOBY MaKCHMYMYy YHCJIa KOHTPOJIBOBAHUX 00'€KTIB
3a 3a7aHuid yac T, YoMy BiJmoBizae ymMoBa MiHIMyMY
CepelHbOTO 4Yacy IEepesbOTy BiJ OJHOTO 00'€KTa 0
IHILIOTO, YOMY Bi/INOBiAa€ KpUTEPil

M M -
I zrf U gt f U_ gt > min. (3)
= = = e =~ —_— in.

LV VAt o VAL

j=1 Jj=1
3anponoHoBaHUI i AiHTerpaTbHUHA BHpa3

fo= VrA—jt ¢dyukuionany (1) cBiguuTh, MO Y MEPIIOMY
HaOJIMKEHHI NPpU NOCTiHHIM mBuakocTi V' 0e3 Bpaxy-
BaHHSA amHaMmikn BrJIA kpame oOpaté HaWOMmKIUit
4eproBuil 00'€KT Ha MiHIMaJBHIN BiICTaHI 7.

IIpu mnepepaxoBaHHMX MPHUIYIIEHHSIX MHOTPIOHO
chopMyBaTH TaKHii aIrOPUTM MapUIPyTH3allii, KU 3
ypaxyBaHHsSM OoOMeXeHb mpu OiuHOMYy MaHeBpi BrJIA
3abe3nednB OM HAWOUIBIIY KINBKICTh KOHTPOJIbOBaHUX
00'€KTiB, MEPEBAKHO PO3TALIOBAHUX IO HANPSMKY I10-
JIBOTY, 1110 3MIiHIOETHCSL.

3anponoHoBaHuMl miaXix A0 BUpilIeHHs 3aaayi
3a I0NMOMOI0K TUHAMIYHOT0 mporpamyBaHHs. Ocki-
JIBKM MapuIpyT, 0 OOMPAETHCS, € PE3yJIbTATOM Oararo-
KPOKOBOTO BHOOpY 4eproBoro o0'ekTa, a HpPUIHATTA
pIIIeHHS Ha KO)KHOMY KPOIIi KPiM IIOTOYHOTO mTpady y
BUTJISIII BTPAYSHOTO Yacy Ie Ma€ HACHIIAKH Ui Maioy-
THIX KPOKIiB, HAMOUTIBII IMiIXOIAIINM METOJAOM OTTHMi-
3amii € quHamivuHe mporpamyBaHHs [S]. Toxi, BpaxoBy-
I0YM JIUCKPETHUH XapakTep albTepHATHBHUX pillleHb
IIpHu BHOOPi «KyIH NETiTW», piBHAHHS benmana B mpu-
BaTHUX TOXIHUX MOYKHA 3aITUCATH 5K

g g g
=50 = minlfo + 3,7 + 5,0 =
0Ex; — x
fbj*‘é; " V+
:mjm 0€z —z 0€a;—a = Fj(oz@), (4)
z o " ta

ne € - ¢ynkuis benmana, F; - QyHKuis notoyHoro pu-
3Ky 3 YpaxyBaHHSM HAcliJKiB y MaiiOyTHbOMY,
j — HOMep, 10 OOHMPAETHCS B MOTOYHHH MOMEHT Yacy,

Tj— Bigcranp Mix bBrJIA i j-m o6'extom, V —
wBuAKicTb BJIA, x;, z; KOODJIHHATH j-TO 00’€K-
Ta, X, z— KoopauHatu brJIA, a — muaxosuit kyt BrJIA.
Hanpuknan, me moxe OyTH rpyma pyxoMHX O0'€KTiB
nornepeay y HampsMky nomboty (j = 1.1,1.2,1.3,1.4),
mo3any (j = 2.1,2.2,2.3,2.4), szmiea (j=3.1,3.2,
3.3,3.4) abo npasopyu (j= 4.1, 4.2, 4.3, 4.4), sk nOKa-
3aHO Ha puc. 1.

Z %=34
+j=3.2
jj=3.l
=33« =12
24 =21 4722 I L, 4, e X
—b————m——~1~>t4 —
=23 =43 1
e =13
=411
j=4.2
*j=4.4

Puc. 1. Po3ramyBanns 16 pyxoMux 00'ekTiB y paiioHi
nocsbkHocTi BriJIA, 1110 MaroTh npuOIM3HO
OJTHaKOBY JOBXKHHY IILIIXY

[IpUHIMIIOBOO BIZIMIHHICTIO PO3B'I3yBaHOl 3a/adi
Bix npuitnsitoro B Metoai AKOP npumnyienss npo 6e3re-
PEPBHICTh YIPABIIHHS € Te, IO YNPaBIiHHI € albTepHa-
TUBHUM (30Kpema, BimmoBimHO m0 puc. 1, j=1.1,
1.2,...,4.4). Tox HaOIMKEHOTO CHHTE3y 3aKOHY YIIpaB-
JHHS CKOPUCTAEMOCS METOIOM «pO00Y0i TOUKW» [7], CyTh
SIKOTO TIOJISATAE Y MOBEPHEHHI POOOUYOT TOYKU B TOYATKO-
BUIA CTaH MICJIsl 3HUKSHHS BIUTHBY HA OKPEMU# €JIEMEHT.

O0unc/IeHHs] OPAMHAT MiHIMAJILHOIO PU3UKY Y
Pi3HUX MOJBLOTHUX CUTyamlisix. BpaxoByioun ocoOiu-
BOCTI JaHo1 3a1a4i moganHs GpyHkuii beamana € y kBaj-
paTuuHii GopMi HEAOCTATHHOK, 1100 OTPUMATH alCK-
BaTHUH onrc. Tomy Oylia BUKOpHUCTaHA HACTYITHA arpo-
KCHUMaIIis:

e=a+ fix+ 0,57,x% + Bz + 0,5y,2% + fza +
0,57322 + P1,xZ + Py3xa + Py3za + Axza.  (5)

Po3risiHeMO MonBOTHI cUTyawii y pasi BiIXWJIEHb
Big pobovoi touku. Ilpu x = x, + Ax; = x5 + R wmi-
HiMasHUH mTpad Oyne npu noipoTi briJIA o o6'ekra
1.1, anpu x = x4 + Axy, = xy — 9R Kpamum BapiaHTOM
€ 00'ext 2.4, Tomy:

7(1 + K)R _
Vit
=B+ (xo = 9R)y1 + Zo¥12 +

8(1 + 0,75K)R )
V2At (6)

Pizni 3a momymem BimxuneHHs Ax; ta Ax, Oymu
B3iTiI Ui TOrO, 100 HampsAsMoK moisoTy bmJIA Oy
OJTHAKOBHM - BIlepel. LITocTparis moIb0THUX CUTYAIlii
MpeJICTaBIICHA Ha puC. 2.

PosrnsiHemo BigxuneHHs Az mo apyriid KoopauHa-
Ti z. llpn z = zy + Az minimansnuii nusix brJIA Oyne
TIpH TOJBOTI 10 00'ekTa 3.2, a mpu z = z0 — Az — ipu
MOJIBOTI 10 00'ekTa 4.2.

:
71 =B+ (xo + R)y1 + ZoY12 +

b
v
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Z ' 3
32 4
C+
Zo+ A24 2b
- +
C 24 C, X
Xg - Ax, Xo + Ax, 1.1
L
c
2
424 >

Puc. 2. ImrocTpallist TOJBOTHUX CUTYAIIil TPH HOYSPrOBHUX
BiIXWJICHHSAX MOJ0X T4 Z BiJl pOO0YOT TOUKH

Tomy npu Az = R orpumaemo:

c; K
vV T1+3K (61 + v1%0 + P12(20 + R)] +
2(1 + 5K) 7
m[ﬁz +7¥2(Z0 + R) + P12x0] + IR
x[B3 + P13%0 + P23(20 + R) + x0(20 + R)A] +
3(1 + 3K)R
V2AL
G K
v m[m +¥1%0 + ¥12(Z0 — R)] +
2(1 + 5K) 7
+m[ﬁz +72(20 — R) + ¥12%,] _ﬁx
x[Bs + P13x0 + P23(20 — R) + x0(20 — R)A] +
3(1 + 3K)R -
V2At

ImrocTpauis g ouinox opauHat CF i C; Takox
npeJcTaBieHa Ha puc. 3.
Haui, PO3TISIHEMO

BiAXWIEHHAQ, npu

Aa = +7/2 orpumaemooueBUIHMI BUOIp anbTEepHAa-
TUB TOJIBOTY, SIK NIOKAa3aHO Ha pHUC. 3, MPU JOCATHEHHI
o0'extiB 3.4 Ta 4.4.

X

Puc. 3. LmocTpatiis MOIBOTHUX CUTYAIiH TIPH BiAXUICHH]
0 arTa monasianHi 1o 00'extiB 3.2 i 4.2 Ta momapHuUX
BIAXMJICHHSX TI0 X Ta Z TIPH MMOMaAaHHi
1o o0'exriB 1.2, 1.3 1a2.2,2.3

Ipu Aa = m/2 norpidbHo neritu no ob'ekra 3.4,
mpu Aa = —m/2 — no o0'exra 4.4, i me 3a0e3NCUUTH
MiHIMaJIbHHH Yac MoJbOTY.

Tomy opaunaru Cf i C3 HOPIBHIOIOTE:

Cy
7 = XoP12 + B2 + Zoy2 +
T 4R(1+K)
+E(1/J23 + xo4) +W;
E _ [x01p12 + B, + 2oy, + M 8)
|4 +(7/2) (P23 + x01) V2At

[Ipu BiZXWIeHHAX 1O X 1 Z BUHUKAIOTH 4 CUTYyaIii,
JUTSL SIKMX OYCBHJIHA MIepeBara rnepeiaboTy a0 o0'ekra 1.2
mpu x = Xy + R; z = z5 + 4R, iT0mi OTpUMaEMO:
B1 + (xo + R)y; +] 1-7K
+(zo + Ry, 7,2
x[By + (29 + R)yz + (x0 + R)P1,] — 0,02x
x[B3 + (xo + R + (20 + R)(zo + R)A] +
7,2(1 + 0,1K)R
— i 9
V2At

AHAJOTIYHUM YHHOM MOXXHA OTPHUMATH OILHKY
OpAMHAT MiHIMaJdbHOTO pu3uky C;3 MiJ yac po3risimy
4-x cwuryalliii, HaBeJIeHUX Ha puc. 4.

z

X

CH =0,97(1 +K) [

Puc. 4. ImocTparlisi MOJILOTHUX CUTYAIH
MPY TOMAPHUX BIXWJICHHSAX & 1 X 1 BIAMOBIHO - & 1 Z

VY mmx BHMajaKax Kpaile JIETiTH A0 00'ekTiB 2.2 Ta
2.3, sk x = X, — Ax, 1 10 o0'ekriB 1.2 Ta 1.3, sKumo
X = X, +Ax;. Tomy orpumaemMo, 30KpeMa, IpH
X=X, + R, Aa = —g ouinky Cff wminimansnoro pu-
3HUKY Y BUTIISII:
E =087 [ﬁ1 + (xo + R)y1 + 2912 +] +
|4 ' +(7/2) - (P13 + 202)
B2 + zoy1 + (xo + R)Yy, +] n
(7/2) - (P23 + (x0 + R)A)
8R(1+K) 0,225(1+1,7K)
2V R )

T
X [.[’)3 +72 2 + (xo + R)Y13 + Zohp3 + (%o + R)Zol]-

+K[

[Ipu momapHMX BIIXWICHHSAX & 1 Z TaKOX BHHHU-
KaloTh 4 cutyaii, UIOCTpoBaHi Ha puc 4, NIPUIOMY 10

o0'exTa 2.2 Kxpamie JeTitu npu z = z5 + R, Aa = —g,

anpu npu z =2, — R, Aa =g—uo o0'exta 2.3, 1o
ob'ekta 3.4 -npu z =z, + R, Aa = g, 10 o0'exra 4.4 -
Z=2y— R,Aa=—§.

Tomy opaunaru pusuky C,, piBHI:
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33 T X, T 3R(1+K)
Vv - B2 + (R + 2p)y2 + X012 +§1/)23 +T/1 +W;
Czs T X,m . 3R(1+K)
Vv - =Bz + (R — 20)y2 — Xo¥12 +E¢23 +%A+W;
C;—rS 7-[( ) B1 + xov1 + (2o + R)Yy, — 2 ( ) B2 + (2o + R)y2 + xo¥12
— =—-——(1+4+0,6K T T ——(1-K T T —
14 2 _E¢13 _E(Zo + R) T _Ell’zs _Elxo

%[33 - §V3 + %913 + (2o + R)Yys — (20 + R)xo/'{] +

TR(1+K),

V2At (11)

iy T i i
- = _E(l + 0,6K) [ﬁl + xo¥1 + (20 — Ry, +§1p13 +§(Zo + R)] -

e K[ + R)y, + LY} ]
—;( —K) (B2 + (2o — R)y2 + X1 Ell’zs 2 Xo| —

1-

K i
_—[33 + EV3 + xoP13 + (2o — R)Yp3 — (29 — R)x()/l] +

R

3amumuIrocss po3rNITHYTH OCTAaHHIN BHIIQJOK OJ-
HOYACHO TPHOX MOXKIIMBHX BiaxunieHb Ax, Az, Aa, sskum
BiAmoBimae 8 MOXIMBUX KOMOIHAIiM, IMOKa3aHUX Ha
puc. 5.

A

32 s
C123

o 4342

Puc. 5. ImrocTtpatiis 8 MOMBOTHUX CUTYAIil IPH OTHOYACHOMY
BIJIXWJICHHI TI0 X, Z Ta & BiJ poO0UYOi TOUKH

3okpema, 3a x = X, + R, z=2y+ R, Aa =1/2,
moTpiOHO netitu A0 00'exTa 3.2, 1 BiANOBIIHO OpAMHATA

pusuky Ci5t nopismroe:

p1+ (xo —R)y1 + (20 — R)Y12

1-8K
Cit = woom ‘
3,2 +E¢13 +EA(ZO + R)
B2+ (zo + R)y, + (xo + R)Yy, +
0,9 T T
+ e+ S0 + ) |7
2 2
T
+O'1_K B3 +EV3+(x0+R)1/113+ +
R 1420 = R)W25 +20x0 + R)(zo — R)
3,2R(1 + 5K) 12
VZAt (12)

TakuMm 4nHOM, SKIIO MPOAHATI3yBaTH BCi pO3IJIs-
HYTI BHIIE MMOJILOTHI CUTYalii, TO MOXKHA 1M00AYUTH, 110
3arajioM 27 pi3HUX OpIWHAT, a MPUPIBHIOBAHHSA iX OJIUH
ogHOoMy mansi  omiHkA 10 TIykaHuX —KoedilieHTiB
Bi, Vi Yir, A dyHkuii bennmana npexacTtaBisie  BayKKo
OCSDKHE YUCJIO CUCTEM PiBHSHB, IO JIOPiBHIOE KITHKOCTI

mR(1 + K)
V2At

noegnans C39. Tomy OyB BUKOpHCTaHMI CIpoIeHMi
TIiAX1M, JUIS SIKOTO TOJATKOBO OYIyTh MOTPiOHI Tak 3Ba-
Hi «cepenHi» opauHatu pm3uKy C3Ta C,3, oOUMCIeH]
3a hopMyamu:

Ci3 = 0,25(CH5 + Cf + €K + C5);

Cy3 = 0,25(CH5" + Cf5 + Co5" + C33).
HaOuamxeHuil aHaniTHYHMA cHHTe3 QYHKUIT
Beamana B 3amavi mapmpyTtu3anii moasoty. [Ipupis-
HIOIOYM o7uH ojgHoMmy opauHati Cq31a Cu3 3rigHO 3
BHKJIaJIeHOO B [8] MeToamli, MO>KHA BiIpasy o0YnCIIH-
TH ouH 3 KoedimieHTiB pyHKIil bemmana:
(2,7 — 4K)R? (13)

EEY:

OCKiNIbKM TIpY NPUPIBHIOBaHHI OJIMH OJTHOMY Op-
JMHAT PU3UKY ICHYe HaJMipHa KUJIbKICTh BapiaHTIB
CKJIQ/ICHUX PIBHSHb, BUKOPHCTOBYEMO CIIOYATKY JIMIIE
OpAMHATH PU3UKY MPU OJAWHOYHHX BiIXWJICHHSX 1O X, Z
1 ay BUMajKax, sKi OB’ s13aHi 3 MOJAIBIIMMHU CIPOIIECH-
HAMH.

Ile no3Bossie Bimpasy OOYHCIUTH KOSQIIIEHTH Yy
Ta Y, 1 OTPUMATH CHIiBBIIHOIICHHS, IO TOJETIIYIOThH
HOAAJBII PO3PAXYHKH.

Ipupiasemo opmunatu C;=C; . Toxi 3a 1omomo-
roto ¢popmyi (12) ta (13) otpumaemo:

0,1(1 -K)
W= "aar (14)
Topni 3a ymoBu C;=C, OTPUMAEMO PIBHICTb:
—1,65R(1 + K)
B+ vixo + Y1220 = ———— (15)

V2At
Ipupiearoroun opauHatn C;=C; 3a JOMOMOTO0
¢bopmyn (15) orpumaemo:

0,8(xoP12 + B2 + Zo¥2) +

1
E[ﬁ3 + X013 + 2o(P23 + X D) = —2KR21/)12. (16)

3a ymoBu piBHOCTi C§=C;, 32 BUKOPUCTOBYIOUU
dopmyiy (16) otprumaemo:

XoW12 + B2 + zoy2 = 0.
Topni 3 piBHoCcTed (16) Ta (17) oTprMaeMo:

(17)
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Bs + xoP13 + 2o(P23 + x04) = —2KR%*Py,.  (18)
IlpupiBaroroun opmumata C; = Cfi Cf = C5
OTPUMAEMO PIiBHICTE!
0,9R(1 + K)
Yoz + Axp = —Viar (19)

3BiJICH MOXKHa BU3HAYUTH KOEQILi€HT ¥, (YHKIIT
benmana:
1,4 — 4,6K
[CNTY:
PieHocTi (15 — 19) 6yayts motpibHi st oOumc-
neHHs pemtH 7 koedinieHTiB ¢pyHKuil beamana —f;, S,
B3, Y12, Y23, P13, A 3HAWICHUX TAKUM YAHOM.
[pupiBHIOIOUN OpAWHATH

oL L e e L
Ci37=C1; Cip3m=C1; Gy = Cf,
OTPUMAEMO CHCTEMY TPBOX JIHIHHHUX PIiBHSHB, OO

HEBIIOMUXKOCDIIEHTIB Y;5,P13, 1 4.
PiieHHs 11i€i cUCTEMU JJa€ Taki pe3yJIbTaTH:

20(1,3 — 5,6K) — R(0,34 + 4K)
VZAL ‘
~1,3 + 6,4
VZAL @1

OO0uncieHHs KoeillieHTIB He CTaHOBUTH TPYIHO-
mri. 3HarouM 3HaueHHs Y;,1 y; 3 piBHOcTI (15) 3HAxO-
Mo Koedirient Sy, 3 piBHOCTI (16) mpu Bimomux 3Ha-
YEeHHSX P11 Y, 3HAXOmUMO KoediuieHT f[,.3Hawouu
3HaueHHs Y3 Ta ymoBa (19), 3Haxonumo koediuieHT f3
3a jonomorotopiBHocTi (18), a koediuieHT P 31pHu Bi-
JIOMOMY 3Ha4deHHi A BU3Ha4aeMo 3 piBHOCTI (19).

Toai orpumaemo:

1,65R(1 + K) + 0,1(1 — K)x,

(20)

13 —

1T V2At ’
4,65K — 1,4
re V2At
xoR(0,35 + 4K) — 0,925R x
3 (x(1 +K)—x20(1,3 — 5,61()) _
Bs =~ V2At ’
0,9R(1 + K) + (1,3 — 5,6K)x,
93 = . (22
3 V2At

[{um 3aBeplIyeThes aHATITUUHHHA PO3PAXyHOK BCIX
10 xoeodiuientiB ¢pyHkuii benMana, siki 00YHCITIOIOTHCS
3a popmynamu (13-14), (20-22). IoTpibHO mimkpecu-
TH, 110 BCi 1i (opMynu BXOIATh K mapamerpu V i R,
0 XapakTepu3yroTh BiacTuBOCTI brJlA, i xapakrepu-
3yIOTh 30BHIIIIHE CEPEIOBHILE MTAPAMETPU: Xo— CEPEIHE
3HadeHHs koopauHar X; (j = 1 .. M) pyxomux
O0’€KTiB, Zy— CepelHE 3HAYEHHA KOOpAMHAT Z; (j =
1 ... M) mux o6’ekTiB, At — cepeqHili yac epensoTy 3
OIHOTO 00’€KTa B iHIIMHK SIK ()aKTOP HACHYCHOCTI KOHT-

. Vi) . .
POJIbOBaHOTO periony, K; = 7"’ rapamerTpy BiJJHOCHOT

HIBUJKICTh PYXY 00’ €KTIB.

Haperrri, SKI0 migcTaBUTH 3HaNACHI KOedimieHTr
1o Bupasy (4) dyHkuii pusuky FjOpupiBHATH 110 QyHK-
LiF0 JesKill KOHCTaHTi, TO MOXHa OTPUMATH MEXY 00-
JacTi TSDKIHHA, [ 3Ha4YeHHS pU3MKY ojHakoBe. Otpu-
MaHa TeOMETpHYHa IHTepIIpeTalis, nojaHa Ha puc. 6,
BKa3ye Ha Te, IO 3HaieHa ¢irypa ayxke cxoka Ha

«CKpyYeHHMH» eNINTHYHMN LWIIHAP, Nepepi3 SKOro €
eJlilic, TOBEPHYTHH Ha KyT, IO JOPIBHIOE KYTY
a + Aa;K, ne xapakrepusye nomit bnJlIA, alAa;— pyx
00’€eKTa.

Tomy mpu BuOOpPiI 4eproBoro 00’€KTa OYCBHIHA
repeBara HaJa€TbCsl THM 00’ €KTaM, SIKi 3HaXOIATHCS Ta
pyXaroTbcsa y HanpsaMKy monsoTy briJIA, i B apyry uep-
ry — o0’ekTam, pyX SIKUX BiArmoBimae 30mmkerHHmo 3 bi-
JA.

OO0’exTH JBOPYY 1 IpaBOpydY MEHII HEepeBaXkHi, a
OCTaHHbBOIO 3a IIPIOPUTETOM € YaCTHHA PETiOHY B 3aHIN
miBcdepi, IO MOBHICTIO BiAMOBiNae (i3MYHOMY 3MICTy
3aBJIaHHS, 1110 PO3B’SI3YETHCS.

Tomy y Bunaaxy o0nacti TSDKIHHS —SIK «CKpY4YEHO-
rO» eNNTHYHOTO LWITIHAPY, TOKa3aHUi Ha puc. 6.

Puc. 6. ['eomerpuyHa inTeprperaris 001acTi THKIHHS
Y BUIISII «CKPYYEHOTO» ENIMTHYHOTO HUITIHAPa

AnpokcuMmanis ¢pynkuii beaimana ta npukiag
podoTH OTPHMAHOI0 AJTrOPUTMY MAapHIPyTH3alLii.
OtpuMaHMil aHANITHYHUI pe3yNbTaT IependadaeThes
BHKOPHCTOBYBATH Ha KOXXHOMY KpOILi BUOOPY UeproBo-
T'O Ha3eMHOT0 00’€KTa, TOJaf0uH JI0 MapIpyTy TOH, 110
Mae MiHiManbHe 3HadenHs Fj. Ilpuknan pobotu otpu-
MaHOT'0 aJITOPUTMY HaBeJICHO Ha pUC. 7.

Puc. 7. Ilpuxnaz mocnigoBHOro BUOOPY 00’ €KTIB,
110 CIOCTEPIraroThCS
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Orxe, oOuncneHHs GyHKIIH pU3HKY BiIOyBa€ThCs
6araropazoBo. ToMy 10 mpoueaypy IOLUIBHO CIIPOC-
TuTH. CKOPUCTAEMOCS] TPUTOHOMETPUYHOIO (HOPMYIIO0
JUISL OIMCY MEXI OJHAKOBOTO 3HAUCHHS! PU3UKY Yy BH-
ISl erirca;

=

_ [(ij - a) cos @ + (Azj - b) sin (p]z + 23)
+M[(Azj - b) cos + (ij - a) sin <p]2 -1

e a i b — xoopauHaTH HEeHTPY,M — KoedimieHT «cTHuc-
HEHHsD HOTO TOJIOBHUX OCEH, ¢ — KyT 30imbmenns, Ax;,
Az; — 30inbIIEHHs KOOPAMHAT po3TanryBaHHs brJIA
TIPH TEPENBOTI 0 00’ €KTY.

Slkuo dynkuito F;" cnpoctuty, To npu ii poskia-
JaHHI 10 psny Telnopa MOXHa OTPHUMATH TaKy anpok-
CUMaIlio:

F=nr+ (ij/rj)- [—a+ (M — 1Dbep] +
Az; abp(M — 1)
+ =2 [~Mb + (M — Dag] - —2——~2

Tj i
®opmyna (24) 3pydHa U 3iCTaBICHHS 3 BUPAa30M
(4), y pesynprari mapamMeTpu «IIOBEPHYTOrO» elirca

BUSIBJISIIOTBCSL PIBHUMH
a=15R(1+K)+0,1x,(1 - K);
b = zy, ¢ = a + KAa;;
M= 1,4 —4,6K.

3anexHICTh mapaMeTpiB eminca a,b,@,M Big
Xg,Zo TaKOX BIANOBiJaexapakTepy IepeBard y IMpHid-

. (24)

(25)

HATTI pimens. Y ¢opmynax (10) kyr mosopory eminca
CKOpMIrOBaHMH Ha 3HaveHHsA KAq;, 1o Hampasnise 10
BUIIEPEHKEHOT TOUKH 3YCTPiUi 3 PyXOMHM O0'€KTOM.

BucnoBku

B craTTi BupimieHo 3aBOaHHA MapuIIpyTH3amii 00-
JIpOTY Tpynu pyxomux 00’ekTiB briJIA. I1pu BupimenHi
3aBJaHHS BPAaXOBYBAINCh: CTaja IIBUAKICTH 00’ €KTY
MOHITOPDUHTY Ha IHTEpBaJi Yacy Ta JHMHAMiKa pyXy
BrJIA.

KpurepieM ontumanbHOCTI MapLIpyTy NPHHHSITO
YMOBY MakCUMyMy 4YHMCJia KOHTPOJBOBAaHHX 00'€KTIB 3a
3aJJaHHi Jac.

OCKUTBKY MIPUAHATTS PilIEHHS U BUOOPY TOUKH
MOJIFOTY 3AIMCHIOETHCS HA KOKHOMY KPOIIi KpiM MOTOY-
HOTO, BUKOPUCTOBYETHCSI CHCTeMa HITpadiB y BHUIIIAIL
BTPA4YeHOTo 4acy, LI0 BIUIMBAE Ha BHOIp HACTYMHOI TO-
YKH-00’€KTY. 3 OTJIsiAy Ha 3a3HaueHi OOMEKEHHS 3aCTO-
COBaHO METOJ| ONTUMi3alii - TUHaMI4YHe MpOorpaMyBaH-
HSL.

[Tpu npupiBHIOBaHHI OAWMH OJHOMY OPJHMHAT PH3HU-
Ky BHMHHMKA€ HaJMipHa KiIbKICTh BapiaHTIB CKJIaJEHUX
PIBHSHB.

B poboti 3acTocoBaHO CHPOMICHWN MiAXiA, IS
SIKOTO JTOAAQTKOBO BU3HAYAIOTHCS «CEPEIHI» 3HAUYCHHS
opauHaTH pusuKy. [Ipy moOynoBi MapmpyTy Ha KOXK-
HOMY KpOIli BHOOPY YeproBOro Ha3eMHOTo 00’ €KTa JO-
JAOTBCS IO MapHIPyTy Ti, IO MAlOTh MiHIMaJdbHE 3HA-
4yeHHs mTpady.

B poboti oTpuMaHO aHaNITUYHUI pe3ynbTar moc-
JIOBHOTO BHOOPY 00’ €KTIB, 1[0 CITOCTEPIraroThCs.
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Routing model of flight of mobile objects by unmanned aircraft
R. Kulish, O. Matiushchenko

Abstract. An analysis of the experience of using unmanned aerial vehicles proves that the efficiency of performing tasks
is directly related to the quality of route planning. Most route planning methods are focused on finding and monitoring stationary
objects. However, at present, the solution of the problem of monitoring mobile, moving objects is of much greater importance.
The paper solves the problem of planning a route for flying around mobile objects that maintain their direction of motion for a
long period of time using the method of mathematical optimization - dynamic programming. When solving the problem of con-
structing an optimal route, the dynamics of the flight of an unmanned aerial vehicle was taken into account, which makes it pos-
sible to sequentially add objects to the route. When the ordinates of risk are equated to each other, there is an excessive number
of variants of compound equations. The work uses a simplified approach, for which the "average" values of the risk ordinate are
additionally determined. When building a route, at each step of selecting the next ground object, those with the minimum penalty
value are added to the route.

Keywords: unmanned aerial vehicle, mobile groups, routing, monitoring, moving object, dynamic programming.
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CUCTEMHO-CITPSIMOBAHUM ITIIXIL AHAJII3Y MOKJIMBUX METO/1B
JOCIIIKEHHA AEPOAUHAMIYHOI )KUBYUYOCTI JIITAKA

AHoTauis. [Ipu cTBOpEeHHI HOBOTO MOKOJIHHS BHCOKO MaHEBPEHHX JIITAKIB OJHIEI0 3 OCHOBHUX BUMOTH € BUCOKA Hadil-
HICTb 1 )KHUBYUICTb, 30KpEMa, BiH MMOBUHEH 30€epiraT npaue3gaTHiCTh IpH BTPATi AUITHOK HECYUYHX 1 KEPYIOUHX TOBEPXOHb.
Ha ocHOBI cuCTEeMHO-CIPSAMOBAHOTO MiIXOLy 3A1HCHEHO aHATi3 ICHYIOUUX IOCTIHKEHb aepOJHHAMIYHUX XapaKTEPUCTHK 1
JUHAMIKH TOJBOTY JITAJIBHOTO amapaTry 3 ypaxyBaHHSAM cHelr(iYHUX BHMOT, MOB'A3aHUX 3 JOCIIIKCHHSAM OCOOIMBHUX
TIOJTEOTHHX CHUTYAIil IPH BTPATi AUISHOK HECYYHX 1 KEPYIOUHX MOBEPXOHb. PO3IIIsIHYTO MOSKIIMBHIT BapiaHT TOOYI0BH y3a-
TaJbHEHOTO PaHKyBaHHS aJIbTEpPHATHB Ta BU3HAUCHHS BaroBUX KOe(ili€HTIB €KCIIEPTIB i3 3aCTOCYBaHHIM METOJIB CTaTHC-
THUYHOT 0OpOOKH €KCIIEPTHHX OIIHOK IIPH TPYHNOBOMY Y3TO/DKEHHI IS YAOCKOHAICHHS aHAII3y e(heKTUBHOCTI 3aX0/IiB III0JI0

MIiBHUIICHHS IOTO BUTY BiIMOBOCTIHKOCTI.

KawuyoBi caoBa: miTalnbHui ariapar, aepouI/IHaMqua )KI/IBy‘-IiCTI), MCTOOU Z[OCJ'Ii}:[)KeHHH 0COOJIUBUX TOJIBOTHHX Ccurya-

Iiif, eKCIIEPTHI OLIHKH, PaH)KyBaHHs, BaroBi KOeQilieHTH.

Beryn

IocranoBka npodaemu. Po3paxyHKoBO-TeOpeTH-
YHI METOIU JOCHIDKCHHS acpOJWHAMIYHOI KHUBYYIOCTI
JIiTaKa XapaKTePU3YHOThCS OMEPATUBHICTIO, CKOHOMIiY-
HO0 e(PeKTHUBHICTIO 1 HU3BKOIO TPYIOMICTKICTIO, MOKIIU-
BICTIO IIPOBENICHHS JIOCITIJKEHb IPH HEMOBHOMY KOM-
IUIeKTI BUXIAHUX JaHUX 1 [UIAM PsIOM IHIIUX TEepeBar.
VY Toii xe yac, 3a0e3MeUeHHsT BUCOKOT TOCTOBIPHOCTI pe-
3yJBTaTIB PO3PaxXyHKIB MOKIIMBO JIMIIE 32 YMOBH TOIIE-
penHBOi ampobarlii 3aCTOCOBYBaHMX MaTEeMaTHYHUX MO-
Jieneit o JOCHiTHIM JaHUM 1 MOJANBIIOT eKCTIepUMEH-
TaJBHOI MepeBipKH HAHOLIBII XapaKTePHHUX Pe3yIIbTaTiB
(aHami3 ocoOMMBOCTEH PI3HUX METOMIB PO3PAXYHKY OCO-
OJIMBHX MOJILOTHUX CUTYyallid BUXOJIHUTh 338 PAMKH JaHOT
po6oTn). TakuM YUHOM, PO3paxyHKOBO-TEOPETHYHI Ta
EKCIICPUMEHTAIbHI METOIU JOCIIKCHHS OCOOJIIMBUX
MOJBOTHUX CHUTYyalliil HE BUKIJIIOYAIOTh, @ B3a€MOJIOIOB-
HIOIOTH oinH oaHOTO [1]. KoskeH 3 1iux MeTo/iB Mae cBO1
MepeBary 1 HeIOJIKH, SKi BU3HAYAIOTh PalliOHATBHY 00-
JIACTh WOTO 3aCTOCYBAaHHS, OJHAK MOJXIIUBICTH iX 3aCTO-
CyBaHHS U CICUU(IYHAX MOCIHIIKEHb, IO aHAIi3y-
IOTBCS, SIK MIPABHJIO, HE PO3TIAAAETHCS.

OcHOBHUM 3aBAaHHAM (METOI0) JIaHOI CTaTTi €
aHAJII3 3 €MHUX MO3UIIH ICHYIOUMX eKCIIePUMEHTAIBHHX
METO/IiB JIOCJTI/PKCHHS aepOIUHAMIYHOT JKUBYYOCTI JTiTaKka
3 ypaxyBaHHSM CHeNU(IIHUX BUMOT, TTOB'I3aHUX 3 TOCTTi-
JDKSHHSIM JIaHOTO BHJIy OCOOJIMBHX IOJILOTHUX CHTYAIiH.
[o6ynoBa y3arajJbHEHOTO paHKyBaHHS ajbTEPHATHB, IO
3abe3mneduye BUOip HAMOLIBI parlioHATEHOTO METOY J0C-
JipKeHHs abo X CYKYITHOCTI, a TaKOK MOJJIMBICTB OIe-
PaTUBHOTO aHAJIi3y BEJHMKOI KIIBKOCTI BapiaHTIB.

OcHOBHA YaCTHHA

[IpoxyBku B TpyOax BBa)KalOThCS B IaHUI dac oc-
HOBHUM METOJIOM BH3HAUEHHsS aepOJMHaAMIUHHX Xapak-
tepucTuk JIA [2]. 30kpema, 1ei MeTo 1 MOKe Oy TH BUKO-
PUCTAHHN TIPU TOCITIHKSHHI aepOUHAMIYHIN )KUBYYIOCTI
Ta BpasmuBocTi. oro nepesaramu e:

e HAOYHICTH, Bi3yalIbHa CIIOCTEPEKYBAHICTh;

e MOXIIMBICTH JUI BUIPOOYyBaya BTPyYaTUCs y BH-
KOHaHHS NPOTPaMHU EKCIICPUMEHTY, YHPABISITH XOIOM
Ipouecy;

e BIIHOCHO HEBHCOKA BapTICTh i MOXMIIUBICTh J0-
CHUTP IMIMPOKAX MTAPaMETPUIHUX IOCIIKEHB;

e MOXXJIMBICTH TOYHOTO BHXOY Ha 3aJaHUI pPEXUM
(IWBUAKICTB, KyT aTakKy, MiTAOMHY CHIY) 1, IK HACIIJIOK,
MOJJIMBICTH CTPOTO IPOAHANI3yBaTH MOBTOPIOBAHICTH
OIIeP)KYBaHUX PE3YJIbTaTIB;

e MOXKJIMBICTB 130JIbOBAHOTO aHANI3Y BILUIUBY OKpE-
MUX (pakTOpiB i MapameTpis;

e JeTajbHA PO3pOOKa METOY, OaraTOpiuHHIA TOC-
BiJl TPOBEICHHS TaKUX JTOCIIIKCHb.

HenonikaMu 3acTocyBaHHSI IbOTO METOAY JUISl BU-
PIIIeHHS 3aBaHb AOCIIHKECHHS aepOJAUHAMIUHIHN KUBY-
YOCTI €:

e HasABHICTh MiABICKU (3aKpIiIUICHHS) MOJEIi, II0
CTHCKYE 11 TIepeMilIeHHs i 00MEXy€e MOXKIMBOCTI MoIe-
JFOBaHHS MAaHEBPIB;

e 00OMeXEHi pO3MipH MOTOKY 1, IK HACHTIJOK, BY3bKi
MeXIi MepeMilIeHHs] MO MPH MOJCITHOBAaHUX MaHEB-
pax; inTepdhepeHIis 3 MeXKaMH MTOTOKY i CTIHKaMH TPyOHu;

e TPYJIHOILI MO/JICJFOBAHHS HABKOJIO3BYKOBHX ILIBH-
JIKOCTEH TMOJIbOTY;

e HEMOJJIMBICTh NPOBEACHHS JOCIHIIKEHb 31 3Mi-
HOIO I'YCTHHH MOBITPst (MOJIEIIIOETHCS BUCOTH TIOJILOTY) B
XOJIi eKCTIEPUMEHTY;

e TPYIHOIII BiJUIUICHHS B XOJi CKCIIEPUMEHTY Yac-
THH MOJENI.

ExcriepumenTtr Ha "mitarounx" B aepoaMHaMivHIN
Tpy6i Monernsix [3] i Ha MoaeNsAX B BEPTUKAIBHIH LITOMO-
PHi TpyO1 HE 3HAXOAATH B JAHUH Yac ITUPOKOTO MOLIN-
peHHs. IX ocHOBHI HeOMmiKH:

e MaJi po3MipH MOJIENI, IO HE JO3BOJIIOTH IPOBE-
CTH EKCIIEPHMEHT B 00JIaCTi aBTOMOJIENIBHICTI 3a YHC-
namu PeitHonnaca;

e HEMOXIIMBICTh PO3MICTUTH Ha MOAENi HEeoOXil-
HUI KOMIUIEKT BHMIipIOBaJbHUX NMPHJIAAIB 1 amapaTypH
CHCTEMH KEepYBaHHS;

e TPYIHOII MOJIENIOBAHHS IPOLECY 3BAIIOBAHHS
(mepexony Bil BUXIZHOTO TOPHU3OHTAJIBHOTO IOJBOTY
ab0 MaHEBpY JI0 PSKUMY LITOIOPA).

Merto1 IpoIyBKH B a€pOIMHAMIUHIH TpyOi BUKpH-
BJICHUX MOJIeJICH 1 3aCTOCYBaHHS POTATHBHUX MAIlIUH HE
JIO3BOJISTIOTH 3MOJICNIOBATH IPOLIEC MaHEBpy JiTaka. B
XOJIi OJHOTO EKCIIEPUMEHTY alIeKBaTHO Bi0OpaKkaeThCs

26

© Mypaxosceka O. A., 2023



ISSN 2073-7394

Cucrtemu ynpaBiliHHs, HaBirarii Ta 38's3Ky. 2023, Ne 2

€/IMHa TOYKa TpaekTopii. MozaenoBaHHS HACTYITHOI TO-
YKH 3 1HIIOT KPUBU3HOIO TpaeKTopii 3akanano 6 HOBOI
BUKPHBJICHOIO MO/Ieli a00 epeHacTpOIOBaHHS POTaTHUB-
HUX MallUHH.

Mertoau nociimpKkeH s KoeilieHTiB aepoIuHaMiy-
HUX MOXITHUX Hectajoro pyxy JIA Haigactime 3acHo-
BaHi Ha BUMYIICHUX KOJIMBAHHSX KOPCTKOI MOJIEIIi B TT0-
Tomi (KiHEMaTH4HI i TUHAMOMETPHYHI MeTonm). Y ne-
SIKMX BHIIAJIKaX BIOXUJICHHSA OTOUYIOYOTO MOTOKY 3a0e3-
MEYY€ETHCSI TIOBOPOTOM PO3TAIIOBAHOI MEPE], MOJEILTIO
pemiTky mpo¢imiB. Y X METOaX MOACTIOBAaHHSI MaHe-
BpY JiiTaka (0OTiKaHHS MOZAEN BUKPUBICHHM ITOTOKOM)
JOCSITAa€ThCA JINIIE [Tl KOPOTKUX MPOMIXKKIB 4acy. [1oB-
HICTIO BIJICYTHIH B3a€MO3B'SI30K PEXUMY MOJIBOTY (KpH-
BU3HH TPAEKTOPIT), [0 MOAEIIOETHCS, 1 AIFOYMX HA MO-
Jieb aepoguHaMivHuX cuil. KpiM Toro, y Beix BapiaHTax
ILOTO METOJY PYX MOJIEI OOMEXEHO IiBICKOO Ti€l un
1HITOT KOHCTPYKIII.

AHanoriyHnii BICHOBOK MOXXHa 3pOOHTH HpO Me-
TOJ TOCHI/PKCHHS aepOAMHAMIYHUX XapaKTEPUCTHK Ha
MOJIEIIAX, 3aKPIIUICHNX Ha JIiTaKy-HOCIi a00 Ha paKeTHii
Bi3Ky, II0 PYXA€ThCS MO PEHKOBOMY MUIAXY (BHIIPOOY-
BaHHS Ha pakeTHOMY TpeKy). [lepeBaramu B 000X BHIIa-
JIKax €:

* TPaKTHYHO HEOOMEKEHUH 00CHT 1 Maca BUKOpHC-
TOBYBaHOI BUMIPIOBAJILHOT 1 peeCTpyr0YO0i anapaTypu;

e 30epexeHHs 00'eKTa MiciIsi BUNIPOOYBaHb, MOKIIH-
BICTh HOTO MOJANIBIIONO aHATI3Y.

OCHOBHUI HEIOIIK, SKAH HE JO3BOJIIE TOCIIIKY-
BaTH IIMMH METO/IaMH IMHAMIKY TOJIBOTY JiTaka B 0C00-
JIMBHX TTOJILOTHUX CUTYalisIX — KOPCTKE KPIIICHHS MO-
JIelTi 10 Bi3ka a0o JiTaKy-HOCis, IO BUKIFOYae a6o oOMe-
Kye cBOOOMY T MepeMilIeHHs; BiICYTHICTh B3a€MO3B'sI-
3Ky HIFOYMX Ha MOJIENb CHII 1 TPAEKTOPIi 11 pyxy.

MeTtona OyKCHpYBaHUX MOJEJICH 3a0e3euye TPOXHU
OUTBIy CBOOOY MEPEeMIllICHh MOJICIT, OJTHAK 3MOJIEIIIO-
BaTH MPOLEC 3BANIOBAHHS 1 IITOMOpA JIiTaKa BIH TaKOX
HE JI03BOJISIE.

B npuHumnni, HaibiIbII TOCTOBIPHI AaHI Mpo Xapa-
krep pyxy JIA B 0COOJHBHX MOJILOTHUX CHTYAIlisIX MO-
XKyTb OyTH OTpUMaHi B IbOTHUX €KCIIEpHMEHTaX Ha Ha-
TypHUX JIiTaKkaX, 30KpeMa — TpHU CTPITBO1 peaTbHUMHU
3aco0aMu ypaXeHHsI 110 HATYPHUX JIiTakax B IOJbOTI, Ke-
POBaHMM MiIIEHSX 1 IepeoOIaJHaHNM B MillICH] JTiTaKkam
[1]. He3Baxxaroun Ha 3Ha4YHY BapTiCTh EKCIICPHUMEHTAIb-
HOI YacTHHM TporpaM, iH(QOPMATHBHICTH MPOBEACHUX
BHIIPOOYBaHb BHSBHJIACS TOPIBHAHO HEBUCOKOIO. Jliif-
CHO, HEMOXJIMBO IMPOBOANUTH CHUCTEMAaTHYHE BHUBYCHHS
TaKoi MPoOJIeMHU, MAIOYH TaKWH CKIIQTHUA KOMIIJIEKC Ta-
pamertpiB. Ha mporec ypaxxeHHs aepoAnHaAMIdHiH 1Tii ic-
TOTHO BIUIMBAIOTH OCOOIMBOCTI aepOIUHAMIYHIA CXEMHU
1 KOMITOHYBaHH$ JIiTaKa, 3aKOHU KEpYBaHHS, 1110 peai3y-
I0ThCSI OOPTOBOIO CUCTEMOIO KEPYBaHHsI, THII 1 KaiOp BU-
KOPUCTOBYBaHMX OO€IpUIaciB, HWMOBIpHUI Ipomax,
LIBHUKICTB 1 pO3Mip OCKOJIKIB 1, HAPEIITI, SIKKH 3 arpera-
TiB a00 cHCTEM JliTaka ypaskeHo. 3 OrJIsily Ha BUCOKY Ba-
PTICTh KOXXKHOTO OKPEMOI'0 €KCIIEPUMEHTY, PU TaKOMY
ITUPOKOMY KOMIDIEKCI BIUTMBAIOThH MapaMeTpPiB MPaKTH-
YHO HEMOJKJIMBO HAOpaTH 00CAT MaHUX, HEOOXITHUH st
CTaTUCTHYHOI OOPOOKH 1 aHATI3Y.

TakuM 9UHOM, JI0 HEIOJIKIB IIBOTO METOIY JOCITi-
JOKCHHSI aepOIMHAMIYHIN KUBYYOCTI CITijl BiTHECTH:

e BHCOKY BapTiCTh;

e IMIMPOKHH KOMILJIEKC OJHOYACHO BIUIMBAIOYMX 1
TPYIHOYPaxOBYBaHHX YMHHHKIB;

e HEMOJKJIUBICTH KOHTPOJIIO TOBTOPIOBAHOCTI Uepe3
CKJIQJIHOCTI OTPHMMAaHHS 3aJaHOr0, YiTKO BU3HAYEHOI'O
TIOIIKO/IKCHHST;

e HEMOJJIMBICTh TOYHOTO BU3HAYCHHS 110 yIaMKax
OTPUMAHOTO B TOJBOTI MOIMIKOKEHHS — BEINYNHH
BTPa4€HOI YaCTHHU HECYUOT0O arperary, CymyTHIX YIIKO-
JDKEHb CHCTEMH KEPYBaHHA 1 T. IL.;

e HEMOJJIMBICTh BUKOHAHHS BHIIEPEIKAIBHUX BH-
1poOyBaHb JUI IPOCKTOBAHUX BITYU3HSIHUX JITaKiB 1 00-
MEXEHI MOXIIMBOCTI IPOBEAEHHS EKCIIEPUMEHTIB Ha
3paskax 3apyOiKHOT aBiallifHOT TEXHIKH.

xepenom iHdopmanii npo aeporHaAMIYHY JKUBY-
YiCTh JIITaKIiB € TAKOK CTaTUCTUKA OOMOBMX il B JIOKa-
JpHUX KOH(DITIKTaxX i ;aHi mpo JpoTHHX moxii [4-6]. Oxn-
HAaK OJEp>KyBaHI UMHU CIIOCOOAMH BiIOMOCTi XapakTe-
PpHU3YIOTBCS Ty’Ke HU3BKOIO iH(opmaTuBHicTIO. OKpemi
PO3pi3HEHI BUMAIKH, TIO SKUX € JTaHi, TPYIHO 3iCTaBISATH
mpu aHaii3i. HemoctaTHIM € Ui TOCTiIHKeHAS TUHAMIKI
MOJBOTY JIiTaka i 00csT iHGOpMAIlii, MO PEeCTPYETHCS
OOpTOBUMH HAKONMHMYYBILHUMH MpHCTposMU. [TpakTu-
YHO J[aHI PO PEKUMU TMOJBOTY JIiTaka 3a3BHYail oOMe-
JKEHI 3alllCOM LIBHIKOCTI 1 HOPMaJbHOTO IEpeBaHTa-
JKeHHs. BioMocTi nmpo KyTOBiI IIBHJIKOCTI, KyTH BiIXH-
JICHHsI PYJBbOBHX IIOBEPXOHb, MiX EKilaxy, KyTax
KpeHy, Kypcy i TaHraxy BiacytHi. KpiMm Toro, onepxy-
BaHI TaKUM CIIOCOOOM JaHi, SIK TIPaBHIIO, BITHOCATHCS TIO
THIIIB YIIKO/DKEHb, [0 JO3BOJISIE JITAKy MMOBEPHYTUCS HA
CBilf acpoIpoM, a HAMOLTBIIHIA iHTEpeC MPH TOCIiIKEHHI
00HOBOT JKMBYYOCTI JITaKiB 1 €(PEKTHBHOCTI CHCTEM
MI1O npencTaBnsAOTh OJM3BKI JO KPUTHYHUX THITH T10-
IIKO/IKCHb.

BinpHoniTaroui  auHaMivyHO — MOAIOHI  Mozedi
(BAIIM) HaOynu HIIMPOKOTO MONIMPEHHS B AKOCTI iH-
CTPYMEHTY JUIsl BUIEPEDKAIBHHUX JI0CIIDKEHb XapaKTe-
PHUCTHK MPOEKTOBAHOIO (HEYLIKOKEHOr0) JIiTaka i ar-
pobarii TEXHIYHUX pillleHb, 10 XapaKTEePU3yKThCS BU-
COKHM CTymeHeM TexHiuHoro pusuky. B/IIIM mmpoxo
BHKOPHCTOBYIOTh B TPAKTHIII 3apyOi’KHOTO aBiaOymy-
BaHHA [7], arle 0COOMMBOCTI iX KOHCTPYKIIi 1 METOAUKH
BUIPOOYBaHb 31 3pO3yMIJIMX HPUYUH HE ITyOIiKyIOTHCS.
MeroauuHi TPoOIEMHU MPOBEICHHS TAKUX BUITPOOYBaHb,
asie 6e3 TeMaTHKN aepOJMHAMIYHINA >KUBYYOCTI, PO3TJIsi-
HyTi B KHu3i [8]. 3acTocyBaHHS METOXIB CHCTEMHOTO
aHayi3y, 3ailicHeHe B poOoTi [9], m03BOJIsIE iICTOTHO CKO-
POTUTH KIUITBKICTh MOTPiOHUX BHUIPOOYBATBHHUX ITYCKiB
IPY CKJIaJIaHHI TPOTPaMU JIbOTHUX JIOCHIPKEHb KPUTHY-
HUX BEJIMUMH YIIKOJDKEHb HECYYHX 1 KepyIOUHX arpera-
TiB miTaka. IlepeBarn mporo METOAy TPH AOCIiIKEHHI
po0JIeM ITiABUIIEHHS aepOANHaMi4HOT )kuBy4ocCTi JIA:

e HEOOMEXKeHi MepeMilIeHHs MOJCN i, SIK HaCIi-
JIOK, JIOCTOBIpHICTH MOJICTIIOBaHHS IIPOLECIB 3BAIIIO-
BaHHJ 1 IITOTIOPA;

e  BiJCYTHICTh PU3HMKY 3aru0eni ekinaxy i BTpaTu
JOPOTHUX JIOCIITHUX €K3EMILIAPIiB Mail0yTHBOTO JliTaKa;

e BITHOCHO KOPOTKWH TEpMiH MPOEKTYBaHHS Ta
iATOTOBKY 10 BUTIpoOyBans BJII1M;

e TPOCTOTAa BIJCTE)KEHHS YAOCKOHAJICHb B KOHC-
TPYKIIi i poOOTi CHCTEM OCHOBHOTO JIiTaKa;

e  BiJHOCHO HEBHCOKA BapTiCTh;
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e 0araTopa3oBiCTh 3aCTOCYBAHHS MOJENI Ta MOX-
JIMBICTh MTPOAHAIIi3yBaTH TOBTOPIOBAHICTH PE3yJIbTaTIB;
e  BIAMPAILOBAHICTh METOMUKH MiJTOTOBKH 1 MPOBe-
JICHHS! TAKUX BUIIPOOYBaHb Ha BUIGHOJITAIOYNX MOJIEIISX.
Sk mokasano B pobotax [9-11], meTomu, 1o 3acTo-
COBYIOTBCS TIPH JTOCTI/IKEHHI aepOJMHAMIYHOI KHUBYIO-
cti JIA moBWHHI 3a0e3medyBaTH MOKIHUBICTH OOMIKY
CKJIATHOTO KOMIUIEKCY (PaKTOPiB, IO BKIIOYAIOTH TPHU-
BHMIpHHUH MPOCTOPOBHHA PYX, 3pUBHE OOTIKaHHS, SBHIIA
AepPOTIPYKHOCTI Ta aBTOACPOIIPYKHOCTI, BiATIICHHS Ya-
ctuH JIA 1 aBapiiHUI CKUTaHHS ITiIBICHIX BaHTaXiB, PO-
00Ty ekilaxxy Ta HWOro HOMWIKH MutoTyBaHHS. Kpim
TOTrO, MPOBEJICHUH aHalli3 MMOKa3aB HaJA3BMYAaliHO BHCO-
KUH piBeHb OaraToBapiaHTHOCTI JIOCHTikeHb. ToMy BH-
6ip HaOLIBII PAIliOHAILHOTO METOY JOCIHIIKEHHS abo
X CYKyIHOCTI — BIINOBiAaJbHUI eTal, Ha SKOMY HeoO-
X1JTHO BpaxyBaTy MiHIMi3aI[if0 BUTPAT 4acy Ta KOIUTIB Ha
aHaJIi3 OJTHOTO BapiaHTy, a TAKOXX MOXJIUBICTD ONEPaTH-
BHOTO aHaJi3y BEJIHMKOi KiNBKOCTI BapiaHTiB. CTymiHbB
BiMIOBITHOCTI KOXKHOTO METOIY CYKYITHOCTI KPHTEpiiB
OINHIOETHCSI BaroBUMH Koe(illieHTaMH, IO IpU3Haya-
IOTBCSI TPYTIOIO SKCIIEPTiB, Ta BKIFOYA€E (axiBIiB pi3HOTO
npodimto. J{ast 00poOKHU Ta y3ro[HKEHHS Pe3yJIbTaTiB 1X
po0OTH e(peKTUBHO BUKOPUCTOBYBATH, 3aIIPOIIOHOBAHY Y
po6ori [12] MeToaKKy TOOYIOBH y3arajlbHCHOTO PaHKY-
BaHHS aJIbTEPHATUB Ta BU3HAYCHHS BaroBHX KoeQilieH-
TIB €KCIIEPTIB i3 3aCTOCYBaHHSIM METOJIB CTATUCTUYHOL
00pOoOKM EKCIepTHUX OLIHOK MpH TPYNOBOMY Y3ro-
IDKEeHHI. Blok-cxeMy anroputMy npuBeneHo Ha puc. 1.
MeTon ckIlaiaeThes 3 peatizalii YOTHPHOX eTAIiB.
Ha nepiuomy erarmi 3a JOIOMOTOK PEeKYPEHTHOI Mpolie-
IypH (IUB. pUCYHOK 1) 3iHCHIOETBCS PO3PAaXyHOK Baro-
BHX KOC(]IIi€HTIB EKCIEepPTiB Ta TPYMOBOI OIIHKH
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Ha yerBepTOoMy ertami 3IiHCHIOIOTBCS OLlIHKA BiJ-
MIHHOCTI aJIbTEPHATHUB IO BIJHOIICHHIO OJHIET IO OHOT.

Taky ominky aae xoedinient Bapiamii V (puc. 1),
pO3paxoBaHHUil 3a €JIEMEHTaMH y3aralbHEHOrO BEKTOP
3HAYYIIOCTI, JIe /Ii* — y3arajbHEHa 3HAYYIIICTE | -TO 06'-
€KTa

Uum Ommkye 3HaYeHHA Koedimienta V 1o omm-
HULI, TEM OULIbIIE BiIYyTHA PI3HHUIS MK 3HAYYILICTIO
MPOBIIHAX AIBTEPHATHB Ta 3HAUYIIICTIO aJTbTEPHATHB-
ayTcaiepis.

Jis anpoOariii MOAETbHOI 3a7adi BUKOPUCTAHO
(bparmeHT kputepianpHoi 6a3u, Ky pozpobieno B [10].
B Tabu1. 1 mpencraBieHo BXiiHI JaHi Ta pe3yabTaTH Po3-
paxyHKiB 3a anropuTMOM, NpHBeAcHUM Ha puc. 1. Pe-
3yJIbTaTH PO3paxyHKiB CBiAYATh PO TOCUTH BUCOKY Y3-
TOJDKEHICTH OIIIHOK eKCIIepTiB (KoedillieHT KOHKOpAAIii
W =0,81). PesymbraT rpymoBoi OIliHKH (aKkTOpiB Ta KO-
eiIieHTH KOMIIETEHTHOCTI €KCIIEePTiB JOCUTH T00pe y3-
TOJUKYIOTBCS 3 pe3ylIbTaTaMu OTpuManuMu B po6oTi [10]
1 103BOJISIFOTH YAOCKOHATIMTH PE3yIbTaTH OTPHMaHi B I10-
TIEPEIHIX TOCIIKCHHSX.

Tabnuya 1 — Bxigni nani Ta pe3yJbTaTH po3paxyHKiB 3a aJITOPUTMOM NOOY/I0BH y3araJibHEHOTO PAHIKYBAHHS

Excnepr I'pynosa oninka gakropis
Mo:xauBicTh ypaxyBaHHS Honten irepamii
(paxTopis 1 2 3 4 5 Mep Irepann
1 2 3
[TouaTkoBHii peXUM MOJIBOTY: 0.9 08 1 08 1 09 0907 0907
MBUJIKICTD, ' ' ' ' ' '
BHCOTA MOJIBOTY, 0,9 0,8 1 0,8 1 0,9 0,907 0,907
KYT TaHTaXy 1 0,9 1 0,9 1 0,96 0,963 0,963
KyT KpeHy 0,9 0,8 1 0,7 1 0,88 0,889 0,889
MEPEBAHTAKCHHSI Y MOMEHT YIITKO- 08 08 09 07 0.9 0.82 0826 0826
P — 9 9 : g : 5 ; ;
Cryninb (BeJTHYHUHA) TOMIKOKSHHS 08 08 08 07 0.9 08 0804 0804
arperary 4u CHCTEMHU ' ' ’ ' ’ ' ' '
Jii exinaxy 1 0,9 0,9 0,8 1 0,92 0,932 0,924
TMomunku eximaxy 0,9 0,7 0,7 0,8 0,8 0,78 0,779 0,779
Po6ora CAY mrratHa 0,7 0,6 0,6 0,7 0,8 0,68 0,682 0,682
Yukomxenns CAY 0,5 0,55 0,6 0,5 0,8 0,59 0,597 0,597
Po6ota CAY 3 ypaxyBaHHSM poOOTH
OOPTOBOI CHCTEMH TiaTHOCTHKH Ta 0,8 0,8 0,9 0,7 0,8 0,8 0,804 0,804
KOPUTYBaHHS 3aKOHIB YIIPaBIIiHHS
HKoperkicTs Hecymx 07 [075 | 08 0,7 08 0,75 0,753 0,753
arperaris
JKopcTKicTh KOPITyCHUX arperatisB 0,8 0,7 0,9 0,7 0,8 0,78 0,785 0,785
XKopcTKicTh TPOBOJKH YIIPABIIHHS 0,7 0,5 0,9 0,7 0,8 0,72 0,727 0,727
YacToTHI XapaKTEePHUCTHKU HECYUHX
arperaris 03 02 05 03 0,5 0,36 0,368 0,368
YacToTHI XapaKTepUCTUKH KOPITyC- 05 07 07 05 07 0.62 0625 0625
HUX arperaris ' ' ' ' ' ' ' '
qaCTOT].-ll XapaKTEPUCTUKU TPOBOIKU 03 08 07 03 0.7 0,56 0,569 0,568
yIIpaBIiHHS
KoediuieHT KOMNeTeHTHOCTI ekcnepTa
Howmep iTepamii
1 2 3 4 5
1 0,198 0,189 0,216 0,177 0,220
W =0,81
2 0,198 0,189 0,215 0,179 0,219
3 0,198 0,189 0,216 0,177 0,220
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BucHoBkH

BukoHaHmii aHami3 3aCTOCOBHOCTI Pi3HHX METOIB
JUISL TOCITDKEHHS IMHAMIKH TIOJIbOTY B OCOOMBHX ITOJIBO-
THUX CUTYaLlifX 0Ka3aB, IO IS OTPHMMAaHHs eKCIIepHMEH-
TAJIbHUX JAHUX BUCOKOTO CTYIICHS JOCTOBIPHOCTI e(heKTH-
BHHUM € BHIPOOYBAaHHS BEIMKOMACIITAOHHUX BUIHHOITAO-
YnX AWHAMIYHO NOMIOHMX Mozeneli itakiB. ParioHansHuM
€ criiibHe 3actocyBanHs BJIIIM (11 otprmanss iHpopma-
i Mpo HaHOLIBII CKJIaAHI Ta XapaKTepHi cUTyarlii) i anpo-
OOBaHMX 32 EKCIEPUMEHTAIBHUMH JAHUMHU MaTeMaTHIHHX
MoyieneH (U1t IIpOoBeIeHHS IMPOKUX NapaMeTPUYHUX JI0C-
JipKeHb). OHaK PY 3aCTOCYBaHHI JIITaKiB MOXYTh BUHH-
KaTH YIIKODKEHHS, 10 BUKJIMKAIOTh HE BTPATy arperary, a

3Ha4YHE 3HIKEHHs HOTO JKOPCTKOCTI, SIKE MOYKE IIPUBECTH
JI0 PO3BUTKY HEOE3MEYHUX SIBHILL aeponpy>kHocTi. Taxki cu-
Tyauii TaKOX MiUISIraloTh TEOPETHIHOMY 1 eKCIIEpUMEHTa-
JIEHOMY JIOCIIIJDKEHHIO.

AnpoOoBaHa Ha MOJEJBHIN 3amadi METOJHKa
0Oy OBY Y3araJlbHEHOTO PaH)XyBaHHS aJbTEPHATHB Ta
BH3HAYCHHS BarOBUX KOE(IIiEHTIB EKCIIEPTIB i3 3aCTOCY-
BaHHSAM METOIIB CTAaTHCTHYHOI OOpOOKH EKCHEePTHHX
OILIHOK TIPH TPYIOBOMY Y3TOKCHHI ITOKa3ajxa JOCHUTH
JIOOpi pe3yNbTaTd, AKi y3TOMKYIOTECS 3 pPe3yIbTaTaMH
TOMepeHiX JOCTiIKeHb, [l MOXHA BHKOPHCTOBYBATH
nmpyu BHOOpI HANOLIBII palioHAIBHOTO METOAY JOCi-
JDKEHHS 200 TX CyKYIHOCTI, @ TAaKOX MOXJIMBICTh OIepa-
THUBHOTO aHai3y BEJIHMKOI KiJIbKOCTi BapiaHTiB.
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A system-oriented approach to the analysis of possible methods
of studying the aerodynamic survivability of an aircraft

Olena Murahovska

Abstract. When creating a new generation of highly maneuverable aircraft, one of the main requirements is high reliability
and survivability, in particular, it must maintain operational efficiency in the event of the loss of parts of the bearing and control
surfaces. On the basis of a system-oriented approach, an analysis of existing studies of aerodynamic characteristics and flight
dynamics of the aircraft was carried out, taking into account the specific requirements associated with the study of special flight
situations when areas of the bearing and control surfaces are lost. Considered a possible option of building a generalized ranking
of alternatives and determining weighting coefficients of experts using methods of statistical processing of expert evaluations with
group agreement to improve the analysis of the effectiveness of measures to increase this type of fault tolerance.

Keywords: aircraft, aerodynamic survivability, research methods of special flight situations, expert evaluations, ranking,
weighting factors.
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THEORETICAL ANALYSIS OF THE LEVEL OF COMMUNICATION SECURITY
OF UAVS OPERATING AS PART OF A GROUP PERFORMING A COMBAT MISSION

Abstract. The research relevance lies in the issue of information impact on the Al of the drone and its vulnerability in
order to perform sabotage actions by the enemy in local military conflicts. The article provides a theoretical analysis of
the security of the information transmitted to a group of drones in order to establish the susceptibility of drones to false
data and further organizational actions that can prevent the sabotage actions committed by the enemy and his allies, as
well as analyzes situations when an aircraft is misinformed, which in turn entails the failure of the task by the entire group
of drones. The subject and the purpose of the research is to establish the existence of the fact of misinformation by the
enemy of the UAV, controlled remotely and performing a combat mission as part of a group without the direct
participation of the operator. In the process of modeling the situation, theoretical analyzes of the behavior of the UAV
were carried out, since the artificial intelligence in one aircraft is only able to influence its behavior and is not able, under
false information impact, to establish the fact of false interference by the enemy in another drone in-group in the course
of combat operations and warn other elements of the system in its group. Research methods are theoretical analyses of
the communicative interaction of a swarm of drones based on the study of the research of algorithms of operator control.
Obtained results and conclusion: encrypted false information transmitted with the aim of disorienting the UAV cannot be
detected in advance by the classical approach to preventing cyber-attacks. In this regard, the problem of information
security of drone Al remains relevant and requires further comprehensive theoretical and practical research with the
involvement of IT specialists, linguists, engineers, and military experts.

Keywords: unmanned aerial vehicle, group of unmanned aerial vehicles, artificial intelligence, information security, data

transmission.

Introduction

Currently, armed UAVs play an essential role in
military operations during any local military conflicts.
The situation in the Second Karabakh war in 2020
clearly showed and gave the idea to Al developers,
engineers, and UAV designers that today remotely
controlled aircraft can perform the combat missions
which a few decades ago required numerous ground
combat equipment, a professional army, and people’s
lives [1-6].

Unmanned aviation of states with a small
professional army can not only participate in local
confrontations with minimal damage to military
personnel but also act as allies of other states in the
international arena [7].

Ground operations are gradually moving to combat
missions conducted in the air, namely, drones can solve
the issue of the speed of the military conflict, reduce
losses on both sides, and provide comprehensive
surveillance and reconnaissance of military areas.

For the purposes of this study, the author sets the
task to determine whether the enemy has a remotely
controlled UAV performing combat tasks in a group
without direct participants, the fact of sabotage against a
drone that can provoke disruption in the work of the
entire drone group, and, consequently, losses and failure
in completion of the task.

The subject of the study is false information
transmitted to a drone operating in a group that performs
combat missions with no human factor.

The relevance of the study lies in the issue of
information influence on the Al of drones and their
vulnerability.  The research method consists in a
theoretical analysis of the communicative relationship of
a drone group based on operator control algorithms. To

determine if there is a vulnerability in the system of a
remotely controlled drone that performs combat
missions in a group the analysis of the transmitted data
has been carried out.

The results of the research [8] show that the issue
of informational support of the drone performing the task
in the group, as well as the entire group of drones, is the
most important factor influencing the performance of the
task, and requires developers to strengthen security
systems against various enemy programs. Encrypted
false data transmitted for the purpose of disinformation
of UAVs cannot reveal the classic approach to
preventing cyber-attacks in advance. The problem of
drone information security currently remains relevant
and will require further comprehensive theoretical and
practical research with the participation of IT experts,
engineers, linguists, and military specialists.

Practical value. The theoretical assessment of drone
behavior in the situation, when it receives false information
and its further interaction with other drones in the group,
can be used for deeper practical research and the
development of new methods for the security of transmitted
information in order to eliminate vulnerabilities in the Al
control system in the future local wars.

The second Karabakh war in 2020 clearly showed
the civilized world that the speed of high-tempo combat
engagements increased due to Al-enabled ISR and rapid
command and control. Like any robotic equipment,
UAVs have a number of wvulnerabilities, and the
efficiency of the equipment is to obtain reliable data and
true information in order to complete the tasks assigned
to the Al. At each stage of software development, there
are a number of information security issues, so the main
aim of this article is to analyze simulated situations when
a drone receives false information and starts to perform
a task based on that false information.

© Naghiyeva P. A., 2023
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To reduce the risk of obtaining false data channels
are analyzed for the presence of the threat of sabotage in
the papers [9]. the results of the research confirm that in
order to reduce the risk of obtaining false data, it is
necessary to use a cryptographic encryption method.

The study [10] analyzed standard data management
between drones, as well as between a drone and a human
operator. According to the results of the research, Al is
able to control remotely in real-time, but the standard
way of transmitting information without any proper data
security cannot be applied to military purposes, that is
for reconnaissance, etc. due to the rather vulnerable
transmission system.

Research [11] considers the issue of a group of
drones, as well as an unmanned surveillance and
reconnaissance aerial vehicle controlled from a ground
control station (GCS). The analysis showed the
vulnerabilities of communication channels, as well as the
swarm of drones, that indicate cyberattacks of opponents
aimed at diversification. The information received is
intended for centralized control of the swarm, so it is not
relevant for decentralized or single UAV control.

The author also notes dissertation research [12],
which analyzes the drone network on its information
vulnerability and its susceptibility to various cyber-
attacks. Namely, the paper discusses the methods of
organizing unmanned networks in civil and military
aviation, but there is no analysis of the decentralized
control of UAVs in combat situations.

Analyzing the above researches on ensuring
information security, as well as on the level of security,
the author assumes that identifying a vulnerability in the
field of information security of combat UAVs is a key
task at the development stage, as well as an integrated
approach to the development of Al systems used for
military purposes.

Therefore, the following tasks are formulated:

1. Analysis of existing approaches and research
studies in the field of developing drone information
security within the group;

2. Develop an algorithm for modeling the
interaction of UAV groups, taking into account the data
and conclusions of existing experiments;

To accomplish the stated tasks, it is necessary to
apply new approaches to data transmission, and a
comprehensive analysis of the existing interaction
system, since the proposed and existing concept is not
able to protect drones from cyber-attacks, and the main
task of the drone is to perform the task transmitted via
the communication channel.

Centralized control of a drone swarm. The main
difference between centralized and decentralized control
is the presence of a system that comprehensively
controls the performance of drones while conducting
combat missions. This element controls all the elements
in the swarm system. The main advantage of this
information and communication interaction of the drone
is the synchronization of tasks using Al algorithms, but
this control method has a number of vulnerabilities.

Let us consider the vulnerabilities:

1. If a swarm consists of a significant number of
UAVs, the swarm central control system needs sufficient

communication channels to synchronize the data of each
drone in the swarm, and a powerful system for
encrypting and decrypting transmitted data to avoid
interception and false information impacts.

2. With the information destruction of the control
center, all drone systems disrupt the synchronization of
the assigned tasks, since a swarm of drones controlled by
one drone system performs only the tasks assigned from
the main system.

3. In case of a cyber-attack or sabotage, a swarm
controlled centrally and remotely from one place
disrupts communication with the center and other
drones, since the Al of a single drone in a swarm can
only influence its own behavior, and does not have the
function of transmitting information to other drones in
the group.

Particular attention here can be paid specifically to
armed drones since they perform combat missions. The
advantage of centralized collective drone control can be
called the speed of completing tasks and ensuring the
effectiveness of a sudden strike on the enemy, and this in
turn is an example of military tactics during combat
operations.

A drone system built on the basis of the swarm
algorithm due to the lack of communication channels has
the highest viability, and, as a result, a high percentage
of task completion. A minimum load of operators
regardless of the number of drones can be considered
another advantage of a drone swarm controlled by means
of centralized control.

The disadvantage of this UAV control method is
the complexity of the algorithms for controlling the
control element and transmitting data, which can lead to
a disruption in the service of the control system during
sabotage intervention or the transmission of false
information.

Moreover, the information and communication
interaction of a drone in a group has a high level of
vulnerability. In order to consider the disadvantages and
the means, of using them to decipher the swarm, it is
necessary to consider the general model for transmitting
information to devices that are controlled via the
centralized control system.

To achieve the goal of this study, the author sets the
task of establishing the presence of disinformation by the
enemy of the UAV, which is controlled remotely, and
performs a combat mission in a group without its direct
participation, since the fact of sabotage against one drone
can provoke a disruption in the operation of the entire
drone group, and, consequently, can cause losses and
failure to achieve the goal. Therefore, the author assumes
that information and communication interaction in a
group of drones, without the direct participation of
operators, is vulnerable when the drone perceives false
information. To analyze in more detail the information
and communication interaction of the UAV, the external
and internal factors that affect the efficiency of the
control system are considered.

Internal information and communication
interactions of UAVs include the following elements:

- Sensors that collect information about changes
in the area, weather conditions, and barriers;
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- The processor, which takes part in the decoding
of the received commands from the CGC,;

- Engine and other technical elements that ensure
the work of UAVs.

In order to fulfill tasks during the operation of a
drone in a swarm, information is transmitted through
internal information and communication channels. For
example, information about coordinates, targets, the roll
and pitch angles, area, the technical condition of the
drone, a command to adjust the position in space, the
location of the drone in relation to other drones in the
group, the state of the drone and the command for
combat missions.

The external information and communication
interaction of UAVs consists in the exchange of

information about their groups of drones and other
groups of drones, about the location, changes in combat
missions, losses, technical conditions and other data that
ensure efficient distribution of tasks in real time.

Let's simulate the operation of a group of drones of
the AnyLogic simulator (Fig. 1).

The swarm is represented in a 10 x 10 square cells,
consisting of 5 UAVs. Each UAV has its own cell, and
identification number from 1 to 5.

The goal of the group is to complete 10 tasks in the
form of moving the "flags" to the zone, schematically
indicated in gray in Fig. la. In order to fulfill the
assigned tasks, the control center conducts centralized
swarm management, distributing common tasks for
each drone.

Y ¥

o

C

Fig. 1. Disruption in the operation of a group of unmanned aerial vehicles: group at the start of functioning (a);
introduction of a false agent into a functioning group (b); disruption in the operation of the group (c)

A drone receives a task to perform if it is free from
other tasks and is located closer than others drones to the
system control center.

Tasks have a serial number and may have the status
“failed” when data is accepted and not executed. Also,
the task is considered failed if one of the UAVs does not
accept it. Only the command executed by all drones gets
the status of the task in progress. The status of the
«completed» task is received only by those commands
that are completed by all drones in the swarm.

To experimentally prove the vulnerability of the

information and communication security of a group of
drones, a drone, which will create conflict situations in
the swarm by not accomplishing the task is launched.
Since the vulnerability of swarm drones lies in their
inability to influence other drones, and they are only
capable of performing central control tasks, the swarm
becomes disoriented and does not perform the task
supplied by the central control system. The launched
drone, which had false information about not completing
the assigned tasks, provoked the entire swarm to fail to
complete the assigned tasks.
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Conclusion

The theoretical research is aimed at analyzing the
security of data transmitted to UAVS in order to misinform
and disrupt the combat mission performed remotely,
without the direct involvement of operators. A theoretical
analysis of scientific research on the chosen topic was
carried out, namely, an analysis of the security of data
transmitted to UAVs, for misinformation and disruption of
the combat mission conducted in a group without the direct
participation of an operator. The disadvantages of
controlling swarms of drones by a single control center are
analyzed. It has been established that external and internal

data exchange can expose all elements of the system and
information to false information since a drone controlled by
one center cannot detect violations of the behavior of other
drones in its group. An experiment in which the built-in
drone accepted the task but did not complete it, and
therefore the task was not completed by the entire swarm
was conducted.

The conclusion of the research paper is that
cryptographic methods cannot protect the drone from
hidden hacker influences, sabotage, and cyber-attacks on
data, so it is necessary to develop new methods to counter
external influences with the involvement of IT specialists,
linguists, and experts in the field of military security.
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Teopernunuii anaxis piBus 6e3nexn 38°s13ky BIIJIA y ckaani rpynu BUKoHaHHS 060ii0BOro 3aBIaHHSA
I1. A. HarieBa

AHoTalisi. AKTyaldbHICTH JOCTIDKEHHS TOJNATae B NMHUTaHHI iH(opMmamiiHoro BBy Ha Il Ge3mimoTHuKa Ta #Horo
ypa3IUBOCTI UIsl 3AIHCHEHHS MPOTHBHUKOM AMBEPCIHHMX il y JIOKQIPHUX BIHCHKOBHX KOHQIIKTaX. Y CTaTTi NMPOBEICHO
TEOPEeTHYHUI aHaii3 3axucty iHpopmanii, mo nepenaerbes rpymi BITJIA, 3 meroio BcraHoBneHHs BpasimBocTi BIIJIA no
HETPaBIMBHUX JAHUX Ta MOAANBIINX OPraHi3alifHUX HiH, SKI MOXYTh 3aMOOIITH AWBEPCIHHHUM MisM MPOTHBHHKA Ta HOTrO
COIO3HHKIB, @ TAaKOX aHali3ye CHUTyallii, KOJW JiTanbHUi amapar Ae3iHGOpMOBaHMI, IO B CBOIO 4epry TATHE 3a CO00I0
HEBUKOHAHHS 3aBJaHHS BCi€0 TPymow npoHiB. [IpeqMeToM Ta MeETOI0 JOCTiIKeHHS € BCTaHOBICHHS (akTy ne3iHdopmarii
npotuBHUKOM BIIJIA, mo kepyeThcs MUCTAHIIWHO Ta BUKOHYE OOHOBE 3aBIaHHS y CKIali rpymu 0e3 Oe3mocepepHboi ydacTi
omeparopa. Y Tpoleci MOJENIOBaHHS CHTyallii Oyl TpOBEICHI TeopeTH4Hi aHami3u moBemiHKd BILJIA, OCKiTbKM MTY4HUI
IHTEJIEKT B OJIHOMY JIiITAILHOMY anapaToBi 3AaTHHI JIMIIE BIUTMBATH Ha HOTO MOBEIIHKY 1 HE B 3MO31 MPHU BIUIMBI HEMPABIUBOT
iHpopManii BcTaHOBUTH (akT HempaBIUBOI 1il. BTpy4YaHHs MPOTHBHHKA B iHIIY Ipyly OE3MiIOTHHKIB y XOAi 0OHOBHX il Ta
HONEPE/KEHHS IHIINX eJIEMEHTIB CHCTEeMH Y CBOIH rpymi. MeTogamMu JOCTiI:KeHHS] € TEOPEeTUYHUH aHaIi3 KOMYHIKaTUBHOI
B3a€MOJIii POIO IPOHIB HA OCHOBI BUBYEHHS JOCII/KEHHSI aITOPUTMIB ONEpaToOpCchKOro kepyBaHHs. OTpUMaHi pe3yJbTaTH Ta
BHCHOBOK: 3ainidpoBaHa HenpasauBa iHpopMallis, 10 HepeaaeTses 3 MeToro Ae3opientatii BITJIA, He Moxe OyTu 3a3nmasnerias
BUSIBJICHA KJIACHYHHMM IIOXOJOM 10 3armoOiraHHs kibeparakam. Y 3B’s3Ky 3 IuUM mpoOieMa indopmaniitnoi Oesmexu LI
OE3MUIOTHHKIB 3aIMINAETHCS aKTYaldbHOIO Ta MOTpedye MOJANBIINX KOMIUICKCHHX TEOPETHYHMX 1 NMPAaKTHIHUX IOCIIDKCHb i3
3aiydeHHsM [ T-cremianicTis, JHTBICTIB, IHKEHEPiB, BINCHKOBHX (haxiBILiB.

KawuoBi ciaoBa: Oe3mioTHUI JiTanbHUI amapaT, rpyna O€3MiIOTHUX JITaJbHUX amnapariB, WITyYHUH 1HTENEKT,
indopmariiina 6e3neka, nepenava JaHUX.
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OCOBJIUBOCTI ®OPMYBAHHSA 3AMOBJIEHb ABTO3AITYACTHUH
ITPU BATATOHOMEHKJIATYPHOMY KEPYBAHHI

AHoTanisi. Po3msnaroTecs 3axoau, sIKi CpsSIMOBaHI Ha MiABUIICHHS €()eKTUBHOCTI (D)YHKIIOHYBAaHHS CHCTEMH 3aMOBJIEHb
IIpy 6araTOHOMEHKJIATYPHOMY YIIPaBIiHHI. PO3IIITHYTH apaMeTpy 3aMOBIICHb y 0araTOHOMEHKJIATYpHHX HapTisx. Berano-
BJICHO ITapaMeTpH 3aMOBJIEHb Y CHCTEMi KpaTHHX IepiofiB. BcraHoBieHi Mozeni, 0 XO3BOJISIOTH BU3HAUUTH MTapaMeTpH
3aMOBJICHb 32 CHCTEMOIO KpaTHHX TepioiiB. BCTaHOBICHI MOJIei TPU BUKOPUCTAHHI IKUX BUTPATH HAa TPAHCIIOPTYBAHHS Ta
30epiranHs 3anaciB OyayTh HaliMeHIIMU. Kputepiem BuOOpy Moieli BU3HAYECHHS Ta IHTEPBALy MK 3aMOBJICHHAMH Ta KO-
ediluieHTaMu KPaTHOCTI € HaiiMEHIIIi BTPATH Ha BUKOHAHHS 3aMOBJICHb.

Knwuogi ciaoBa: HpI/I6yTOK, 3aMOBJICHHS, BUTPATH, 3ariaCcy, NONUT, aBTO3all4YaCTUHH, KpaTHI/Iﬁ nepioz{.

Beryn

CyuacHe MiANPHEMCTBO — [I€ CKJIaJHa BUPOOHHYA
cucTeMa, 10 BKJIFOYAE TaKi €EMEHTH, SIK OCHOBHI (o-
H/IM, CHPOBHHY Ta MaTepialii, TpyIOBi Ta (piHAHCOBI pe-
cypcu. HaiiBakiIMBilIMM 3aBJaHHAM YIPaBIiHHS Ha TTiJ-
MIPUEMCTBI € BUKOPUCTAHHS NepelliueHnX eJIeMEeHTIB Ta-
KAM YUHOM, 11100 3a0e3neyntu edexTHBHE (YHKIIOHY-
BaHHS BCi€l BUPOOHUYOI CUCTEMH, BUJKUBAHHS Ta PO3BU-
TOK B YMOBaX OPCTKOT KOHKYpEHTHO1 60poTh0u. B ymo-
BaX PUHKOBHX BiJTHOCHH Ta KOHKYPEHTHOTO CEpEIOBHINA
YIPaBIiHHA TOBapHHMHU 3allacaMH PO3TIISNAETHCS, AK
3IATHICTH MiAMPUEMCTB 3aBXIH OyTH B 3M03i 3a7]0BOJIB-
HUTH BAMOTH KIII€HTIB, MOKYIIIiB TOBapiB, o 30epira-
IOThCA.

B nanwuit yac y 38's13Ky 3 HEOOX1IHICTIO CKOPOYCHHS
BUTpAT, MOB'I3aHHUX 3 IPOLECOM PYXY TOBapiB € yIpaB-
JIHHS 3a1acaMy, SIK PI3HUIICIO IIBUIKOCTEH MOTOKIB Ha-
JIXOJDKEHHS 1 BUOYTTS TOBapiB, € OAHUM 3 HaiOLIbII Ba-
XKITMBHX 3aBJIaHb, 0 CTOATH IEPe KOMEPLUiHHUMU CITy-
xOaMu MiJIPHEMCTB.

Kpim Toro, croxacTW4Huil XapakTep PHHKOBHX
MIPOLECiB NPU3BOANUTH 0 TOTO, III0 B PHUHKOBHX YMOBaxX
Oyab-sKOMY MiapUeMCTBY (pipMi) TOBOIUTECS QYHKITI-
OHYBATH B yMOBAaX SICKPaBO BUPa)K€HOI HEBH3HAYEHOCTI
JOBKIILTSA, 1 BOHM 3MYIICHI MIBHIKO pearyBaTH Ha IIi
3MiHH. | TOMy BUKOPHCTOBYETBCS I[iJIa CHCTEMa METO/IIB
YIpPaBJIiHHS 3arnacaMu. Y JIOTICTHYHIM CHCTeMi cydac-
HOTO TiAMPHUEMCTBA TOBApPHI 3alacH IpaioTh POJIb BHUPI-
LIAJBHOTO YMHHUKA, KWW BIUIMBA€E HA KIiHIEBI Pe3yJib-
TaTH JiSUTBHOCTI OyZb-gKOTO migmpueMcTBa. ToBapHUit
3arac € TOBapH sIKi 3HAXO/ITHCS Y KaHanax chepu 3Bep-
HEHHS, Ki [IPU3HAYeHi IS TPOJAaXy 3 METOI0 33/10BO-
JICHHS TIONNUTY cHoXkuBadiB. ToBapHi 3anacu Ha miAnpu-
€MCTBaxX MOXYTb OyTH Yy BUIJIAII TOTOBOI MPOAYKIIT Yy
IMOCTaYaIbHUKIB, & TAKOXK B ONTOBIH Ta po3apiOHii TOp-
riBii. ToBapHi 3amacy € BaKJIMBUM €JIEMEHTOM pecypc-
HOT'O NOTEHIiaJTy MiANPUEMCTBA, CTAHOBIISIYM 3HAYHY Ya-
cTuHy Horo akTuBiB. ToBapHi 3amacu 3a6e3meuyoTs 6e3-
MIEPEPBHICTH IPOIECy 00iry TOBapiB, MPUIBOMY HEOOXi-
JTHO, 1100 YaCTHHA TOBAPHUX PECyPCiB MOCTIHHO nepedy-
BaJla y CTaHi ToBapHoro 3amacy [1-4].

TakrM 4YMHOM, TOBapHi 3amacH 3MiHCHIOIOTH, Ha-
camriepen, PyHKIIi Oe3repepBHOTO MPOIECy TOBAPHOTO
00iry:

—3a0e3meuyrTh 0e3MePEPBHICTh PO3IIMPEHOTO BH-
poOHHITBA Ta 00ITy, y IIpoLieci AKUX BigOyBa€eThCS X CH-
CTeMaTHYHE YyTBOPCHHS Ta BUTPAYaHHS;

— 3aJI0BOJILHSIOTH IUIATOCIIPOMOXKHHH TTOTINT Hace-
JICHHS, OCKIJTBKH € (POPMOIO TOBAPHOI MTPOTIO3HIIiT;

— XapaKTepHU3yIOTh CIIBBIIHOIICHHS MK 00CITOM
TIOTIUTY Ta TOBAPHOI MPOTIO3MUIIil.

EdexkruBHe ynpaBiiHHA 3amacaMH € 3alOpyKOIO
(inaHCcOBOI cTiliKOCTI mianmpuemcTBa. [HaMKaTOpOM (i-
HaHCOBOTO «3JI0POB'sD» OY/Ib-SKOT0 KOMEPIIHHOIO i -
pHeMcTBa 4H QipMH € CTPYKTypa Ta piBeHb TOBApHHX 3a-
naciB. L{e o1i1H i3 MOKa3HUKIB cTyneHs €eKTHBHOCTI BH-
KOPHCTaHHSl MaTepiajibHUX PEeCypciB Ta BHPOOJIEHOIO
MIPOJYKTY, HOCKOHAJIOCTI €KOHOMIYHMX B3a€EMHH Y IIi-
JIoMy.

ToBapsi 3amacu € 6a3010 I 3a0€¢3NCUCHAS HalIH-
HOCTI TIPOIIECY BIATBOPEHHS 1 MOXKYTh IPUHOCUTH (ipmi
MpUOYTOK Ha OCHOBI MMPUCKOPEHHS iX 000poTHOCTI. B oc-
HOBI CTBOPEHHS 3a11aciB Ha TOPrOBUX I IIPUEMCTBAX Jie-
*ath (pakTOpH eKOHOMIYHOro, OpraHi3amiiHO-TeXHOJI0-
riYHOTO0 Ta couialbHOro Xapakrepy [5-8].

Ha cydacHux mianpueMcTBax y CTpyKTypi iX yn-
paBIIiHHSL TOJIOBHOIO MNpOoOJIEeMOI0 € HeeeKTUBHA CHC-
TeMa YIpaBJIiHCHKOTO OOJIKY, 5iKa, 32 CIIOTBOPEHOIO iH-
(hopmMartiero, MOKe JIETKO MiJipBaTH 3yCHILISA KOMITaHIH i3
YyZOBHMH pPO3pOOKaMH, BUPOOHHIITBOM Ta MapKETHH-
TOM.

HacmigkoMm 11i€i mpo0ieMn € HEBUKOPHUCTAHHS CY-
YaCHUX METOJIB YNPaBIiHHS BUPOOHMYMMH 3aracamm.
Jast 3abe3nieueH st pUTMi4HOT poOOTH T IIPHEMCTBA He-
00XiJTHO CTBOPUTH CHCTEMY CyYacCHOTO yTIPaBIiHCHKOTO
ypaxyBaHH, SKa MOXe€ IMIATOTYBaTH CBOE€YACHY iH(Op-
MarliifHy 6a3y 1751 OCHOBHUX €JIEMEHTIB YIpPaBIiHHS BU-
TpataMH Ta COOIBapTICTIO MPOAYKII MiJIPHUEMCTBA,
SIKAMH €

— TIPOTHO3YBaHHS Ta IUIAHYBaHHS,

— HOPMYBaHHS BHUTpAT,

— opranizauis o0JIiKy BUTpaTTa KaJbKyJIOBaHHS
cobiBapTocTi mpoyKuii,

— aHaJIi3, KOHTPOJIb Ta PETYIIOBAHHS iSUIHOCTI Yy
mporeci ii 3ificHeHHS.

AHaJji3 myoJikaniii. YpasiiHas 3amacaMu — Tpa-
nmuitiiiHa cepa npakTuaHOi poOOTH, sSIKa cTana po3BUBa-
THCS SIK CAMOCTIHHHI HampsMOK Ha rmovatky 20 pokiB
munysoro cromtrs (P. Xappic, E. Tadr).

© Oueperenko C. B., Koposko B. A., Karkan6aera E. A., 2023
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VY 1917 poui ®. Paiimonz Bummyckae rnepiry MOHOT-
padiro, mpucBsiueHy ynpasiinHio 3anacamu. Y 30-40 pp.
MHHYJIOTO CTOJIITTSI aKTHBHO PO3POOIISIFOTHCS aJITOPUTMH
BUPIIICHHS 3aB/IaHb JIIHIIHOTO NpOorpaMyBaHHS I Ke-
pysanHs 3anacamu (JI.B. Kanroposuu, J[x. Januur, M.
Byn).

Knacwanmii anapaTt ontuMizamii piBHA 3amaciB OyB
po3pobaenuii y 50-60-1i poku XX CTOTITTS B paMKax po-
3Ty MaTeMaTUYHOI €KOHOMIKH, SIKHH OTPHMaB Ha3BY
«Teopis ynpasiiHHs 3an1acaMu» Ta OyB Opi€HTOBaHUI Ha
ONTHUMI3AIlif0 piBHS 3amaciB B OpraHizartii.

Po3po0isitoThest OCHOBHI Kilacu(ikallii MoKa3HHUKIB
BEJIMYMHH 3aI1aCiB Ta OMUCYIOTHCS MOJEINI iX BU3SHAUCHHS
ta ominku (C. XoinsT, I1. Bintepc, P. derrep, E. Cmaii-
keit, 1. bayepcokc, ®@. Moccman).

VY nojanbIIuX BITYM3HIHUX Ta 3apyOLKHHUX JTOCITi-
JDKEHHSIX aKIEHT POOMBCS BUKIIOYHO HA PO3PAXyHKOBY
cxinanoBy 3amacy [1, 10]. V 3B's3ky 3 mpoiecamu mepe-
OyZOBH Ta PO3BUTKY PHUHKOBOI €KOHOMIKHM B YKpaiHi
npo0iemMu Ge3nocepeTHHOTO YIPaBIIiHHS 3arlacaMH, 3/1a-
BaJiocs, MIIUIK Ha JPYTHH IUIAH, HOYaINd PO3IIIAAATHCS
JUIIe Ha PiBHI BUKOHABIIB Ta HU30BOI JAHKH YIIpaB-
JIHHSL.

BuBuUEHHIO TEOPETUUHUX ACIEKTIB Ta MpodieM yi-
paBJIiHHS 3amacaMy MPHUCBSYEHO Garato poOiT 3apyOix-
HUX Ta BITYM3HSHHUX aBTOPIB.

Cepen HUX CJIiJT BiI3HAYUTH (YHIAMEHTAIbHI JOC-
JIKEeHHsT po0JieM yIpaBiliHHS TOBAPHUM 3aiacoM Mij-
npuemctBa ([.C. IxonocoH, [.A. Kenmmn, M.P. Jlin-
nepc), aHami3 ckiaanosux 3amacy (B. x. CriBercos, P.
Yeits).

[IpobGmema onrtumizariii MaTepialbHOTO TIOTOKY pO-
smsHyTa y . Bayepcoxkca ta [I. Kitocca, M. Jlingepca Ta
€. Xaponbpna, B. CriBeHCcOHa.

Posrisayto Momudikanii 3amau ontumizanii (M.
Kpicrogep, 10.M., C.J. Bodenstab).

Tum dacom, 3apy0OikHa HayKa Ta NpPAKTHUKA YII-
paBiiHHs (Hacammepe] 3aBlaHHs YIPaBJIiHHS JIOTiC-
TUYHOT'0, OB'SI3aHOTO 3 YIIPABJIIHHSIM MaTepiallbHUMH
norokamu) 3a octanHi 20 pokiB 3poOuia 3Ha4YHUH
KPOK BiJl y/IOCKOHAJICHHSI METO/IiB 1 MOZIEeNIEH po3paxy-
HKY PIBHIB /10 B/JIOCKOHAJICHHS INPOLECY YIPaBIiHHS
3aracaMu, 3aCHOBAHOTO Ha aHaJli31 pe3yJIbTaTiB po3pa-
xyHKy piBHiB 3amaciB (E. ®. Xaponsz, I1. ®. Ipyxkep,
J. L. Gattona).

TIpote mpobnema ynpaBiiHHS AWHAMIKOIO 3MiHH
MTOKA3HHKIB 3a1acy MmignpHeMCTBa 3 0araTOHOMEHKIIATY-
PHMM acCOpPTUMEHTOM B yMOBax HECTalllOHAPHOTO MO-
IMUTY Ha MPOAYKIIIO y BITYN3HSAHIN Ta 3apyOiXKHIil JtiTe-
paTypi JOCTiKEHO HeOCTATHRO, M0 i BU3HAYHIIO JIOC-
JKeHHS.

JocinipkeHHs] BUKOHAHO Ha CTaTHCTHYHMX JIAHUX
OKpeMHX no3uniii HomeHnkiaatypu TOB «Owmeray.

CyTb npono3uuii

[IpoBenenuit anami3 JgiTepaTypHUX JHKEPENT J03BO-
JIUB BUSIBUTH JIEK1JIbKa METOJIMK TIPY yIpaBJIiHHI 6araro-
HOMEHKJIATYPHUMHU 3aI1aCaMHu.

HO}IEU'[BH_H/IM YAOCKOHAJICHHAM MCTOJIWKHU YIIpaB-
JIiHHSI 0araTOHOMEHKIIATYPHUMHU 3aIlacaMU € YIPaBIiHHSI
3 CHCTEMOIO KpaTHHX INEepioIiB.

[TocTaBka 1o cucTeMi «KpaTHHX HEpioiB» mepen-
Oavae, 110 X04ya O 01HAa HOMEHKJIATypHA MO3HMIS 3aMOB-
JsIEThCSL B KOSKHOMY 0azoBomy nepioai (7), a iHmi ToBa-
PHI TO3ULIT TOCTaBIISIOTHCS Yepe3 iHTepBaiu, KpaTHi Oa-
sucHomy mepiony (KT, ie k=1, 2, 3,...n).

[Ipu mocTaBKax MO CHUCTEMi «KpaTHHX MEPioIiB»
HEOOXiJHO TaKUM YHMHOM BuOpatu OaszucHuii mepion 7 i
TaK 3aKpIMUTH HOMEHKIATYPHI MO3HIIIi 3a TpymaMu pi3-
HO{ KpaTHOCTi, TOOTO Ui KOKHOI IO3WIIil BU3HAYUTH
CBiif KoedimieHT kpaTHOCTi Ki, 1106 cyMapHi BUTpaTH Ha
yIpaBIiHHSA 3amacaMu Oyiu MiHiMaapHIME [ 10]

ﬂ n C| T n
Cy="1|Cot 2 |45 2 5iCoiki (1)
r i1 ki 203

Je Cs —cyMapHi BUTpaTH Ha yIIpaBJIiHHSA 3allacaMH, IPH.;

J1 — aHami3oBaHMi Iepiof, AHI;

T — OasucHuil epioz, JHi;

Cy — moCTiifHI BUTpaTH HAa BUKOHAHHS OaraTOHOMEH-
KJIaTypHOI TTOCTABKH, TPH.;

Ci —3MiHHI BUTPaTH HAa BUKOHAHHS 0araTOHOMEHKJIA-
TYPHOI TIOCTABKH [UTSI I-T0 BHJY MPOAYKIIii, TPH.;

ki — kpaTHicTB;

S; — o0csr croXXMBaHH i-T0 BUAY IMPOIYKLIT B Iepe-
0iry po3paxyHKOBOTO TIepiofy, O11.;

C,5; —BUTpaTH Ha 30epiraHHs, TPH.

[Tpw ananizi JiTepaTypu Tak caMo BCTAHOBJICHO, 110
ICHy€ JIeK1IbKa JOXO/iB 10 BU3HAYEHHsI 0a3UCHOTO Tepi-
onmy. SIKuii i3 ICHYIOYHX MiIXOJIB JH03BOJIE CKOPOTUTH
BUTPATH Ha 30epiraHHs i TpaHCIOPTYBaHHS HEBIZIOMO.

VY 3BI3KY 3 IIMM NPOBEIEMO aHAJIi3 i BCTAHOBHMO
SIKUH 13 ICHYFOUHX MAXOIB T03BOJIsE 320€3MeUNTH Hall-
OUTBIIMH IPHOYTOK IS MiAIPUEMCTBA.

B nepmomy mizxozi 3a OCHOBY ITOYaTKOBOT'O 3Ha-
YeHHs TepioNy TPYIyBaHHS NPHHMAETBCA MEPIiON Mik
He3aJIe)KHIMH IIOCTaBKaMH IIE€PII0T HOMEHKIIATYPHOT 110-
3UILi1, IKOT BiANOBigae MiHiMaabHA BEIUYMHA BiJHOCHHHI

e
SiC36i

Toni modaTkoBe HAOMIKEHHS I Oa3UCHOTO TIepi-

0]y PO3paxoBY€EThCS 3a (POPMYIIOI0

@

BbazucHomy mepiony BinmnoBinae xoedilieHT Kpart-
nocrti Ki = 1 JIns iHmuX mo3uiii HeoOXiqHO IOCIIIJOBHO
nepeOupaTH 3HaYeHHS Ki moYrHa04H 3 1 1 IPOAOBKYHOUH
JI0 THX Tip, MOKA BUKOHYETHCSI yMOBa

2Ci 1°

. 3
ki (k; + )T )

SiCiss <

Toni Hatimenie Ki mpu sKOMy MOYHHAE BUKOHYBa-
THUCS yMOBa (2) 1 € TOYaTKOBUM KOE(IIliEHTOM KPAaTHOCTI
JUTs i-H TO3HUIIiT HOMEHKIIATYPH.

Jpyruii niaxix onvcanuid B podoti M. Xapira.

Bubip moyaTkoBOro 3Ha4eHHs 0A3MCHOTO MEPIOIy
To MOXHA BUKOHATH 3a OarathbMa HOMEHKJIATYPaMH, SKi
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BOHHU 3aMOBJISIIOTH B KOXXHOMY I€pioJii, IIPU IIbOMY Iie-
pli j-it HOMEHKIATypHi MO3HUIIii HOCTaBISIFOTHCS OJJHOYA-
CHO.

VY 1pomy Bunaaky ¢popmyiia s po3paxyHKy To Ma-
TUME BUIIISA]

(4)

[MpuenHyBaty 10 3a3Ha4eHOT O6€31iYi j CiIBHUX TO-
BapiB, 10 3aMOBJISIOTHCS, HACTYIIHI MO3HIIIi BUSBUTHCS
HEJIOIIILHO B TOM MOMEHT, KOJI Oy/Ic BUKOHYBATHCS Ha-
CTyITHa HEPIiBHICTH

2 2
Cijnad™ >Sj1Cs6, 5401 T7. (®)

[pu miacranosui (4) B popmyny (5) oTtpumaemo
YMOBY NIPHIMHEHHS HAKOIIMYCHHS 1aHO01 Oe311idi, o Mae
BHTJISI HEPIBHOCTI

j
2| Cy +Zi
i1 Ki

Cj+1

Sj+1Cs6,j41 J
! o Zsics’ﬁi
i1

(6)

[epeBipka piBHsHB (5) 1 (6) MoUMHAETHCS 3 APYTOl
MO3MILIT TOBAPHOI HOMEHKIJIATYpPH, NIPH [[bOMY B IpaBiii
YaCTHHI HEpiBHOCTEH MiicTaBIsIIOTHCS 3HaueHHs Co + C1
u 81C361 .

IMpu BuKkOHAHHI yMOBH (6) 1A j-1 TOBapHOI MO3HMIIii
IUISL BCiX HACTYMHUX, UL SIKUX [ > j, OOYUCIIOETHCS OII-
TUMaJBHUH TIEPi0/l MIXK ITOCTaBKaMU T IIPH HE3aJIEHKHUX
MOCTAaBKAaX 1 MOYaTKOBHUX 3HAYEHHSX KOe(illi€HTiB Kpart-
HocTi ki 3a hopmyoro

ki =—. (7)

Tperiit migxif siBiIsI€ COOOI0 CHHTE3 MEPILIOTO 1 APY-
roro migxoniB. [TodaTkoBe 3HaUeHHS 0a3MUCHOTO MEPioTy
MPUHMAETHCS PIBHUM TEPIOAWIHOCTI TPH HE3AIESHKHUX
MOCTaBKaxX IMEpIIOi MO3HUIi HOMEHKIATYPU B PAHKHPO-
BaHHOMY psay Ha erami 1 i po3paxoByeThCs 3a GopMy-
7010 (2).

BinmnosigHo 10 6a3ucHOro mnepioay Habip koedirri-
€HTIB, 32 JIONIOMOT'OI0 SIKUX IPOBOAMTHCS (HOpMyBaHHs
0a30BOT0 BapiaHTy IPyI Pi3HOT KPATHOCTI, BU3HAYAETHCS
3a popmyioro (7).

VY BIANOBIOHOCTI 3 MPEJCTaBICHUMH METOJIUKAMHU
NpoBeie PO3PaxyHOK Oa3UCHUX MEpioAiB i MPOBEACHO
PpOo3paxyHOK Koe(ilieHTiB KpaTHOCTI. Y Tabm. 1 mpencra-
BJICHA YaCTHHA OTPUMAaHHX JaHHUX.

Tabruys 1 — Pe3yabTaTH po3paxyHKy HOYaTKOBOIO 3HaYeHHs 0a3ucHoro nepioay 7o i nouaTkoBuX KoedilieHTIB KPaTHOCTI

Croci6 po3paxyHky
IntepBan, To, aui
2 3
Koedinient
95,2 84,2 95,2

k1 1 1
ka2 1 1
ks 1 1
ka7 4 2
kas 4 2

Amnai3 Tabm. 1 mokasas, 110 3HaYEHHS 0a30BHX Tie- n

pioxiB Tp mis 1 ta 3 migxoay 3HAYHO BiAPI3HSIETHCS Bif B = ZSiC36iki . (10)
i=1

JpYToro.

s Toro mo0 BH3HAYUTH MiAXiJ, AKHHA JTO3BOJISIE
oTpuMaryu OLTBIINK PUOYTOK, HEOOXiTHO POBECTH T10-
JaIbIINH pO3paxyHOK JOTIOMIXHUX BEJTUYHH.

Jnst cTparerii MocTaBoK 110 CHCTEMI «KPaTHHUX IIe-
pioziB» onTUManbHUIN Oa3UCHUIT Iepio Moxe OyTH po-
3paxoBaHui 32 HOPMYIIOI0

T :ﬂ_l (8)

ae Sy, /i — mapameTpu sKi BU3Ha4aroThCs 3a (opMmy-
JaMu

Po=2 C0+Z% , )
=

Janomy mepiony BiINOBIZarOTh MiHIMaJIBHI CyMa-
PHI BUTpaTH Ha YIIPaBIiHHA 3arlacamMu

Cs =Bohr -

Janu mpoBeneMo po3paxyHku. Pesynbrati o6umc-
JICHb JOTIOMDKHHX MapaMeTpiB, a Tak e ONTHMAaIbHOTO
nepiofy rpyIlyBaHHsS Ta CyMapHHX BHUTPAT Ha YIpaB-
JIHHS 3amacaMu 17151 6a30BOTO BapiaHTy TPYI pi3HOI Kpa-
THOCTI HaBezeMo B Ta0i. 2. AHani3 Tabnuui 2 103BOJIUB
BCTAHOBUTH, 10 HAWMEHIIII BUTPATH Ha YIIPABJIiHHS 3a-
racaMi OTpHMaHi 3a JIONIOMOTOI0 TPETHOI'0 METO/AY BH-
3HAYeHHs 0a30BOI0 BapiaHTy IPyH Pi3HOI KPaTHOCTI, TO
camMe IIiM METOJIOM JIOLILHO BUKOHYBATH ITOJIAJIbIII PO-
3paxyHKH Ta BU3Ha4YaTH ONTUMaJbHI TapameTpu dararto-
HOMEHKJIATYPHOT ITOCTaBKH.

(1)
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Tabnuys 2 — Pe3yJIbTaTH PO3PAXyHKY JIONOMIKHHUX NapaMeTpiB, ONTHMAJILHOT0 6a3MCHOI0 Nepioay i oNTUMAIBLHUX BUTPAT

Crioci6 Hﬁ:;r;f:;ﬁ Jlonomizknuii napamerp, InTepsad, BPiTPaT“,

PO3paxyHKy /30 , 2pH. ﬂl, CPH. T * , AHi CZ 0 rpH.

1 416000 4466038 111,4 1363037

2 232000 8033397 62,03 1365191

3 332000 5440111 90,17 1343918
BHCHOBKH TPaHCIIOPTYBAaHHA Ha MiANPUEMCTBO. TakuM 4UHOM, BU-

AHaiti3 OTpUMaHHX Pe3yNbTaTiB J03BOIUB 3pOOHTH
BUCHOBOK, IO BHKOPHCTaHHS 3alpONOHOBAHOI METO-
JIVIKY TI0 BU3HAYCHHI TPUBAIOCTI OA3MCHOTO TEpioqy Ta

KOPHUCTaHHS IaHOT METOAMKH € JAOLIJIBHUM.

OTprMaHi 3HAaHHS [O3BOJISIIOTH BH3HAYUTH SIKiH
eKOHOMIUHMH e(deKkT Oyne MaTu HiANPUEMCTBO, SKILIO
BUKOPHUCTOBYBATH 3alPOIIOHOBaHy METOJHKY, B MOpIB-

3HaYeHHsA KOeQIIeHTiB KpaTHOCTI 3a0e3meduye Haji- HAHHI 3 KIACHYHMM METOJOM BH3HA4YEHHS TPHUBAIOCTI
MEHIII BUTPATH Ha 30epiraHHs 3amacis Ha ckiaai Ta ixue  0a3MCHOro mepiofy Ta KoeQillieHTiB KPaTHOCTI.
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Features of forming auto parts orders
at Multiple nomenclature management

S. Ocheretenko, V. Korovko, E. Zhatkanbaeva

Aunorauisi. The subject of the study is the change in costs at the enterprise when ordering a batch of auto parts with
multi-item management according to the system of multiple periods in modern conditions The goal is to develop is the
development of a method for determining the optimal size of a multi-item order according to the system of multiple periods,
taking into account real parameters reflecting a large number of factors, which will improve the efficiency of the enterprise
by reducing general logistics costs. Research objectives: analysis of existing methods aimed at improving multi-item orders,
determination of order parameters according to the system of multiple periods; definition of mathematical models allowing
to determine the optimal parameters of a multi-item order: the interval between orders, the multiplicity factor. As an opti-
mality criterion, the minimum costs for transportation and storage are taken. The following results are received. A mathe-
matical model is proposed that allows determining the interval between multi-item deliveries and the multiplicity factor
between deliveries for each item. A mathematical model has been established that takes into account the costs of storage
and transportation, taking into account the order of a different number of items. A decision-making scheme is proposed for
determining the system of multi-item orders depending on the storage parameters and the cost of delivery. Conclusions. The
issue of minimizing the costs caused by the process of purchasing, transporting and storing car spare parts directly affects
the efficiency of an enterprise engaged in car repair. Therefore, it is necessary to look for various options aimed at reducing
costs. Therefore, when calculating batches of an order, it is necessary to consider several options for organizing deliveries.
With the help of the proposed model, it is possible to determine such batch parameters at which the costs of storage and
transportation of a multi-item delivery will be minimal.

Keywords: profit, order, expenses, stocks, optimal order size, demand, auto parts, multiple period.
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INFORMATION AND ANALYTICAL SUPPORT
OF THE EDUCATION QUALITY MANAGEMENT SYSTEM

Abstract. The article analyzes the problem of informational and analytical provision of the education quality
management system. The purpose of the article is to determine the role of modern information technologies in the process
of improvement and modernization of the educational system. The components of the information system of quality
management, which is defined as a set of interconnected or interacting elements of the organization for the development of
policies and goals, as well as processes for achieving goals in the field of education quality, have been studied. It is proven
that the formalized information system of education quality management creates a basis for planning, implementation,
monitoring and improvement of education quality management activities.

Keywords: information system, information technologies, quality of education, quality management.

Introduction

The process of informatization is inextricably
linked with the status of today's society, namely with
the status of the information society, which is
dominated by information, its quality, freedom,
publicity and accessibility. Informatization is a large-
scale process that affects all spheres of social life, aimed
at satisfying people's information needs, as well as
building a powerful telecommunications infrastructure.

The process of informatization of education
includes a system of measures: equipping educational
institutions and educational management bodies with
hardware and software tools of information
technologies; connection via high-speed channels to
regional, national and international computer
educational networks, to the global Internet; creation
and placement of educational information resources,
integration of various databases at the regional and state
level. formation of information culture among all
participants of the educational process: employees,
teachers, future specialists, their parents, creation of a
system of continuous training of teachers in information
technologies (courses, express courses, mini-seminars,
permanent seminars, conferences) [1, 2].

Modern society is characterized by constantly
developing information technology (IT) tools.
Obijectively, the process of informatization of society
significantly affects the goals and content of education,
presents new requirements for the professional training
of specialists in the field of using IT tools.

Analysis of recent research and publications.
The analysis of the works of leading experts in the field
of research into the issues of information and analytical
support of the education quality management system
allows us to establish the relevance of the identified
issues. The problem of determining the role of modern
information technologies in the process of improvement
and modernization of the education system is being

investigated by a number of leading foreign and
Ukrainian scientists. The researches of such experts as
M. Bublyk, A. Karpyak, O. Rybytska are dedicated to
the study of the components of the modern
informational educational space, in particular, the
analysis of the structure of the standard and the study of
its content [3, p.116]. A. Kapiton, O. Skakalina,
R. Baranenko, T. Franchuk consider the relevance of
using relevant search in the process of developing an
information system [1, p.64]. N. Chukhrai and
T. Shcherbata indicate the need for cooperation between
higher education institutions and enterprises working in
the field of information technologies [4, p.161].
N. Popadynets, E. Korcelli-Oleynichak, M. Melnyk, and
N. Chorna analyze the leading methods of designing an
information system for managing the quality of
education [5, p. 19]. The analysis of the main
components of the quality management information
system is devoted to the work of S. Alyoshin,
O. Borodina, A. Hafyak, O. Nosach [2, p.364].

Main part

It is necessary to understand and evaluate the
possibilities of information technologies for the fuller
development of the personality of students, to see how it
is possible to most organically integrate learning
information technologies in the educational process.
The question of the role of modern information
technologies in improving and modernizing the existing
educational system has remained relevant for several
decades. Successful implementation of the education
modernization program will require not only modern
technical equipment of universities, but also appropriate
training of teachers and organizers of the education
system. Thus, for every teacher, the main goal is to
ensure the quality of education, which can be facilitated
to a greater extent by the use of information
technologies. IT in the educational society can be
considered as a means of self-realization and self-

© Baranenko R., Sokol H., Pustovoitov P., Zakharov R., 2023

39



Control, Navigation and Communication Systems. 2023. No. 2

ISSN 2073-7394

affirmation of teachers, which significantly increases
the level of their professional culture, which expands
the possibilities of sharing accumulated experience, own
views, and also helps to move from the role of a
teacher-translator of knowledge in class to the position
of a teacher-tutor who organizes and directs the process
of independent cognitive activity of students.
Information technologies play an important role in the
development of teaching methods, because the work of
each teacher is important for methodical and
pedagogical science as a whole.

A project is an event that includes a concise
description of a defined need for public space and
requires its implementation. The objects of quality
management of the developed project are products and
processes. The evolution of the development of the
approach from product quality management to the
general management of the quality of the organization's
activities involves the creation and ensuring the
effective functioning of the quality system, which
includes the necessary organizational structure,
procedures, processes and resources [1, 2, 3]. A quality
management information system (QMIS) can be defined
as a set of interrelated or interacting elements of an
organization for the development of policies and goals,
as well as processes for achieving goals in the field of
quality. A formalized QMIS creates a basis for
planning, implementing, monitoring and improving
quality management activities.

The standards contain  requirements and
explanations for their application to the following QMIS
processes:

1) product life cycle processes (group of main
processes);

2) resource management (a group of resource
provisioning processes);

3) management
management processes);

4) measurement, analysis and improvement (a
group of processes of information and analytical support
for management and development).

The operational structure of the "Quality
Management at the Enterprise™ process includes the
following operations:

1. Creation of quality requirements (determination
of indicators critical to quality; determination of
preventive measures for quality assurance; verification
of compliance with the quality plan; verification of
possibilities for ensuring compliance with requirements;
completion of the quality plan);

2. Assessment of compliance with requirements
(checking compliance with the quality plan; assessment
of test results);

3. Management of non-conformities (assessment
of potential impact; determination of immediate
measures; identification of causes; elimination or taking
of preventive measures; closure of non-conformity);

4. Implementation and support of the quality
management system at the enterprise (definition of the
management strategy; planning and deployment of
specialized software for the quality management system
(scope, goals and objectives); definition of the key

responsibility ~ (group  of

processes of the quality management system,
management bodies and indicators; development and
documentation of regulations, procedures, standards and
indicators of quality management, evaluation of the
performance of the quality management system,
creation of the environment and competencies for the
improvement of the quality management system.

In essence, management of the quality of higher
education refers to situational management, which is
based on: formation of options - alternatives of
management decisions; solving problems of current and
prospective preparation of plans. The growing
importance of the wuse of modern information
technologies in the education process is currently
caused by many factors, and first of all: the
complication of the pedagogical process in the
educational institution in the conditions of the
integration of special disciplines, as well as the
integration of the educational institution with advanced
companies and research organizations; the expansion of
the subject world of the student, which leads to an
increase in the volume of educational material and the
need for its generalization; expansion of spheres of
activity, which leads to the need to solve various
professional tasks: project, research, technological;
inclusion in the learning process of promising
technologies, including the base of modern
telecommunications and computing tools.

Thus, information technologies in education are a
kind of response to changes in the system of higher
professional education related to the optimization of
management  of  students' cognitive  activities.
Fulfillment of the listed conditions contributes to the
achievement of the main goal of education
modernization - improving the quality of education,
increasing the availability of education, ensuring the
needs of the harmonious development of an individual
and the information society as a whole [4, 5].

The application of the developed project begins
with "identifying the need" by studying official
documents, surveys, focus groups, etc. At the first stage,
the results of project implementation are determined. On
the second stage, the consequences of specific
transformations are specified, which is a step for
monitoring and evaluation even during the planning of
the project itself.

The third stage of direct project implementation
includes: project improvement planning;
implementation of certain processes; carrying out
certain operations: promotions, trainings, consultations,
publications, etc. The fourth stage is the monitoring of
the project implementation process, as well as the
evaluation of short-term results.

The fifth stage involves the assessment of long-
term results or "consequences".

The results of this final assessment help to
determine a "new need" and to start a hew project.

Constant quality control of the project is necessary
at all stages of its planning, preparation, direct
implementation and until the stage of achieving the final
goal of the project were taken into account, looks as
shown in Fig. 1.
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‘ Stage 1
Consequences:
what needs to be

Stage 5 |::> changed at this stage
Consequences:
what needs to be &
changed at this stage Stage 2
Indicators of consequences:
G how do we know what
Stage 4 needs to change

Results indicators:

How will we know that we ' Stage3

have completed the How to achieve this?

activities as planned? | - final results

- contributions
‘ - processes

Fig. 1. Monitoring in the project cycle

The information system has
recommended hardware requirements:

Server: 1 GHz processor, 512 Mb RAM, 500 Mb
RAM;

Client: 800MHz processor, 256MB RAM;

Software requirements: OS Windows XP, Vista, 7;
Linux; iOS;

Browser: Opera, Google Chrome, IE 8, FireFox,
Flash Player 11.

The advantages include: the possibility of
implementing almost any site (from a business card site
to a portal and an online store); a huge number of ready-
made design solutions; relative simplicity of content
management; ease of setup. Administration of the
designed system is carried out using CMS. To access
the administrator panel, you must log in by entering the
system administrator's personal data, namely: enter the
administrator's name; enter the password specified

the following

during registration; choose the language of the
administrative section management interface from the
list of installed ones (English, Russian or Ukrainian);
human, material and organizational resources can be
allocated on the basis of data on the progress of work.

Conclusions

The main feature of the result-oriented
management model is the need to make assumptions,
identify risks and overcome these risks. As already
mentioned, the process of achieving results is based on a
cause-and-effect relationship. If causality holds, then the
assumptions made during design will also hold. That is
why, in order to achieve success, it is necessary to have
a plan that recognizes the risks and identifies strategies
to reduce the risks to the minimum possible. The input
data for the planning and development of the project of
educational activity are : educational and professional
program; curriculum by specialty for the appropriate
level of training (bachelor, specialist, master); working
curriculum for the academic year. Input data in the
planning and development of a project of scientific
activity are: customer requirements; requirements of the
current legislation of Ukraine and regulatory and
technical documentation.

In the presence of complete information about the
course of project implementation, it is possible to know:
directions in which the achieved results can be
strengthened; difficult directions can be strengthened,
different approaches can be tried or measures can be
added; measures and system results, which are
recognized as unnecessary, can be removed;
information about the results of the work progress will
help to understand what is working and what is not; it is
possible to increase assistance to target groups or add
new such groups.
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Indopmaniiino-anaaiTnuHe 3a6e31MeYeHHs] CHCTEMH YIPABJIiHHSA AKICTIO OCBITH

P. Bapanenko, I'. Coxkomn, I1. ITycTtoBoiiToB, P. 3axapos

AHoTaunisi. Y cTarTi aHamizyeTscs npobiemMa iHGOpMAaIiitHO-aHATITHIHOTO 3a0e3MeYCHHsI CHCTEMH YITPABIiHHS SKiCTIO
OCBiTH. METOI0 CTaTTi € BU3HAYCHHS POJi Cy4acHHX iH(POPMAI[HUX TEXHOJOTiH y MpoIeci BAOCKOHAJICHHS Ta MOJCPHi3allii
CHCTeMH OCBIiTH. JIOCIIPKEHO KOMITIOHEHTH iH(GOpMaliiiHOi CHCTEMH YMNpaBIiHHS SKICTIO, sSIKa BH3HAYAETHCS K CYKYMHICTH
B3a€EMOIIOB’sI3aHMX 200 B3a€MOIIFOUMX €JIEMEHTIB OpraHi3ailii 1y po3pOOKH MONITHKH Ta IIJICH, a TAKOXK MPOIIECIB JOCITHEHHS
et 'y cdepi sikocti ocitH. JloBemeHo, mo ¢GopmanizoBaHa iH(opMamiliHa CHCTeMa YINPAaBIiHHS SKICTIO OCBITH CTBOPIOE
OCHOBY /IS TUIaHYBaHHS, peali3allii, MOHITOPHHTY Ta BJOCKOHAJIEHHS AiSUIBHOCTI 3 yIIPABIIiHHS SKICTIO OCBITH.

Kawuogi caoBa: indopmariiina cucrema, inpopmaniiiHi TEXHOJIOTT, SIKICTh OCBITH, YIIPaBIiHHS SKICTIO.
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FORECASTING ELECTRICITY CONSUMPTION USING NEURAL NETWORKS

Abstract. The problem of early and accurate forecasting of electricity consumption is acute for the unified energy system
of Ukraine. With successful forecasting of consumption, which is based on many aspects, it is possible to buy
electricity/losses in different market segments much more profitably, saving large amounts of money, which can then be
directed to the development and modernization of electricity networks. This has always been an urgent issue, but today, when
a large part of Ukraine's energy equipment has been destroyed by Russian missiles, it has become even more painful. The
use of the method of artificial neural networks (ANN) for short-term forecasting of electricity consumption is considered. It
was established that ANN can be used to make a forecast of electricity consumption a day ahead with an error of 4.86%
compared to the actual amount of electricity consumption. Performing a comparison of forecast values with actual values
allows us to talk about the adequacy of the selected forecasting model and its application in practice for the successful
operation of energy supply companies in the electricity market.

Keywords: forecasting, artificial neural network, neural network architecture, Neural Network Toolbox module, hourly

consumption database, Levenberg-Marquardt gradient algorithm, inverse error propagation algorithm.

Introduction

Forecasting is a very popular topic, given the large
impact on business profitability, by minimizing costs. For
the energy sector, consumption forecasts are the basic
source information for decision-making in the process of
planning optimal modes of operation and development of
the power system. As the main tasks solved on the basis
of the received forecasts of consumption of the electric
power, it is possible to allocate the following:

1) planning of development of generating capacities
and electric networks of electric power system;

2) tariff planning;

3) planning the loading of power plants for the next
day, energy and power generation, fuel needs;

4) planning of repair works of the main equipment
of power plants and networks.

Traditional statistical models (regression and time
series models) and models based on expert systems and
neural networks can be used to solve the problem of
forecasting electricity consumption [1]. The most
commonly used models are neural networks. This is due
to the fact that it is not necessary to build a model of the
object, does not lose performance with incomplete input
information. Neural networks are resistant to interference,
have high speed. Predicting electricity consumption using
artificial neural networks is one of the most actively
developed in the energy sector. This is due to the fact that
this structure is a universal approximator and is able to
build complex nonlinear dependencies, which allows you
to successfully predict. he difficulty of creating a neural
network is the unavailability of data for its training [2, 3].

In [4-7] the issue of forecasting the electrical load
using neural networks was considered. Namely, neural
network learning algorithms, neural network architecture
and forecasting for different terms for different
conditions. For our purposes on the basis of works the
training of a neural network by a method of back
propagation was chosen. The advantages of this method
are the simplicity and speed of its application. The
solution of [7] is suitable, as the paper performs short-
term forecasting of electricity consumption, which

depends on changes in air temperature. Based on this
work, a neural network was created and training was
conducted on our own data sample.

The main part of the article

1. Analysis of the time series of electricity
consumption and the impact of weather factors on it.
Knowledge of the characteristics of daily charts P(t)
system helps to design adequate forecasting models that
work effectively in different situations. Various factors
that affect the change in the load of the power system can
be divided into the following main categories:
meteorological, seasonal (cyclical), economic, random
disturbances. Ambient temperature is the factor that has
the greatest impact on electricity consumption. This is due
to the fact that maximum human productivity is achieved
only when comfortable living conditions are created. The
most comfortable for humans is the temperature range
from 18 to 25 ° C.

2. Neural network model. The multilayer
perceptron of an artificial neural network (ANN) is today
one of the most common neural network models due to
its ability to display complex nonlinear relationships
between input and output parameters. The network
consists of several layers of neurons and weights that
reflect the relationships between them. The transfer of
information is based on the method of direct
dissemination. Presented in Fig. 1 model consists of one
input layer, one hidden and one output layer as the ANN
of this type allows to solve practically any problems with
nonlinear relations [8, 9].

Fig. 1. Neural network of a multilayer perceptron
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InFig. 1: "X" - input vector; "W12" - vector of scales
between the input and hidden layers; "W23" - vector of
scales between the hidden and output layers; "Y" is the
output vector (end result).

ANN training is performed to approximate the
nonlinear function to the predicted) and input variables.

The MATLAB software product was selected to
create a forecasting model based on ANN. This choice is
due to the experience of MATLAB, as well as the module
Neural Network Toolbox for the creation and training of
ANN. When creating the ANN model, a database of
hourly electricity consumption from 2016 to 2018
inclusive was available. This amount of data is sufficient
for training and network operation on test data samples.

A network of direct data dissemination and reverse
error propagation was used to forecast electricity
consumption. Fig. 2 shows a diagram of this network. The
algorithm of the Levenberg-Markwardt gradient method
was chosen for the study of ANN.

Hidden layer Output layer
Input Qutput
A— W | A W
Q/ } ¥ ,‘./ - ¥ 030
b b

Fig. 2. ANN diagram of direct data dissemination
and reverse error propagation

With this network architecture for learning, you
need to set time series targets, which are the benchmark
when creating a forecast, and the input data to be
processed.

3. Generalization of the network training
algorithm. In the first step, the scales are initiated by
small random variables. After passing the signal from
input to output, the value d, is entered and calculated,
which is equal to the difference between the required or
target output T i and the actual output Y:

d=(T-Y). 1)

In the case when d =0 in the network nothing
changes, it means that the weight coefficients are chosen
correctly. At d#0 the correction of the value of the
weight of each connection between the layers of the
neural network in the direction from output to input is
calculated.

Di = hdxl-, (2)
wi(n+1) =w;(n) + D, (3)

where D; — is the correction associated with the i-th input;
wi(n+1) — weight value i after correction; wi(n) — weight
value i before correction; x; — the magnitude of the i-th
output; h — coefficient of learning speed, which allows
you to control the average amount of weight change. The
process is repeated until the stop condition is fulfilled.

Weight coefficients are selected during training
according to the training sample, that is in different
places - in electric networks different volume of
consumption at the same air temperature, accordingly
selected weight coefficients for one network, will not be
actual for any other.

The ANN model has the following parameters:

- number of layers - 2 (hidden, output);

- the number of neurons in the hidden layer — 24;

- the number of neurons in the output layer — 24;

- the function of activation of the hidden layer is
sigmoid;

- learning algorithm - reverse propagation of
error;

- speed of learning - 0,3;

- impulse coefficient - 0,3;

- number of learning epochs — 1000.

The forecast of electricity consumption in the
network is considered in Fig. 3. It should be noted that
ANN correctly recognized the regularity of the graph and
the result was the construction of a similar graph with an
accuracy of 4.86% deviations modulo the total volume
per day, which in quantitative terms amounted to
1,081,367 kWh.
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Fig. 3. The result of forecasting electricity consumption
onJuly 17, 2019 (Wednesday) in Kyiv Electric Networks

A forecast for the holiday was also made to check the
operation of the network during accidents and
disturbances. The results of forecasting on the holiday are
shown in Fig. 4.

TR,

i T - LN
_vf/ﬁ |

= fact = " fore

Fig. 4. Result of forecasting electricity consumption
on October 14, 2019 (Monday, public holiday)
in Kyiv Electric Networks

The graph of imbalance between the actual and
projected volume of electricity consumption is given in
Fig.5and 6 in absolute wunits and percentages,
respectively, to compare the results.

As the experiment showed, the network is not
adapted to forecasting on holidays. To do this, you need
to enter another factor that will affect the forecast - it's a
holiday/weekend or weekday.
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Fig. 5. Graphs of imbalances between actual and projected
volume in absolute units

Conclusions

The influence of air temperature on electricity
consumption is analyzed and the features that need to be
taken into account when building a forecast consumption
model using ANN are identified.

On the basis of the built model of ANN the forecast
of consumption of the electric power for 2 days (weekday

kwh

== 1/ 0ct

Fig. 6. Graphs of imbalances between actual and projected
volume in percent

and holiday) of the Kiev electric networks is created. A
significant increase in the error of forecasting electricity
consumption on the holiday was revealed. Therefore, you
need to introduce an additional factor for forecasting - a
holiday/weekend or weekday.

Therefore, it can be concluded that the introduction
of another such factor can significantly improve the
quality of the ANN forecast.
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I[IporHo3yBaHHs CMOKUBAHHSA €J1eKTPUYHOI eHepril
3a JONMOMOT0I0 HEl{POHHUX Mepex

T. E. Jlxeps, B. B. Illepuyx

AHoTtanis. [IpoGiema 3aB4acCHOrO Ta TOYHOTO MPOTHO3YBAaHHS CIIOXKHBAHHS EJEKTPUYHOI €Hepril rocTpo CTOITh s
00'eqHaHOl eHepreTUuHOI cucteMu Ykpainu. [Ipu BranoMy HpOrHO3yBaHHI CHOXKMBAHHS, sike 0a3yeThesl Ha 6araTthoX acreKTax,
MO>KHA 3Ha4YHO BUTIIHIIIE KYIUISITH eJIeKTPOCHEPTio/BTPaTH Ha Pi3HUX CETMEHTaX PHHKY, 320IaKYI0UYH BEIUKI KOIITH, SIKi MOTIM
MO’KHA HalPaBUTH Ha PO3BHTOK Ta MOJICPHI3AIIII0 ENIEKTPUYHUX Mepex. Lle 3aBkan OyJo akTyanbHUM MUTAHHSM, ajle ChbOTOIHI,
KOJIM 3HAUHA YaCTHHA €HEePreTHYHOro O0JaJHaHHs YKpaiHH 3HUINEHA POCIHCHKUMH paKeTaMH, BOHO CTANO IIe OiIbII OOI0UNM.
Po3rnsiHyTO BHKOpPHCTaHHA MeTOXy IMTy4HMX HeWpoHHHX Mepek (IIHIHM) m1g KopOTKOCTPOKOBOrO MPOTHO3YBAHHS
enexTpocnoxuBanHsa. Beranosneno, mo [ITHM moxe OyTi BHKOpHCTaHa ISl CKIIAQAAHHS IPOTHO3Y CIOXKHUBAHHS €NEKTPUIHOI
eHeprii Ha o0y Hamepen i3 noxnoOkoro 4,86% MOpIBHAHO 3 (GaKkTHIHMM OOCSITOM CHOXXHBAHHS eJeKTpoeHeprii. Buxonanus
MOPIBHSAHHS NPOTHO3HUX 3HA4€Hb 13 ()AKTMUHMMM JIO3BOJISIE TOBOPHUTH IIPO aJeKBAaTHICTh 0OpaHOi MOAEIi MPOrHO3yBaHHSA Ta il
3aCTOCYBaHHs Ha MPAKTHL ISl yCHILIHOT pOOOTH SHEPronocTayalbHUX KOMIaHii Ha PUHKY eIeKTPOCHEeprii.

Kaw4oBi ci1oBa: nporaosyBaHHs, IITyYHa HEHPOHHA MEperKa, apXiTeKTypa HeHpoHHOT Mepexi, Moxyib Neural Network
Toolbox, 6a3a JaHWX NOTOJWHHOTO CIOXKHBAaHHS, AJTOPHTM TIpalieHTHOro Merony JleBeHOepra-MapkBapnaTa, anropuTM
3BOPOTHOI'O IOMIUPEHHS NOMUIIKU.
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METO/I CTBOPEHHS 3BYKOBOI'O OTOUEHHS B IMITAIIMHO-TPEHAKEPHUX
KOMILIIEKCAX CHEIIAJIBHOI TEXHIKA

AHoTauis. Y cTarTi po3MIIHYTO METO/ CTBOPEHHS 3BYKOBOTO OTOYEHHS B IMIiTallifHO-TPEHAXEPHUX KOMIUIEKCAX 3 ypa-
XyBaHHSIM IUCTaHIIl O CIocTepiradya Ta BHECKY OKPEMOTro 3BYKOBOTO (hparMeHTy. MeTol0 CTaTTi € aHalli3 Ta ONTHMi3allist
nporecy BUOOPY 3BYKOBHX (hparMeHTIB, L0 MPOrPAIOTHCS Y MPOIIECi MOJIETIOBAHHS 3ByKOBOTO oTo4eHHs. IIpoBeseHo aHa-
J1i3 iCHYIOYMX HPOTpaMHMX PillleHb Ta MaTeMaTHYHUX MOJEJICH, 1110 3aCTOCOBYIOTECS Y TPCHAXKEPHUX KOMILIEKCAX Ta CHC-
TeMax BipTyalbHOI peanbHOCTi. HaBeneHo anropuTM 3 BHKOPHCTAHHSM CXEMH Pe3epBYBaHHS Ta (yHKI[IOHAJBHY 3aJIex-
HICTB JJISI OI[IHIOBaHHS HEOOXITHOCTI IporpaBaHHs (hparMeHTy B 3aJIeKHOCTI BiJ HOro BiJcTaHi o crocTepirada. Po3mms-
HYTO THTaHHS MPaKTUYHOI peaiizarii Meromy. 3a pe3yJbTaTaMH JOCII/UKEHHS BH3HAYEHO, IO 3alPOIIOHOBaHa (yHKII
OLIIHIOBaHH, 3a0e31Iedye 3MEHIICHHS KUTBKOCTI ()parMeHTiB, 0 OJHOYACHO IPOTPAIOTHCS MPH OXHOYACHOMY 301SIbIIeHHI

CyMapHOTO BHECKY UyTHHUX CIIOCTEpiradyeM (QpparMeHTiB.

KarwuoBi cmoBa: cuMymsilis, iMiTaIliiiHO-TpEHAKEPHHUI KOMIUICKC, 3BYKOBE OTOUCHHS, 00pOOKa 3BYKY.

Beryn

Po3BHTOK Hayky 1 TEXHIKHM BIUIMHYB Ha IIOSBY HO-
BHX BHIIB TPAHCIIOPTHUX 3ac00iB, 30KpeMa W TEXHIKH
creniaspHOTO NMpu3HadeHHs. OXHOYACHO 3HAYHO 3pociia
iX CKIIamHICTh Ta 30UTBIIMIIICS BUMOTH JI0 SKOCTI Kepy-
BaHHSI HUMH, 110 B CBOIO YEPTy MOTpeOy€e SKICHOTO ITij-
BUILCHHSI PIBHA MiJTOTOBKH OINEpPATOpiB L€l TEXHIKH.
HapyanHs nepcoHady i3 3acCTOCYBaHHSIM KJIACHYHUX
METOJIB HaBuaHHs (PI3HOMaHITHI IHCTPYKIIi, Hao4Hi
MOCIOHUKH, TUIAKaTH, Bico(iIbMH, MAKETH, 1O TEMOH-
CTPYIOTh ONMH a0 MEKiNbKa aCMeKTIB eKCILIyaTallii yu
BHUKOPHCTaHHS TEXHIKH) € Hee(peKTHBHUM, a Oe3mocepe-
JTHHO Ha TEXHIIl € BUTPATHUM i HE 3aBKIH MOXIIUBE Y
nocratHeoMy o0cs3i [1-2]. OgHouacHO, pobota Hemo-
CTaTHBO MIJTOTOBJICHUX OIEPATOPIB MOXKE IPHU3BECTH
JI0 BUXOJY 3 Jaay PI3HHUX BY3JIB Ta arperartiB i, BiImo-
BiTHO, KOIITOBHOTO PEMOHTY, i HaBITb O TPariYHUX
HACJIJIKIB, 10 3arPOXKYIOTh YKUTTIO JIFO/IEH.

Jlesiki BUIM TPAHCHOPTHHUX 3acO0IB CIeELialbHOTO
NPU3HAYEHHS BUKOPUCTOBYIOThCS B €KCTPEMAJIbHUX Ta
MO3aIlITaTHUX CUTYyallisiX, TOMY MOBHOIIHHA MiAIrOTOBKa
oreparopiB 10 poOOTH y pa3i 0e3mocepeIHhOr0 BUKO-
pHUCTaHHS pealbHOI TeXHIKH a00 HEMOXKIINBA, a00 BKpait
yckmagHeHa. Li mBa acmekTd — BapTicTh Ta AKiCTh, Ha
SIKy BIUIMBa€E '"pEaNiCTUYHICTH" TPEHYBAaHHS, a TaKOX
ypaxyBaHHs yMOB Oe3MeKH KypCaHTiB, BU3HAYAIOTh I10-
TpeOH B SIKICHOMY Ta OJHOYacHO JEIIEBOMY HaBYaHHI
HABUYKaM YIIPABIIiHHS CKJIAJHOK TEXHIKOI 1 SK HacCIIi-
JIOK HEOOXiTHICTh JOCIIKeHHS aJIbTepHATUBHUX Bapia-
HTIB HaBYaHHS, 0e3 Oe3MoCepeaHBOr0 BUKOPHUCTAHHS
TEeXHIKH.

TakuMm 3aco00M € iMiTallifHO-TpEeHAKEPH]I KOM-
mwiekcn (ITK), mo BHKOPHUCTOBYIOTH KOMIT IOTEPHHMA
CHHTE3 HaBKOJHMIIHBOTO CEPEJOBHIIA Yy MpOLECi Has-
yanHs [3]. BoHM mo30aBieHi HEMOINIKIB TPaTUIiHHUX
3ac00iB HaBYaHHS, MalOTh HEBUCOKY BapTiCTh SK CaMOTO
KOMIIJIEKCY, TaK 1 Horo ekcruryaraii, 6e3neuHi ais Jio-
JMHU 1 TEOPETHYHO JO3BOJISIFOTH MOJIETIOBATH OyIb-sIKi
CHUTYyallii, 10 BUHUKAIOTh NPH €KCILTyaTamii TeXHiku [4].
HaiiBaxxnusimoro ckianosoto Oyap-sxoro ITK, € aynio-
Bi3yaJbHa CKJIaJ0Ba Mpoliecy HaBuaHHsA. CaMme BOHA Jae
3MOTY JJOHECTH 10 MaiOyTHBOTO OIlepaTropa MPUHIUIH

KepyBaHHS TPaHCIIOPTHUM 3ac000M, JI03BOJISIE OIIEpPATH-
BHO pearyBaTH Ha Di3HI CHTyalii, II0 BHHUKAIOTh Y
npoleci eKcITyarauii TeXHiKH, BijoOpakae pe3ysbraTu
Horo mi#, mo poOUTh MOKIMBHM MPOBEIACHHSI KOHTPO-
JIFO TIPOLIECY HABYAHHS.

1. Ornsan icHyOYHMX TEXHIYHHUX pillleHb

PobGotu B ramys3i CTBOPEHHS Ta BIOCKOHAJICHHS
koM toTepHux cucteMm Ta metoniB ITK maroTe Benmuke
3HAYEeHHS: CTBOPEHHs1 HOBHX, nockoHamimux ITK mo-
3BOJISIE MIJIBULIMTH SIKICTh HaBYaHHS ONEPATOPIiB OIHO-
YaCHO 3HM3MBLIX HOTO BapTiCTh. [CTOTHUM 0OMEKEHHIM
KOMIT FOTEPHOTO CHHTE3Y mo3akabinHoi oocranoBku [TK
JIOCi € HEOCTATHS PEalliCTHYHICTh SIK Bi3yalbHOI, TaK i
3BYyKOBOI YaCTMHH MOJIETIOBaHHS. MeToan Ta alropuT-
MH IO BiIHOCSATBCSA 10 BI3yaJbHOI YacCTHHU CHCTEM
mozemoBanus [TK nocnmimkyoThess HaykoBIsME [5-7]
BXK€ HpoTiAroM Oaratbox pokiB. LlpoMy Takox crpuse
3HAQUYHUH PO3BHUTOK IHAYCTpil po3Bar, y TOMy 4uCIi i
KOMIT'FOTEPHHUX irop. AJITOPUTMHU Ta METOJH BizyaJizauii,
SIKi 3aCTOCOBYIOTHCSI B HUX, PAKTHYHO MOBHICTIO 11€H-
THYHI TaKKM, 1[0 BUKOPUCTOBYIOTHCS B CHCTEMax Bi3ya-
mizauii ITK [8-9]. Ane 3BykoBa uacTuHa BCe Ie Ompa-
[[bOBaHa HEJAOCTATHBO.

VY poborax [10, 11] HaBemeHO METOMU CHHTE3Y
3BYKiB JIBUTYHa aBTOMOOINI 3 BHUKOPHCTaHHSIM CyMi-
LIEHHs Ta 3MIIIyBaHHs 3a3/laJIeTib 3aroTOBJICHUX 3BY-
KOBUX (pparMeHTiB 3 ypaxyBaHHSM HIBUAKOCTI 0OepTaH-
Hs ABUTYHA. Takui miaXix A0 MOACTIOBAHHSI MOXe OyTH
3acrocoBanuii i B ITK, ane paxrumano Tinbku ams moxe-
JIFOBaHHSA BHYTPIIIHBOKAaOiHHOI 00CTaHOBKHM abo SIK JIO-
KaJbHAa 4YaCTHHA CHUCTEMH 3BYKOBOTO MOJIEJIIOBAHHS,
TOMY II[0O BHMAara€e 3HaYHUX OOYMCIIOBAIBHUX PECYPCIB
JUTSI CHHTE3y 3BYKOBOTO cepemoBuina. Y crarti [12] Ta-
KOXK OMKMCAHO aJrOPUTM CHHTE3y 3BYKY JBHI'YHA aBTO-
MOOUIS 3 ypaxyBaHHAM HOTo 4acToTW OOepTaHHs, aje
HaBEJICHUI METOJl MOKHA BUKOPHCTOBYBAaTH y CUCTEMaX,
110 NPAIOIOTh Y pealbHOMY MaciuTadi dacy. OqHak, sk
i B monepegHix poboTax, He PO3IISIHYTO IMHUTAaHHS OIl-
THMi3alil Ta poOOTH 3BYKOBOI MiJICHCTEMH B LIOMY. Y
poOori [13] 3acTocoBaHO MiAXiJ O CHUHTE3y 3BYKIB,
TOB'SI3aHUN 3 BUKOPHUCTAaHHSAM TaOJHIb 3BYKOBUX (hpar-
MEHTIB, 3 ypaxXyBaHHSM IIBUIKOCTI OOCpPTaHHS Pi3HHUX
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yacTHH aBTiBKH. [IpoGiemu mos's3aHi 3 onTHMIi3aliero
KOMILJIEKCHOTO BIATBOPEHHS 3BYKOBOTO OTOYCHHS B
IpoLeci MOJICNIOBaHHS B Wil poOOTI HE PO3DISHYTI,
(parMeHTH BIITBOPIOIOTHCS 3a JOIIOMOTOI0 3BYKOBHX
API Ta xomepIiifHuX 0i0OIIOTEK IJIs1 pEHIEPIHTY 3BYKIB
(manpuknan, FMOD). ¥V poborax [14, 15] ommcano mo-
CUTH IIiKaBI METOIM CHHTE3Y 3BYKiB HaBKOJHIIHHOTO
cepenoBuma (BOTOHB, BiTEp, IOII) 3 BUKOPHCTAHHIM
CHCTEMH YaCTHHOK, & TAaKOXK HABEJCHO MPOLETYPHI MO-
Jeni A7 CHHTEe3y 3BYKiB, 32 PaxXyHOK BUKOPHUCTaHHS
SIKHX JJOCATA€THCS JONATKOBA Pi3HOMAHITHICTE Ta Bapia-
TUBHICTb BiZTYyTTS 3ByKOBOTO OTOYCHHS.

VY poborax [16, 17] po3mIstHyTO METOAM BU3HAYEHHS Ta
TpacyBaHHS 3BYKOBHX IIUISXIB 33 JJOHOMOTOIO IIEPEBIPKH
B3a€MHOI BHJMMOCTI TOBEPXOHb OO'€KTIB 3 BHKOPHC-
TaHHSM PI3HUX CIICIiai30BaHUX CTPYKTYp AaHHX, SIKi
MOJKHa 3aCTOCYBAaTH JIsi MOOYJOBU ayJiOCHCTEMH, IO
MIPaIoe B peabHOMY MacmTadi gacy. Y crartsx [18, 19]
HaBeJICHa CHCTEMa PEHAEPIHTY 3BYyKY B peallbHOMY Ma-
cmTali Jacy, sKa HOEHY€E TOBHY CHMYIIALII0 HEBEJINKO-
ro MPHUMINOICHHA Ta OaraToKaHaNbHUH OiHaypalbHUMA
CHHTE3 aKycTHYHOTro "300paxkeHHs". CucreMa MOXe
OyTH BHKOpPHCTaHa JMJIsI MOJCIIOBAHHS MPUMIIICHHS
Oynb-s1Koi (hopMmH.

VY mpoaHnanizoBaHHX poOOTaX PO3MVISIAIOTHCS IMH-
TaHHS BIATBOPEHHS Ta CHHTE3Y JIOKAII30BaHUX Yy HeBe-
JIMYKOMY TPOCTOPi 3BYKiB, ab0 CreIliaibHi JI0CIi[KEH-
Hs TIOB'SI3aHi 3 MEPEBIPKOIO NIISXIB IMOIIUPEHHS 3BYKIB
st cuHTe3y edekTiB peBepOepanii. [Ipodirema BuOOpPY
3BYKOBUX ()parMeHTiB, IO BiATBOPIOIOTHCS, 1 MiHIMi3a-
Iis IX KUTBKOCTI, B PO3TISTHYTUX POOOTax HE PO3IVIHYTA.

Metor0 cTaTTi € ONTHMI3amis MPOIEeCy BiATBO-
PEHHS 3ByKOBHX ()ParMeHTIB y CHCTEMi MOJEIIOBAHHS
aKyCTUYHOTO OTOYEHHS IMiTalliifHO-TpEeHaKEPHUX KOM-
IUIEKCIB CIelialbHOi TeXHIKH. PO3MISHYTO BHUpIlIEHHS
LOTO 3aBJaHHS 3 ypaxyBaHHSIM OCOOJIMBOCTEHl Takux
CHCTEM MOJICIIIOBAHHS — HAsIBHICTh BEJIMKOI KUIBKOCTI
KOPOTKOYACHHX 3BYKIB, 110 OJIHOYACHO BiJATBOPIOIOTHCS,
1 MOXJIMBOCTI BIJILHOTO IEPEMIIlleHHs crocTepiradya B
IIPOCTOP1 MOJIEITIOBAHHS.

2. BuznaueHHsI BHECKY 3BYKOBOTO (pparMeHTa
LI0/I0 crocTepiraya

Bci 3ByKOBi (pparMeHTH B CHCTEMi MOJEITIOBAHHS
ITK MokHa po3minuTu Ha mo3akabiHHI Ta BHYTPIOIHBO-
KaOiHHi 3BykH. KiIbKiCTh BHY TPIIIHLOKaOIHHHX 3BYKIB 3
0JHOTO OOKY OOMEXEeHa, TaK K CHOCTepirady Moxke 4yTH
3BYKH JIMIIE 3 KaOiHM OIHOTO €MHOTO TPaHCHOPTHOTO
3aco0y. 3 iHmoro OOKy, Taki 3ByKM HaHBaXJIMBILI /IS
Mpoliecy HaBYaHHS 1 J0Ope JIOKali3oBaHi y TMpPOCTOpi,
TOMY HEMa€ CEHCY iX SKHMOCh YHHOM OOMEXYBaTH.
30BciM iHaKIIa CHUTYyaIis 31 3ByKaMH mo3akabiHHOI 00-
CTaHOBKH, JUIS SIKUX KIIFOYOBUMH BiZIMIHHOCTSMH €:

1) KUIBKICTH 3BYKiB IO MOTPiOHO BiATBOpIOBATH
OJIHOYACHO — BIJHOCHO BeJinka, Ta Moxke csratu 100 i
HaBiTh 1000 dparmenTis;

2) pi3Hi BHAM 3BYKiB (ABHUTYHH, IIPUPOIHI 3BYKH,
MOBJIEHHS, cIelianbHi e(eKTH) NOoTpedyIoTh pi3HHX
YMOB BUBEJICHHS 1 MalOTh Pi3HY BaXJIMBICTb;

3) HeoOXimHiCTh OpaTH 0 yBarW MIBUAKICTH I10-
LIMPEHHS 3ByKOBOT XBWJII, T MOMKJIMBICTh NEPEMIIIEHHS
crocTepirada y mpocTopi.

3 ypaxyBaHHSM IpOrpaMHO-alapaTHUX 0OMeXeHb
Ha KIJBbKICTh 3BYKIB, IO MOXYTbh OyTH BiATBOpEHI OI-
HOYacHO, OCOOJIMBY ITPOOJIEMY CTaHOBISTH 3BYKH CIIe-
miadbHUX e()EKTIB, SKM MAlOTh HACTYITHI OCOOIHBOCTI:

1) BenMka ry4HICTb 1, IK HACJHIJOK, IACTAHIIIS qy-
THOCTi, TOMY (aKTHYHO MOYKHA BBa)KATH IO TaKi 3BYKH
HE MalOTh JIOKaJIi3aIii y mpocTopi;

2) Herepen0aIyBaHO BEJIHMKA KUTBKICTH 3BYKIB, IO
BUHHKAIOTh OJHOYAcCHO ab0 3 HEBEIMKOIO IIEPEPBOIO,
sIKa 32 TPUBAIICTIO HE A€ 3BITBHUTHUCS Yep3i 3BYKIB IO
BiITBOPIOIOTHCS;

3) HeoOXiHICTh MPOCTOPOBOI OOPOOKH, BpaxyBaH-
HS BIICTaHI Ta HalpsMy JO CIlocTepirada, mo Bejie J0
3HAYHOTO CIIOXXMBAaHHS OOYHCIIOBAILHUX PECYPCIB.

3ByKH criene(peKTiB HEJOUUIBHO MepepBaTH, OCKi-
JbKM BOHM MAarOTh BiIHOCHO KOPOTKY TpuBajicTh (1-3
cexyHH). Takox, yepe3 HEBEIUKY TPUBATICTh JJIsl HUX
HE Ma€ CEHCY pOOWTH IUIaBHE 3racaHHsA TydHOCTi. Lli
3BYKH MAlOTh BEIUKY T'YYHICTb, IO B OUIBIIOCTI BUIAI-
KiB €KCIIOHEHIIIITHO 3MCHIIYETHCA, 1 TOMY TOTPiOCH IIIe
OJIMH 3BYKOBHMH KaHaJ Ul IUIaBHOTO 3TAacaHHs, 1HAKIIE
OyAyTh 4yTHI KJIallaHHS Ta TPICK, PU MITTEBOMY IIepe-
pHUBaHHI 3ByKOBOTO (pparMeHTy.

3ByKd i€l Tpymd HEMOXJIMBO BIJCOPTYBaTH Ta
BUOpaTH HaAHOLIBII TNPIOPUTETHI, OCKUIBKH 3BYKOBE
OTOYEHHS IMHAMIYHO 3MIHIOETHCS | HEMa€ HAKOTTUUCHHS
3ByKOBHX ()parMeHTiB 3a SIKMHCh BiqUyTHHH mepion
(1 cexynna Ta Gimbiie), K Ui 3BYKiB 3 IHIIHX TPy
(downiB, MOBIEHHS, ABUTYHIB, Ta iH.). 3aTPUMYBaTH 3BY-
KM i€l Tpyny U1l HAKOTIMYEHHS HEOULIBHO, TOMY 1110,
3a3BUYAil, € HAOUHWA, MIOMITHUH Bi3yanbHHN €(eKT 1o
SIKOTO BOHM BIZTHOCSTBCS, 1 Oy/b-sIKa 3aTPHMKa BHKJIMKA-
TUME IHCOHAHC 1 PO3CHHXPOHI3aIliI0 3BYKOBOI Ta Bi3ya-
JBHOT cKIIaoBoi y cucteMi MoaemoBanHs [TK.

3. MeTon BUOOpY 3BYKOBHX (pparMeHTiB, 110
NPOrpaThbecs, 3 YypaXyBaHHAM pe3epBYBaHHS

Ixepena crieneekTiB i TOB'I3aHi 3 HUMH 3ByKH,
MaloTh AOBUIBHUI MOPSI0K BUHUKHEHHS, TOMY O1JIbLI
BiJIaJicHI 3ByKH, 110 3'SBUJIMCS B MOMEHT to, MOXYTh
BUYEpIIATH BiJIbHE Miclle y 4Yep3i 3ByKOBUX (hparmeH-
TiB — JJIs1 ONMXKYUX 3BYKIB, IO 3'SBISTHCS B MOMCHT
t1 = to + dt, He Gyne BinmbHOrO MicI, i, IK HACIIIOK,
BOHHM HE BIATBOpSATHCS. [l Toro, mod y depsi 3aiu-
manocs BUTBHE MicIe Ui OiMbIN BiTYyTHUX 3BYKIB,
MoTpiOHO J0JaTH pe3epByBaHHS 3a HACTYNHHUM alro-
PUTMOM, SIKUI BKJIFOYAE TaKi KPOKH:

1) Po3ninuTy BCi 3ByKH Ha IPYITH 3a iX XapakTepom
Ta MapaMeTpaMHM BiTBOPEHHS, JJIsl KOXKHOT TPYyIH BHIi-
JUTH HE3aJEeXHY KUTBKICTh (parMeHTiB Pmax, IO BiAT-
BOPIOIOTHCS OJJHOUACHO Ta 3aJISKHO BiJ MPIOPUTETHOCTI
rpyIN.

2) JAnst KOXKHOI TPyIIH:

- BiZICIKaTH HOBHH 3BYK, fKIIO y Oe3mocepemHin
Omm3BpKOCTI (MeHIIe 3a 1-2 M) BXKe MPOTPaeThCs 3BYK i3
i€l K rpyny;

- BIJICIKATH 3BYK, SKIIO BiJICTAHb IO CIOCTEpirava
d > dax, NEPEBUIIYE MAaKCUMAIIbHY BIJICTaHb BiJTBO-
PEHHS BCTAaHOBJIEHY IS TPYTIN;

- po3paxyBaTy KoeillieHT 3aBaHTa)KCHHS TPYIIH &,

a=P/Ppax €Y)
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ae P — KUIbKICTB 3BYKIB, IO BiJTBOPIOIOTHCS 3apas,
Pax — KUTBKICTB (pparMeHTiB, IO MOXYTh HE3aJICKHO
BIZITBOPIOBATHCS B MEXKaX IPYIIH.

3) IMoku a < ay, meHtIe aeskoi mexu 0 < a, < 1,
JUIS BIATBOPEHHS 3BYKy OOMpAaEeThCs BUTBHUN (parMeHT
1 BiH IMIOYMHAE TIPOTPABATHCS.

4) Inakmie BU3HAYAETHCS HEOOXIAHICTH BiITBO-
PEHHSI 3BYKY:

- skmo a = 1, To Bci gparMeHTH y uep3i 3aiiHsATI,
HEMa€ MOXJIMBOCTH NPOTPATH 3BYK;

- skmo a < 1, Ta 3ByK po3TalIOBaHUH Ha BifCTaHi
Gmmxdae HiX do 10 croctepirada, To6To d < dy, me d
BiZICTaHb /IO CIIOCTEpiraya, B I[bOMY BHIIAJKY, 3ByK 3aB-
I BiATBOPIOETHCS;

- iHaKmIe, U1 TOrO IM00 BU3HAYUTH, YU MOTPiOHO
BIITBOPHUTH 3BYK, OTPiOHO MEPEBIPUTH JOAATKOBI yMO-
BH, 3 YpaxyBaHHSM pe3epBYBaHHs (parMeHTiB y 4ep3i,
3a SIKUMU 3BYK BiJICIKA€ThCSI.

4. BuzHaueHHs1 He0OXiTHOCTI BifTBOpEHHSI
3BYKOBOI'0 (pparMeHTa

Busnraunmo koedilieHT BiATBOPCHHS:
a— ao

(2)

ay = 1= a .

YMOBH, 3a SIKUMH 3BYK BiJCIKA€THCS, BU3HAYHMO
K dy, < ay, ne dx Oyae mponopIiiftHuM BiHOCHIH Bijc-
TaHi BiJI cocTepirada 0 MO3HUIIii 3Byka’

dy = (1 - dl)zl (3)

_dO

ne dy = — BiiHOCHA BifcTaHb, dy K dipay-

dmax—do

TakuM 4YMHOM, HaBEJACHUI AJITOPUTM JO3BOJISIE 3a-
pe3epByBaTH Micle B uep3i 3BYKOBHX ()parMeHTiB, /s
BOXJIMBUX (HAaWOUIBLI YyTHHUX) 3BYKIB, SIKIO 4yepra 3a-
moBHeHa OinpmI HixX Ha 100a, BiACOTKIB.

5. EkciepuMeHTaJIbHE TOCTiKeHHS
PO3p0o0JIEeHOr0 METOLY

[IpoBeneHO MOpIBHSUIBHE TECTYyBAaHHS JUIsl 3alpo-
MIOHOBAHOTO METOJY 3 PE3ePBYBaHHIM 1 METOAY 3 BUOO-
POM 3BYKY I porpaBanHs 6e3 pesepByBaHHs. OLiHKY
MIPOBE/ICHO 3a JOTIOMOTol0 (QYHKII uyTHOCTI Fh, 3 Bpa-
XyBaHHJIM BiJICTaHi Bif i-ro JpKepena 3ByKy 10 CHOCTe-
piraua di:

Fo= 2Tl f (dy), @)

_dl

ned; =e10,
[TinpaxoByeTbcst cyma ryuHocTel Bcix N 3ByKiB,
SIKI TIPOTPArOThCs (3arajbHUI BHECOK) 3a mepiox (mpuo-
mu3Ho 400 cexyHn) 3 iHTepBanoM B 1 cexyHmy. OmiHka
MIPOBOJUTHCS] BUXOASYM 3 MPUIYLICHHS, 1110 HaHOLIbII
€(hEeKTUBHUM € TOW METOJI, JUIsl IKOTO 3HA4eHHS OIiHHOT
¢yukuii Fn Oyne O6impmmM — croctepirad yyTume mepe-
Ba)XHO 3BYKH 3 BEJMKHM BHECKOM 10 rydHOcTi. [lpu
IFOMY, O4iKyBaHO, IO /ISl OLIBII €(EKTHBHOTO METOLY
KiJIbKICTB 3BYKIB, 1110 IIPOrPalOThCs, 3a epiox yacy Oyne
MEHIIOI0, 32 PaXyHOK BiJIKMJAaHHS 3BYKiB, sIKIi MalOTh

HE3HAYHHUH BHECOK.

BunpoOyBanust Oyso IpOBEACHO MPU CUMYJISLIT 3
yuacTio moHay 100 akTuBHUX 00'€KTIB, O OE3MEPEPBHO
B3aemonitoTh. Criocrepirad Inepemimiascsi y HpoOCTOpi

MOJCIIOBAHHS TAKUM YHHOM, 100 J0CAranocs Oau3bKe
JI0 MAKCHMAaJIbHOTO 3aIlOBHCHHS YEepPTU 3BYKOBUX (hpar-
MEHTIB, III0 MPOTPAIOTHCS, TAKMM YHHOM IMiTyBajacs
CHUTYallisl, KOJU 332 TCXHIYHUMH OOMCIKCHHSIMU HEMOXK-
JIUBO MPOTPATH BCI 3BYKH sIKi Ma€ 4yTH croctepirad. Ha
puc. | mokaszaHa 3aNeXHICTh BHECKY BCIX UyTHUX AJIS
criocTepirada 3ByKiB, 3 ypaxyBaHHSIM BiJICTaHi A Me-
Tomy Oe3 pe3epBYBaHHS Ta 3alPOIMOHOBAHOTO METONY 3
pe3epBYBaHHSIM.
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Puc. 1. 3anexHicTh BHECKY BCIX YyTHHX CIIOCTepirayeM
3BYKIB 3 ypaxXyBaHHSM BiJICTaHi: CHHIH — 11 MeToxy Oe3
Ppe3epByBaHH:I, IOMEPAHYEBH — JUIS 3alIPOIIOHOBAHOTO
METOIy 3 pe3epBYBaHHSIM; MO OCi a0CIHC — Yac 3 MOYATKY
MOJICIIIOBaHHS B CEKYH/aX

Ha puc. 2 HaBeneHi 3aeXHOCTI BHECKY BCIX 4yT-
HUX 3BYKiB, HOPMOBaHI MO0 KUTBKOCTi 3BYKiB, IO OJ-
HOYACHO MPOTPAIOTHCS.

3a po3mISHYTHH Tepion 4acy, METOX 3 pe3epBy-
BaHHSIM BiJTBOPIOE B CEPEAHBOMY B 2 pa3d MEHIIE 3BY-
KiB (U1 HaBeneHoro nmpukitany e 902, mporu 1884 mms
MeToay 6e3 pesepByBaHHs). [Ipy boMy cymMapHuii BHe-
COK IO TYYHOCTI IS 3allPOIIOHOBAHOIO METOAY 3 pe3e-
pByBaHH:IM Ha 9.5% Olnblue, HX U MeToy 0e3 pese-
pByBaHHA (162 mpotu 148).
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Puc. 2. 3anexHicTh BHECKY JJIS BCIX IyTHUX CHOCTEpiradeM
3BYKiB, HOPMOBAaHa 32 KUTBKICTIO 3BYKIiB IO MPOTPAOTHCS
OJIHOYACHO: CHHIiH — 11 MeToxy 6e3 pe3epByBaHHS,
YepBOHMIT — JUI HABEJGHOTO METOJY 1 3 pe3epByBaHHSM;
10 oCi abCIHUC — yac 3 MOYaTKy MOZEIIIOBAHHS B CEKyHIax
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BucHoBkH

3a pe3ymeraTaMH JOCITIHKCHHS 3alPOIIOHOBAHOTO
METO/Ty, MOYKHA 3pOOHTH TaKi BUCHOBKH:

1) 3anponoHOBaHUIT METO]] BUMArae B CEpeIHbOMY
Yy 2 pasu MeHIIe pecypciB st 00poOKH 3BYKOBHX (pa-
TMEHTIB.

2) CymapHHI BHECOK YYTHHX CIIOCTEpiraieM 3By-
KiB crae Ha 10 % Oinbiue.

3) [Iporpamua peaizallisi MCTOy HE BUMArae 3Ha-
YHUX 3MIH y CTPYKTYpI HiACHCTEMH 0OpOOKH 3BYKiB Ta

1i nopaBanus 10 ITK He Bene g0 30UIbIIEHHS OOUHCIIIO-
BAJIBHUX PECYpCiB HEOOXiTHUX 11 0OpPOOKH 3ByKOBOTO
TIOTOKY.

3anpornoHoBaHUI METO/I J03BOJISIE 3HAYHO 3HU3UTH
HaBaHT@XEHHS 3 PO3PaxyHKy Ta OOpOOKH 3BYKOBHX
(parMeHTiB Ha OOYNCIIOBAIbHY CHCTEMY, a TaKOX 3HU-
3UTH Pi3HI IIyMH Ta apTe(akTH, 10 BHHHUKAIOTH IMPH
3MIITyBaHHI BEJIHKOI KiJIBKOCTI 3BYKOBHX (DparMeHTIB,
IO MPOTPAIOTHCS OIHOYACHO, 338 PAXYHOK BHKIIOUCHHS
THX 3BYKIB, sIKi BHOCATh HAIIMCHIINI BHECOK y 3BYKOBY
KapTHHY.
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Method of creating a sound environment in simulation-training complexes of special vehicles
A. O. Zuey, O. M. Yevseienko

Abstract. A method of creating a sound environment in simulation-training complexes, taking into account the distance
to the observer and the contribution of a separate sound fragment is cobsidered. The purpose of the article is the analysis and
optimization the process of selecting sound fragments that are played in the process of modeling the sound environment. An
analysis of existing software solutions and mathematical models used in training complexes and virtual reality systems was car-
ried out. An algorithm using a reservation scheme and a functional dependency for evaluating the decision to play a fragment
depending on its distance to the observer is given. The issue of practical implementation of the method is considered. According
to the results of the study, was determined that the proposed evaluation function provides a reduction in the number of the simul-
taneous played fragments while at one time increasing the total contribution of the fragments heard by the observer.

Keywords: simulation, simulation-training complex, sound environment, sound processing.
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Harmionansanii yaiBepeutet «llonraBepka momitexnika imeni FOpis Kornpartroka», [lontaBa. Ykpaina

AHAJII3 JTMHAMIKHA BUJIOBYTKY BYT'ULIA B YKPAIHI
3A TOHHOMOTI'OIO METOJAIB MATEMATUYHOI'O MOJAEJTIOBAHHA

AHoTanis. Cy4acHU cTaTyC IIPOMHCIOBOTO PO3BUTKY XapaKTEPU3YeThCsl BUBUCHHSM CTATHCTHKH, aHATi30M HETaTHB-
HUX SIBUIL y PO3BUTKY Ta PO3MIILEHHI IPOMHUCIOBOTO BUPOOHUIITBA, OLIHKOIO TEXHOJIOTTYHOTO PiBHS Ta EKOHOMIYHOI ede-
KTUBHOCTi. Y poOOTi po3risfaeThess MaTeMaTHYHa MOZETb, 0 0a3yeThCsl Ha 3aCTOCYBaHHI METOJIB alpoKcUMarii 10 3a-
JaHUX JIaHUX IUIIXOM MOOYZOBU KpuBHX perpecii. [Io0ynoBa MaTeMaTHYHUX MOJENEH, 110 ONUCYIOTh TEHACHLIT Ta Ha-
NIPSIMH PO3BUTKY PI3HHX Taily3eil HapoJHOTO TOCIOAAPCTBA € aKTyalbHOIO IIPOOJIEMOIO ChOTOJCHHS. BripoBapkeHHS mpo-
JOYKTHBHHX CHCTEM €HEPrOMEHEDKMEHTY Ta eHeprocepicy 3a0e3IeunTh peasli3alilo MPOMHUCIOBOTO MOTEHIIATy SHepro-
30epexeHHs Ta CIIPUSATHME IiJBHINEHHIO €HeproeeKTHBHOCTI. ['ipHHY0m00yBHAa IPOMHUCIIOBICTE € OCHOBOIO OOpOOHOI
MPOMMCIIOBOCTI i BArOMOIO CKNAJ0BO0 €KOHOMiKM Kpainm. Ii cyyacHmit cTaH Ta pPO3BHTOK TiCHO MOB’SI3aHi 3 3arajbHUM
CTaHOM HAIlIOHAJHHOI EKOHOMIKH, IO MiJKPECIIOE aKTyalbHICTh PO3MVITHYTOI aBTOpaMH TEMAaTHKH. Y AaHii cTaTTi mpo-
aHaJi30BaHO OTUHAMIKy BHAOOYTKY Byriuis 3a 2003-2020 pp. Ta npoBeeHO 00pOOKY CTATUCTHYHHX JAHHX 32 JOTIOMOTOIO
CY4acHMX MaTeMaTHYHHMX METOIIB. ABTOpaMH MOOYIOBaHO MaTeMaTHYHY MOJENb, JOCTIIKEHHS SKOi MOXE CTaTH OCHO-
BOIO /IS TOIIYKY €()eKTUBHUX PIllICHb BKJIMBUX MPOOJIeM y BUAOOYBHIH ramysi. AHami3yroun moOyaoBaHi rpadiku, MOX-
Ha 3pOOHTH BHCHOBKH, IO HAHOUTBII TOYHO aPOKCHMY€ KBaJpaTHYHA 3aJIKHICTH i TOMY ITOBHE BHBYEHHS JaHOI MOJei
MOXe CTaTH (yHIAMEHTOM JUISl HOIIYKY e(peKTHBHUX IIUIXIB BUPIMICHHS BOXIUBHX Mpo0iieM T0OYBHOI Tairy3i MPOMHCIIO-
Bocri. [IpoBesicHe B poOOTI JOCITIKEHHSI € eSKTUBHUM I TOOYIOBH aTOPUTMIB PO3B’I3aHHS 3aau BUIOOYBHOT ramysi
Ta MiABULICHHS e()eKTUBHOCTI CTAaJOr0 PO3BUTKY BYTUIBHOTO CEKTOPY NMPOMHUCIOBOCTI. OCHOBHUM (haKTOPOM IIPOTPECHB-
HOTO PO3BUTKY BHIOOYBHOI Taiy3i € 3a0e3MeueHHs 3p0CcTaHHs 00CATiB BUIOOYTKY BYTriLIsl. BUBUEHHS NUISIXIB BUpIIICHHS,
MIPOaHANI30BaHUX y PoOOTI MpobiIeM, € 3amopyKoI0 e(heKTHBHOTO PO3B’A3KY MPOOIEM PO3BHUTKY IIPOMHUCIOBOCTI, TIEPBUH-
HOTO CEKTOPY €KOHOMIKH Ta TOCIIOAPCTBA YKPAIHH B LIJIOMY.

KnwyoBi caoBa: mareMaTnyHa MO/JECIb, MaTeMaTH4Hi MECTO/HU, Z[O6yBHa HpOMI/ICHOBiCTB, ByFiJ’IJ’[S{, ByFiJ’ILHa IIpoMucC-

.]'IOBiCTL, MaTEMATUYHE MOIACIIOBAHHS.

Beryn

ITpomucnoBicTh - 1€ OMH 3 KIOYOBUX CEKTOPIB
€KOHOMIKH KpaiHH, i mporpec € BaroMuM IOKa3HUKOM
BH3HAYEHHS DPIBHS EKOHOMIYHOTO DO3BUTKY, KOHKY-
PEHTOCIIPOMOKHOCTI Ta PiBHONPABHOI y4acTi y CBIiTO-
BOMY pUHKY. BupoOyBHa ranys3b € Baromoro JIaHKOIO
MPOMHCIIOBOCTI YKpaiHu, ToMy Ii cTalijbHICTH Ta
PUOYTKOBICTh € MEPIIOYEPTOBUM 3aBJIAHHIM PO3BHT-
Ky HallOHaJbHOI €KOHOMIKH, BPaxXOBYIOYM 3HAYHUIl
MOTEHIlia MO 3amacax MPUPOJHUX PecypciB. YKpaiHna
MOJKe 3a0e3MeunTH 00CATH CIIOKMBAHHS Ta €KCHOPTY 1
Ma€ yTpUMYBAaTH JIIZIEPCTBO 32  OararbMa HO3UIISIMH
Ha MI>KHapOJTHOMY PHHKY.

[TanuBHO-eHEpPreTHYHI pecypcu € 0cOOINBO BaXK-
JIMBUMM JUIS HUHINIHBOI HAIiOHAJIBHOI E€KOHOMIKH.
YMOBH €KOHOMIYHOTO PO3BUTKY JIE€pXKaBH 3ajexaTh
Bix MacmTabiB i €EeKTUBHOCTI BUKOPHUCTAHHS €HEpTe-
THYHOT MiHEpaJbHOI CUPOBHHH Ta MPOAYKTIB 1i mepe-
pobxu, 1o 3abe3nedye, 3 0OMHOTO OOKY, pPoOOTY Mpo-
BITHUX TPOMHCIIOBUX HiATPHEMCTB Ta arpOIPOMHCIIO-
BUX KOMIUJIEKCIB, a 3 1HIIOTO — €HEPreTUYHY Oe3MeKy
KpaiHu.

3a AMHAMIKOIO BHIOOYTKY TBEpIMX KOPHUCHHX
KomalMH B YKpaiHi nepeBaxae kam’stHe Byriuis. [Ipo-
T€ CIiJ 3a3HAYUTH, IO caMe BUAO0OYTOK BYriuIsl Ha-
JISKUTD 10 HAWOUTBII MPOOIEMHHX Trally3ed y IpOoMHC-
noBocTi YKpaiHu. BaximBoro 00CTaBHHOIO € Te, IO
BYTiIbHA I1HIYCTpis HAep)KaBH AyXKe CTpoKaTa SK 3a
MIPUPOJHUMHU YMOBAMH, TaK i 32 BUPOOHHYHMM Ta TEX-
HIYHAM piBHEM MianpueMcTB. CTajauii eKOHOMIYHUH
PO3BHUTOK KpaiHW BUMarae 3abe3nedeHHs] e)eKTUBHOTO
€HEPTETUYHOT0 PO3BUTKY, BATOMOIO CKJIJOBOIO SKOTO

€ BumoOyBHa Tamy3b. BrpoBamkeHHs e(eKTHBHUX
CHCTEM EHEeproMeHE/DKMEHTY Ta eHeprocepnicy 3ade3-
HEeYUTh peaji3allilo MPOMHUCIOBOIO MOTEHIialy eHep-
ro30epexeHHs] Ta CHPUSATHME IiJBUIICHHIO €Heproe-
¢dexruaocTi kpainu [1]. CyvacHi peamii miakpecnumu
BaroMicTh BiIOYJOBH BYTUTPHHUX IIAXT, SKi OyJIO MOII-
Kko/pkeHo 3 2014 poky 1 Ha chOTOAHI He (YHKIIIOHY-
10Tb. PeMOHT 1 mopjanbina eKcIulyaTalis OHUX MIaxT
MOe 3a0€3NeUnTH BUXia YKpaiHH Ha HOBUH €KOHOMi-
YHHUW PIBEHb, CTATH CTAPTOM CTAOLILHOTO PO3BUTKY
BYT1JIBHOT IPOMUCIIOBOCTI.

Enepreruuna crpaterist Ykpainu nepenoaqae, no
micist 2020 poky BYriibHa rany3b He Oyje miamnopsi-
KOBYBAaTHUCH JIEpKaBi, a MOBHICTIO ()yHKIIOHYBaTHME B
paMKax PHHKOBHX BiTHOCHH. 3MIiHH Yy peryJIIOBaHHI
ragysi CTaHyTh BIIEBHEHHM IIATPYHTSIM JJIS 3aIy4eH-
HS IPUBAaTHHUX IHBECTHILIH, 10 COPUATHME 11 PO3BUTKY
[2].

AHani3 ocTa”HiX [aociailKeHb i myOaikamii.
Insxu po3BUTKY BHIOOYBHOI ramy3i YKpaiHH 3aBXKIU
BUKJIMKAIW JKBaBUH IHTEpeC HAYKOBIIIB uUepe3 akTya-
TpHICTE TpobOsieMu. [IutanHsS 0COOIMBOCTI (GYHKIIIO-
HyBaHHS BHJI0OYBHOI raiy3i YKpaiHH HOCTIIKEHO Yy
poborax T.M. ApTioxa, B.B. ®enis, 1.B. I'puropenxka,
M. Kpacunoxona, A.A. Makypina, 3.5. Illampka,
T.JA. Tanmsoka, K.B. Cmocapenka, O.B. Bbonmap-
Miarypeekoi ta inmn [3, 4]. [utanas eHepro3abesme-
YEeHHSl Ta €HEepPreTHYHOI Oe3NeKH y CBOIX Npalsx BHU-
pueHo A.K. Ilumnocekum, M.II. Kopankom, M.M.
Kymukom, b.C. Croruiem, B.A. Xoprsacekum, O.M.
CyxomonbcbkuM [5]. 3arikaBieHicTh 1€ mpobdie-
MOIO HOSICHIOETHCSI THM, IO PO3BHTOK HPOMHCIOBOTO
CeKTopy YKpaiHu € BaroMuM (akKTOpoOM BHCOKOTEXHO-
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JIOTIYHOT'O PO3BHUTKY PiBHS 100YBHOI rayysi Ta CTajgoro
PO3BUTKY CKOHOMIKH KpaiHU.

MatemaTHuHE MOJEIIOBAHHS — METOJ JIOC-
JIJDKEHHS MPOIeciB ab0 SBHI MUITXOM CTBOPCHHS Ta
ONKCY BIAMOBIMHUX MaTEMaTHYHUX MOJEJCH. 3acro-
CyBaHHS METOMIB MAaTeMaTH4YHOTO0 MOJIEIUTI0 0
pO3B’s3aHHS TPHUKIATHUX 3a1ad IPUCBAYCHO Oararto
poGit( Hanpuknam, [6- 8] Ta i),

VY it poboTi MpoBeAeHO aHai3 00CsTIB BUAOOY-
TKY BYTULIS Ta OOYIOBAHO MaTeMaTHYHY MO/JIENb, 110
SIKHAWOJMKUE OMUCYE BHUBYCHE IOCITIKEHHS. ABTO-
paMu 3a JOIOMOTOI0 METO/IiB IIPOTHO3yBaHHS 00y 10-
BaHO Ta OMHUCAHO MOJEIi JiHIHHOI, mapaboIiyHOi Ta
rinep0oJigHO1 perpecii, Mo anpoKCUMYIOTh J1aHi 00cs-
v BUAoOyTKy Byrijuist B Ykpaini y 2003-2020 poxax.

MerTor0 cTaTTi € JoCIipKeHHsT 00CATiB i aHami3
JUHAMIKH BUPOOHHUITBA BHAOOYTKY BYTLLISA, MOOYyIO-
Ba Ta OMHC MAaTEMAaTHYHUX MOJEJICH ampoKCcHMAIT,
BUBYCHHS SIKHX A€ MOXIIUBICTh 3HAXOJDKEHHS edek-
TUBHUX IUISIXIB PO3B’SI3Ky MPOOJIEM PO3BUTKY MPOMHU-
CJIOBOTO KOMIUIEKCY Ta TIEPBHHHOTO CEKTOPY €KOHOMi-
k1 Ykpainu, 6a30BOI0 CKJIJ0BOIO sIKOT € BUA00yBHA
rajiy3b.

BuKkJ1a1 0CHOBHOTO MaTepiaJy

Exonomika VYkpainum ckiamHa Ta OararorpaHHa
KOMIUJICKCHAa CTPYKTYpa, OCHOBHUM 3aBJaHHS fAKOI €
MiABUIICHHS PiBHS XXUTTS TPOMAJSH Ta CTAINH PO3BH-
TOK KOHKYPEHTOCIIPOMOXHOTO ©Oi3Hecy. Jlnsi BUKO-
HaHHS TIOCTaBJICHHUX IIed MOTPIOHO MiATPUMYBATH
0amaHC MK CEKTOpaMH CKOHOMIKH, SIKi 3aJIeKaTh BiJl
PIBHSI €EKOHOMIYHOTO PO3BUTKY.

OCHOBHHMM CEKTOPOM €KOHOMIKH Bijl SIKOTO 3alie-
JKUTh TOMANBIINN PO3BUTOK IHIIMX IBOX CEKTOPIB €
nepBuHHUA. 15 cekuis BiAmoBizae 3a BUAOOYTOK CH-
POBHMHH, SKI BHKOPHCTOBYIOTHCS Y IHIIMX Taiy3sX.
OpHiero 13 HaWBaXIIMBIMIMX KOPUCHHUX KOMAIHH, SKa
aKTHBHO BHI00YBAa€THCS B HAIIIN KpaiHI 3aIMIIAETHCS
BYT1ILIA.

ByrineHa TpPOMUCIOBICTE € 0a30BOI0 Tally33i0
€KOHOMIKM YKpaiHH Ta OCHOBHHUM EHEPTrOHOCIEM.
[TpoTe BU0OYTOK AaHOT KOPHCHOI KOTIAIMHY XapaKTe-
pU3Y€ETHCS HAJ3BUYANHO CKIAJHUMH yMOBaMH PO3pO-
O0ku pojouml. Komum e MoBa mpo BenMKi 3amacu
BYTIJUISL B HaJIpax KpaiHi, CiiJ 3ayBa)KHUTH, 110 OlyibIie
80% 1mux 3amaciB 30COpEHKEHO B IJIACTaX MOTYXKHiC-

TI0 1,2 M, sIKi € Iy’Xe Ta30HOCHUMH, Y4acTo HeOe3mey-
HUMHM 32 PaNTOBUMH BHKHJAMH BYTULIS 1 raszy, BUOY-
XOBICTIO IWJIY, CXWIBHICTIO /0 CamoO3aropaHHs, sKi
MEePEeBAXKHO 3aJSITAl0Th Ha BEMHKHUX rmubuHax [1].

VY rtenepinHid 4yac BUIOOYTOK BYriwis BigOyBa-
€TbCA Ha CTapHUX IIaXTaX Ta y CKIAAHUX TiIpHUYO-
reonoriyHux ymoBax. [Ipubnmsao 96% mraxt Oinbime
20 pokiB mpamoTh 0€3 MOAEepPHI30BaHOTO O0JIaTHAH-
Hi, moHan 50% MamuH i CIOPSIKCHHA IOBHICTIO
sHomeni [9-11]. CkimagHuM 3aIMIIA€THCS MUTAHHA i3
CXi/THOI0 YaCTHHOIO BYTIIHHOI IPOMUCIOBOCTI YKpai-
Hu. Curyanisi, sika CKJIQJIa€ThCsl HA OKYNIOBAaHUX TEPH-
TOpIisiX, AKi B CBOIO Uepry € 0a30BHMH perioHaMH BYTi-
JBHOT TPOMUCIIOBOCTI, PyHHY€ cuCTeMy (YHKIIOHY-
BaHHS BHJOOYTKY Ta peanmizauii roprodoi KOpPHCHOI
KonanuHH. PyliHyBaHHS 1H(QPacTPyKTypH Ta 3ylNHMHKA
BYTiIBHOTO Oi3HECY B OKPEMHX CXiJHHMX paiioHax Y-
paiHu BHKIHMKAa€ PU3WKH BTPATH POJIi BYTUIBHOI Ipo-
MHCJIOBOCTI y 3a0e3MeUYeHHI EHEePreTUYHOI Oe3MeKH
JIepKaBH.

JuHaMika BiTHOBJICHHS PO3BHUTKY BYTLIBHOI Ta-
my3i Oynme 3amekaTtd Big €(pEeKTHBHOTO BiTHOBJICHHS
(yHKLIIOHYBaHHS BYTUIBHHX MiJNIPUEMCTB Ta pedop-
MYBaHHSI B3a€MOBITHOCUH Ha PUHKY BYTUIBHOI JisUIb-
HOCTI.

VY wiii po®OTI BUBYEHO i MpOaHaNi30BaHO IHMHA-
MiKy 00csriB BHIOOYTKY TOpIOY0i KOPHUCHOI KOIaiu-
HH, a came BYriuisi, B YKpaiHi. 3ayBakxumo, 110 rOpro-
4i KOPUCHI KOMaJIWHU (T.K.K) — II¢ TPHPOIHI CHOJIYKH,
SIKi MarOTh 3JaTHICTh TOPITH 1 BUKOPUCTOBYIOTHCSA B
HapOJHOMY I'OCHOJAPCTBI K JKEPENo TEIUIOBOi eHep-
rii.

Byrimuis € TBepna ocagoBa mopoja, Sika yTBOpPH-
jacs mix 4ac Byriedikamii pOCIMHHUX 3aJUIIKIB ITiJT
JI€I0 THUCKY Ta BHCOKHMX TeMmIepatyp 0e3 nocTymy
KUCHIO. BOHO ciiyrye LiHHMM NajuBOM JJIsl METalyp-
rifiHoi Ta XiMigHOT mpoMucIoBocTi [4].

[IpoBexnene B will poOOTI JOCTIHKEHHS 0a3y€eThCs
Ha JIaHUX OOCSTiB BUJOOYTKY BYTLLIS, SIKI B3ATO CalTy
JEP)KaBHOT CIYy)KOM CTaTUCTHKH YKpaiHd, 3 PO3ALTY
€KOHOMIYHA CTAaTHCTHUKA Ta €KOHOMIYHA MisUIBHICTH, y
MiIPO3MiTi MPOMHCIOBICTE Ta MYHKTI BHPOOHHUIITBO
OKpeMUX BHUJIIB MPOMHUCIOBOT mpoaykiii [12].

HaBenmemo BUOiIpKY HmaHUX JAepiKaBHOI CITYKOH
CTaTUCTHKM YKpaiHM moJ0 BHI00yTOTO BYTUIISL 3a
2003-2020 poxwu [12].

Tabauys I — O6csAr BUPoOIeHol NpoayKuii 100yBHOI NPOMUCI0BOCTI (BYTiIsl, MJIH T)

Pix 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 [ 2011|2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020
?“f;fi’)' 59,8 | 59,4 | 60,4 | 61,7 589 [59,5| 55 | 55 | 627|657 644|459 302|316 |24,2|263 (255242
Buximukn  cy4acHOrO  JKHTTS, CYCIJIBHO-  BHUKOPHCTOBYIOTHCS JaHi TaOl. 2, SKi OTpUMaHO 3 Bif-

MOJITHYHI TPOOIEMH CYTTEBO BIUIMHYIH Ha 00CATH
BHAOOYTKY BYTUIIS B THUX MiANPUEMCTBAX Taly3i, SKi
po3TamioBaHi Ha cxoxi Ykpaiau, ocobnmso 3 2014 poky.
HacnigkoM mux 3MiH cTaylio CTpiMKE 3MEHIICHHS 3ara-
JILHUX 00CSTIB BHIOOYTKY TOPIOYMX KOPUCHHX KOTa-
JIMH, 30KpeMa i Byriuisi. ToMy aBTOpamu, 3 METOIO
MiABUICHHS TOYHOCTI amnpoKCHMAIIl, y JOCIHiIKCHHI

MOBITHUX MOKAa3HUKIB Tabn. 1 HIIIXOM ycepemaHeHHS
3Ha4eHb 3 2014 poky Ta 3actocyBaHHS ¢Gopmymm (1).
3ayBaXuMoO, IO IS yCEpeIHEHHsS 3a OCHOBY OyIio
B3STO JIaHi 32 OCTaHHI YOTHUPHU POKH.
x1+x2+X3+"'+xn

Xo + n ,

x ey
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Tabnuys 2 — Obesir BUPOGJIeHOT MPOayKIii 100yBHOI MPOMHCIOBOCTI (BYTiJIJIsSI, MJTH T 3 epepaxyHKoOM)

Pik 2003|2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013|2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020
Byrinas
(. 1) 59,8 159,4|60,4 61,7589 |595| 55 | 55 |62,7|65,7 | 64,4 {61,95|46,25|47,65|40,45(42,35|41,55|40,25

300pa3umo naHi Tadi. 2 y BUNILAI rpadivHoi 3aie-
*KHOCTI (puc. 2). 3ayBakuMo, mo 3Ha4eHHS | 1o Bici
abcrmc BiATIOBimae 00cCATY BHPOONICHOI MPOAYKIIi 3a

70
65
60
55
50
45
40

35
1 2 3 4 5 6 7 8

2003 p. i Bci inmi 3HaveHHst Bici aberpc (OX) — e o6es-
i 3a Bignosiguuit pik. o Bici opaunar (OY) moxaro
3HAYEHHSA BUIOOYTOTO BYTULI (MITH. T) TTO POKaM.

9 10 11 12 13 14 15 16 17 18

Puc. 1. O6csr BupoOeHOi MpoAyKIil 100yBHOT MPOMHUCIOBOCTI (BYTL/IIS, MITH T)

Ha rpadiky CyTTEBO BHOKPEMIIFOETHCS 3HAYCH-
Hs1 00csriB B okosi 2010 poky, 110 MOXXHA MOSICHUTH
CTPIMKHM POCTOM OOCSTIB BHIOOYTKY BYTULIS 3TiIHO
JI0 TIporpaMu po3BUTKY EHeprernunoi crparerii Ykpai-
HH [9].

Jnst anamizy AMHAMIKM BHIIOOYTKY BYTULIS HOOY-
JIyEMO MaTeMaTHYHy MOJENb 3a IOMOMOTIO0 JiHIHHOI,
KBaJpaTUYHOI Ta TimepOomiunoi 3anexHocTei. {00
noOyAyBaTH JlaHi 3aJeXHOCTI BUKOPHUCTOBYEMO METOJ
HalMEHIINX KBAJpaTiB.

Meton HaiimeHnmux kBaapatie (MHK) mae mmmpo-
KHH CIIEKTP 3aCTOCyBaHb, OCOOJMBE Miclie 3aiiMac B
MeTOoJax MaTeMaTH4HOi cTaTUCTUKH. 3aBnaHHsM MHK
€ OLIHKa CIOCTEePEKyBaHOI 3aKOHOMIpHOCTI Ha (oHI
CTOXaCTUYHUX KOJMBaHb, BUKOPUCTOBYIOUM II IS IIO-
JaJbIINX PO3PaxyHKIB, 30KpemMa IJisi MTPOTHO3YBaHH:.
MHK BmummHYB Ha METOJHU OIHUCY, BITHOBJIEHHS 1 MpO-
THO3YBaHHs JaHWX camoi pi3Hoi mnpupomu. CyTHiCTh
JAHOTO METOJy TIOJISITae B BU3HAUCHHI NapaMeTpiB Mo-
Jeni TpeHna, ska Halkpamie Oyne ONHCYBaTH TEH/EH-
L[iI0 PO3BUTKY SIKOrO-HEOyIb SBHUINA, B HAIIOMY BHIa[-
Ky BHIOOYTKY HadTH. 3aBIaHHSAM METOJYy HaWMEHIINX
kBanpatiB (MHK) — 3HaxoIKeHHST ONTUMANIBHOI MOJIe-
mi. ls Mogens Oyzie ONTUMAanbHOO, SIKIO cyMa KBajpa-
TUYHHAX BiAXWIEHb MK CIIOCTEPEKYBAaHUMH (haKTHU-
HUMHU BEJIMYMHAMH W BIATOBIIHUMHU M PO3pPaxXyHKOBH-
MH BeJIMYMHAMH TpeHAa Oyae MiHIManbHOIO (HaH-
menmorw): i, (y; — ¥x)? - min, ne(y; — yy)* — xBa-
JpaTHYHE BIIXWIICHHA MK CHOCTEPE)XKYBaHOIO (haKTHU-
HOIO BEJIMYMHOIO Ta BIJIOBIAHOIO ili PO3paxyHKOBOIO
BEITMYMHOIO TpeHNa; y; — (hakTUIHE (CIOoCTepekKyBaHe)
3HAUEHHS SIBUINA, IO BUBYAETHCS; Y, — PO3PaXyHKOBE

3HAYEHHs MOJIEJ TPEHJa; N — YUCIIO CIIOCTEPEeKEHb 3a
SIBUILIEM, 1[0 BUBYAETHCS.

MHK BUKOPHCTOBYETHCS SIK HEOOXiJHHUH TeX-

HIYHUN TPUHOM TpPHU KOPESIIHHUX TOCIIIKCHHSX,
iHpOpMaIiHOI0 OCHOBOIO SIKOTO MOXe OyTH JjuIie
JOCTOBIpHUH CTaTUCTHYHUI Psijl, TPUYOMY MiHIMAJIbHE
YHCIIO CIIOCTEPEXKEHD 4.
Po3B’s3aHHs 3a7adi anmpokcuMarii Ta MoOyIoBH Mare-
MaTHYHOI MOJIEIIi 3aBXKIU IiKaBHJIO HAYKOBIIB, a 0C00-
JMBO AKTyaJIbHO € 3apa3, KOJIHM Cy4acHe CYCIHIJIbCTBO
MepeXXUBaE TI00aTBHI BUKIUKHU. Y il poOOTi aBTOpamMu
3HAaHZEHO POB’S30K IIi€i 3amadi MeTOJOM TOOYIOBH
MoJIeJIeH, sIKi BHKOPHCTOBYIOTh JIaHi 00CSITiB BUIOOYTKY
Byriutst 3a 2003-2020 poku i 6a3yeThcs HA 3aCTyBaHHI
MHK.

Ilepmnm etanom MHK Mu npuiimaemo, 1mo x —
HOMEp Hociifny, y aaHomy Bumanky 2003 pik — 1 cmo-
crepexenns, 2020 pix — 18 crocrepeskeHHs; Y — KiJlb-
Kicth BupoOyrtoi Byriuisi. [lepeBipky rimore3su mpo
ICHyBaHHS 3aJIS)KHOCTI MIX «X» Ta «y» aBTOpPaMH BHKO-
HaHO 32 JIONIOMOI'OI0 KOMIT' IOTEpHHX Iporpam, Lo Jo-
3BOJISIE MPALIOBATH 3 LIMPOKOIO 0a3010 JaHHWX Ta aBTO-
MaTH3y€ NPOBEACHHS 00UUCIICHB.

JIpyruM eTaroM MeTOJIy € BU3HA4YCHHS TpaeK-
TOpii, sIKa Kpalie BChOTO MOXE ONHMCATH TEHJEHIIIIO
3MiHN BUIOOYTKY OOCSTIB BYT LIS,

Tperiit eran — 11e po3paxyHOK IapaMeTpiB pe-
TpeciifHOTO PIBHSHHSA, AKE XapakTepH3ye NaHy JIiHII0.
3HaxO0/pKEHHS 3HaYCHb IapaMeTpiB piBHSIHHSA perpecii,
y HalloOMy BUIAJKy IapameTpiB a i b, € rOJIOBHOIO Yac-
tuHoro MHK. Lle#t mpouec 3BoauTHCS 10 PO3B’sI3aHHS
BIJINIOBiTHMX CHCTEM HOPMAJIbHUX PiBHSHB:
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e TinepOoiyHa 3aJIEeKHICTb.

na+bz 1 —Z
i=1 xi i=1 yl’ (3)
n 1 n 1 n ]
DI
i=1 " i=1 b =1t

PesynbraT po3paxyHKiB 3 mapameTpamu perpeciii-

HOTO pIBHAHHSA, B 3aJIGKHOCTI Bil BHIVIIAY TPaEKTOPil
OIMNCY TIOJA€MO Y BUTJLIAI HACTYITHHX TPHOX TpadikiB
(puc. 2 — 4). VYci i TpaekTopii ONMHCYIOTH TEHICHIIIO
3MiHH BHIOOYTKY OOCSTiB BYTUDIL. AHANI3YIOUH MO0Y-
JOoBaHi Tpadikd, MOKHa 3pOOHTH BHCHOBKH, IO Hai-
OUTBIII TOYHO AaNpOKCHMY€ KBaIpaTW9HA 3aJeXKHICTH i
TOMY INOBHE BHMBYCHHS AaHOI Mojelli Moxke cTaTH (yH-
JAMEHTOM IS TIOLIYKY €()eKTUBHUX NUISXIB BUPIILICHHS
B)XJIMBHX MPOOJIeM TOOYBHOI raity3i IpOMHUCIOBOCTI.

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18

Puc. 2. Jliniiiga 3aj1exHicThb

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18

Puc. 3. [TapaGosniuna 3aneXHICTD

12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18

Puc. 4. 'inep6oiyna 3aneKHICTh
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3ayBa)xuMo, M0 MPOBEJCHI B POOOTI AOCIIIKESHHS
6azyroTecst Ha nanux 10 2020 poxy. Ha sxans aBTOpam
HE BJAJIOCs 3HAWTH CTATHCTHKY IO TEHEpilIHil Yac, Ta
HaBegeHi B [12] nani 3a 2021 pik npo BUI0OYTOK BYTij-
JIS1 UTIOCTPYIOTh 3MEHIIEHHST 00CsATY BHIOOYTKY BYTLIIIS
Ha 0,44 MIIH T , IO MATBEPIKY€E MPABHIBHICTE 3po0ITe-
HUX aBTOpaMH BHCHOBKIB II[OJI0 alpOKCHMAIIii 0OCsTiB
BHAOOYTKY BYT1ILIS.

BucnoBku

BaknuBoro CKJIaIOBOI0 3arajlbHOr0 KOMILIEKCY
€KOHOMIKH YKpaiu € 100yBHa IPOMHCIOBICTb, CTa01Ib-
HICTB 1 NPUOYTKOBICTh SKOI CyTTEBO BIUIMBA€E Ha (yHK-

LIOHYBaHHS BCIX CEKTOPIB HAI[lOHAJIHHOI EKOHOMIKH.
OcHOBHUM (DaKTOPOM NPOrPECUBHOTO PO3BUTKY BHIO-
OyBHOI Tanmy3i € 3a0e3Me4YCeHHsI 3POCTaHHSA OOCSTiB BU-
JMOOYTKY BYTULIA. 3HAXOKCHHS €()EKTUBHUX MUIAXiB
PO3B’si3aHHs NpoOJieM BHJIOOYBHOI Traiy3i JacTb 3MOTY
VYkpaiHi TOBEepHYTH HaJCKHHUA CTaTyc KpaiHU-
iMIopTepa Ha CBITOBOMY pHHKY Ta 3a0€3IE€YHTH Iparie-
BJAINTYBaHHA 3HAYyHOI YaCTHHH HACEJICHHS, YCIIIIHO
PO3BHBATH HAIIOHAJIFHY €KOHOMIKY. Y po0oTi aBTOpa-
MU TIPOBEJCHO TOCTIKEHHS 00CSTIB i aHAI3 TUHAMIKH
BHPOOHHUIITBA, TOOYZOBAHO OIIMCH TPAEKTOPIi TEHICHIII]
3MiHM BHJOOYTKY OOCATIB BYTJUIS y BHIJISAL JHIHHOI,
napa0oJIivHOI Ta rinepOoJIivHOT 3aIeKHOCTI.
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Analysis of the dynamics of coal mining in Ukraine using the methods of mathematical modeling
N. Ichanskaya, O. Shurpik

Abstract. The current status of industrial development is characterized by a study of statistics, an analysis of negative
phenomena in the development and location of industrial production, an assessment of the technological level and economic
efficiency. The paper considers a mathematical model based on the application of approximation methods to given data by con-
structing regression curves. The construction of mathematical models that describe the trends and directions of development of
various sectors of the national economy is an urgent problem today. The introduction of productive energy management and
energy service systems will ensure the realization of industrial energy saving potential and will contribute to energy efficiency.
The mining industry is the basis of the manufacturing industry and a significant component of the country's economy. Its current
state and development are closely related to the general state of the national economy, which emphasizes the relevance of the
topic considered by the authors. This article analyzes the dynamics of coal production for 2003-2020. and processing of statistical
data using modern mathematical methods. The authors have built a mathematical model, the study of which can become the basis
for finding effective solutions to important problems in the extractive industry. Analyzing the constructed graphs, we can conclude
that the quadratic dependence is most accurately approximated, and therefore a complete study of this model can become the founda-
tion for finding effective ways to solve important problems in the extractive industry. The study carried out in the work is effective
for constructing algorithms for solving the problems of the extractive industry and increasing the efficiency of the sustainable devel-
opment of the coal sector of the industry. The main factor in the progressive development of the mining industry is to ensure the
growth of coal production. The study of the ways of solving the problems analyzed in the work is the key to an effective solution to
the problems of the development of industry, the primary sector of the economy and the economy of Ukraine as a whole.

Keywords: mathematical model, mathematical methods, extractive industry, coal, coal industry, mathematical modeling.
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METOAOJIOI'TYHI 3ACAIA YIIPABJIIHHA CTAJIUM PO3BUTKOM
EHEPTETUKHU B YMOBAX I''TOBAJIbHUX PU3UKIB
I BI®CYPKAIIMHUX 3PYIIEHD

AnoTtanis. [IpoananizoBana npo6iemarika 3a0e3IeUeHHS CTAIOT0 PO3BUTKY €HEPTeTHKHI B yMOBaX INI00ATbHIX PU3HKIB,
3pOCTaHHs I100aIbHOI HEBU3HAUYEHOCTI, Hellepe0adyBaHoCTi Ta OiypkamifHuX 3pyIIeHs, OB’ 13aHuX i3 UeTBepToro mpo-
MHCIIOBOIO PEBOJIIOLIIEIO Ta 3EJICHUM «EHEePreTHIHNM» IepexooM. JloBeieHa HeoOXiqHICTh O3y CYy9acHOI €HepPreTHKH
SIK CKJIaJHOT eMep/PKeHTHOI CHCTEMH B yMOBaX 0araToBapiaHTHOCTI Ta HEJIIHIHHOCTI BEKTOPIB PO3BUTKY INIOOANBEHOT €KOHO-
MiKH, eHepreTuKH. Ha 0CHOBI aHasi3y METO0IOTIHHUX MOJI0KEHB Teopiil MiHiiHOI Ta HeTiHIHHOI (CHHEPreTHYHOT) Tapaurm
00IpyHTOBAHO TOULIBbHICTh BUKOPUCTAHHS CHHEPT€TUYHO-KiOEPHETHYHOTO MIAXO0AY 0 YIPaBIiHHA CTAIUM PO3BUTKOM €He-
PreTHKH, BpaXOBYIOUH, L0 TPAEKTOPIT QYHKIIOHYBaHHSI i PO3BUTKY SHEPIeTHKU IPUTaMaHHI CHHTE3 EBOJIFOLIHHOTO (JTiHiHHOTO,
BIOPSAKOBAHOT'0) Ta XaOTHYHOTO (HETiHIMHOTO0) MpoIeciB. BuzHaueHo, 10 OCHOBHUM HAIPSMOM KiOEpPHETHYHOTO YIPaBIiHHSI
SHEpPreTHYHOIO CUCTEMOIO € ITOIIYK Ta pealli3allis TaKiX KepyIOUHX BIUIMBIB, SIKi 32 HASSBHOCTI 30BHIIIHIX 1 BHYTPIIIHIX (IIyK-
Tyaniif 3a0e3meyars CTifKil, Oe3NeYHHI, TOMEOCTaTHYHHI pexnM (yHKIIOHYBaHHS CUCTEMH, Y SIKOMY BOHA JJOCSTHE MAKCH-
MYMY CBOE€i e(heKTUBHOCTI. 3a3HaYCHO, IO MPpobIIeMa roMeocTasy (CTIHKOCTI) B KiOEPHETHIN PO3TIIAAETHCS 3 YHCTO (PYHKIIIO-
HaJIBHOI TOYKH 30py, i TOMY B Hiii (Ha BiAMiHY BiJl CHHEPT€THKH) HE aHAJIi3yIOThCSI KOHKPETHI MEXaHI3MU caMoopraHizarii.
CuHepreTrKa OCIIPKY€e HETiHIHHI IPOIeCH caMOyCKIIQIHEHHSI CHCTEM, BHHHKHEHHS «TIOPSIIKY 13 Xaocy» (i HaBIIaKW) Ta BU-
BYa€ MPOIIECH, KOJM MOXYTh BUHHKATH Oi(ypkamiiiHi 3pyIICHHS, AEKUIbKa CTaHiB PiBHOBAark (aTpakTop) i KOJMH KEPYIOUH
BIUTHBH HE PETYIIOIOTH Oe3MocepeIHhO MOBEIIHKY CUCTEMH. Jl0BEAEHO, 0 CHHEPTeTUYHO-KIOEPHETHYHUI Mi/IXi]] 10 YIpaB-
JIHHS CTAIUM PO3BUTKOM €HEPTETUKH HEOOX1THO PO3TIIIAATH K MIKIUCIUIUTIHAPHUM, 0 IPYHTYETHCA Ha IMIHPOKOMY 3aCTO-
CYBaHHI anapaTy CHHEpPreTHYHOTO MOJIEIIIOBaHHS (HEUiTKa JIOTiKa, HEHPOHHI MEpesKi, EBOMIOLIHHI alNrOpUTMH, (DpaKTai, ee-
MEHTH Teopii XaoCy TOIIO), EKOHOMIKO-MaTeMaTHYHHX, OaTaHCOBHX, COIIO-TICHXOJIOTIYHMX Ta i IHIINX Mozelel Ta METOIIB.

Kamw4oBi croBa: cranmii po3BUTOK EHEPTETHKH, TI100aIbHI pU3UKY, JiHIHHA apaAurMa, HeliHiiHa napagurma, oigyp-

Kallisi, CHHepTeTHYHO-KiOepHETHIHUH MiAXiI.

Beryn

e y 2012 porii pe3ostortiero Ne 67/215 T'enepainb-
Ho1 Acambiei OOH «CripustHHsI pO3IMIMPEHHIO BUKOPHC-
TaHHS HOBHMX Ta BIJJHOBIIIOBAHUX JDKEPENT EHEeprii»
(Promotion of new and renewable sources of energy),
20142024 poku orosomieHO «JIeCATHIITTSIM CTajoi
eHepreTuku s Bcix» [1]. B EHeprermuniit crparerii
VYxpainu Ha iepio 10 2035 poKy 3a3HAYEHO, IO CTAIIHIA
PO3BHTOK €HEPreTUKH Ma€ CTATH NMEPIINM KPOKOM IS
03/I0POBJIEHHS Ta 3pPOCTAaHHA E€KOHOMIKM KpaiHu B IIi-
somy [2]. Takox cranuii pO3BUTOK €EHEPIETUKH € BaXKIIH-
BOIO NEpeayMOBOIO nocsirHeHHs Llineit cramoro po3Bu-
1Ky (LICP), Bu3nauenux OOH y moxymenti «Ilopsimox
JICHHHUI B rajly3i CTajoro po3BUTKy Ha repion mo 2030
poky» [3] Ta BukoHaHHsi [lapu3pkoi yroam mpo 3miHy
kiimary [4]. IligumenHas eHeproeeKkTuBHOCTI, 3017Tb-
IICHHS 9aCTKY BiTHOBIIOBANbHUX Jkepen eHeprii (BJE)
Ta TmepexiJ Ha OUIBII eKOJIOTIYHO YHCTI €HeproTEXHOJIO-
il MarOTh BaXJIMBE 3HAYCHHS JUISl CTAJIOTO PO3BUTKY, B
TOMY YHCIII JUI OOpOTHOM 31 3MIHOIO KITiMary.

CyyacHHH CBIT BXOAUTH Y HOBY €py INIOOAIbHUX pH-
3WKIB, 3pOCTAHHSI TTI00AILHOT HEBU3HAUEHOCTI, HeTlepe0a-
qyBaHOCTI Ta OidypKalifHUX 3pyLIeHb (30KpeMa mepexis
Ha IIOCTHH TEXHOJIOTIYHAH YTy paMKax YeTBepToi mpo-
MHCIIOBOT PEBOJTIONIT Ta TepeXia A0 3eJeHOI eKOHOMIKU i
enepretukn). Ha qymky excrieptiB CTOKTOJIBMCHKOTO MiK-
HApOTHOTO IHCTHTYTY JAOCHIDKEHb TPOOJIeM MHUPY
(Stockholm International Peace Research Institute, SIPRI)
rIo0aTbHI KpU3Hu y cdepax Oe3neKH JocTBa (TEOTOiTH-
YHI, BOEHHI, CHCPTeTUYHI, COIiaIbHI TOIIO) Ta CKOJIOTi 10~
CHJIIOIOTH OJIHA OJJHY Ta F'€HEPYIOTh KOH(UIIKTHICTh, HECTa-
OLIBHICTD, CTBOPIOIOTH B3a€EMO-IOTIOBHIOBaH] HOBI PH3HKH 1

3arpo3y, SIKUM NpHTaMaHHa 0araToacleKTHICTh NPOsIBY Ta
MacmTaOHicTh HachiakiB [5]. KimouoBuMu TI0OaIbHAMHU
pYBHKaMH i 3arpo3aMu y cepi Oe3NeKn JFOICTBA € BiltHH
Ta €I 30pOiHI KOHMIIKTH HA MDKCTHIYHOMY Ta peririi-
HOMY IPYHTI; HApOIIyBaHHA SACPHUX 030pO€HD; Mi>KHAPO-
JTHUH TEPOPH3M; CYCITUTBHO-TIOJIITUYHI 3aBOPYILEHHS HACH-
JILHUIBKOTO XapakTepy; TeHOLWJ HaceneHHs Tomio. Ha-
npukiazn, BiiiHa Pociiicekoi denepanii (PP) nporn Ypa-
THM CTBOpHMJIA KOMILJIEKC 3arpo3 BOEHHOTO, COLIIaIbHO-EKO-
HOMIYHOTO, TEXHOTCHHO-CKOJIOTIYHOTO XapakTepy, Hebes-
HIeKy sIIepHOT BilfHH, PU3UKH CBITOBIN €HEpreTHYHii 1 rmpo-
JIOBOJNIbYIM  Oe3meri. 3rifHO JOCHIDKEHHS KOMIaHIT
Economist Intelligence Unit (EIU), came arpecis PO crana
BaroMUM PU3UK-YMHHUKOM Ui 81 % KpaiH, HOpoIKyoun
HAWOLIBII TII00ATEHI PU3HKA caMe Y cepi eHepreTHIHO
Oe3mneku 1 KpaiH €pponetickkoro Coro3y Ta iHIINX Jep-
kaB [6]. CbOrofHi JIOKaIBHI BilfHU Bely ThCSI, TOJIOBHUM YH-
HOM, 32 BOJIO/IIHHSI €HEpropecypcamy, 3a KOHTPOJIb HaJl dy-
JKVIMH 3aIlacaMy €HePropecypeiB Ta MariCTpaIbHAMH TPY-
6ompoBoIaMHy TPAaHCHIOPTYBAHHS Ha(TH i rasy.

PizHOMaHITHICTH MHOXHMHHU ()aKTOPiB II100ATBHUX,
HAI[lOHAIBHUX PHU3MKIB, iX MPOSABIB YCKIAAHIOIOTH MPO-
11eC MPUHHATTA CTPATETiYHUX PIillIeHs B eHEPTeTHIIi, Bpa-
XOBYIOYH, 1110 33 3MICTOBHOIO CYTHICTIO PU3HK € CIa0KO
CTPYKTYPOBaHUM, OCKIIbKH BUHHUKAE B PE3yJIbTATI HEBH-
3HAYEHOCTI MOJiM Ta CUTyalill, 30BHIIIHBOTO Cepero-
BHUIIA, HETIOBHOTH 1 HETOYHOCTI hopMadtizawii 3a1ayqi, He-
YITKOCTI SIK CAMUX BXiJHHUX JaHUX, MPOLECIB, TaK i MOJIe-
JeH, o X ONUCYIOTb.

ITocTaHoBKa Mpo0JieMH Ta aHAJI3 OCTaHHIX A0cC-
JimkeHb i myOsikamii. JlocmimkeHas 3 po3poOku 00-
IPYHTOBaHHUX IMPOTHO3IB PO3BUTKY €HEPTEeTUKU Ta (Hop-
MyBaHHSI Ha iX OCHOBI CTparterii Jep)KaBHOI TOJITHKH
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I'PYHTYETbCSI, TIEPEBa’KHO, HA JIIHIMHIN mapaaurMu Kia-
CUYHOI 1 HEOKJIACUYHOI EKOHOMIYHOT HAYKH, sIKa € Hai-
O1IBLI TPaJULIHHOIO IS iHAYCTpiaIbHOr0 XX CTOJNITTS
Ta CIyrye 6a3ucom KiGepHETHYHOTO IMiAXOAY A0 YIIpaB-
JIHHS €HEPreTUKOIO, il TEPMIHOM SIKO1, K IPaBUIIO, PO-
3TIAJA€THCS 'eHepreTHdHa ramy3s” abo "maiuBHO-eHep-
TeTUYHAN KOMIUIEKC", TOOTO CYKYIHICTh CKIIQTHUX, i€-
papxiyHUX, KEpOBAHMX TEXHIKO-EKOHOMIYHUX CHCTEM
(ramyseit, mianpueEMCTB), IO 3a0e3MEeUyIOTh KpaiHy ma-
JIUBOM, €JIEKTPUYHOIO i TEIUIOBOIO eHepriero, (yHKIio-
HyBaHHS AKX BiIOyBaeThCs 3a Qi3UIHUMH, IETCPMiHO-
BaHMMHU 3aKkoHaMU. OCHOBHUMH I'pyTIaMH METOIIB AOCITi-
JOKCHHS y MEKaX KiOEpHETUYHOTO MiIXOY €: OaJlaHCOBI,
€KOHOMETPHYHI Ta JOCIIKeHHs onepauniil (MeToau om-
TUMI3alii Ta MaTEMaTHYHOTO MOJICTIOBAHHS).

B VYkpaini enepreTruHuii 6aaHc € HEOOXiTHMM 1H(O-
PMaLiiHIM JDKEpEIoM JUIsl OTIEpaTHBHOTO YIPABIIHHS Ta
CTPATETIYHOTO IUIAHYBAaHHS PO3BUTKY €HEPIETHKH 1 BHKO-
PHCTOBYIOTBCS, 30KpeMa, U aHaJl3y i 3MiHH MPOTHO3Y-
BaHHA MOTPeOH B eHepropecypcax [7, 8]. Ame B ymoBax
TI00ATFHAX PH3UKIB 1 OiypKamiifHIX 3pyIIeH BUKOPHC-
TaHHS OAIAHCOBUX MOJIENECH 3HAYHO YCKIIAIHIOE B PE3yJIb-
TaTi CIOTBOPSHHS HAMIMHOI iH(pOpMaIiitHoi 0a3u 00
PYXY €HEpreTUYHUX MOTOKIB, 30KpeMa, JOCTOBIPHOCTI Po3-
PaxyHKy HATypaJIbHUX OOCSTIB CIIOYKMBAHHS, IMOKA3HHKIB
IMIIOPTY, €KCHOPTY Ta BapTICHHX IapaMeTpiB, 3HAUYCHHS
SIKMX 3aJIeKaTh BiJl CTaHy €KOHOMIKH 1HIINX KpaiH Ta MiXk-
HapOJHUX (HIHAHCOBHX 1 EHEPreTHYHHUX PHHKIB.

ExoHOMeTprdHI MeTOIH, IO 0A3YIOTHCS Ha TOOYIOBI
eKOHOMIKO-MaTeMaTHIHHX (PyHKIIiH (Moernelt) i 3acCHOBaHi
Ha perpeciitHoMy aHali3i Ta BUSBJICHHI TCHICHIIH PO3BH-
TKy (EKCTpamoyALii TPeHy), TOLUTFHO BUKOPUCTOBYBATH
JMIIe JUISl KePOBAaHMX EK30T€HHHX IMapameTpiB (30Kpema,
o0IiKOBa CTaBKa, Tapu(u Ha CHEPTETUYHI PECYpCH Ta TI0C-
JIyTH, eHeproe()eKTHBHICTh HOBOTO 00J1a/{HaHHsI a00 HOPMHU
BUKHUIIIB 3a0py/IHIOIOUMX PEUOBHH), SIKi € "HOPMATHBHO"
BCTAHOBJICHI 1 JIJISI KOPOTKOCTPOKOBHX MPOTHO3IB.

HIBuaKuil pO3BUTOK KOMIT FOTEPHHUX TEXHOJIOTIH J10-
3BOJIJIO 30CEPEIMTH EKOHOMIKO-MaTeMaTHYHI JIOCITi-
JDKSHHsI B)KE Ha PO3pPOOJICHHI ONTUMI3aliHHUX MOJIeNeH.
Mertou JiHIHHOTO (ITEOBAa (QYHKIIISA i 00NACTH MOLIYKY
BHU3HAYAIOTHCS JIIHIHHUMH 3aJIKHOCTSIMHM), HETiHIHHOTO
(uimpoBa (QYHKIS 3aJaHa SK JTiHIHHAMH Tak i HEINiHil-
HUMH 3aJIC)KHOCTSMH TPU AOIYCTUMIN 00JIacTi MOIIYKY),
CTOXaCTHYHOTO (LIbOBa (PYHKINS 33Ta€THCS IMOBipHicC-
HOIO0 (DYHKIII€IO) MPOTpaMyBaHHA B €HEPreTHIl CTalOTh
HaOimeI mommpennmu. Hanpukian, mpu dopMyBaHHI
crieHapiiB I MiaHy Aiil peamizamii EnepreTudHoi crpa-
terii Ykpaiam Ha mepion mo 2035 poky, BUKOPHCTOBY-
€ThCsI KOMIUIEKCHA €HePreTUYHa MOJIEIb TIPOrpaMyBaHHsI
«Times-Ykpaina» [9], sika 32 METOJIOJOTIYHUM TIiIXOJ0M
€ JHIHOIO ONTHMI3AIHOI0 KBa3iIMHAMIYHOIO E€KOHO-
MIKO-MaTeMaTHIHOIO0 MOJICJUTIO BUPOOHMYOTO THITY 4acT-
KOBOI piBHOBAr# 3 (hJikCOBaHUM IIONUTOM, Yy SIKiH OKpeMmi
MOJIENBHI PO3PaxXyHKH IIPOBOJITECS 13 MiJKIIOUYCHHSIM
CrieialbHUX MOJYJIiB, peali30BaHuX 3 eJIeMEHTaMH LILJI0-
YHCEIBbHOT0, HENIHIHHOIO Ta CTOXacTHYHOI'O MpOrpamy-
BanHs [ 10]. Ane GyHKIIOHYBaHHS i PO3BUTOK €HEPTETUKH
31€01TBIIIOT0 BU3HAYAETHCS CTAHOM 30BHIIITHEOTO CEPEJIO-
BHIIA (€KOHOMIYHOI, COIMiaTbHOI, OMITHIHOI, EKOJIOTid-
HOi), TOMY CBOTOJHI CTOXacTHYHi (BHTIAJKOBI TOii)
(bakTOpH PO3BUTKY CHEPreTHYHOI CHUCTEMH, Y 3HAYHIN

Mipi, CHOTBOPIOIOTH PE3YJILTATH, OTPHMaHI 32 JOTIOMOT OO
JIETEPMIHOBaHUX EKOHOMIKO-€HEPIeTHYHUX MOJIEIICH.
Oco6mmBo micist cBiToBoi (inaHcoBoi kpuzu 2008-
09 pp. y 3apyOi>KHOMY 1 BITYM3HSIHOMY HAyKOBOMY KOJIi
KaTeTOPUYHICTH CYKEHB III0JI0 3aCTAPLIOCTI METOI0MIOTI1
TiHIKHOT mapagurMu Ta KibepHETHYHOTO MiIX0My YIIpaB-
JiHHSA CHCTEMaMH MOCHIIFOETHCS, IO €, Ha HAIl MOTJI,
JOCTaTHBO JUCKYCIHHM ITMTaHHAM BpPaxOBYIOYH, IO
TIPOLIEC YIIPABIHHS CTAIMM PO3BUTKOM €HEPIeTHKH, 3 OJI-
Hi€1 cTopoHH Mae OyTH CIIPSIMOBAaHO Ha 3a0e3MeYeHHS CTa-
noro (cTifikoro, CTabiIbHOTO) CTaHy €HEpPreTHKH a, 3 iH-
1101 — Ha PO3BUTOK, TOOTO MepexiA ii B IKiCHO HOBUIi CTaH.
MeTo10 cTaTTi € PO3IIIsA METOAOJIOTIUYHHUX 3aca]
YIPaBIiHHS CTalliM PO3BUTKOM EHEPIeTUKH B YMOBax
rI00aJIbHUX PU3UKIB 1 0iQypKaIiiHIX 3BOPYILICHb.

Buxiiaa 0CHOBHOTO MaTepiary

3arajioM npoOiemMaTHKa yIpaBJliHHS CTAIUM PO3BH-
TKOM €HEPIreTHKH, Ha Halll TIOTJISI, JISKUTH Y TUIOLIMHI JTy-
ATICTUYHOCTI KaTeropiit cramicTh (CTIMKICTh) 1 PO3BUTOK B
KOHTEKCTI OJJHOTO YacoBOro mpoctopy. JediHimis mo-
HSTTS "'CTaJiCTh", 3MICTOBHA CYTHICTB SIKOT OLJIBIII KOHKpE-
TH3YEThCS TEPMiHOM "TomeocTas" (Binx rpempkix homios —
OJTHAKOBHH 1 statis — cTaH), pO3TIIANAETHCS SIK 3IATHICTD
CHCTeMH 30epiraTu TUHAMIYHY PiBHOBAry i pO3MINPIOBATH
CBOI CTPYKTYPHO-(YHKITIOHAJIbHI BIACTHBOCTI IPH BIUIHBI
Ha Hei 30ypeHHX Aiil HaBKOJHIIHBOTO cepenoBHia. Me-
XaHI3M rOMEOCTa3y HalpaBJICHUH Ha TOCSITHEHHS OIITHMa-
JBHOI CTPYKTYPHU €JIEMEHTIB CHCTEMH i BU3HAYa€ YMOBH
Oe3nevHoro il icHyBaHHs. Y BHUILE3a3HAYCHOMY KOHTEKCTI
KaTeropis «CTayuii (CTifKii)» Ta «0e3neyHnii» HaMu po3-
IJSIIAETBCS IK CMHOHIMU. besneka minBHILye CTifKiCTh
CHUCTEMH — 3[JaTHICTh CUCTEMH MailxKe He BIAXWIATHACS Bif
BIIOPSIIKOBAHOTO (0OpaHOro) pyxy Iifl BIUIMBOM BHIIa KO-
BHX 30BHIITHIX Ta BHYTPIMHIX noxii ((iaykTyamiii, HeOe-
3nek). Came Ha 3a0e3NeyeHHs eHepreTHYHOI Oe31eKH, 10
€ BaXJIMBOIO yMOBOIo jocsirHeHHs LICP, y nepury uepry,
CTIpSMOBaHA €HEpPreTUYHa IOJIITHKA 1 cTpaTerii YKpaiHu
Ha nepion 10 2035 poky. HaliBummii piBeHs Oe3meKH J0-
CSITAETHCSI 32 YMOBH, 1110 BECh KOMIUIEKC OKa3HUKIB CTaHy
cUCTeMH TiepeOyBae B MEBHHUX JIOIMYCTUMHUX, HOPOTOBHX
Mexax 1 Mae CBOI rpaHW4HI (HOPMAaTHBHO BU3HAUEHI Jiep-
JKaBHHMH OpraHamu) 3HadeHHs. Hampukian, y moneni
"TIMES-VYkpaina" cueHapHi 3HaUeHHS| TaKUX EH/IOTCH-
HHX 1 KEpOBaHUX MOKA3HHUKIB SIK 00JIIKOBA CTaBKa, Tapudu
Ha EHEePreTHYHi PECypcH Ta IMOCIYTH, €Heproe(eKTHB-
HICTh HOBOT'0 00JIaJTHAHHs 200 HOPMH BHKHU/IB, IO BU3HA-
YalOTHCS BIAIIOBIHUMHU JIEP>)KaBHUMH OPTaHAMH, MOXXYTh
OyTH 4iTKO OOIPYHTOBAHI ¥ MPOTHO30BaHI JIMIIE 32 YMOB
CTIHKOT0, OE3MIEUHOr0 CTaHy CHEePIreTHKH.

JlocnmipkeHHsT CHCTEMH y CTIMKOMY CTaHi IpyHTY-
FOThCS, IEPEBAXKHO, HA ITIIX0JaX JIHIHHOT MapaurMu, KOH-
LENTyaJIbHUMH TIOJI0KEHHSIMH Ta MPUHIMAIIAMH SIKOT €: Jie-
TePMiHICTChKE YSBICHHS IIPO CTIHKICTh; pallioHaIbHA TOBe-
niHka "momuHu ekoHomiuHOi" (homo economicus); imest
PHUHKOBOI PiBHOBATH; MTOCTYJIAT MO JIeKiJIbKa CTaHIB piBHO-
Bard B CHCTEMi; IPUCYTHICTh y CHCTEMI JIOKAJIbHUX OITH-
MYMIB; JIiHIHHICTb B3a€MO3B’I3KIB MK TapaMeTpamH; Ipo-
THO30BaHICTh TPOIECIB PO3BUTKY CHCTEMH; IOIIYK Haii-
OLITBII 3HAYYIIUX, CHJIHIX YMHHUKIB, TOJI SIK CJIA0Ki YHH-
HUKHU TIEPEBAYKHO BHKIIOYAIOTHCS 3 aHaJl3y YW Po3riisia-
IOTBCSI SIK BHIIAJIKOBI; KEPOBAHICTh cucteMoro. Pi3ndHuit
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3MICT NPUHIMITY JIHIMHOCTI 3BOJMTHCS O TBEPIDKCHHS,
3TiJTHO 3 SIKUM BIAITYKH CUCTEMU HA BiJTHOCHO MaJli BILTMBU
Ha Hel JIHIITHO (TIPONOPIIHO) 3a5e’KaTh Bif IX CHIIH.

Kpurepiem panioHansHOI MOBEAiHKHM HpU BUOOp1
ONTHMAJIBHOI aJIbTEPHATUBY € MaKCUMi3allisi KOPUCHOCTI
B YMOBax 00OMEXEeHOCTi pecypciB. JloMiHyI090I0 TEOpiero
JOCIIKEHHSI PaliOHaJbHOI EKOHOMIYHOI TIOBEHiHKH
JI0C1 3a/IMINAE€THCS HEOKJIACHYHA, KA JONOBHEHA aHAII-
30M MIPUAHATTS PIillIEHb 32 YMOB PH3HKY (TeOpis OdiKy-
BaHOi KopucHocTi Hefimana-MopreHmTepHa) Ta HEBU-
3HAYCHOCTI (Teopis Cy0’€KTUBHOI OUiKyBaHOI KOPHUCHO-
cti JI. CeBimka). [IpuHumn Makcumizanii o4ikyBaHol Ko-
PHUCHOCTI CIIPUHMAETHCS K OCHOBHHMI KPHUTEpiil pairio-
HAJILHOCTI PIIIICHHS Ta BUOODY.

B eneprernuHiii cepi BUXiTHI TTOJI0KEHHS JTiHIHHOT
napagurMy (JIiHIHHOT JTUHAMIKK) HOJISTAIoTh Y HacTyI-
HOMY: Cy0’€KTH €HEpreTHMYHHX PUHKIB (€HeproKoMIMaHil
(BEpOOHUKM), CTIO’KUBAYi, iIHBECTOPH, /ISP KaBHi i perioHa-
JIBHI OpTaHM BIa[) JIFOTh PaIliOHaJHHO Ta HAMATaroThCs
JOCSTTH BIIACHUX IUIEH, 30KpeMa MiHIMI3aIlis BHUTpPAT
(30uTKIB), MakcuMi3amis MPUOYTKOBOCTI; iCHYe MpO30-
PICTh KOHKYPEHTHHX PUHKIB (haKTOPiB BUPOOHHIITBA; PUH-
KOBa piBHOBara (0ajaHC MOMMTY Ta MPOMO3HII) Jocsra-
€TBbCSL B pe3yJIbTaTi OanaHcy nijield cy0’eKTiB pUHKY TOILLO.
3 MaTeMaTHYHOI TOUKHU 30py LI GOPMYIOTECS Y BUIJISI
LiIb0BOI (PYHKIIT Ta CHCTEMH PI3HOMaHITHUX OOMEKEHb
(exOJIOTIUHKX, EKOHOMIYHHUX, TOJMITHYHHX TOIIO), a B KO-
CTi METOIMYHOTO IHCTPYMEHTapit0 BUKOPHCTOBYIOTHCS MO-
JIeJTi MKrasry3eBoro OaiaHCy, pi3HOMaHITHI BHpOOHI (y-
HKWIi (Hanpukman, Bupoormdi ¢yskii Koo6a—/yrmaca un
P. Conoy Ta E. Jlenicony, ekoHoMiuHi moOymoBu Ketinca),
TiHIHI [rdepeHIiianbHi piBHIHHS, Y SKUX HEBIIOMI BEIIH-
YMHH BXOAATH JI0 CTYIICHS HE BUIIE OJAMHUII (HAIIPUKIIa,
piBEssHHS MakcBeiia, piBHsSHHS ['aMinbTOHA Ta iH).

VY Mexax KiOepHETHMYHOTO MiAXOAYy 0 YIPaBIiHHS
€HEPreTHYHOI0 CUCTEMOIO TOJIOBHA yBara MpUALISETHCS
BUPIILIEHHIO OCHOBHOTO 3aBJIaHHS — 3HaXO/PKEHHSI OITH-
MAJILHOTO CTAIllOHAPHOTO (PIBHOBAKHOTO) CTaHYy CHC-
TEMH, a KaTeropisiMU NPUHHATTS ONTHMAaJIbHUX PIIIEHb €
MaKCHMI3aIlisi CIIOKUBAHHS OKPEMOT0 BHIY CHEPropecy-
PCy, MaKkCUMIizaIlist MpUOYTKY, MiHIMi3allis 3araJlbHIX BH-
TpaT, MiHiMi3aIis a00 JOCSATHEHHS BU3HAUCHOTO PiBHS BH-
KAiB TAPHIKOBUX Ta3iB Ta iH. AJie y 0araTboX BHITAAKAX
ONTHMaJbHE PIlIEHHS HEMO>JIMBO BUOPATH OJHO3HAYHO
He JIMIIE JUIA CUTYaIlil 3 pU3UKaMH, HEBU3HAUYCHICTIO, ajie
1 JUIS IeTepMiHOBAHUX, BPaXOBYIOUH, IO y TIPOLIEC IPHH-
HATTSI ONTHMAIbHUX pIlIEHb 3alydaroThCs 0Oarato
Cy0’€KTIB €HEPreTHYHUX PUHKIB i3 PI3HUMHU IHTEpPECaMH.
B ymoBax koH(}IIKTY iHTepeciB pi3HHX TpyH CyO’ €KTiB
ITI00aJIBHOTO 1 HAILlIOHANFHOTO €HEPreTHYHUX PHHKIB (a
Il TMOMIMPEHe SBHUINE), e(PEeKTHUBHICTH DIllIeHb MOBHHHI
OLIIHIOBATHUCS 3a OaraTbMa, SIK MPaBHJIO, CYNEPEWINBUMH
KPUTEPIsSIMH, 30KpeMa: Ha liiHiCcTb, Oe3MmeuHicTh (QyHKIiO-
HYBaHHsI €HEPrOCHCTEM — €KOJIOTTYHI BUMOTH — EKOHOMi-
YHa e()eKTHBHICTh — COIliaJbHA CTaOUThHICTH. [rpoBi mi-
XOJIY YIIPaBJIiHHS CHCTEMOIO B YMOBaX KOH(QIIKTY € 6a30-
BUMH CEpe KJIaciB 3a/1a4 Teopii NpUHHATTS pinieHs. On-
HaK, PY BUKOPHCTAHHI CTAHIAPTHUX MAaTEeMAaTHYHUX all-
TOPUTMIB pillleHHA OaraTOKpUTepiaJbHUX 3a/1ad (METOIU
TOJIOBHOI KOMITOHEHTH, [lapeTo-onTruManbHICTh, JIiHIHE
3BEpTaHHS BaroBUX KOEQIIiEHTIB Ta iH) PO3B’ 30K JeTEP-
MIHOBaHHX MOJETeH He 3aBXI MOXe OyTH SKiCHO Ta

KIJIbKICHO €KOHOMIYHO 1HTEpIIPETOBaHO, TOMY IIPH MOJIe-
JIOBAaHHI CHEPreTHYHHX CUCTEM HAMararoThCs YHHKATH
0araToKpuTepialbHOT ONTUMI3ALIIT.

3arajgom KiOepHETHKa Ta Pi3HOMAaHITHI HAIPSMKH
3arajpHOi Teopii CHCTeM 1 CUCTEMHOTr0 aHali3y, Ha Oc-
HOBI ()YHKITIOHAIBHOTO IiIX0AY «CHUTHAI-BIATYK», (op-
MYIOTh TilIOTE3W TPO BHYTPINIHIA CKIan i OyHoBy cuc-
TEM, HaMararlo4nch OMUCYBAaTH HENiHIHHI IPOLECH €BO-
JIOITIT CHCTEM 3a JOMOMOTOI0 JIIHIHHUX Mozenel (Koiu
e MouBO). [Ipu IbOMy aKIEeHT POOHUTHCS Ha CTATHC-
THII CHCTEM, Ha MOP(OJIOTIIHOMY Ta (PYHKITIOHATEHOMY
omucy. Ase IHCTpyMEHTapiii MOJIENIOBaHHS, IPOTHO3Y-
BaHHS JIIHINHOI TUHAMIKM HE CIOPOMOXHA aJCKBATHO
OIUCATH MOBEIHKY €HepreTHYHOT CUCTEMH 4H i CKiIaj-
HUKIB 32 HECTaI[lOHAPHOrO (HEPIBHOBA)XHOTO) CTaHY,
BPaxOBYIOUH, II0 MOXJIMBICTH 3aCTOCYBaHHS perpecii-
HOT'O aHalizy 0OMEXKYy€eThCS BUMOTaMH JI0 CTalllOHAPHO-
CTi MPOTHO30BAHOTO IpPOIlEeCy, TOOTO CTifiKOCTI y Haci
1oro HMOBIPHICHUX XapaKTEPUCTHK.

OCHOBHMM HamnpsiMOM KiOE€pHETHYHOTO YIIpaB-
JHHS €HEPTETUYHOIO CHCTEMOIO € TOIIYK Ta peaizarlis
TaKWUX KePYIOUNX BIUIMBIB, SKi 32 HASBHOCTI 30BHIMIHIX i
BHYTpIIIHIX 30ypeHb ((irykTyaniii) 3abe3neqars CTiiKii,
Oe3neyHuii, TOMEOCTaTHYHUN pPEXUM (YHKIIOHYBaHHS
CHCTEMH, y SKOMY BOHA JOCSTHE MaKCUMyMY CBO€T ede-
KTHUBHOCTI, HAHO1JIBLI POAYKTHBHOTO PEXXUMY (YHKIII-
OHYBaHHS. [HIIMMU CIIOBaMU, KIOEPHETHUHHUIA MIAXIA, Y
3HAYHIl Mipi, CIPSIMOBAaHUI HAa BUBYECHHS TOMEOCTATHY-
HUX MPOLECIB, CITUPAIOYUCh B OCHOBHOMY Ha HETaTHBHI
3BOPOTHI 3B’SI3KHM 1 Ha (OpMani3oBaHOMY aOCTpPaKTHO-
MaTreMaTn4yHoOMYy 3a0e3nedeHHi. Ane npobiiema romeoc-
Ta3y (CTifKOCTI) B KIOGPHETHUINl PO3TIAMAETECSA 3 YUCTO
(yHKIIOHATTFHOI TOYKH 30Dy, i TOMY B Hilf HE aHAII3y-
FOTHCSI KOHKPETHI MEXaHi3MH caMoopraHizarii (camo/rii)
Ta BUHUKHEHHS SIKICHO HOBUX CHUCTEM B pe3yJIbTaTi Xao-
THYHKX (0idypKaniiHUX) POLECIB.

3MICTOBHA CYTHICTh MOHSTTS "pO3BUTOK" HE MOXeE
OyTH MOSICHEHA, BUXO/ISIUM JIMIIE 3 JIOTIKM JIiHIHHOT napa-
JMIMU (HEOKJIACHYHOT €KOHOMIUHOT Teopii). CTpareriune
YIIPaBIIiHHS CTAJIMM PO3BUTKOM E€HEPreTHKOI B YMOBAX
rI00aTbHUX PU3HKIB, HEBU3HAYCHOCTI, Oi(ypKarii BuUMa-
rae BUKOPHCTaHHS MiIXOiB HEMHIHHOI (K CHHOHIM CH-
HEpPreTHYHO1) MapaIurMy Ta KOPUTYBaHHS CYTHOCTI fedi-
Hillii MOHATTS "eHepreTuka’’. 3 MOTILLy CHHEPTETHKH, SK
METOJIOJIOTIi TIOCTHEOKIACHYHOT HAYKH, Y POOOTI IiJ] MOo-
HSTTSIM «CHEPIreTHKa» PO3YMIETHCS SHEepreTHYHA Tally3b,
sIKa PO3IJISAIAETHCS K CKIAJHA €MEpIDKEHTHA CHCTEMa,
10 CKJIAJAEThCS 3 B3a€MOIIOB’ I3aHKMX MiACHCTEM (TEXHO-
JIOT1YHOI, COIAIbHO-EKOHOMIYHOT, eKOJIOTIUHOT) 1 0XOTI-
JIFOE BECh KOMIUIEKC E€KOHOMIKO-TOCHOAAPCHKUX BiIHO-
CHIH, TIOB’S3aHHX 3 000pPOTOM €HEProHOCiiB (BHIOOYTOK,
nepepoOKy, TPaHCTIOPTYBAHHS €HEPropecypeiB Ta MoCTa-
YaHHS €Heprii y 3py4HHX I CIIOXKHUBaHHS popmax). Pos-
YIS Cy4acHOT €HEPreTHKH caMe sIK eMEpPKeHTHOI CHC-
TEeMH HEOOXiJHe B yMOBax 0araroBapiaHTHOCTI Ta HeJi-
HIHOCTI BEKTOPIB PO3BHUTKY ITI00AJIbHOT EKOHOMIKH, €He-
PTeTHKH, 110 BU3HAYAIOTHCS SIK (PAKTOPOM BIUIMBY 30BHi-
ITHBOTO cepeoBuINa (TI00aTBHI KpHU3H y chepax eKoIoTii
Ta Oe3MeKy JIFO/ICTBA, 3pOCTaHHS PI3HOTO POIYy KOHQUIIIK-
TiB), TaK i 3MIHOIO CTPYKTYpHO-(YHKIIIOHAJILHIX BIIaCTH-
BOCTEH caMOi €HEPTreTUIHOT CUCTEMH B PE3YJIbTATI MPOSBY
HACJIIIKIB 30YPIOIOYHX ITOJTil 30BHIITHHOTO CEPEIOBHIIA.
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Y KOHTEKCTI CHHEpreTHYHOI NapagurMu (yHKIIOHY-
BaHHsI 1 PO3BUTOK EHEPTETHKH CJIijl PO3IIISIATH SIK TIOCJII0-
BHICTb IIEPIO/IiB, IO BiAMOBIIAIOTE CTIHKIM (TOMEOCTATHY-
HHMM) CTaHaM CHCTEMH, SIKi IIepepHUBAaIOTHCS Mepiojamu Oi-
(ypxkauii (xaocy), HicJIst 4Oro BiI0yBa€THCS MEPEXi 10 SKi-
CHO HOBOTO CTIiHKOTO, piBHOB2)XHOTO CTaHy (aTpakTopy)
abo py#ayBaHHs. Bubip atpakropy B Toumi Oidypkarii BU-
3HAYA€THCS BUIAIKOBIMH (DIyKTyarismu, To0To 30yproto-
ynmH iMmynscami (rioaii Tamy "Yopsoro Jlebens" H. Ta-
neOu), AKi BHUKIMKAIOTH JIAHIFOTOBY PEaKIlifo, 1o 37aTHa
OXONUTH 0araTo €JIeMEHTIB CHCTEMH Ta CIPHUSIOTH BUBE-
JICHHI CHCTEMH 3a IOpir CTIHKOCTI (roMeocTasy) i Moyarky
¢azu pyitniBHoro xaocy. ITannemiss COVID-19, siiicbkoBa
arpecist PO cranmu cryCKOBHM radykoM CydYacHOI XaOTH3aIlil
CBITOBOTO TIOPSI/IKY, TJI00AJIEHOT €KOHOMIKH 1 €HEpPreTHKH.
Jlnme y ’KUTTE3aTHAX CUCTEMAX 13 JOCTATHIM piBHEM IOTe-
HIIIaTy PO3BUTKY Xa0C BHUKOHY€ KOHCTPYKTHBHY (PyHKIIIO,
TIOPODKYIOUH SIKiICHO HOBI (popmu mopsinky. Tak, rimobaims-
HHI Xa0C B €HePreTUYHiH TalTy3i, CIPUYIHEHHH BIHCEKOBOIO
arpeciero P® i HacTigkamu wiei arpecii (pyHHyBaHHIM ra3o-
TIPOBOJIIB 1 YKPaiHCHKOI €HepreTHIHOi iHQpacTpyKTypH, BBe-
JICHHSIM CaHKIIiif), CIpYsie PUILBU/IIICHHIO BUXO/Y €Hepre-
THKU 0araTboX KpaiH i3 MHHYJIOI TPa€KTOpPii BUKOPUCTAHHS
BHUKOITHOTO MajinBa (Byriwis, HadhTa, NPUPOIHUIA ra3) i size-
PpHOTO MasKea (ypaHy) Ta 3a0e3reuye MOKIIHBICTD IIIBUIKOTO
3€JICHOr0 «EHEPreTHYHOTO0 Iepexoay» (To0To mepexoay 1o
SIKICHO HOBOT'O CTIMKOT'0, PIBHOB)KHOTO CTaHY CHEPIETHKH).
Bzaemonos'si3aHi nepexo/iy CUCTEMH BiJl TOPSIKY JI0 Xaocy i
BiJI Xa0Cy JI0 SIKICHO HOBOTO TIOPSZIKY 3IHCHIOIOTHCS JIUIIIE Y
cTaHi HecTifkocTi (kpm3u, kartactpodu). Ciix 3a3HAYUTH,
110 SIKICHO HOBHH HE 000B’SI3KOBO 3HAYUTD KPAITHIA.

Came cuHepreTrKa (Ha BiIMiHY BiJ{ KIOEpHETHKH), 10-
CITIIKy€ HETIHiITHI IPOIIeCH CaMOYCKJIaHEHHS CUCTEM, BH-
HUKHEHHS ''TIOPSZIKY i3 Xaocy" (i HaBIIaKW) Ta BUBYAE IIPO-
LECH, KOJM MOXXYThb BHHHMKATh OiypKaiiiiHi 3pyILIeHHs,
JIeKiJIbKa CTaHIB pIBHOBArd (aTtpakTopy) i KOJW KepyrouH
BIUIMBH HE PETYJIIOIOTH 0€3I0CepPeaHbO TOBEIIHKY CHC-
TEMH, a Yepe3 BUKOPUCTAHHS IHCTPYMEHTIB "M’ sKoi crin'”
(soft power), 3narHi "mimmToBXHYTH cuctemy” 10 dhopmy-
BaHHsI BHYTPILIHIX MeXaHi3M 1i camoopraHizai.

CuHepreTHdHa caMoOOpraHizamis 3a0e3meuyeThes
TIO3UTHBHUM 3BOPOTHHM 3B'SI3KOM, SIKMH BiJIIIOBIIa€ 3a BU-
0ip aTpakTopy B TodIi OidypKarlii Ta mepeBeIeHHs CHC-
TEeMH Ha SIKICHO HOBHH TpeH]] PO3BUTKY. B pe3ynbrari po-
3BHUTKY 3MIHIOETECS HE TUTBKH CTPYKTYpa CHCTEMH, ajie 1 1
MOBEIiHKa, (DYHKITIOHYBaHHS €JIEMEHTIB Ta B3a€EMO3B'I3KH
MK HAMH (IIAM OOMEXYETHCS BUKOPHUCTAHHS METO Y-
HOTO iHCTpyMEHTapiIo JHIHHOI MapagurMm, 30KpemMa Me-
TOJIIB TEOPii MOCTIHKEHHS Omepariid, MoAeNIer MiXray-
3eBOro OamaHcy TOIIO). IHIMMH CIOBaMHM, BHIIAJKOBI
¢ykTyanii € HeoOXiTHOI YMOBOIO COIiaTbHO-€KOHOMIY-
HUX, MOJIITHYHUX, IHCTUTYHIABHUX SIKICHUX 3MiH. Y Bil-
CYTHOCTI (PIIYKTyaIlif, 32 yYMOB 4YHCTOi pPIBHOBaru Yu
KBa3i-piBHOBark €KOHOMIUHA, CHEPreTHYHa CUCTEMH, SIK
Ha MaKpo-, TaK i MiKpOpiBHi IIOCTYIIOBO AETPAAYIOTh.

Buine3a3naueni Moa0KeHHS CBiYaTh, 110 aHAMI3 1
YIPaBIIiHHS CHEPreTUYHOI0 CUCTEMOIO B yMOBax I00a-
JILHUX PHU3MKIB, HEBU3HAYCHOCTI 1 OidypKamiitHux 3py-
[IeHb JT0JIATKOBO MOTpeOy€e BUKOPUCTAHHS METOJI0JIOTI-
YHOTO arapary Teopii HeTiHINHOI mapagurMH, 1o Bpa-
XOBYIOTh BIJIKpHTI MOCTHEOKJIACUYIHOIO HAYKOIO CHHEP-
reTmdHi edektn. MoBa #me mpo Teopii CHHEPTeTHKH

(. XakeHa), IUCUIIATHBHHUX CTPYKTYp, CAMOOpraHi3amii
(I. TpurosxuHa), AMHAMIYHOTO (JETEPMIHOBAHOIO) Xa-
ocy (M. ®eiirenbayma), caMoOpraHi3yrou0i KpUTHYHO-
cti abo camoopranizauii Ha "kparo xaocy" (II. baka) Ta
nociimkenHs ¢pakranis (b. Mannens6pora). Y mocthe-
OKJIACHYHOMY (CHHEPTeTHYHOMY) HAyKOBOMY Cepero-
BHUII BUIIE HaBeNeHI Teopii 00’ €THaAHHI MIKIUCITUILII-
HapHoto "Complexity Science" ("Hayka npo ckianue").

YV cuHepreTHuHii mapaaurMi Teopist 0OMexKeHo1 pa-
mionanpHOCTI I'. CaiiMoHa cTae 0a3mMcoM MPHUHATTA
yHIpaBIiHCHKUX pimneHs. Ixei teopii I'. CaiiMona criony-
KM JO CTPIMKOTO PO3BHUTKY JOCITIDKEHHS Ha CTUKY
€KOHOMIKH, Tcuxodorii, 6iosorii, couionorii Ta Gopmy-
BaHHI HOBHX raiy3ei (Teopiil) IOCTHEOKJIACHYHOI eKO-
HOMIKHM: TOBeJIiHKOBa (OiXeBIOPHCTCHKA) EKOHOMIKa i
HelipoekoHOMika. OCHOBHUM CHHEPreTHYHUM IHCTpyMe-
HTapieM MOJICIIOBAHHS 1 MPOTHO3YBAaHHS €HEPIeTHKH B
YMOBaX BiZICYTHOCTI CTaIliOHApPHOCTI aHaJi30BaHUX IIO-
Ka3HHUKIB 1 HE3MIHHOCTI YMOB Ta MYJbTHILTIKATHBHOTO
BIUIUBY TJIO0ATBHUX PU3HK-YMHHUKIB HEBU3HAYCHOCTI,
KOH(ITIKTHOCTI € HEYiTKa JIOTiKa, HeHPOHHI MepexKi, €BO-
JIFOIIIHHI aNTOpUTMH, (HpPaKTalH, eJIEMEHTH Teopii Xxaocy
TOLIO.

Aune cnig He 3a0yBaTH, 10 MOJETIOBATH €HEPreTH-
YHY CUCTEMY y TepMiHaX CHHEPreTHKH MOTPiOHO 3 obepe-
JKHICTIO: Oy/Ib-5IKa cucTeMa Mae "'mam'sath"', To0To He 3a0y-
Ba€ MOYATKOBHX (IpaHMYHUX) yMOB. Kpim Toro, cKiiagHa
CTPYKTypa €HepreTUYHOI CUCTEMH Ma€ He TiJIbKU aM'sITh,
ae # OoOMEXeHI MOMIIMBOCTI mepenOadeHHs MaiOyT-
HBOTO CTaHy: B OJHHUX TNepudepiiiHux ¢parMeHTax i€l
CTPYKTYpH (HalpuKiIal, HaQTOBIH, BT UTbHIN Tay3i) mpo-
[IECH TIPOTIKAIOTh IIE TakK, SK y BCil CTPYKTypi (Hampu-
KJIa1, TAJINBHO-EHEPTeTUYHOMY KOMIUIEKCI) Y MUHYJIOMY,
B IHINKX — sIK OyAyTh B MaitOyTHEOMY. T0OTO, SKIIO TOBO-
PHUTH MOBOIO CHHEPTETHKH, CTIHKIH CTaH OKpEeMUX ITiJICH-
CTEM BUSIBISIETHCS ITiIIPBAHUM, aJie Xa0TH3allisl CaMoi CH-
CTeMH LIe He HacTana. Lle MosiCHIEThCs THM, 110 aTpak-
TOPU MAOTh IHBapiaHTHI PIillIEHHS, B SIKUX MPOCTIp 1 4ac
3aJeXath 1 TICHO IOB'SI3aHI OJIMH 3 OJJHUM.

Bubip HOBOTrO aTpakTopy CTaloro po3BHTKY €Hep-
TETUKH MOXYTb BU3HAYATHCS IOYATKOBUMH YMOBaMH
(TmonepeTHIM CTaHOM CHCTEMH), TaM'ATTIO CyO’€KTiB
€KOHOMIKO-TOCIIOJJApPCHKHUX BIHOCHH (E€HEPTeTHYHOTO
PHHKY), 3BOPOTHHMH 3B'3KaMH, HAKONMYEHHM COIlia-
JHHO-€KOHOMIYHUM, €KOJIOTIYHHM, I1HCTHTYIaJbHO-
YIPaBIiHCHKAM MOTEHIIIaJIOM PO3BHUTKY, a TAKOXK (IIyK-
Tyauismu tumy "Hopaoro JleGems'.

BucnoBxku

[Tpouec ympaBiiHHS CTaJUM PO3BHTKOM €Hepre-
THKH Ma€ IPYHTYBaTHCSl HA CHHEpPIreTHYHO-KiOepHeTHY-
HOMY Mi/IX0/1i, BpaXOBYIOUH, IO TPAEKTOPIi (PYHKIIOHY-
BaHHS 1 PO3BUTKY CHEPTETHKH MIPUTAMaHHI CHHTE3 €BO-
JFOIIMHOTO (JTiHIHHOTO, BIOPS/AKOBAHOTO) Ta XaOTHY-
HOTO (HETiHIIHOTO0) MPOIIECiB.

BuxopucTaHHs METOOIOTIYHOTO iIHCTPYMEHTAPIIO
JHIHHOT MapagurMu KJIACHYHOI 1 HEOKITACHYHOI €KOHO-
MIYHHUX TEOpiH, IKi CIyTyr0Th 6a3uCOM KiOEpHETHYHOTO
IiIX0/1y 10 YNPAaBIiHHS €HEPTeTHKOIO € JOCTATHBO JIOTI-
YHUM B 33J[a4ax pO3pPOOKH JeprKaBHOI MOJITHKHU 3a0e3-
TIEYCHHS CTIHKOro, Oe3Me4YHOro (yHKIIOHYBaHHS E€Hep-
TETUKH.
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OCHOBHUM HamlpsiMOM KiOE€pHETHYHOTO YIpaB-
JIHHS €HEPreTUYHOI0 CUCTEMOIO € TIOIIYK Ta peaizaris
TaKUX KePYIOUYMX BIUIMBIB, SKi 32 HAsIBHOCTI 30BHIIIHIX i
BHYTpIilIHIX 30ypeHs ((iaykTyaniii) 3abe3nedars CTilKi,
Oe3rneyHuii, TOMEOCTaTHYHNN PEKUM (YHKIIOHYBaHHS
CHCTEMH, Y SIKOMY BOHA JIOCATHE MaKCUMyMy CBO€T ede-
KTHUBHOCTI.

OCHOBHUMH TpyIIaMH METOJIIB JOCITIKCHHS y Me-
*Kax KiOepHEeTHIHOTO MiAX0ony €: OamaHCOBi, EKOHOMET-
PHUYHI Ta TOCIIKESHHS onepariii (MeToau ONTuMi3arii Ta
MaTeMaTHYHOTO MOJAETIOBaHHA). AJe mpodiieMa romeoc-
Ta3y (CTIHKOCTi) B KiOEPHETHL PO3IIISAAETHCS 3 YUCTO
(YHKIIOHAJIBHOI TOYKH 30pY, 1 TOMY B Hill (Ha BiIMiHY
BiJI CHHEPIeTUKH) HE aHATI3yIOThCS KOHKPETHI MeXaHi-
3mu camoopranizaiii. Came CHHepreTHKa TOCHIIKY€E He-
JIHIAHI TPOIECH CAMOYCKIIQJHCHHS CHCTEM, BHUHUK-

HEHHS «IOPSAKY 13 Xaocy» (1 HaBIaKM) Ta BUBYAE MPO-
LiecH, KOJIM MOXKYTh BUHUKATH OidypKauiiHi 3pyneHHs,
JIeKiJIbKa CTaHIB PIBHOBArH (aTPaKTOPY) 1 KOJIHM KepYIOUYH
BIUIMBY HE PETYJIOIOTH 0E3M0CEPEAHBO MOBEIIHKY CHC-
TEeMH, a 4Yepe3 BUKOPUCTAHHS IHCTPYMEHTIB "M’ SIKOi
cunu", 3maTHI "mOMTOBXHYTH cucTeMy' a0 Qopmy-
BaHHS BHYTPIIIHIX MEXaHi3M ii caMoopraHi3arii.

CuHepreTHIHO-KiOEpHETHYHUHN TiAXix 10 yrpas-
JHHS CTaJIIM PO3BUTKOM €HEPreTHKH HEOOXiTHO pO3r-
TSOaTH SIK MDKIUCHUIUTIHADHUM, IO IPYHTYEThCA Ha
IIMPOKOMY 3aCTOCYBaHHI amapary CHHEPTETHIHOTO MO-
JICIMIOBaHHs (HEeUiTKa JIoTiKa, HeMPOHHI MEpexki, EBOITIO-
LiifHI anropuTMu, (pakTayv, €IEeMEHTH Teopii Xaocy
TOIIO), EKOHOMIKO-MaTeMaTUYHKX, 0aJIaHCOBHX, €Hepre-
THYHUX, COLIO-IICUXOJIONIYHMX Ta H 1HIIMX MOJEIel Ta
METO/IiB.

Cnucoxk nitepatypu

1. UNGA resolution 67/215. ‘Promotion of new and renewable sources of energy’” UN doc. A/RES/67/215, of 21 December 2012.
URL: https://archive.unescwa.org/sites/www.unescwa.org/files/un_resolutions/a_res_67_215 e.pdf (assessed 10 March
2023).

2. Emneprermuna crparerist Ykpainu Ha nepiox 1o 2035 poky «be3sneka, eHeproe)eKTHBHICTh, KOHKYpEHTOCIPMOXKHICTE». URL:
www.zakon.rada.gov.ua/signal/kr06145a.doc (nara 3sepuennst 10.03. 2023).

3. Transforming our world: The 2030 Agenda for Sustainable Development. Resolution adopted by the UN General Assembly
(2015). URL: https://sdgs.un.org/2 030agenda) (assessed 10 March 2023).

4. Paris Agreement on Climate Change. — UN (2015). URL: https://unfccc.int/process-and-meetings/the-paris-agreement/the-
paris-agreement (assessed 10 March 2023).

5. World stumbling into a new era of risk, concludes SIPRI report / Stockholm International Peace Research Institute (SIPRI).
2022. 23 May. URL.: https://www.sipri.org/media/press-release/2022/world-stumbling-new-era-...(assessed 10 March 2023).

6. Global operational risk review. How war is fuelling geopolitical uncertainty / Economist Intelligence Unit (EIU), 2022. URL:
https://www.eiu.com/n/campaigns/operational-risk-review-2022 (assessed 10 March 2023).

7. Posmopsmxenns KabGinery MinictpiB Ykpainu «IIpo yrBopeHHs MiKBiZOMY01 KOOPAWHALIIHHOT pay 3 MUTaHb PO3POOIEHHS
E€HEepPTeTHYHOTO OanaHcy ZIepKaBU» Bif 1 OepesHs 2006 POKy Ne 121-p. URL:
http://kmu.gov.ua/control/uk/cardnpd?docid=30531237 (mara 3Bepuenns 10.03. 2023).

8. Py6an-Makcumerns O. O. OnTumizaniitHi MOAei MpOTrHO3yBaHHS MOTPEOH B eHepropecypcax Ha OCHOBI CHHTE3Y METOIB (o-
PMYBaHHS NIEPCIIEKTUBHOI'O Mi)KFaJ'Iy3eBOFO Ta NAJIUBHO-CHEPTETUYHOTO Oayiancis 3 YpaxyBaHHAM €KOJIOTTYHUX O0OMEXEHE.
Tpobnemu 3acanvroi enepeemuxu, 2010. Ne 2 (22). C. 12-17.

9. JloBrocTpokoBe eHepreTHYHe MOJETIOBAHHS Ta IPOTHO3YBaHHs B YKpaiHi: cueHapii As riany Jii peanisauii Enepretuunoi
cTpaterii Ykpainu Ha nepios () 2035 PpOKy. Kwui-Konenraren 2019. URL:
https://ens.dk/sites/ens.dk/files/Globalcooperation/long-term_energy_modelling_and_forecasting_in_ukraine_ukrainian.pdf.

10. [Tomoneus P. 3., Jsaayk O. A. Crpareridae IIaHyBaHHS y MAIMBHO-CHEPTETUIHOMY KoMIutekci Ha 6a3i moaeni « TIMES-Yk-
paina» : Hayk. non. / HAH VYkpainu ; IEII. Kuis, 2011. 150 c.

Received (Hagitinna) 24.02.2023
Accepted for publication (TIpuitasTta o apyky) 17.05.2023

Methodological principles of management of sustainable energy development
in the conditions of global risks and bifurcation shifts

Nataliia Karaieva, Larysa Levchenko

Abstract. The problem of ensuring the sustainable energy development in the conditions of global risks, the growth of global
uncertainty, unpredictability and bifurcation shifts associating with the Fourth Industrial Revolution and the green "energy" transition
is analyzed. The necessity of consider modern energy as complex emergent system in conditions of multivariate and non-linear devel-
opment vectors of the global economy, energy is proven. Based on the analysis of the methodological provisions of the theories of
linear and non-linear (synergistic) paradigms, the expediency of synergistic-cybernetic approach using for sustainable energy devel-
opment managing is substantiated, taking into account that the energy trajectories of functioning and development is inherent in the
synthesis of evolutionary (linear, orderly) and chaotic (non-linear) processes. It is determined that the main direction of cybernetic
management of the energy system is the search and implementation of such controlling influences that, in the presence of external and
internal fluctuations, will ensure a stable, safe, homeostatic mode of functioning of the system, in which it reaches its maximum effi-
ciency. It is noted that the problem of homeostasis (stability) in cybernetics is considered from a purely functional point of view, and
therefore (unlike synergetic) it does not analyze specific mechanisms of self-organization. Synergetic investigates non-linear processes
of self-complexity of systems, the emergence of "order from chaos" (and vice versa) and studies processes when bifurcation shifts,
several states of equilibrium (attractor) can occur, and when controlling influences does not directly regulate the system behavior. It is
proved that the synergistic-cybernetic approach for managing the sustainable energy development must be considered as interdiscipli-
nary, based on the wide application of the apparatus of synergistic modeling (fuzzy logic, neural networks, evolutionary algorithms,
fractals, elements of chaos theory, etc.), economic-mathematical, balance, socio-psychological and other models and methods.

Keywords: sustainable energy development, global risks, linear paradigm, non-linear paradigm, bifurcation, synergistic-
cybernetic approach.
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IMPLEMENTATION OF THE LIGHTING FUNCTION
IN THE SMART HOME CONCEPT

Abstract. The principle of "System of intelligent management of the building" provides a completely new approach in the
organization of life support of the building, in which the efficiency of operation and reliability of management of all systems
and executive devices of the building increases significantly due to the combination of hardware and software. A smart
building should be understood as a system that should be able to recognize specific situations occurring in the building and
react accordingly: one of the systems can control the behavior of others according to a previously developed algorithm. The
main feature of such a building is the unification of separate subsystems into a single controlled complex. An important feature
and property of a smart house is the way of organizing the living space - this is the most progressive concept of human
interaction with the living space, when a person sets the desired environment with one command, and the automation, in
accordance with external and internal conditions, sets and monitors the modes of operation of all engineering systems and
electrical devices. In this case, there is no need to use several remotes when watching TV, many switches when controlling
lighting, separate blocks when controlling ventilation and heating systems, video surveillance and alarm systems.

Keywords: smart home, smart lighting, remote control, software, ESP8266, microcontroller, WI-FI, HTTP.

Introduction

The development of the "smart home" concept was
largely due to the rapid development of innovative
technologies and the improvement of sensors. The
concept of "smart light" is one of the components of the
global 10T system - the "Internet of things" - the global
infrastructure of the information society. The 10T system
provides real-time services by connecting physical and
virtual things based on existing and evolving interoperable
information and communication technologies. The
interaction between physical things is implemented
through built-in elements with the appropriate software,
which is responsible for collecting and analyzing data,
device interaction, communication with the cloud. The
method of sending and receiving information, as well as
communication with external devices, is determined by
the choice of communication solution. The system
recognizes what is happening around and informs the
user about it through 10T - a platform on which the
received data is analyzed, then they are converted into a
form convenient for the end user.

"Smart light" takes into account the presence of
people in the location, the time of day, the presence or
absence of natural light. These parameters can be
controlled remotely - turn on or change the brightness,
simulate the presence of people in the house. Types of
lighting devices can be very different - incandescent,
gas discharge, diode. The control elements responsible
for adjusting the light are microcontrollers, sensors,
motion sensors, dimmers. The controller for a smart
home with gsm is essentially an intelligent system that
coordinates the work of connected devices, makes
logical decisions, the algorithms of which are embedded
in the corresponding program.

Analysis of recent research and publications.
People tend to follow certain patterns in their daily
lifestyle. In the context of a smart home, the daily
actions of the user generate patterns that play an
important role in predicting future events in the smart
home. The purpose of the smart home environment is to

help the user in daily life; thus, a smart home must find
repetitive patterns in user activity and predict user
behavior in order to receive assistance [1].

User activity monitoring is used to observe and
record human actions in order to achieve the “comfort
and efficiency goal” that a smart home can offer. User
behavior refers to the range of actions, actions and
responses made by the user. Therefore, a smart home
must be able to learn and apply the knowledge gained in
order to adapt the home to the user's behavior. Since the
user generates a pattern, abnormal user behavior can be
detected by building a normal user behavior pattern.
Typically, smart home sensors and cameras are used to
track or identify user activity and perform analysis of
human behavior. User behavior can be used to predict
and determine future user actions. Thus, the activity
recognition method implemented by a smart home should
be as accurate as possible to control the system [2].

Context awareness is an important step in the
concept of user behavior and behavior. The context-
awareness system in this concept is one that "adapts
depending on the place of use, the accumulation of
nearby people and objects, and changes in these objects
over time." Day A.K. [3] defined context as "any
information that can be used to characterize a subject's
position”, and a context-aware system is one that "uses
context to provide 8 relevant information and/or
services to the user, where appropriateness depends on
the user's task ".

Smart home devices can be controlled both through
voice assistants built into smart speakers, and through
websites and applications connected to the smart home
control center. Unfortunately, in the “many home”
market there is no single standard for pairing devices,
and therefore, large technology manufacturers are
forming their own ecosystem with a list of devices that
can be connected. To interface many devices without
being tied to the manufacturer of the smart home control
center, there are open-source DIY solutions based on
the Raspberry single-board computer, discussed in the
following sections. However, it should be understood
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that this type of solution requires technical knowledge
from the user and time costs.

Statement of the research problem

The wireless method uses a local network and a data
transfer protocol such as HTTP, WebSocket or its own. In
this way, the smart lighting connects to the home local
network and tells the user its address. In turn, the user
needs to take any device with software for interacting with
smart lighting and actually control it. Typically, these
control devices are smartphones, computers, and laptops.
To implement such interaction, you need to create a set of
commands, implement software that uses the specified
protocol and processes user requests to send these
commands to the microcontroller. Commands are sent in
most cases using the HTTP protocol.

HTTP is a protocol that allows you to receive
various resources, such as HTML documents. The
HTTP protocol is the basis of data exchange on the
Internet, and is also a protocol of client-server
interaction, which means that requests to the server are
initiated by the recipient, usually a web browser [11].
The result obtained has its own body. The request or
response body has a specific content type, such as text,
HTML, JSON. Obviously, a set of commands must
contain a certain set of data. In order for the data to be
transferred and analyzed conveniently, you need to use
one of the known standards, as this eliminates the need
to spend time on the implementation of your own type
of content. One of the most common options is JSON.

JSON (JavaScript Object Notation) is a text
format for exchanging data between computers. JSON is
text-based, human-readable. A format allows you to
describe objects and other data structures. This format is
mainly used to transmit structured information over a
network (thanks to a process called serialization).

JSON is built on two structures:

1. A set of name/value pairs. In various languages,
this is implemented as an object, record, structure,
dictionary, hash table, keyed list, or associative array;

2. Ordered list of values. In many languages, this
is implemented as an array, vector, list, or sequence.

These are universal data structures. In theory, all
modern programming languages support them in one
form or another. Since JSON is used to exchange data
between different programming languages, it makes
sense to wuse this format to implement the
communication mechanism between the control device
and the smart lighting itself [4,5,6].

Android is the most popular OS in the world for
smartphones since 2011 and for tablets since 2013. As
of May 2021, it has more than two billion monthly
active users, the largest installed base of any operating
system, and as of January 2022, Google's Play Store
features over 2.9 million apps.

The Android source code is released by Google
under an open source license, and its open nature
encourages a large community of developers and
enthusiasts to use the open source code as the basis for
community-driven projects that provide updates for
older devices, add new features for users, or port
Android on devices originally shipped with other

operating systems. These releases often provide new
features and device updates faster than through official
manufacturer channels, with a comparable level of
quality [7, 8].

So, the Android OS is a platform with an open
architecture, it has convenient tools for creating
software. The extremely large number of users of this
OS means that almost every smartphone user uses
Android. Openness, popularity, support for HTTP,
JSON, HTML, JavaScript standards are sufficient
arguments for recognizing this platform as appropriate
for the development of software for controlling smart
lighting devices.

A microcontroller for “smart lighting" must have
certain functionality - work with WI-FI, interact with
HTTP protocols and be powerful. Therefore, among a
large number of microcontrollers, those created on the
basis of ESP were chosen. Today, there are two options
that satisfy the conditions - ESP8266 and ESP32.

ESP8266 is a popular platform for "Internet of
Things" that need to transmit or receive data to the
Internet using WI-FI technologies. In addition to WI-FI,
the microcontroller differs from others in the absence of
flash memory in a single-chip system, and user programs
are executed in flash memory via a serial peripheral
interface. In turn, the microcontroller attracts with a
pleasant price and low power consumption. One of the
popular boards based on ESP8266 is NodeMCU V3.

The ESP32 is an inexpensive microcontroller that
replaced the ESP8266. Like its predecessor ESP8266, it
has low power consumption. It represents a system on a
crystal with integrated WI-FI and Bluetooth controllers
and antennas. It exists in two types, single-core with a
clock frequency of 160 MHz and dual-core,
respectively, with a frequency of 240 MHz. Based on
ESP32, the DOIT ESP32 DEVKIT V1 board is most
often used.

The NodeMCU V3 board was chosen as the board
for installing the microcontroller.

The next step is to choose the programming
language and development environment - Arduino IDE.
The structure of the software (software) of the
microcontroller was divided into separate modules:

v Interaction with a WI-FI access point;

Server part;

Initialization of controller devices;
Description of effects;

Effects manager;

v’ Utilities.

First of all, the controller must be connected to the
WI-FI network. There are a number of means for this.
The Arduino IDE suggests using the ESP8266WiFi
library. It provides an easy way to interact with access
points. Accordingly, we get the ability to connect to the
network, obtain an IP address from the code, and also
have the ability to monitor the connection status. Thus,
when power is supplied to the controller, it starts up,
which in turn initiates the connection to the WI-FI
access point. Next, it is necessary to find out the status
of the connection and, if successful, to display the IP
address on the matrix so that the client part can find out
which address to send requests to.

v
v
v
v
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The next module is the server part. This refers to the
code that implements APl access via a defined protocol
with a defined content type and content. An available tool
for implementing these principles is the ESP8266Web
Server library. One of the main possibilities is to create a
REST API with request handlers and sending responses
using the HTTP protocol. In this way, the developer gets
rid of the need to implement his own protocols. So, to
ensure client-server interaction, you need to specify
which types and how the microcontroller will respond.
Regarding the type and format of the content, it should be
noted that the body in requests and (or) responses is
necessary only in the case of execution of commands for
obtaining the current state of the configuration. When
using the API to change the state of the controller, you
only need to specify the command parameters.

The microcontroller initialization module is a
block of code in which variables are described, objects
are created, and methods are executed to ensure the start
of work. In this case, you need to describe the constants
that characterize the numbers of matrix effects, the size
of the matrix itself, the number of LEDs, as well as
create objects for interaction with WI-FI, HTTP, JSON,
FastLED and perform methods for starting the
corresponding processes.

The Description of Light Effects module will be
organized as a tab in the Arduino IDE. Structurally, it
will be a sequence of descriptions of each effect
together with its auxiliary methods.

The effects manager in this case is a module with
the task of checking the current effect and calling the
appropriate method for its execution. The manager will
be used when starting the controller, as well as when
processing state change commands received from the
client part of the smart lighting device.

The utility module is a set of auxiliary classes and
methods to simplify the interaction of the use of libraries,
as well as to optimize the code as a whole. In this way,
large logical chains of code will be placed in separate
methods, so they will be available for reuse from
anywhere in the controller software, and as a result, the
total amount of code will be significantly reduced.

Basic material and results

At the first stage of software implementation, it is
necessary to create a reference architecture to ensure a
scaling strategy. For this, the most adequate step is to
use a modular structure [9]. This architecture provides
opportunities for the independence of individual parts of
the software in the event of the need for modifications
or changes. For Android OS, the most common
architectural design pattern is MVVM. According to the
conditions of its implementation, the following
directories must be created: model, view, viewmodel,
repository, utils. Each of them contains a set of classes
to perform the corresponding role:

»  Model — entities, classes that represent data
sets and an interface for interacting with them according
to the principles of encapsulation;

» Repository — classes for interaction with the
server, database or other sources of information. These
classes contain the code for interaction methods with the

back-end part and the organization of their work in a
multi-threaded environment;

»  View — graphic shell screen handlers;

»  ViewModel — classes describing the logic of
interaction with data for view components;

»  Utils — utility classes to facilitate work and
also to avoid redundant code duplication.

Strict rules are imposed on the communication
between these classes. First of all, to avoid conflicts and
memory leaks, you should avoid references to visual
elements inside any module other than view. This need
exists as each visual element, as well as the viewModel,
has its own life cycles, the work of which must be
managed by the system without interference.

For the functionality of the command system in the
lighting device control software, all operations with the
web server must be performed in a separate thread. For
this purpose, we will create the corresponding classes
and interfaces. Since a separate stream does not have the
ability to directly transfer data to the main one, it is
necessary to create a "Callback” interface with a
callback method of the same name. It is impossible to
create an interface object due to the limitation of the
JAVA programming language standard. Creating a large
number of classes that implement it is not a good
solution, because such an approach introduces the
permanence of the method's behavior. Therefore,
anonymous classes are used for flexibility in the use of
the callback mechanism. Thus, when the use of this
interface occurs, the developer must create an
anonymous class with the implementation of the
callback method. This implementation can then be
passed to a separate thread. Accordingly, at a certain
point in time, this thread will execute a call to this
method.

The next stage of development of the mechanism
of interaction with the web server is the development of
the repository class with the appropriate methods. To do
this, we will create the necessary types of requests and
response handlers. Based on the microcontroller
software, we can perform the following requests:

* Downloading data of the current state of the
controller;

* Setting up new settings.

First of all, we will form the general structure of the
methods of executing requests. We will distinguish three
main components, such as operations on input data,
request formation, sending for execution in a separate
stream. The first component consists in performing
simple type conversion manipulations and (or) extracting
values from entity objects. The second component is the
creation of a request by creating the "Request” object of
the OKHTTP library. Then the processed data is placed in
the headers and (or) body of the request, the content type,
HTTP method and other settings are specified. The third
component is the execution of a request to the web server.
To achieve this goal, the implementation of
multithreading processors is required. For this, it is worth
creating a class that implements the "Runnable™ interface,
to the input of which Request and Callback objects will
be submitted. The inner class will create a new thread,
implementing the request execution and callback, after
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receiving the response from the server. Next, we
implement certain types of operations.

The request to receive the state of the controller as
input data involves only the index of the mode whose
data needs to be received. According to the web server
specification, the request does not need additional
headers and bodies. It is enough to form the correct
URL. Processing the response consists of converting the
JSON into a "Setting" entity object and then saving it to
the appropriate storage.

A configuration change request requires 4 fields as
input, namely mode index, brightness, speed, and special
property value. All interaction, except for processing the
response, is similar to the algorithm described above.
Since there is nothing in the response except the status
code, its processing is reduced to the output of a
corresponding message in the debugging log.

Conclusions

An analysis of the technical characteristics of
existing analogs presented on the "smart lighting"
market was performed. A number of shortcomings were
identified - low connection stability, weak interaction
speed and high price for not always justified quality and
functionality. As a result of the review of the subject
area, the main electronic components necessary for the

implementation of a smart lighting device were found -
a microcontroller, a matrix, a power supply unit.

Considered ways for software implementation,
which indicated the availability of appropriate libraries
for connecting to a WI-FI network and deploying a web
server within the microcontroller software using the
ESP8266WebServer library. The development of the
logic of the microcontroller, namely the modes of
operation, sequence of actions, modularity, was carried
out. As a result, the overall structure of the software was
divided into three separate modules: initial initialization,
interaction with the network, display of effects on the
LED matrix.

The "smart lighting" software is implemented in
the form of a mobile application. The mobile
application includes an architectural design template
and basic visual components. To communicate with the
web server, mechanisms for building requests and
processing responses from the OKHTTP library are
used. The implemented structure of the "smart lighting"
device has the possibility of further scaling without
additional costs, which in turn increases its
competitiveness on the commercial market, can be used
as a prototype of a hardware and software complex for
the implementation of a budget version of "smart
lighting".
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Peanizauisn pyHkuii ocBiT/JeHHS Yy KOHIENIIIl PO3yMHOro OyIHHKY»
0. B. Ckakanina, A. M. Kanuton

AnoTtanis. [Ipuamun «CHcTeMH HTENEKTyalbHOTO YHpaBIiHHS OyIMHKOMY Iiependadac aOCOIIOTHO HOBHH IMiAXinx B
opranisaii xuTTe3abe3nedeH s OyIUHKY, B SKOMY 3a PaxyHOK CYKYITHOCTiI IpOrpaMHO-alapaTHUX 3aco0iB 3HAYHO 3pOCTa€e
e(eKTUBHICTh (YHKLIOHYBAaHHS 1 HaAiHHICTD YIPABIiHHSA BCIX CHCTEM | BHKOHABUMX MPHCTpOiB Oyniemi. Ilix po3ymHuM
OYZMHKOM CIiJi pO3yMITH CHCTEMYy, sika TIOBHMHHA BMITH pPO3Mi3HaBaTH KOHKPETHI CHTYyalii, 1o BiaOyBaroThcs B OyaiBi, i
BI/IMOBIZIHMM YHMHOM Ha HUX pearyBaTH: OJHA 3 CHCTEM MOXKE YNPAaBISATH IMOBEIIHKOIO iHIIMX 3a 3a3[aJierifb BUPOOICHUM
anroputMoM. OCHOBHOIO OCOOJMBICTIO Takoi OyZiBii € 00'€AHAHHS OKPEMHUX MiJACHCTEM B €IMHHUN KEpOBaHMH KOMILIEKC.
BaxmiBo 0COONUBICTIO 1 BIACTHBICTIO PO3YMHOTO OyIWHKY € Croci® opraHizamii »XHTTEBOTO MPOCTOPY - I€ HAMOLIBII
MPOTPECHBHA KOHLCMINisS B3a€MOAII JIFOIWHU 3 JKUTJIOBHM MPOCTOPOM, KOJIM JIFOJMHA OJHIEI0 KOMaHIOK 3alae OakaHy
00CTaHOBKY, a BXE aBTOMAaTHKa BIAMOBIMTHO JO 30BHIMIHIX 1 BHYTPINIHIX YMOB 3aJa€ 1 BIiJICTEXYE PEKUMH POOOTH BCIX
{H)KEHEPHHUX CHCTEM 1 eJIEKTPONpPUIIaiB. Y IbOMY BHIIAJKY BHKIFOYAETHCS HEOOXIJHICTH KOPUCTYBATHCS KiTbKOMA ITyJbTaMH
npu neperyisii Th, 6aratbMa BUMHUKa4YaMu [IPU YIPaBIiHHI OCBITJICHHSIM, OKPEMHMH OJIOKaMH TIPH YIPaBIiHHI BEHTUIALIHHUMH
i OMATIOBATLHUMHU CHCTEMaMH, CHCTEMaMH BiJICOCTIOCTEPEKEHHS Ta CHTHAITI3aIli1.

Kaw4oBi croBa: po3yMHUHA AiM, po3yMHE OCBITJIICHHS, BifaleHe KepyBaHHs, HporpaMHe 3abesnedenHs, ESP8266,
Mmikpoxonrpoiuep, WI-FI, HTTP.
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VYIOCKOHAJIEHUI METO/] ITIPOTHO3YBAHHS TPAEKTOPII IOJILOTY
KPUJATHUX PAKET HA OCHOBI MYPAIIIMHOI'O AJITOPUTMY

AHoTauis. IIpexrMeroM BUBUCHHS B CTAaTTiI € METOJ IPOTHO3YBAaHHS TPAEKTOPIl MOJIBOTY KPWIATUX PaKeT HA OCHOBI My-
pAIIMHOTO aroput™My. MeTor € OTPUMaHHS aJJeKBaTHUX PE3YJbTATiB IPU IPOrHO3YBaHHI TPAEKTOPIi pyXy KPUIATUX paKeT
IpU 3AiHCHEHHI IUTaHyBaHHS 3aCTOCYBAaHHA CHJI Ta 3ac001B MPOTUIOBITPSIHOI 0OOPOHH Ta BUOOPY iX pauioHaabHOI HOOYIOBH.
3aBaaHHs: aHAJI3 BIZIOMUX METO/IB OLIHKU TPAEKTOPIi IOJBOTY KPHIATOI PaKeTH; MOJETIOBAHHS TPAEKTOPII MOJILOTY KpHJIa-
THX paKeT sIK IOLIYKY ITOCIIIOBHOCTI [l KPHJIaTOl pakeTH, siIka MOXKe MepEeMIIaTh 3 OXHOTO MICIS B iHIIE, YHHKAIOYH Oy/1b-
SIKAX TIEPEIIKO] Ha TPAEKTOPIT MOJIBOTY; YAOCKOHAIICHHS METO.LY IIPOTHO3yBaHHS TPAEKTOPIT MONBOTY KPUIATHX pakeT. Buko-
PHCTOBYBaHUMH METOJAMH €: METOIH CHCTEMHOTO aHaji3y, Teopil HMOBIPHOCTI, METOJJM POHOBOTO iHTENEKTY, MATEMaTHIHOT
cratiucTuKd. OTpUMaHi Taki pe3yJbTaTH. Y JOCKOHAJICHO METOJ IPOTHO3YBAaHHS TPAEKTOPIi MONBOTY KPIJIATHX pakeT Ha Oc-
HOBI MYPAILIHOTO arOPUTMY, B IKOMY, Ha BIIMiHY Bi/l BIIOMHX, PO3paxyHOK TPAEKTOpil MOJBOTY KPHIIATOI pakeTH nepeada-
Yyae po3paxyHOK IUTbOBOI (DYHKIIl, BU3HAUYCHHS CYKYITHOCTI JUITHOK PyXy areHTiB, KOHIIEHTpauil (epOMOHY Ha MapIipyTax
PYXY areHriB, HepeMillleHHs areHTiB 10 BU3HAYCHUM JITHKaM pyXy. [IpoBeneHa nmepeBipka mpane3naTHOCTi YA0CKOHAICHOTO
METOJTy TIPOTHO3YBAHHsI /il MOBITPSIHOTO NPOTHBHHKA Ha OCHOBI MYpPAIIMHOIO airoput™My. BucHoBKH. BeraHoBneHo, mo B
yCIX BHUIIAJKaX METOJ IPOTHO3YBAHHS JiH MOBITPSHOIO NPOTUBHHUKA Ha OCHOBI MYpAILIMHOTO aJTOPUTMY 3albe3nedye HaliMme-
HIIy JOBXMHY MapUIPyTy BiJl BUXiTHOT TOYKH MapIIpyTy IO 00’€KTIB ypaxkeHHs. HanpsMKoM MomaibIIuX TOCHIIDKEHb € HO-
Oy/I0Ba CHCTEMH PaJIioJIOKAIiHOT PO3BIIKHU 32 pe3yJIbTaTaMH MOJICITIOBAHHS BapiaHTIB il MOBITPSIHOTO MPOTUBHUKA.

KnwdoBi cioBa: kpunara aKkeTa, MOBITPSIHUI IPOTHUBHUK, TPAEKTOPIsI MOJIBOTY, 00’ €KT QKCHHS, MyPaIIMHANA aJIro-
> 5 >

PHTM, pajiojoKaliiiHa po3Biaka.

Beryn

IHocTanoBka npodJjieMn y 3arajibHOMY BMIVISIIi.
Bigomo [1], mio 3acrocyBaHHS PAKETHOTO O030POECHHS
(kpuiaTHx, OaNiCTUYHHX, aepOOATICTUYHHUX PAaKET) Hece
HeOe3MneKy Ui IMBLIbHOrO HaceneHHs. CydacHi pakeTH
MOCTIHO MaHEBPYIOTh T4 3MIHIOIOThH HAMPSMOK pyxy [2].
Ile, 6e3yMOBHO, YCKJIaJIHIOE 3aBIaHHS BHSBIICHHS, BHU-
3HA4YCHHS1 KOOPJMHAT KPUJIATOI PaKeTU Ta ii 3HUILEHHS.
[TporHo3yBaHHS 3aMHCITy il TIOBITPSHOTO NMPOTHBHHKA €
BaKJIMBUM 3aBIaHHSIM OpPraHiB BIHKOBOTO YIIPaBIIiHHS, 110
BUPIIIYETHCST B XOJi OIIIHKKA OOCTAHOBKU Ta BU3HAYCHHS
BUXIJJHUX JAQHUX I PUHHSTTS PIlICHHS Ta IJIaHyBaHHS
nporturosiTpsiHOi 06oporu (I1I10). IIpaBunpHO BiamoBic-
TH Ha TUTaHHA, SKAMH MapIIpyTaMH MOJETSITh KpHiaTi
pakeTH, y CKIaJi SKUX CIIEeNIOHIB Ta TPy, /e Oyae CTBO-
PIOBATHCS CMYTY HPOPHBY IPOTHIIOBITPSIHOI OOOPOHM —
3HAYUTh MMPABWIILHO OLIHUTH OOCTAHOBKY Ta BipHO 00paTH
BUXIJHI JJaHi JIJIs1 IPUAHSTTS PillIeHHS Ta BUOOpPY pariioHa-
npHOI cTpykTypu cuctemu 110 Ta 1i miacucrem.

Bimomi MeTonu NpOTrHO3YBaHHS TPAEKTOPIl MOJIBOTY
KpWJIATHX PAKeT TOB’s13aHi 3 NPOBEACHHIM PYYHHX pPO3pa-
XYHKIB, MalOTh MIEBHY JIOJIIO CY0’€KTHBI3MY TomIO. Binomi
METO/IM TPOTHO3YBAHHS TPAEKTOPii IOJBOTY KPHIIATHUX
pakeT Ha OCHOBI aBTOMAaTH30BAaHNX PO3PaxyHKIB HE 33710-
BOJIGHSIOTH Cy4acHHM BHUMOTaM Ta € 3acTapiutimMu. OTxe,
BHHHKA€E HEBIIMOBIIHICTE MK MOXIJIMBOCTSIMH ICHYIOUHX
METOJB TPOTHO3YBAHHS TPAEKTOPil MOJBOTY KpPMIATHX
pakeT Ta BUMOTAaMH J0 IPOTHO3YBAaHHS TaKOi TPAEKTOPIi.
JInis ycyHeHHsI BKa3aHOi HEBIIOBIMHOCTI Y poOOTi 3armpo-
MIOHOBAaHO METOJ] MPOTHO3YBaHHS TPAEKTOPIl PyXy KpHia-
TOI PaKkeTH Ha OCHOBI MypAIIMHOTO aJTOPUTMY.

Merta craTTi — po3poOKka METOJy HpPOTrHO3YBaHHS
TPAEKTOPIi MOJIBOTY KPUJIATUX PAKET Ha OCHOBI Mypaliu-
HOT'O aJITOPUTMY.

AHani3 ocTaHHiX JocjaixkeHb i myOaikanin. Me-
TOJIKH OIIIHKH il OBITPSHOT'O MPOTHBHUKA OPi€HTOBA-
Hi, B OCHOBHOMY, Ha MPOBE/ICHHS PYYHHX PO3paxyHKiB. B
3araJlbHOMYy BHIIAJKy KpHJIATi pakeTH N0 JOCATHEHHS
00’€KTy ynapy MOXYTb BHKOPHUCTOBYBAaTH II€BHY MHO-
KMHY MOMIIMBUX MapIupyTiB i mpodiiiB momboty [3].
MOXXJIMBO CTBEPIKYBaTH, IO 3 Ii€i MHOXKMHW HPOTHB-
HUK Oy/e BHKOPHCTOBYBATH TaKi MapHIpyTH, sKi 3a0e3-
rieyaTh BUCOKY €(DeKTHBHICTD MOBITPSHKX yaapis [4].

[Tpu nporHo3yBaHHI TPAEKTOPIi MOJBOTY KPHIATOT
pakeTH B HAWMPOCTIIIOMY BHIAJIKY Y SIKOCTI HAHKpPaIIoro
MapuipyTy oOupaeThcsi Hakkopotmmit [4]. st 1poro
BU3HAYAIOTHCS TOYKHU ITyCKY KPHJIATHX PaKeT, eIEMEHTH
cucteMu 00’ekTiB pukputTs I1T10 3 BKazaHHsAM iX 30H
60iioBHX Jiiii 1 GoitoBoro 3actocyBanHs [5].

Jlanmi BH3HAYAETHCS TEpeNiK 00’ €KTIiB, MO JOcATa-
FOTBCSI, CKIIAJIAEThCS CIIACOK 00’ €KTIB, SIKI HIMOBIPHO MO-
KyTb OyTH ypaKeHi Ta OIUHIOEThCS MOMIIMBICTH ypa-
JKEHHsI JaHuX 00’€eKTiB [6].

HacTynHuM KpOKOM BiZIOMHX METO/IIB OLIHKH Tpae-
KTOPIi MOJBOTY KPWJIATOI pakeTH € BU3HAYCHHS [ITHOMHH
Ta OIMPUHHU yAapy. B pesynbprati oOupaeTscsi HAaKOpOT-
UMM MapHIpyT 3 TOYKM IIyCKy KpWJIATOl PAaKEeTH [0
00’exty ynapy [7-9].

Bimomi MeTonuku 3a0e3MevyoTh OILIHKY IMapameT-
piB ynmapy Ha modaTok omepaiii (6oioBux miif), HE €
aJaNTUBHUMHU Ta HE MOXYTh OyTH BHKOpPHUCTaHI JUIs
OLIIHKH ITapaMeTpiB HACTYITHOTO y/apy KPHJIaTUX PakerT.
OCHOBHUMH HeJIONTiKamMu Bigomux Metoauk € [10-13]:

— IIOCTYJIbOBaHA B anpiopi Ta He3MiHHA NMOOyxOBa
PaKeTHOTro yziapy;

— 3aJlaHU#l 3a3/ajerias Ta He3MIHHWHA B 9aci mpo-
IIEHTHUH PO3MOIIT KPWJIATHX PAKET B yIapi.

3a3HaveHi HEMOJIKH YHEMOKIUBIIOIOTh OTPUMAaH-
HS af€KBaTHHUX PE3yJIbTATIB IIPH MPOTHO3YBaHHI TPAEK-
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TOpil pyXy KpWJIaTHUX pakeT Npu 3/iHCHEHHI IUIaHyBaH-
HS 3acTocyBaHHsS cui Ta 3aco0iB I1I1O Ta BHOOpPY iX
palioHaTBHOI TOOYI0OBH.

OTxe, iICHyrOUY1 METOAM NPOTHO3YBaHHS TPAEKTOPIT
MOJBOTY KPUJIATUX PaKeT NOTPEOYIOTh YAOCKOHAICHHS.

OcHOBHA YacTHHA

[TnanyBaHHS TPaeKTOPIi MONBOTY KPHIATUX PaKET
ToJIATa€e B TOIIYKY ITOCIIIOBHOCTI JTiil KpHi1aToi pakeT,
sIKa MOXKE TIepeMilllaTh 3 OJHOTO MICIl B iHIIE, YHHKa-
104M OyAb-SIKUX HEpelIKo Ha Tpaekropil mossoty. Lle
MOKe OyTH IHTepIpETOBaHO SK 3aBIAHHS IOIIYKY OII-
TUMAJIBHOI TPAEKTOPil KPHIATOI paKeTH B CTAaTUIHOMY
cepenosumi. Lle, B cBoto "epry, mepenbadae qOCATHEH-
HSI METH PyXy IIPH ONTHMIi3allii BU3HAYCHNX BUTPAT.

Touku TpaekTopil MONBOTY KPUIATOI pakeTH IO3-
nauumo sik Wi(X) €R", mis i =1,2,...,N, ne N —
3arajbHa KUIBKICTh TOUOK Mapmpyty; X — N-MipHHH
BEKTOp KoopauHaT pyxy; R"—mpoctip pyxy posmipy
N . Touku MapmIpyTy KpUIaToi pakeTH MOMIIISIOTECS Ha:

— BHUXIJHY TouKy Mapipyty (BTM);

— noBopoTHi Touky Mapupyty (IITM);

— KiHUeBy Touky Mapupyty (KTM).

[ITM oOyaemo mno3unauatu sk Ci(X) €R", ams

i =1,2,...,M, ne M —3aransHa kinskicts IITTM.
bynemo BpaxoByBaTH MiHIMajbHy Oe3nedHy Bijc-

TaHb MK KPHJIATUMH pPakeTaMd Ta PO3MipH paker. Mi-

HiMabHY  Oe3leyHy  BIACTaHb  IO3HAYAMO  SIK

Reafe (X) € R". Takoxk Gymemo BpaxoByBaTH meperi-

KOJIY, 1II0 BU3HAYAIOTh 3MiHY TPAEKTOPIIO MOJIBOTY KpH-
JIaTO1 paKeTH.

[Mepewkoqu Oymemo mo3nadatu Obsti(X) € R",
s i =1,2,...,0bs, ne Obs — 3aranpHa KiNnbKicTh Iie-
pemkon. bynemo BpaxoByBaTH OOMEXEHHS Ta IOIY-
LIEHHS, IO NMpH IJIaHYBAaHHI TPAeKTOpPii MONBOTY KpH-
maroi paketn Kinbkicte [ITM mopiBHIOE KiJIBKOCTI ITe-
pemkon (M = Obs).

IIpn BU3HAuUeHHI TpaeKkTOpii MOMBOTY KpPWIIATOI
paket OyJeMo BpaxOBYBaTH KOH(DIrypaIliro MpocTopy
pyxy. Ilim xoH}irypamiero TPOCTOPY PO3YMI€THCS
MICIIEBICTh, TMOTOJHI yMOBH Ta mepemkond. Dizuuni
0COONMMBOCTI  MiclleBOoCTi  OyleMo  BU3HAYaTH  3a
JIOTIOMOT 010 ITU(POBOT KapPTH MICIIEBOCTI 3 ypaXyBaHHIM
udpoBoi MoJIeIi BUCOT (MATPHUIL TOYOK BHCOT). bynemo
BpaxoBYBaTH OOMEXKEHHS IIOJ0 MOXKIIMBOIO HAMPSIMKY
pyxy kpuiaroi pakeTd. Byaemo BBaxkaru, 11O KpuiaTa
pakeTa MOXX€ pyXaTHCs TUTbKM BIEpel 1 HE MOXYTh
pobuTH pi3ki moBopoTH abo miniiomu (puc. 1).

Puc. 1. MoxxiuBi HanpsIMKU pyXy KpHIaToi pakeTH

3ajeXHO Bil MPU3HAYCHHS paKeT MOKHA PO3IJIsi-
JaT¥ Pi3Hi BUAW LiTbOBOI QyHKIIi, BITHOCHO SKOI MOT-
piOHO BupimMTH onTHMi3auiiiHe 3aBaaHHs. Kpuiati
pakeTH, SIK NPaBHJIO, MalOTh OOMEKEHY JANBHICTh Ta
00MEeXEeHUI 3a1ac MajsbHOTo.

LinpoBa ¢yHKUiZ MOBHHHA OyTH 0OpaHa TaKoIo,
10 MiHIMIi3y€ BIICTaHB MK TOYKaMH TPAEKTODIi i, Bif-
MOBiHO, BUTpaTH mambHOTo. OTXKE, MiNbOBa (YHKIIIA
mpu 3a0e3MevYeHHi MiHIMaIbHOI BiZICTaHI MiX TOYKaAMH
Wi Tpaekropii i MiHIMaTBPHHX BHUTpAT IMaJbHOTO MOXKE
OyTu 3ammcana Bupazom (1):

N-1
o(X) = X Wy (X)-W, ()] > min. (1)
i=1

3aBIaHHsI JIaHyBaHHS TPAEKTOPIi MOJIBOTY KpHuiia-
TOi pakeTH MoXe OyTH 3BElICHO JI0 MOIIYKY TPaeKTOpii
KpHJIATOI paKkeTH B AUCKpEeTHOMY cepemoBuimi. Taxe
3aBJIaHHS BU3HAYAETHCS HACTYITHUMH €JIEMCHTaMH:

— TIPOCTip cTaHiB X , IKUH € CKIHICHHOIO 200 31i-
YEHOIO KiHIICBOIO MHOXKHHOIO CTaHiB;

—Habip moctynHux mid, U €U(X) mis KOXKHOTO
CTaHy X € X;

— ¢yHkuis nepexony crany f, sika cTBOprOE cTaH
f(x, u) € X ms xkoxxnoro X € X iu € U(X);

— IOYAaTKOBMI CTaH X| € X;

— cTaH 0ini Xg € X.

3araJibHUIl AITOPUTM MOIIYKY ONTHMAaJBHOI Tpae-
KTOpii Mpalfoe MUIIXOM CHCTEMATHYHOTO IIOIIYKY B
rpadi, 3acToCOBYIOUH (YHKIIFO TIEpEX0ay Ta BHOMpAro-
YM CTaHH, SIKI MiHIMI3YIOTh IJIbOBY (YHKIIiIO, OJJHOYA-
CHO BIJCTEXKYIOUH BiIBiAyBaHI By3iH, 1100 He OYJI0
3alBHX PO3PaxyHKIB (fii).

3 ypaxyBaHHSIM BHIIE3a3HAYEHOTO ONTHMI3aIliiiHe
3aBJIaHHsI BU3HAUEHHS TPAEKTOPIT MOJILOTY (BU3HAYCHHS
BEKTOPY KOOpAuHAT X ) KPUIATOi PaKeTH B 3arajibHo-
MYy BHTIII1 MOKe OyTH COPMYITBOBAHO Y BUTIISII :

N-1
O(X) = 3 W1 (X) =W (X)]| - min;
i=1

W, (X)eR",i=12,.,N;

Rsafe(x)emni

Cj(X)eR", j=12,..,M; (2)
Obst, (X) e R", k =1,2,...,0bs;

VX A(X Obstj(X));

VX A(X > Rege (X));

M = Obs.
Jns  BupimeHHs 3aBOaHHA (2)  JOUUIBHO
BHKOPHCTaHHS MYPAIIMHOTO QJITOPUTMY, IepeBaraMu

AKOTO € CIPOMOXHICTh BHPIIIEHHS ONTHUMIi3aIlifHNX
3aBmaHb 0e3 3HaHHA Tpocropy momryky [14-17].
MypamuHuii alrOpuT™M peantizy€e NpSAMHUA BHIAJAKOBUIL
MONIYK MOXKJIMBHX PIIICHb ONTUMI3AI[IITHOTO 3aBJaHHS,
10 € ONTUMAaJIBbHUMH 200 OJIM3BKMMU 10 ONTHMAIILHHX,
JIOKM He Oyle BMKOHaHa Jieska yMoBa a0 JOCSTHyTa
3a/laHa KUTbKICTh iTeparliii.

V3araJbHEHHH ONUC MYPAIIMHOTO AJITOPUTMY
MOJKHa IIPECTAaBUTH BUPA30M:
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AS ={S,M,AP,1,0}, ®)

ne S —wHOXMHA areHTiB; M —o00'exT s oOMiHy
JOCBIIOM MDK areHTamu (Mypaxamu); A — npaBuia
poOOTH MypaIIMHOTO AITOPUTMY (CTBOPEHHS, MOBEIiH-
Ka, Moaudikanis areHriB); P — mapamerpu (eBpHUCTHY-
Hi Koe(illieHTH), 110 BUKOPUCTOBYIOTHCS B IpaBmiax A,
I ={lg-1,,}, Iy — BXin cucremn, Ha sKmil MOZA€TBCS

1inpoBa (QyHKIIsT, oOMexxeHHs, |, — BXix 1U1st 3BBOPOTHOTO

33
3B’s13Ky; O = {01 . 033} , Op —Buxin (Halikpaine 3HalineHe
pituenHs 3afadi), O,, — BUXiA 11 3BOPOTHOIO 3B’SI3KY.

PosrnsiHeMO 0COOIMBOCTI 3aCTOCYBaHHS Mypallln-
HOTO aJTOPUTMY IJIsl IPOTHO3YBaHHS MapIIpyTy MOJIbO-
Ty KPWJIATOI paKkeTH.

B mHaiinpocrimioMy BHUMNAAKy MapuIpyT MOJbOTY
KpHUJIaToi pakeTh MOXKHa IMPEJCTaBUTH 5K CYKYIHICTb
HACTYIHUX AUISTHOK: AUISTHKY 37160Ty 3 BTM Ta Habopy
BUCOTH, TOPHM30HTAJIHUX  JUITHOK, Ha  SKHX
BiZIOYBa€ThCST KpEWCepChbKUM TIOJIT, TOAOJIAaHHS 30HH
[I10, Buxixm HA 00’€KT ymapy, AUISHKA 3HIDKCHHS 10
pybexy BHUKOHAHHS 3aBIaHHS abo KTM.
TlopusoHTaNbHI OUTTHKA TpoxXoaaTh dyepes [ITM, B skux
BiIOyBa€ThCS 3MiHA KypCy, a B 3aralbHOMY BHIIAJKY, i
BUCOTH TIOJNBOTY. Y TOAANBIIOMY BBAXAEMO, IO
nonoskenas BTM, KTM ta I[ITM mOBHICTIO BH3HAy4ae
MapuIpyT MOJBOTY KPHIATOI PAKETH.

[MoniT 1O KOXHIN 3 IUISHOK MapUIpyTy, a TAKOX
3nilficHeHHs maHeBpy B BuOpanux I[ITM, mae mneBHi
HeOe3MeKH ISl KpUJIaTol pakeTH Ta BUMAarae MEeBHHUX
BUTpAT PECypciB, IO NPU3BOAUTH IO HASBHOCTI Iepe-
Baru OJHOT'O MapUIPyTy MONBOTY mepen iHmmM. Ocki-
JBKU BapiaHTIB MPOCTOpoBoro posramryBaHas [1TM
Moke OyTH aye 0arato, KiUTbKiCTh MOXKIIMBHX MapIil-
pytiB momsoty 3I1H Oyme Ham3BHYaiHO BETUKOIO, IO
yckinagaioe Buoip mapmpyty 3I1H nHaftmpoctimmMm me-
TOJIOM — TIepedopy.

[TocnigoBHICTH €TamiB METOJy MPOTHO3YBaHHS [iii
MOBITPSIHOTO NMPOTHBHUKA HAa OCHOBI MYpAIIMHOTO all-
TOPUTMY MOJXe OYyTH IPECTaBIeHa HACTYTHUM YHHOM.

1. Iminjamizamiss I[OYAaTKOBMX IIOJIOKEHL AareHTIB
(kpumati pakern) Ha mepmii  irepamii  (j=1).

Xi1 (X1, Yi1) — BEKTOp NOJOKEHb areHTiB Ha mepuriif

itepamii, i =1,2,...,S; S —3araipHa KiJBKiCTH areHTiB.
3aranbHa KUIBKICTH areHTiB S JOPIBHIOE KiUIHKOCTI
KpPHJIaTHX pakKer.

2. PospaxyHok ninboBoi ¢ynkuii ¢;(X) na j-i
iTepartii.

V sxocri 1ip0BOI QYHKIIT Ha j-i iTepawii OyaemMo
BH3HAYATH HACTYIHY (QYHKIIIO:

S Ng
Kpoy mKyos
0;(X) =X 3 (P ()-DF (1), (4)
k=1i=1
ne K — morounuii Homep areHTy; Nk — 3arajbHa KilbKiCTh

TOYOK MapIpyTy Juist K-ro arenry; Pik (j) — HimMoBipHICTH
niepexopy K-ro arenra B i-ty IITM Ha j-if iTeparyi:

A =(F O (B0) [ 3 (re0)-B0). ©
m=1

ne o> 01 f>0— nmapamerpu, 110 331aI0Th Bary Qepo-
MOHa 1 “Kaai0HICTh” MeToqy BiNMOBiAHO; M — KIIBKICTB
moxuBux  [1TM; Llf (]) — npuBabnuBicTh IiNSHKH
MapupyTy st K-ro areHta B i-# TO4Ili MapuipyTy Ha j-
i iTepauil; Flk (j) — xoHuentpauist pepomony K-ro are-
HTa B i-il Touwi MapuipyTy Ha j-i itepauii; QyHKIis
Dik (j) Bu3HAuae MOBKHHY MUISIHKA Mapuipyty ms K-
ro areHra B i-iff To4Il Ha j-iif iTepariii Ta 11 TpUBHMIp-
HOTO IPOCTOPY BU3HAYAETHCS 32 BUPA30M:

D (i) = |ax ()| +|avt (D] +|azk (], (®)

ne ‘AX,k(J)‘ ‘Ayik(j)‘, ‘Az,k(j)‘ — CNIEMCHTApHI Tmepe-

mimieHHs K -ro arenty B I -if Touni Ha | -if iTeparii mo
oCsIM X, Y Ta Z BiAMOBIAHO.

3. Ilepemimenns arenriB. B mpocrimomMy Mypartiu-
HOMY aJIrOPUTMI B KOXKHIiH iTepalii iTepaliifHoro mnpoiie-
cy k areHTammu 3IiHCHIOETBCS MOIIYK PIlICHHS Ta OHOB-
JeHHs: (epOMOHIB Ha 3HaljeHoMy MapipyTi. KoxxHuii
k -# arent moumHae muistx 3 BTM, mociizoBHO mpoxo-
quTh BHOpaHi MetogoM I[1TM i 3aBepiilye NUIIX B OAHIHN 3
KTM. IlepemimieHHs1 areHTiB MPOBOJUTHCS MO KPUTEPIFO
MiHIMyMy 0iTb0BOi (QyHKLIT (4), sika, 3 ypaxXyBaHHSIM
JIeB’SITU3B SI3HOCTI MepeMillieHHst areHTiB (puc. 1):

€ (i) + i€ (i) #a (=1 @)

MpuitMae BUTIISA:

S Ng
0;(X) =3 3 (P()=
\ k=1i=1 (8)
=kilzkl (RO (L) Ml(Fn‘:‘(j)LEn(j)) ,

a 3amava (2) Moxxke OyTH C(OPMYITHOBAHO Y BUTIIAII:

K,y |\ ks B
<p,-(><)=iNzk (;' M) (4
Y (R (D) Lh()

m=1

— min;

W (X)eR",i=12,..,N;

Rsafe (X) e R"™; 9)

Ci(X)eRr", j=12,.,M;

Obsty (X) e R", k =1,2,...,0bs;

VX A(X ¢ Obst;(X));

VX A(X > Reate (X));

M = Obs.

[TpuBabmuBicTh AinsHKu Mapmpyty Li B (9) obep-

HEHO IPOTIOPIIiffHA 3aTpaTaM Ha moaojaHHsa quUntHKE Ci,:

L =1/C;, (10)

a 3aTpaT Ha MOJOJIAHHS JUITHKY B MypalIXHOMY aJro-
PUTMI 3aJiekKaTh TiJBKH Bijl HOTO JOBXKUHH, TOOTO:
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G =D, (11)

ne Di— mosxuHa i-i TISTHKA MapIipyTy.

B Ounbmn ckimajHUX BUMAAKax 3HaueHHsS Li Moxxe
OyTH pO3paxoBaHE B 3aJIC)KHOCTI BiJi HAsSBHOCTI 30H
HebOesneku (Bupas (12)):

1  AKIIO i- i MapIIPyT MPOJIATAE
3a Me)kaMu "30H HeOe3nekn"; (12)

0, B IHIIIMX BUMAIKaX .

Ha mouatky iTepauiiiHoro mpouecy KilbKicTb de-
POMOHY Ha JUISHKax MapuIpyTy HMPUIMAEThCS OJHAKO-
BOIO 1 PIBHOIO JeIKOMY HeBenukomy uuciy Fo. Ilicis
KO’KHOT iTepalii KoHIeHTpalisi GepoMOHIB Ha BUOpaHUX
areHTaMU AUTSHKaX OHOBIIOETHCS 3a mpaBmioM (13):

Rt+)=(1-p)FR(t)+ iAF,k,
k=1

(13)

dhepomoHny;
AF,k — KOHIIeHTpallisi GepoMOHy Ha i-i IUISHII Mapii-

ne p€[0,1] — mBUAKICTH BUMAPOBYBAHHS

PYTY, IO CTBOPIOETHCS MIPOXOIKEHHAM K-TO areHTa.

Y ToMy BUMAnKy, SKIIO y MOTOYHIH iTepamii mo
JUISHII HE TPOWIIOB YXOJIHHM 3 areHTiB, npaswmwio (13)
nepeTBoproeThes Ha (Bupas (14)):

R+ =(1-p)R (), (14)

TOOTO OHOBJICHHSI (pepOMOHY MoJjsirae B HOro BHIApo-
BYBaHHI 13 HIBUKICTIO p.

4. [lepeBipka BHKOHAHHS YMOBH 3yNUHKH. SIKIIO
yMOBa BUKOHAaHa, TO OTPUMYETHCS TPAEKTOPIS PyXy
kpunatol paketu (X). B iHmomy Bumamky — 3ifiCHIO-
€TBCSI TIepexin 10 apyroro myHkry. Ilapamerpu P (5)
MeToy BusHavawoThes sk P (a, S, p ,Fo).

TakuM 4YMHOM, yIOCKOHAJICHO METO]l IPOTHO3Y-
BaHHS TPA€KTOPIii MOJBOTY KPUJIATHX PAKET Ha OCHOBI
MYypaIIMHOTO aJTOPUTMY, B SIKOMY, Ha BiAMIHY Big Bi-
JIOMHX, PO3PAaXyHOK TPAEKTOPIi MONBOTY KPHIATOI pa-
KeTH mepeadadae po3paxyHOK IiIbOBOI (YHKIi, BH-
3HAYEHHsI CYKYIHOCTI JUISTHOK PyXy areHTiB, KOHIICHT-
pauii (pepoMOHy Ha MapuIpyTax pyXy areHriB, HepeMi-
[ISHHSI ar€HTIiB TI0 BUSHAYEHUM JIUITHKAM PYXY.

IIpoBegemMo mepeBipKy mpare3gaTHOCTI METOIy
MPOTHO3YBaHHSI TPAEKTOPIT NOJIBOTY KPUIIATHX PAKeT Ha
OCHOBI MYpAIIMHOTO AJITOPUTMY Ha KOHTPOJBHOMY
npukiani. s HaOYHOCTI NMpeCTaBJICHHS Pe3yJbTaTiB
3aCTOCOBaHA NPSIMOKYTHa CHCTEMa KOOPAMHAT, y SIKiH
BTM, KTM i IITM 3HaXxoaaTbCs B OHIA TOPHU3OHTAIIb-
Hil TUTOIIMHI.

Buxigni nani:

— kibkicTh BTM Npr=1;

— kibKicTh KTM Ngm=1;

— kinbkicTs MOxIuBUX IITM1 Np7=20;

— KinbKicTh MOXIUBUX IITM2 Nprn=20;

— “xanibHicTh” MeTomy f=1;

— Bara ()epOMOHIB a=2;

— WBUJKICTh BUNIApOBYBaHHs (epomony p=1073;

— KUIBKICTB iTepaniit meroxy N=400;

— KUIBKICTb areHTiB B itepauii m=10;

— 110YaTKOBa KUIBKICTh (pepomony Fo=1072,

B pesymprati N=400 itepamiit MmapmpyT pyxy are-
HTY HaBEICHWI Ha pUC. 2 )KUPHOIO CYHIIHHOIO JTiHI€IO.
[lepepuBuacToio ITiHIEIO TMOKAa3aHO ONTHMANBHUN Map-
HIpyT PyXy areHTiB.

BTM O

BTMO
a 0

Puc. 2. Pe3ynpTaTi IepeBipKy Mpane3gaTHOCTI METOLY
NIPOTHO3YBaHH TPAEKTOPIi MTOJIBOTY KPHIATHX PaKeT
Ha OCHOBI MYpAIIIMHOTO alIrOPUTMY:

a) MapHIPyT PyXy areHTiB BiApi3HAETHCS
BiJl ONITUMAJILHOTO MapLIPyTY;
0) MapIIpyT pyXy areHTiB iCTOTHO Bipi3HAETHCS
BiJl ONITHMAJILHOTO MapIIPyTy

3 aHaji3y puc. 2, a BUJHO, 1[0 OTPUMAaHUK Mapii-
PYT PyXy areHTiB HE3HAYHO BiJPi3HAETHCS BiJl ONTHMA-
JpHOTO Mapupyty. IIpoTe, sk moka3aHo Ha pwuc. 2, O,
MOJUJIMBI 1 peaiizamii METOLy 3 BiIBEPTO HEBIATUMHU
pe3ysibTaTaMH, 0 BKa3ye Ha HEOOXIIHICTh NPOBEICHHS
MOAAJIBIIOTO AOCIIPKSHHS.

BucnoBku

Y I0CKOHAJIEHO METO]| MPOTHO3YBaHHS TPAEKTOPIT
MOJBOTY KPMWJIATHX PAaKeT HA OCHOBI MYyPAIIMHOI'O aJIro-
pUTMY, B SIKOMY, Ha BiZIMiHy BiJl BiJOMHX, PO3pPaxyHOK
TPAEKTOPii MONBOTY KPWJIATOI pPaKeTH Iependadae pos-
paxyHOK LiTBbOBOI (YHKII, BH3HAU€HHS CYKYIHOCTI
JUISTHOK PYXYy areHTiB, KOHIEHTpauii ()epoMOoHy Ha Ma-
pHmIpyTax pyxy areHTiB, NMEpeMilIeHHs areHTiB IO BH-
3HaYCHNM IUITHKaM pyxy. IIpoBeneHa mepeBipka mpa-
LIE3/IaTHOCTI Y/IOCKOHAJICHOI'0 METOAY IPOTHO3yBaHHS
Il TOBITPSHOTO NPOTHBHUKA HA OCHOBI MYpAIIMHOTO
ATOPUTMY.

BcranoBieHo, 10 B ycixX BHMagKax METOM MPOTHO-
3yBaHHS il MOBITPSIHOTO NPOTHUBHHUKA Ha OCHOBI MYy-
PALIMHOTO AITOPUTMY 3a0e3neuye HalMEHIY JOBKHHY
MapuipyTy Bit BTM 1o Tnx 00’€KTiB ypaskeHHSI.

Hanpsimok mogajbmux AocaiIKeHb. 1o0ynoBa
CHCTEMH paJlioJIOKaIiiHOI PO3BIIKM 3a pe3ysbTaTaMu
MO/IEITIOBaHHS BapiaHTIB A1l MOBITPSIHOTO NPOTUBHUKA.
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An improved method for predicting the flight path of a cruise missile
based on the ant colony algorithm

Hennadii Khudov, Igor Romanenko, Petro Mynko, Yuriy Solomonenko, Vitaliy Ivanyuk

Abstract. The subject matter of the article is the method for predicting the flight path of cruise missiles based on the
ant colony algorithm. The goal is to obtain adequate results in predicting the trajectory of cruise missiles when planning the
use of air defense forces and means and choosing their rational construction. Task: analysis of known methods for estimating
the flight path of a cruise missile; modelling the flight path of cruise missiles as a search for a sequence of actions of a cruise
missile that can move from one place to another, avoiding any obstacles on the flight path; improvement of the method for
predicting the flight path of cruise missiles. The methods used are: methods of system analysis, probability theory, methods
of swarm intelligence, mathematical statistics. The following results are obtained. The method of predicting the flight path of
cruise missiles based on the ant colony algorithm has been improved, in which, unlike the known ones: the calculation of the
flight path of a cruise missile provides for the calculation of the objective function; the determination of the set of agent
movement areas; the pheromone concentration on the agent movement routes, and the movement of agents along certain
movement areas. The operability of an improved method for predicting the actions of an air enemy based on the ant colony
algorithm has been tested. Conclusions. It has been established that in all cases the method of predicting the actions of an air
enemy based on the ant colony algorithm provides the shortest route length from the starting point of the route to the objects
of destruction. The direction of further research is the construction of radar reconnaissance based on the results of modelling
options for the actions of an air enemy.

Keywords: cruise missile, air enemy, flight path, target, ant algorithm, radar reconnaissance.
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XapKiBChKHI HAIlIOHATBHUN YHIBEPCUTET PaIioeNeKTPOHIKH, XapKiB, YKpaina

CUCTEMA PO3II3BHABAHHS OB'E€KTIB 1151 ABTOMATH3ALII CKJIAIIB
3 BAKOPUCTAHHSM 3IOPTKOBOI HEMPOHHOI MEPEKI

AHoOTanisi. AKTyaJBHICTh. 3 301IBIICHHSIM OHJIAHH IIPOJAX B CBITi, 3pOCTaE MOTpeda B CHCTEMax aBTOMAaTH3allii CKIIaIiB.
IIpu Benmukii KiJIbKOCTI TOBapiB IMOCTAE MUTAHHS PO3II3HABAHHS CXOXKHX 3a BUIJISIZIOM TOBapiB, ajie Ki MAOTh Pi3HI Xapak-
TEPUCTUKH. B 3B’5I3Ky 3 LIUM BUKOPUCTAHHS CJIEMEHTIB IITYYHOT'O IHTEJICKTY Ta MOOYA0BI CUCTEM KOMII' FOTEPHOTO 30pY AJIs
BEJIMKUX CKJIAJICHbKUX MIAMPHEMCTB € HeoOXimHicTIO. MeTo1o po6oTH € oOyI0Ba CUCTEMH PO3Ii3HABAHHS PI3HOMAHITHUX
TOBapiB 3a JOMIOMOTOIO 3TOPTKOBUX HEUPOHHHUX Mepex. 00’ €KTOM 10C/IiIFKeHHS € TIpoLiecy MOOYIOBH Ta HABYAHHS CHCTEMH
po3mizHaBaHHs ToBapiB Ha ckiazi. [peqverom pocaiTkeHHsI € METOAM PO3Ii3HABAaHHS 00 €KTIB Ha 0a3i HEHPOHHOI Mepexi 3
BukopuctanusiM CPU Ta GPU. Bucnook. [ToOyoBana cucteMa po3ii3HaBaHHs 00 €KTiB Ha 6a3i 3ropTKOBUX HEHPOHHHX Me-
pex B cepenouii MatLab. IIposeneno ekciepumentr 3 BukoprctanHsM CPU ta GPU i HaBuaHHS HEHPOHHOT MEpexi.
OtpuMaHi pe3ysIbTaTH MOKa3ajH, 10 MiIBUINEHHS SIKOCTi pO3Mi3HaBaHHS HEOOX1THO 301IbIIyBaTH TECTOBY BUOIPKY.

Kaw4uoBi ciaoBa: HeifpoHa Mepexa, MalllMHHE HABYaHHs, po3mi3HaBanHs 00’ extiB, CPU, GPU.

Beryn

OHI€I0 3 OCHOBHHX TPUYUH IIBUIKOTO 3POCTAHHS
r1o0abHOTO PHHKY aBTOMAaTH3allii CKIANiB € 3HAYHE
3pOCTaHHA EJEKTPOHHOI KOMEpIIii Ta BUMOTH IO BHKO-
HaHHS 3aMOBJICHB, SIKi CTBOPIOIOTECS B Pe3yIIbTaTi (IIBU-
JIKa JOCTaBKa, BiACTeKEHHSA TOmO). IcHye mimBHIeHa
morpeba B CHCTEMaXx, 3JaTHUX 00OPOOIISTH BEITUKI 00CATH
3aMOBJIEHD 13 KIJIBKOX MO3MILIA.

Haiibinbina npodiema B peaizaliii MoBHICTIO aBTO-
HOMHHX CHCTEM BUKOHAHHSI 3aMOBJICHb MOJISITAE B 171CHTH-
dikarii Ta 06po6ui cropornix npeamerie [1-3]. CyuacHi
METOIM CerMeHTallii 300pakeHHs 3a0e3MeuyoTh J0CTa-
THIO TOYHICTh JUIsl 0OPOOKH CTOPOHHIX 00 €KTIB ISt OIle-
pauiii BuOopy Ta po3mimenHs. L{i Mmetomu cermeHTarii 30-
OpaKeHHS T03BOJISIOTH 1IeHTH(IKYBaTH Ta PO3PI3HATH I'e-
oMmeTpuuHi popmu, Kpai, TOBEepXHi Ta iHII XapaKTepHC-
TUKW, JOCTaTHI U HAIiHHOI OOpPOOKH CTOPOHHIX
00’ekTiB. OJHaK IMX 03HAK HEJOCTATHBO JUIA iIeHTH(]iKa-
il CTOpoHHIX mpeaMeTiB. Lle oOMexeHHs TeXHOMOTii 3y-
MOBJIFO€ HEOOXIIHICTP HMPUCYTHOCTI (i3MYHOTO TpaIliB-
HUKa, KU 3a0e3redye iIeHTH(IKaIii0 CTOPOHHIX Tpe-
METIB y TIpOIIeCi BUKOHAHHS 3aMOBJIeHHS. J{7s peamizamii
MMOBHOT aBTOMATH3allli CHCTEMa BHKOHAHHS 3aMOBJICHb
MMOBMHHA MaTH MOXJIMBICTh aBTOHOMHO pO3Mi3HABATH
00’€KT, SIKU 0O0pOOISIETHCS, OO 00’€KT MOXKHA OyJI0
TPAHCIIOPTYBATH JI0 BIATIOBITHOTO MICIISI TIPH3HAYCHHSL.

ITocTranoBka 3agaui

Po3pobutu cucremy, sika MOXKe pO3Mi3HABATH CTO-
poHHI 00’€kTH Ta 00pOOIATH 1X, BaXKKO Uepe3 0e3id Bi-
3yaJIbHUX SIBHII, AKi BiOyBarOTHCS B PEabHOMY CBITI,
HATPUKJIIa]] OKJIF03it0 00’ €KTiB 200 CBITIIOBI epekTh. Bis-
Ppi3HUTH 1Ba 00’ €KTH, SIKi MalXKe OJTHAKOBI 32 (POPMOIO Ta
KOJIbOPOM, aJic € aOCOJIOTHO PI3HUMU, € OJHI€I0 3 Hal-
CKJIaTHIIIUX MPOOIIEM, SIKY MOYKHA BUPILITUTH 32 JOITOMO-
IO CYYaCHUX TEXHOJIOT1H KOMII FOTEPHOTO 30Dy .

Ipuknan miel cutyanii HaBeJeHO Ha puc. 1 Ta 2, ne
JIBa MaiKe 0JTHAKOBI Ha BUTJISA IPOIYyKTH BCE IIIE MAIOTh
pi3HUI BMICT.

M ope el

NANPUKA

MeAeHa
KOAEKUIA CREUIA

Mo

NANPUKA
KOM4YEHA

MeAeHa
KOAEKLIA CNELIN

Puc. 1. [Tanpuxa
KOTueHa (MeyeHa)

Puc. 2. [Tanpuxa
(MeneHa)

{06 po3pobutu HafiliHy crucTeMy 0OpoOKH 3aMO-
BJIEHB, 0AararTo 3 NMX CKJIaJHUX a00 HE3BMYaWHUX BUIA]I-
KiB TOTpiOHO mpaBwibHO BH3Ha4WTH. 11100 mocarTm
1IbOTO, BIACTUBOCTI, YHIKaJIbHI JUI KOXKHOTO €JIEMEHTa,
MTOBHWHHI OyTH 3HAWCHI Ta BUKOPUCTAaHI IS PABIIIEHOL
knacudikamii KOXKHOTO eJIeMeHTa. Y JIesKuX i3 HalicKIia-
JHIIIUX BUOAJIKIB, KOJIM MaiKe HE BUIHO Bi3yalbHOT pi-
3HHII, 3AJTUIIAETHCS YHIKATbHA BIACTUBICTD, SIKY MOXKHA
BUKOPHUCTOBYBaTH I MpaBWIBbHOI  Kilacupikarii:
mrpux-ko. Koxen ToBap, sikuit 00po0IseThCs HA CKIIa-
JIax, MICTHTh IITPUX-KOJI, SIKMW y IIEBHHI MOMEHT CKaHY-
€TbCA (I3MYHMUM TIPALiBHUKOM, II00 BWU3HAYUTH HOTO
MPU3HAYCHHS MiJ Yac MpoIecy HOBTOPHOTO 30MpaHHA
3aMOBJICHHS.

OcHOBHa yBara B CHCTEMi PO3Ii3HaBaHHS 00 €KTIB
OyIie 30cepe/pkeHa Ha BUKOPUCTaHH] IITPUX-KOy SIK yHi-
KaJbHOI BIIACTUBOCTI JUIA TPABWIIGHOI iMeHTH(]iKaIil
00’eKTiB. SIKIIO IITPHX-KOA KOXKHOTO 00’€KTa MOJKHA
3HAWTH Ta HAJIMHO PO3MI3HATH, KOXKEH 00’€KT MOXHA
IIeHTU(IKYBaTH Ta MPaBWIHLHO 00poouTH. HesBaxaroun
Ha Te, M0 ICHYIOTh CTaHAAPTHI BKAa3iBKH IOJIO0 PO3Mi-
IEHHS ITPHUX-KOJIiB, IEBHO, HE BC1 TOBAPH BiTOBIJAIOThH
uM nipaBwiiaMm. Jlyske mikaBo TOCIIIUTH, YH iICHY€E KOPHUC-
HUH 3B’ 30K MiX XapaKTepUCTUKaMHU 00’ €KTa Ta PO3Taly-
BaHHSM IUTPHUX-KOAY. SIKIIO Takuii 3B’S30K icHYye, HOro
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MOKHa BHMKOPHMCTOBYBATH JUISl JyXe €(QEeKTHBHOTO ITii-
Oopy Ta CkaHyBaHHs TOBapiB Ha CKJaii, yCyBalOU IOT-
peOy mrofeit y pyuHidl inenTudikanii 00’ eKTiB.

MamuHHe HaBYaHHA

MamHHe HaBYaHHS — [I€ TaTy3b, SKa 30CEPEIKEeHA
Ha po3poOIll AITOPUTMIB, sIKi pOOJISATH IPOTHO3U Ha OC-
HOBI JaHWX. 3aBJaHHs MaIIMHHOTO HAaBYaHHA Ma€ Ha
MeTi ineHTudikyBaru (BuBuUTH) QyHKIiOf: X — Y, mio
BimoOpaxae BXigHy o0macth X (IaHWX) Ha BHUXiIHY 00-
nacth Y (MOxIMBHX TporHo3iB) [4]. Dywkuii f BuOupa-
IOTBCS 3 PI3HHUX KIaciB (QYHKIIIH, 3aI€)KHO BiJ THITY aj-
TOPUTMY HAaBYaHHSA, SIKUA BUKOPHCTOBYEThCs. [lyist 3a-
BIaHHA KiIacu(iKallii TOYHICTh CHCTEMH 3a3BUYail BUOU-
paeTbes SIK Mipa e()eKTHBHOCTI, e TOYHICTh BHU3HAUa-
€TBCS K NPOIIOPLIIs, IS SIKOT CUCTEeMa IPaBUIIBHO CTBO-
proe BuXiaHI AaHi. JlOCBi, IKOMY MiIal0ThCS alrOpH-
TMH MallMHHOTO HaBYaHHs, 1ie Habopu nanux. Li Ha-
0opH AaHHUX MICTATH HAOIp NPHUKIIA/IIB, SIKI BHKOPHCTOBY-
I0ThCS JIJIsl HABYAHHS Ta TECTYBaHHS LUX aJTOPUTMIB.

AJTOPUTMH MaIIMHHOTO HaBYaHHS MOXKHa B OCHOB-
HOMY KJIacH(iKyBaTH Ha TP KaTeropii 3a TUIIOM HabopiB
JaHUX, AKi BUKOPHUCTOBYIOThCA SK mocBia. Lli xareropii
BKJIIOYAIOTh KOHTPOJILOBAHE HABYAHHS, HCKOHTPOJIbOBAHE
HaBYAaHHA Ta HABYAHHA 3 MiAKpiruieHHsIM. CHCTEMH KOHT-
POJILOBAHOTO HaBYAHHS BUKOPHCTOBYIOTH MiueHI HaOOpH
nanux (x, y) € X X Y, fe x mpencTaBise TOUKY JaHHX, &
Y BIOMOBiTHE icTHHHE TiepenOadeHHS s x. Leit HaBya-
JbHUKM Halip map BBEJCHHSA-BHUBEJICHHS BUKOPHCTOBY-
€ThCsI YIS TOIIYKY JleTepMiHOBaHOT PyHKIIIT, sika Bi1o0pa-
xae OyIb-sIKMH BXiZl HAa BUXIiJ, NPOTHO3YIOYM MaiOyTHI
CIIOCTEPEXEHHS BBOIY-BUBOMY, MiHIMI3yIOUH MOMMIIKH,
HACKUIBKH 11e¢ MOXJIMBO. CHCTEMH HEKOHTPOJIbOBAHOTO
HaBYaHHSA BHKOPHCTOBYIOTh HEMapKOBaHI HAOOpH JaHHX
JUIsl HABYaHHS cucTeMU. MeTol0 HEKOHTPOJILOBAHOTO Ha-
BYAHHS € OTPUMAHHS CTPYKTYPH 3 HEMAPKOBAHUX JAHHX
LUTSIXOM JOCHIKEHHs T0JI0HOCTI MK apaMu 00’ €KTIB i
3a3BUYaii MOB’s13aHe 3 OLIHKOIO LIIILHOCTI 200 rpyIyBaH-
HaM gaHux. CHCTeMH HAaBYAHHS 3 MIAKPIIUICHHAM Biady-
BalOTh He (pikcoBaHUH HaOip AAHUX, a TETIIF0 3BOPOTHOTO
3B’513Ky MK CMCTEMOIO Ta if jocBinom [5]. Posrisinaersest
JMHAMIYHE CEpPEe/IOBHINE, B SKOMY SK JaHi CrocTepira-
I0TBCS TPIMKN CTaH-Ais-BUHAropoaa. MeToro HaB4aHHS 3
T IKPITUIEHHSIM € BiI0OpayKeHHsI CUTYaIliH y AisX 3 METOO
MakcuMizalii BUHaropoau. IcHyIoTh iHIII HaBYabHI CHC-
TEMH, SIKi € KOMOIHAIIIEIO TBOX KATETOPild, HATIPUKIIA Ha-
IiBKEpOBaHE HABYAHHS, SIKE BUKOPHCTOBYE SIK II03HAUEHI,
TaK i HemMapkoBaHi JaHi [6].

IcHye Benvka pi3HOMaHITHICTH 3aBIaHb, SIKI MOYKHA
BUPILINTH 32 JIONIOMOrOK MAIlMHHOTO HaB4YaHHs. J[Boma
Oy IIPHUMH 3aBJIaHHSIMH MAIlIMHHOTO HABYAHHS € perpe-
ciiiHui aHamiz 1 kmacudikaiis. Y perpeciiHoMy aHamizi
3B’S130K MiXK 3MIHHUMH € HAOJIM>KEHHM JIJIS YCIIITHOTO TIPO-
THO3YBaHHsI 3HA4YeHHs 3a MEBHUX BXiAHHUX AaHuX. L[s 3a-
Jlada po3B’sI3yeThest BuBeaeHHAM (yHKIGi f: R™ — R, 1m0
BiTIOBi1ae qaHuM [ 7]. PerpeciitHuii aHai3 MOKHA BUKOPH-
CTOBYBATH, HAIIPUKJIaL, /sl IPOTHO3yBaHHs MalOyTHIX 11iH
Ha akuii y cBiti Toprisii. Ilix yac knacudikanii MammHy
NPOCSATh BU3HAYUTH KaTEropiro n, 10 sIKOi HAJIEXKUTH TEB-
HUH BXig. 3ajady MOXXHa PO3B’S3aTH, BUBIBIIH (PYHKIIiO
f:R™ - {1, ...n} [8]. HomymsipHoto mpoGiieMoro Kiacudi-
Kallii € po3Mi3HaBaHHsA OO'€KTIB UIA 1HTEJEKTyaJbHUX

cucreM. Knacuoikariss Moxxe OyTH BHKOpPHCTaHa, HalpH-
Kiaj, i kiacudikaiii 00’ekTiB Ha CKIai, o0 BHU3HA-
YHTH TPABWIHLHE TPU3HAYCHHS KOXKHOTO 00’ €KTa, 33 J0T0-
MOT'OFO CY4aCHOTO PO3Ii3HABAHHS 00’ €KTIB 13 BUKOPUCTaH-
HSIM aJITOPUTMIB MTHOOKOTO HAaBYaHHS [5].

I[IpaBuaa po3mimeHHs IWTPUX-KOLY

IcHye OaraTto mporpam, siki MOXYTh 3HAXOAUTH Ta
3YUTYBATH IITPUX-KOAM 31 CKJIAIHHUX CIIEH 32 JO0MOMO-
rol0 KaMepH Ta BUKOPUCTOBYBATH iX I ileHTU(iKamii
00’exTiB. Pi3HUIIA B OCBITJICHHI, 1103aX 1 CIOTBOPEHHI Iie-
PCIIEKTHBU MOXE YCKIaTHHUTH iICHTHU(IKAII0 MITPHUX-
KOJY, aJie iCHYIOTh aJITOPUTMH, SIKi IIPOTIOHYIOTH a1alTo-
BaHIi pilIeHHS U IIUX CKJIAAHUX CIieH. HalikaBimmmM €
BUNAJOK, KOJIM IITPUX-KOJ MHPUXOBAHO B pE3yJbTaTi
O3 TPOIYKTY, i HOTO HEMOXINBO iICHTH(]IKYBaTH B
pe3ynpTati Horo 0e3 3MiHU NOJI0XKEeHHS 00’ ekTa. CKiIaa-
CHKHIi KOHTEHHEp CKJIQIA€ThCSI 3 IPEMETIB, Ha SIKUX BU-
JTHO IITPHX-KOJI, @ TAKOXK 1HIIKX MIPEIMETIB 31 IITPUX-KO-
JlaMH, IPUXOBaHKX 32 IHIIMMU TTOBEPXHIMHU.

Bimomo, 110 iCHye @EBHAa cxema PO3MIIICHHS
HITPUX-KOJY Ha MPEeaMETax Pi3HOTO po3Mipy Ta HOpMH.
BinmbIicTh TOBapiB, sKi 00pOOJSIFOThCS HA CKIIanaX, Bijl-
MOBIAIOTh IHCTPYKINSAM IIOAO PO3MIIICHHS CHMBOJIIB
mTpux-KomiB. Lli HACTAHOBM MICTATH 3araibHi TPHH-
LIUIH, SIKi 3aCTOCOBYIOThCSI, 000B’SI3KOBI IpaBHJIa Ta pe-
KOMEH/Ia1lii {010 PO3MIIEHHsI CHMBOJTY IITPUX-KOAY Ha
MICBHUX THIIaX YHaKOBKH.

I1i BKa3iBKM MOXXYTb BHSBUTHCS IyXX€ 3pyJHHMH
JUIL  TIPOTHO3YBAaHHS  HPABHJIBHOTO  PO3TallyBaHHS
MITPUX-KOIY, KOJH IITPUX-KOJ MpuxoBaHo. OHak y Oa-
raThbOX BHUIMAAKAX PO3MILIEHHS MITPUX-KOJY Ha TOBapax
MOJKe TIOPYIIyBaTH MpaBmia. X04a He BCI MPEIMETH Bi-
JIOBIAIOTH [[UM MMPaBHJIAM PO3MIILICHHS IITPUX-KOJIIB,
JTyKe IIKaBO TOCTITUTH, UM ICHY€ KOPUCHUH 3B’ I30K MiXkK
TaKUMH XapaKTEPUCTHKAMH 00’ €KTa, K po3Mip abo do-
pMa, i po3TanryBaHHIM MTPUX-KOIy. SKIIO 1eH 3B’ 30K
iCHy€, HOT0 MOXXHA BUKOPHCTOBYBATH JUISI TyKe e(heKTH-
BHOTO BHOOpPY Ta CKaHyBaHHS TOBapiB Ha CKJIai, yCyBa-
oul motpedy B imeHTH(IKANii 00’€kTa 32 JOIOMOTOO
JIOJUHU. MallluHHE HaBYaHHS Oy/ie BIPOBAKEHO IS
OTPUMaHHS [UX MOJieJiel PO3MIllleHHs IITPUX-KO/IB Ha
00’extax pizHUX GopM i po3mipiB. AHamizy0un hopmy,
TEKCTYypy Ta HaOOpYy IHIINX MOXKIMBHX (DYHKIIH MPOTO-
HY€TBCSI HOBAa CTPYKTypa pO3Ii3HaBaHHSA 00’ €KTIB, fKa
MOBUHHA HAJIHHO BM3HAYaTH PO3TAllyBaHHS IITPHX-
KOy 00’ €KTIB.

B xopzi nocnimkeHs 0yiio BU3HAYEHO CTPYKTYpY I10-
BHOI CHCTEMH pO3ITi3HaBaHHA 00 €KTiB. byio BupimeHo,
o cucteMy OyJie CTBOPEHO 3 BUKOPHCTaHHSM 3TOPTKO-
Boi HeiliponHoi Mepexi (3HM). Toxi ans nporo Meromy
JoKai3amii mWTpux-Koay MoTpiOHO MoOyayBaTH cxemy
PO3MIILIEHHS ITPUX-KOY Ha MPOJYKTax 3a JA0MOMOTIO0
3TOPTKOBOT HEHPOHHOT MEPEeXi, 00 BUSHAYUTH, HA SIKil
MOBEPXHI TOBAPY JISKUTh MITPUX-KO/I.

[Ilo6 aBTOMaTH3yBaTH (pa3y MOBTOPHOTO TE€HEPY-
BaHHS CHCTEMH BUKOHAHHS 3aMOBJICHb, HEIIOJABHO PO3-
polJieHa CTpyKTypa po3IMi3HaBaHHS 00’ €KTIB Ma€ 3a10-
BOJILHUTH JIBOM BaXXJINBUM BHMOTaM:

1. Cucrema noBunHa pocsirati 40% To4HOCTI Iie-
pendavyeHHs JIOKadi3alii MITPUX-KOMY: OCKUIBKH CHC-
TEMHU BUKOHAHHS 3aMOBJIEHb OOpOOJISIOTH BEIMYE3HY
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KIJIBKICTh TPOAYKTIB, HOBI CHCTEMH OauyeHHs ITOBHHHI
nparHyTd 1o npuHaimHi 40% ToO4HOCTI mependavyeHHs..
VY nojanbmioMy MOXKHAa MOKPALIWTH, JOJAaBIIM Oijiblie
JaHUX JUIS HaB4YaHHs, a00 3arpoBaJUBIIM OiIbII ONTH-
MaJIbHiI METOJI HaBYaHHSI.

2. Cucrema MOBHHHA OYyTH MAacIITa0OBaHOIO O
Iy’Ke BETMKUX HAaOOpiB MPOMYKTIB: CHPOCKTOBAaHA CHC-
TemMa OadeHHS NMOBHHHA MaTH MOXIIUBICTH 0OpOOIATH
MTOTOYHI HAOOPH MPOYKTIB, SIKi CKIAAIOTHCS B TIOPSIKY
107 pi3HUX IPOIYKTiB.

Bu3zHauennsi mapamMertpis

[ITo6 moOymyBaTh CTPYKTYpY JOKami3almii mTpux-
KOy, CTIOYaTKy BU3HAYAIOTHCS BXi/l, BUXi[l i BU3HAYCHHS
kiacy. CKIIaJChKi mMaIpHeEMCTBA PO3POOIISIOTH PillIeHHS
aBTOMATH3Aallii JJIs Pi3HUX PHHKIB: MOCHIIOK, CKIAMIB i
aepomopTiB, IO O3HAYa€, MO O0’€KTH, 3 STKUMH I pi-
LICHHS 00pPOOJISAIOTh, 3a3BHYail MalOTh BEJIUKY pPi3HOMA-
HITHICTB 32 (JOPMOIO, KOJILOPOM, BAarolo Ta iHIMIUMH (i-
3MYHUMH BJIACTHBOCTSAMH. BaIMBO po3yMmiTH, 11O B
LIOMY HPOEKTI aKLEHT POOUTHCS Ha CKIIAJICBKOMY Cer-
MeHTi. KpiM TOro, npoaykti BUOMpaIOThCs 31 cTaHIap-
THU30BaHHUX KaTEropill, OCKUIBKHU 1€ J03BOJISAE YHUKHYTH
HEOIHO3HAYHOCTI IIOA0 BU3HAYCHHSI Ta TIyMauycHHS
kmacy. Cdepa nii mboTo MOCTIIHKCHHS 0OMEKeHa eneMe-
HTamu kateropii "KopoOku", mis skux OyayeTbes JoKa3
koHrerii. [Ticms cTBopeHHS pob0od0i CTPYKTYpH 10 Hel
MOJKHA TOJATH iHIII KaTeTopil IMPOIYKTIB.

CrBopeHwmii Habip JaHUX CKIIAAAETHCA 13 300paKeHb
eJIEMEHTa KaTeropii KOpoOKH, B3ATHX 13 BUTIISILY 3BEPXY
3600ky. [Ipukinaamu nux 300pakeHb 3 OKPEMUMH IIpeaMe-
TaMH B PI3HHX [103aX MOYKHA 3HAWTH Ha pucC. 3 Ta 4.

Puc. 3. KopoOxa ruiacTiBiiB
i3 BUAUMHUM IITPUX-KOJOM
y BepxHiit yacTuHi

Puc. 4. KopoOka neumnsa
3 IPUXOBAaHUM
LITPHX-KOIOM

I nnst KOpOOKM TIACTIBIIB, 1 JJIs1 KOPOOKH 3 TIe4H-
BOM CHCTEMa JIOKaJli3allii ITPHX-KOAY TOBHHHA MaTH
MOXJIBICTh BU3HAUaTH PO3TAIIyBaHHS ITPUX-KOY.

300paxxeHHs OyyTh IMIIOPTOBaHI Y 3aCTOCYHOK SIK
nani RGB 3 posninpHOto 37aTtHicTIO 400%300. Takum

3TOPTKOBA HEIPOHHA MEPEXA (3HM)

YUHOM, BXIJHI JaHi CKJIQHAIOTHCA 3 MATPHUIl JAU3AHHY
X € RNX400x300x3 " e Ny mpescTaBiisie KibKicTb 3pas3-
KiB y Ha0OOpi JaHUX.

OCKiJIbKY 3TOPTKOBI HEHPOHHI MEPEXKi € TUIIOM KOH-
TPOJILOBAHOTO HABYAHHS, [Isl eTary HaBuanHs pfenjceyre
MoTPiOHI JaHi 3 MiTkaMu. [171s1 epeKTHBHOTO MapKyBaHHS
BCIX JJaHUX BUOpaHO Take BU3HAYCHHS Klacy:

¢, =1{1,2,3,4,5,6}

VY 1poMy BU3HAUYCHHI KJIACYy KOXKHE 3 YHCEN Mpe/-
CTaBIISIE OJTHY 3 IICCTH IPaHei 00’ €KTa PO3MIPOM 3 KOPO-
Oky. Lle BU3HAUCHHS KJIaCy 3aBXK/H 3aCTOCOBY€ETHCS 3 TO-
YKHU 30py KaMepH, puc. 5.

Jlns BCiX BHIIAAKIB, TPaHb KA 3HAXOIUTHCA Hal-
OmKYe 10 KaMmepH, BU3HAYAETHCS K BEPXHE IpaHb
(c=1), 3BiITH BU3HAYAFOTHCS 1HII OOTIIIS.

I'paHb, NPOTHICKHA BEPXHIM TpaHi, € HIKHHOIO
(c=3). I'pansimu, 110 TPUIISATAIOTH 10 BEPXHBOI Ta HIK-
HBO1 TpaHeil, € nepenns (c=2), 3aaus (c=4), npasa (c=5)
i J1iBa TpaHi (¢=06).

BpaxoByroun nepcrnekTuBy KaMepH, BHU3HAYEHHS
TIIyMa4UThCs Ta LTIOCTPYETHCS SK:

Cn = {15 2; 3' 4) 5' 6} =
= {Bepx, criepe/y, 3HU3Y, 33a/1y, ClipaBa, 3J1iBa}
1
| a

j e

3

Puc. 5. [IponoHoBaHa CTpyKTypa po3mi3HaBaHHS 00’ €KTIB
13 BU3HAUCHHSM KJIACy

BuxingHi JaHi 3aCTOCYHKY CKJIQIAIOTHCS 3 KATETOPH-
YHOT'O BEKTOpa PO3MOALTY HMOBIPHOCTEH, KUl BU3HAYAE
HMOBIpHICTh HAsIBHOCTI IUTPHX-KOJY Ha MeEBHIM rpaHi.
MosxnuBui pe3ysbTaT MOKHA BU3HAYUTH 32 JOIIOMOIOIO:

e, =1{1,2,3,4,5,6} = {0.8,0.1,0.05,0.02,0.02,0.01}
Lei#t pesynpTar 03Havae, mo 3 iMoBipHicCTIO 80%
ITPUX-KOJ Oy/Ie pO3MIIIEeHO Ha BepXHiil cTopoHi, 10% —
Ha JUIBOBIK cTopoHi Tomo. [ToBHUIT Kapkac 300pakeHo
Ha puc. 6.

V)

Bxiznni 300pakeHHA

BHBYEHI OCOBJINBOCTI

IMOBIpHICTE
3 o/
= Sl X
g 5 N P!
£
) § = I x
& 6 I %

Puc. 6. Busnauenns kinacy ajs 06’ekra y GopMi KopoOku
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3ropTKoBa HelipOHHA MepeKa

3ropTkoBi HEHPOHHI Mepesxi Hapasi € OXHUM i3 Hal-
BIZIOMIIINX aJTOPUTMIB TIMOOKOTO HaBUaHHA i3 300pa-
KCHHAMH. Y TOH 9ac SIK U1 TPaaWIifHOTO MAaIInHHOTO
HaBYAHHS BiAMOBiHI (QYHKIII MOTPiOHO BUTATYBATH BPY-
YHy, IIMOOKE HaBYaHHS BUKOPUCTOBYE HEOOpOOJIeHi 30-
OpaKeHH sIK BXIJIHI JJaHI JIs1 BUBYCHHS TICBHUX (DYHKIIIH.
3HM cknafaroTeest 3 BXiJJHOTO Ta BUXIJHOTO PiBHSA Ta Ki-
JIBKOX IIPUXOBaHMX PIBHIB MK BX0OJIOM 1 BUX0J10M. [Ipuk-
JIaJiaMy POMDKHHX IIapiB € 3rOPTKOBI IApH, AP MakK-
CHMAJILHOTO 00 €JHAHHS Ta OBHICTIO 3B’ s13aHi mapw [9].

Apxitexrypu 3HM Binpi3HSAIOTBCS KITBKICTIO Ta TH-
IOM MIapiB, Peayi30BaHUX I KOHKPETHOTO 3aCTOCY-
BaHHA. /[ Oe3nepepBHIX BiINOBimel Mepeka TIOBHHHA
BKITFOUATH PiBEHB perpecii B KiHIlI MepeKi, TOJI K IS Ka-
TETOPHYHKX BiJIOBi/IeH cHcTeMa OBUHHA BKIIFOYaTH (y-
HKIIi10 Ki1acuikanii Ta piBeHb. HelipoHH B KO>KHOMY HIapi
3HM po3rariioBaHi B TpUBUMIPHOMY TOPSIIKY Ta IIEPETBO-
PIOIOTH TPUBUMIPHHUH BHXiJ 13 TPUBHMIPHOTO BXIiJIHOTO.
Jlns Haloi KOHKPETHOI NMporpamu BXiJHUIl piBeHb Mic-
TUTH 300paxkeHHst K 3D-BXinHI MaHi 31 3HAYCHHSIMU BH-
cotH, 1wuprHu T2 RGB sk po3mipiB. [aii Ha 3ropTKOBOMY
mrapi HEHpOHW TPHUKPIIUTIOIOTECA 10 obmactelt 300pa-
JKEHHSI Ta IIEPETBOPIOIOTHCS HA TPUBUMIPHHUIT pe3yIbTaT.

Konoiryparmii 3HM cknagatotecs 3 6€31i4i mpuxo-
BaHUX MIapiB. Y KOKHOMY IIapi oOcsATH aKTHUBAIl 3Mi-
HIOIOTBCS 32 JOTIOMOTO0 TU(EepPEHIIHOBAaHUX (YHKITIH.
[CHYIOTB YOTHPH OCHOBHI THIIH LIAPiB, SIKi BAKOPHCTOBY-
I0ThCs 1715t 0Oy n0BH KoHbirypauii SHM:

1. 3ropTKoBHii piBeHb — 3rOPTKOBI (MiJIBTPU BHKO-
PHUCTOBYIOTBCS JIJIsl OTPUMAHHSI KapTH aKTUBalii 3 BXil-
HUX JIAaHUX.

2. Rectified Linear Unit Layer (ReLU) — dinstpye
Bi’€MHI 3HaYCHHS, II00 OTPUMATH JIMIIE NOJATHI 3HA-
YeHHs JUIs HabaraTo MBHIIOT0 Yacy HaBYaHHS.

3. PiBeHb 00’ € THAaHHS — BUKOHYE HEIHIHHY HU3BKY
JVICKPETH3AIIII0 Ta CKOPOUY€E KUTBKICTh apaMeTpiB s
NPOCTIIIOr0 BUBEJCHHS.

4. TToBHICTIO 3B’sI3aHHU PIBEHb — OOYKCIIOE OI[IHKU
WMOBIPHOCTI KJIacy ILISXOM BUBEICHHS BEKTOpa pO3Mi-
piB C, ne C e kinpKicTIO KiaciB. Yci HEWPOHHU ITiKITIO-
YeHi JI0 IIOTO MIapy.

CtBopennss 3HM B Matlab

Crpykrypa, onucaHa B il poOOTi, po3pobicHa B
Matlab. Cam 3acTOCyHOK IpU3HaueHU# Juid poboTH Ha
HaCTUIFHOMY KOMIT'1oTepi. BUKOpHCTOBYIOTECS J1Ba Ha-
6opu iHcTpyMeHTiB Matlab: Parallel Computing i Neural
Network Toolboxes. L{i Habopu iHCTpyMEHTIB 3a0e3rie-
YyIOTh QJIITOPHTMHU 3TOPTKOBOTO HABYAHHS, ITONEPEIHBO
3arporpamMoBaHi piBHI Ta 3rOPTKOBI MEPexi, a TAKOXK MO-
MKITMBOCTI NTAapaJICIEHOTO OOYUCIICHHS AJIsl 3HAYHOTO CKO-
pOYCHHS Yacy 00UHCIICHHS.

[pu Bu3HAUCHHI KOH}Irypallii MEpe:KeBOTO PiBH Ba-
KJIMBO 3a3HAYMTH, 1O HE iCHY€ TOUHOI (POPMYIIH IS ONITH-
ManbHOI KOH(QIrypauii piBHA. 3aMicTh LILOrO HaWKpallui
X 1T — 1Ie METO IPO0 1 OMMJIOK, KOJIM KiJTbKa KOHQIry-
paitiii mapiB J0CHIPKYIOTECS Ta TOPIBHIOIOTHCS, 00 TI0-
0aumTH, HACKLUIBKH 10OpEe BOHM MpaltoroTh. [lonepeaHpo
HaBUCHI MepeXi, MO>KHA BUKOPHCTOBYBAaTH SIK IOYATKOBY
koH(irypaiito pias. OfHaK y ILOMY BHII3KY, IIEPECIiTy-
IOThCS BIIACHI peani3amii koH}irypamii mapy. BubOpany
KOH(IrypaItiro mapy mokazaHo Ha puc. 7. HaBuanas rimbo-
KOi 3TOPTKOBOI Mepeki, 300pakeHol Ha pHc. 7, MOXe 3a-
WHSTH Pi3HY KUTBKICTB Yacy, 3aJIeKHO Bifl po3Mipy Habopy
JTAHUX 1 JOCTYIHOI MOTY>KHOCTI 00poOKku. [y HaBYaHHS
3HM noctymHi Tpy BapiaHTH OOYHCIICHD, 1 BHOIp HAHOLTHIT
ONTUMAJIBHOTO € BUPIMIAIILHUM 3aJIeKHO BiJI KUIBKOCTI JI0-
CTYIIHOTO Yacy JUIsl BUPIIICHHS KOHKPETHOTO 3aB/IaHHSL:

1. OGuuncnenns Ha ocuosi CPU.

2. O6uuncnenns Ha ocHoBi GPU.

3. XwmapHi o6uucnenns GPU.

Bapiaatu obunciens Ha ocHOBi CPU € HaiOLIbImI
NPOCTHMHM Ta JOCTYNHUMH. OJIHAK OCKIJIbKH IIEHTpPAIIb-
HUH Tporiecop 00YHCITIOE 3aBIaHHs B MOCHTIIOBHIA KOH-
¢iryparuii, HaBYaHHSI Mepexi 3aiiMae HaiioBIIE Yacy 3a
JOTIOMOTOI0 [TbOTO METO.Y.

Dixime aofpaseans

omre- —_— 1
Sroprea dropTra 3ropTea SroprTra FC > 2
RELLJ RELU 11T RELU —*

(spmiaEml nEEER Byson) |7 (ApisaMMR HESERS EyIen) | (ipisaumd LRGSR Epcx) T (IpimsR e eysex) 7 MORRICTIO mimsaces
LEE A G | —
O6'e manmnn O’ camanny 00’ camanEn O0'eaeannn K isand —_— 5
—_—

Puc. 7. Kondirypauist piBHs 3ropTKoBoi HEHPOHHOT Mepexi.
Pozpo0Giiena Mepesxa ckiamaetbest 3 13 piBHIB i3 pisHUMHU po3MmipaMul (inbTpiB

Buxopucranas rpagigHOr0o mporecopa 3HAYHO
CKOpOYY€ Yac HaBYaHHS, 1 1€ MOXKHA 3pOOUTH 3a JIOTIO-
Mororo Matlab 6e3 nomaTkoBoro nporpamyBanHsi. OgHaK
JUI TapalielbHUX OOYHCIeHb HEeOoOXimHM rpadivHmii
mporecop NVidia Ha ocHoBi CUDA, monaiimenme 3.0.
IcHy€ TakoX MOXKJIMBICTH BUKOPHCTOBYBATH KiJIbKa Ipa-
(idHNX MporecopiB, 110 1ie Oible 3MeHIIye yac 00po-
6xu. Hapermri, xmaphi obuncnennss GPU posrisinarots
BUKOPHCTAaHHS XMapHHUX PECYpCiB AJIsl 00UMCIIOBATIBHOT
noryxHocti. Hanmcanuii kon MATLAB MoskHa rokpa-
ITUTH JJTS TUTeH XMapHUX 00YHCIIeHb. Y paMKax ITi€l po-
6otu obuncienns, sk Ha CPU, tak i va GPU posrisina-
FOTBCS TS TOCIIIDKEHHsI BIUTMBY BukopucTanus GPU Ha
3MEHIICHHS Yacy O04NCICHHS.

Hasuannsa 3SHM

ITix wac iMmopTy NHO3HAYEHOro HAOOpPy MAaHHUX
75%/25% po3nOnUIAIOTECS MiX JaHUMH HABYaHHS Ta
JaHuMHM nepeBipku. Lle o3Hauae, mo 75% naHUX BHKO-
PHUCTOBYETHCSI [T HABYaHHS Mepexi, a 25% NaHux BU-
KOPHUCTOBYETHCS U mepeBipku Mepexi. Ilicns mocsr-
HEHHS JOCTaTHHOI TOYHOCTI MEPEBIPKU MOKHA BUKOPHC-
TaTU JOJATKOBUI HaOip TecTiB, mo06 mMobadnTH, HACKI-
JBKH 100pe mpariroe Mepexa. [lepia koHdiryparlis Bu-
KOHYETbCS Ha OCHOBI oOuucioBanbHOi Momenmi IIIT.
Bukopucroyetbest nporecop Intel Core 17 720QM 3 4o-
THpMa (PI3MYHUMH Ta YOTUPMA BIPTYILHUMH SIPaMH.
Xij HaBYaHHS Ta pe3yJsbTaT I0Ka3aHi Ha puc. 8.
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Puc. 8. 3HM HaBuansHuii 3amyck 1, 3 BAKOPUCTaHHSAM LEHTPAIBHOTO MPOIIEcopa.

Tounicts nepeBipku 16% pocsraeTbest

Hespaxaroun Ha Te, mo BukopuctoByBaHmii CPU
Mae JoTtupu (Bi3udHi sIpa, 3a 9acoMm, IO MUHYB, MOXHA
BiZpa3y MOMITHTH, 110 HaBdaHH: 3 CPU Bce oqHO 3aiiMae
Ha/I3BHYAiiHO 6araTto yacy, i Horo HeMOKJIMBO TOYHO Ha-
JIAIITYBAaTH B paMKax IbOTO MpoekTy. HaBiTh sKIIo 1eH-
TpaJIbHUIA MPOIECOP CKIIATAETHCS 3 KITBKOX sIIIEp 1 € Hal-
KpalluM y JIiHi1i, BeJInKa TpUBaicTh 00pOOKH 3aiunina-
€TbCs Ipo0IeMoto. J{MBIISTYHCH Ha Pe3yIbTaTH TECTY, TO-
YHICTb NepeBipku B 16% € 1yKe HEAOCTATHBOIO, 1 CXOXKE,
mo 3HM He ni3HaBCS JKOMHUX LIHHUX (YHKIIH, SIKi MO-
*Ha OyIJI0 O BUKOPUCTATH JUTS IPaBIIIBHOI KITacH(piKaIrii.
3MIHIOOYH KITBKICTh QYHKIIH, SIKi OOYHCITIOIOTH 3rOpT-
KOBI IIapw, i po3Mip QiIbTpa, SIKHii BUKOPHUCTOBYE 3TOp-
TKOBHI IIap, cUCTeMa J0JAaTKOBO HAIAIITOBAHA JUTS IijI-
BUILCHHS TOYHOCTI mepeBipky. OJHAK 3 Jpyroro 3aimy-
cky Ha ocHOBiI GPU GepyTthest o6uncienus. I HacTyII-
HUX IIPOTOHIB BUKOPHCTOBYEThCs Tpadidnuil mpouecop
NVidia GTX1060 i mportecop Intel i7-6700HQ. Pe3yib-
TaTH IPYroro 3aIycKy rokasasi Ha puc. 9.

3a yac HaBYaHHS MpHOIN3HO 431 XBUIHHY

o Bimpa3y MOXHA Bi3HAYUTH, TaK IIe Te, IO Yac
o0urcieHs 3MeHmuBCs 3 431 XBIIHHA 10 PUOIH3HO |
xBunuHA. Lle o3Havae, M0 9ac 0OYNCICHAS 3MCHITHUBCS
npubnu3no B 400 pasis. Lle npunaiiMHi 103B0JIsE edek-
TUBHO HanamrtyBaTd 3HM. JluBnsduch Ha pe3ynbTaTu
MepeBipKu, MOCATHYTO TouHOCTI 40,16%. VY Toii yac sk
TOYHICTh HABYAIBHOTO HAOOPY 30LIbLIYETHCS MPHUOIIHU-
30O 10 100%, TOYHICTH MEPEBIpKH IPOIOBKYE KOJIMBA-
Tucs 6mn3pko 40%.

[MopiBHIOIOYH BTpATY IIiJl 9aC HABYAHHS 3 BTPATOIO
MiATBEPKCHHS, MOKHA MMOOAYHTH, IO X0Ya HaBYAIb-
HUH HaOip crpaBli 30ira€Tbes 10 HyIs, HAOip miaTBep-
JUKEHHS 3anumaeTthes npudmmsno 1,75. [Nomamemme To-
HKE HaJAIITyBaHHSI BUKOHYEThcs st 3HM, mob mocii-
JUTH, 99 MO>KE 3MiHa IIBUAKOCTI HABYAHHS, PO3MIpY Mi-
Hi0aTya 4yu enoxu, abo KoH(irypariii i HajamTyBaHb
urapy mie 6inbine nmokparnmta 3HM. Ile poOutbes Kinbka
pasiB HOCHiIb, NOKA3yIOYH JIesIKi 3 [IKaBUX Pe3yJIbTaTiB
Ha puc. 10-12.

Training Progress (13-May -2023 20:35:
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Puc. 9. Tpenysanns 3HM 2 3 Buxopucranusm GPU. [TapameTpu cucTeMu Be JEII0 HaJAIITOBAHI.

3a paxyHOK 3MEHIICHHS po3Mipy (inbTpa Ta

KizbpKocTi (inbTpiB TouHicTh NepeBipku 40,18%

JOCATAa€EThCA 3 HaCOM HaBYaHHA 69 CCKYyH/
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Puc 12. HaBuanpuuii 3amyck 3HM (3 GPU) 3i 3MiHEeHHMH TeMIIaMK HaBYaHHS Ta po3Mipamu (inbTpiB miapis.

Touwnicts nepesipku 44,64% nocsaraeTbes 3a yac HaBYAHHS 2 XBHIMHU 56 CEKyH/L
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ITicns mpoBeneHHS KUTBKOX JECSATKIB TECTiB OYyIIO
3p0o0JIeHO BUCHOBOK, 1[0 TOYHICTh IIEPEBIPKH HAOOPy J1a-
HUX CTaHOBUTH MPHOJIN3HO 45% micisi TOYHOTO Hajaml-
TyBaHHs cucTeMH. TOYHICTh HaBYAIBEHOTO HabOpy 3poc-
tae 10 100%, ane Habip MepeBIpKH MPOJIOBKYE KOJIHMBa-
THCA Ha piBHI 45%. 3 IIUX pe3ynbTaTiB MOXKHA 3pOOHUTH
BHCHOBOK, IO 3 MOTOYHHM pPO3MipOoM HabOpy HaHUX
6mu3pko 1000 300paxkens 3HM He Moke TOCTaTHBO PoO-
3pI3HATH eK3eMIUIApH maHuX. L{i pe3ympTatn € imeains-
HOIO UTIOCTpAIIi€I0 BHUIAAKY, KOJIM Mepeka He y3aralb-
HIOE JOCTaTHRO N0Ope, M00 He MOoOAYHTH eK3EMILTIPH
nannx. 3HM nepenoBHuB naHi, sk BumHO 31 100% Tou-
HOCTI Ha HaBYAJILHOMY Ha0OOpi, a HaNAIITYBaHHS LIBHU]-
KOCTI HaBYaHHS Ta PO3MIpiB MAaKETIB, 3Ja€ThCs, HE Ma-
I0Th )KOJTHOT'O J10IaTKOBOTO €(heKTY MICIIsl TOYHOT'O Halla-
HITYBaHHA, 100 MOCATTH TOYHOCTI Onu3bko 45%. Bu-
CHOBOK, SKHH MOKHa 3pOOMTH, TaKWH: JUIs HaBYaHHA
3HM mnotpibeH Ounpmmii Habip AaHUX, MO0 3MEHIIUTH
nepeo0IaHaHHs Ta JOCSTTH BUIOI TOYHOCTI.

BucnoBku

Po3rnsipatoun 3ampornoHoBaHy CTPYKTYpy PpO3IIi-
3HaBaHHS 00’€KTIB y CBITJII BU3HAYEHHX BUMOT i 0OMe-
KEHb, MOKHA 3pOOHUTH BHCHOBOK, III0 JOCSTHYTO JOCTa-
THBOI TO4YHOCTI 44,64%, mo nepesuirye Bumory 40%.
Jloriuauit BUCHOBOK, SIKUI MOKHA 3pOOHTH 3 pe3yibTa-
TiB HABYaHHS, TIOJISTa€ B TOMY, 10 Ha0ip TaHUX Ma€ OyTH
pi3ko 30iIbIIeHNH, 100 3a1mo0irTy mepeodIaTHaHHIO 1a-
HuX. Kpim Toro, Habopu HaHWX yCixX IHIIMX KaTeropii

CTPYKTypa OyJia peanizoBaHa Ha CKJIaJli. X04ya reHeparlis
Ta 301p IUX JaHUX MOJKE 3alHATH 06arato yacy, 3 pe3yJib-
TaTiB, JOCATHYTHX HA CHOTOJHIIIHIN JeHb, MOXKHA 1MO0a-
YHTH, 10 HABITh 3 HEBEJIIMKMMHU HAaOOpaMu JaHUX MOKa-
3aHi 6araroo0iLsI0Yi pe3yIbTaTH.

Ilin gac maBuamHs 3HM HeoOXimHa peami3aris
GPU. Hapuanuast 3HM nmmie 3a 10IIOMOTOIO Iporiecopa
MOJKe 3aHHITH MICSII U TOBHOTO Ha0OPY AaHUX KaTe-
ropii mpoaykTiB. JIOTiYHIM € BUCHOBOK, II0 TOHKE HaJla-
LITYBaHHS CUCTEMH IIif Yac IbOT0 HPOLeCY HEMOXKIINBE
B IbOMY YacOBOMY pexuMi. MacmraOoBaHICTh, 31a-
€TBCS1, HE € MpobiIeMoto npu peaiizauii oounciens GPU,
i, KpIM TOTO, MOYKHa peaiizyBaTH XMapHi OOYHCIEHHS,
o0 me OiJblIe CKOPOTUTH Yac HaBYaHHS I1iJ] 4ac HaB-
YaHHsI Ay’Ke BENUKUX HAOopiB nanux. Komwm nocsraerbes
JIOCTAaTHS TOYHICTh Kinacudikaiii 3HM, MoxHa 3acTocy-
BaTH PO3YMHI CTparerii KOMIUIEKTYBaHHS, KOJIU poOOT-
KOMIUICKTAaTOp HaMaraeTbCs KIacH(iKyBaTH NPOTYKTH,
MOKa3yI04UH IpaHi MPOLYKTY B3IOBX BEKTOpa IMOBIpHO-
cTi xracugikarmii. Lleit meron 3a0e3neuye HeraifHui BU-
0ip, KOJMHM TPOAYKT KIACHU(IKOBAHO TPABHIBHO, 1 BTO-
puHHHI BUOIp y pa3i HeMpaBWIBHOI KiTacudikarii, KoJIu
poOOT HaMaraeThCsi CKAHYBATH OOJHYYSI BiIOBITHO 10
BEKTOpa HMOBIpHOCTI Kiacudikaii, 1oku He Oye 3Haii-
JeHo mTpux-Kox. Lle rapanTye MiHiMasnbHi a00 TIOBHY Bi-
JCYTHICTb BUTPAT HA MOMMJIKH, OCKUIBKH MPOIYKT 3aB-
KU CKAaHY€EThCSL. Y 1IbOMY BUIMAJKy TOYHICTH Kiacui-
kar(ii 3HM kopenroe 3 TUM, HACKUIBKH IIBHIKO CKAaHEP
MITPUX-KOIIB Kiacu(]piKye IPOAYKTH 3 MepIIoi crupoowu,

OPOAYKTIB NOBHHHI OyTn pojani no 3HM, mo0 e migBHIeHHS TOYHOCTI O3HAYAE MIBUIIINNA BUOID.
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Obiject recognition system for component automation using a convergular neural network
Roman Bevzyuk, Oleksii Lyashenko

Abstract. Topicality. With the increase in online sales in the world, the need for warehouse automation systems is grow-
ing. With a large number of products, the question arises of recognizing products that are similar in appearance, but have different
characteristics. In this regard, the use of elements of artificial intelligence and the construction of computer vision systems for large
warehouse enterprises is a necessity. The purpose of the work is to build a system for recognizing various goods using convolu-
tional neural networks. The object of the study is the process of building and training a system for recognizing goods in a ware-
house. The subject of the research is object recognition methods based on a neural network using CPU and GPU. Conclusion. An
object recognition system was built based on convolutional neural networks in the MatLab environment. Experiments were con-
ducted using CPU and GPU for neural network training. The obtained results showed that to increase the quality of recognition, it
is necessary to increase the test sample.

Keywords: neural network, machine learning, object recognition, CPU, GPU.
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HUMAN POSE ESTIMATION SYSTEM USING DEEP LEARNING ALGORITHMS

Abstract. The purpose of this work is the software implementation of neural network that can solve problem of Human Pose
Estimation. With rapid improvements of neural network models and computing resources over last 10 years it’s become possible
to automate a lot of processes, carry out research and improve quality of life. One of the directions is Computer Vision: it allows
to recognize objects, track motions, image segmentation, facial recognition etc. Human pose estimation is the part of Computer
Vision area of research. It allows to capture human pose from a video or an image and have many uses in medicine, sport,
augmented reality, video games etc. Therefore, the goal of this work is to find and optimize algorithm, that is relatively accurate,
for identifying and classifying the joints in the human body. To achieve the goal, the following tasks were solved: current
methods and technologies that is commonly used to solve problem of human pose estimation were reviewed and analyzed,
artificial neural networks were used as a mathematical apparatus for the model, software implementation for human pose
estimation was developed and tested, outputs from model were analyzed and evaluated, results and conclusion were formulated.

Keywords: human pose estimation; classification of objects; object detection; convolutional neural networks.

Introduction

Human Pose Estimation (HPE) is a fundamental
and rapidly evolving area of research within the field of
computer vision. It aims to estimate the positions and
orientations of human body joints in images or videos,
enabling machines to understand and analyze human
body poses. The ability to perceive and interpret human
poses has far-reaching implications for numerous
applications, such as:

Human-computer interaction: Pose estimation can
be used to create natural user interfaces for controlling
devices, applications, or games using body gestures.

Activity recognition: By analyzing the body poses
of people in a scene, you can determine the activities they
are engaged in, such as walking, running, or sitting.

Animation and gaming: Pose estimation can be used
to drive the animation of virtual characters, enabling
realistic motion and interaction in video games or
computer-generated films.

Sports analysis: Coaches and athletes can use pose
estimation to analyze and improve their techniques,
postures, and movements during training or competitions.

Healthcare and rehabilitation: Pose estimation can
be employed in monitoring patients during
physiotherapy, tracking their progress, and providing
feedback on their exercises.

Fitness and wellness: Applications can leverage
pose estimation to offer real-time guidance and feedback
on workout routines, yoga postures, or dance moves.

Surveillance and safety: Pose estimation can aid in
detecting unusual or dangerous activities in public places,
such as detecting falls, fights, or accidents.

Robotics: Robots can use HPE to understand human
activities and interact with people more effectively,
enabling better collaboration between humans and
robots.

Fashion and retail: Pose estimation can be used to
create virtual fitting rooms, allowing customers to see
how clothes fit on a digital representation of themselves.

Augmented reality: By estimating human poses,
augmented reality applications can overlay virtual
content on real-world scenes in a more context-aware and
interactive manner.

Over the past decade, HPE has witnessed significant
advancements, primarily driven by the proliferation of
deep learning techniques and the availability of large-scale
annotated datasets. Convolutional Neural Networks
(CNNSs) [1] have emerged as a powerful approach to model
the complex spatial relationships between body joints and
achieve state-of-the-art performance on various HPE
benchmarks.

There are several popular deep learning
architectures [2] for HPE, such as Stacked Hourglass
Networks [3], and Simple Baselines [4]. These
architectures utilize CNNs to estimate human poses.
Recent advancements also involve using Transformer-
based models, such as Vision Transformers [5] (ViT), for
pose estimation tasks.

Analysis of recent research and publications.
Vision Transformers have emerged as a powerful
architecture for computer vision tasks, originally
proposed by Dosovitskiy et al. for image classification.
They have shown remarkable performance, often
surpassing traditional CNNs on various tasks. The core
idea behind Vision Transformers is to leverage the self-
attention mechanism from the Transformer architecture,
initially designed for natural language processing, and
apply it to images by treating them as sequences of
tokens.

Recently, researchers have started to explore the
potential of ViT for pose estimation tasks. To adapt the
VIT architecture for human pose estimation, several
modifications and approaches can be considered:

Tokenization: divide the input image into non-
overlapping patches and linearly embed them as tokens.
Include an additional learnable token, known as the class
token, to aggregate global information across the image.

Position embeddings: add learnable position
embeddings to the patch tokens to capture the spatial
information, which is essential for pose estimation tasks.

Multi-scale feature extraction: integrate multi-scale
feature extraction into the VIiT architecture to capture
both local and global context. This can be achieved by
incorporating multi-scale patch sizes, multi-head self-
attention, or pyramid-like architectures.

Heatmap prediction: modify the output layer of the
VIT architecture to predict heatmaps for each keypoint.
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Heatmaps are 2D probability maps that represent the
likelihood of a keypoint being present at each pixel
location. The final keypoint locations can be obtained by
finding the maximum value in each heatmap.

Multi-stage refinement: incorporate a multi-stage
architecture to refine the pose estimation iteratively. Each
stage can consist of a Vision Transformer module
followed by an output prediction layer. Intermediate
supervision can be applied to encourage the model to
learn better intermediate representations.

Multi-person pose estimation: for multi-person pose
estimation tasks, incorporate an additional output layer to
predict the presence of individuals in the image, along
with their corresponding keypoints.

Several recent works have successfully applied ViT
to HPE tasks, achieving competitive performance
compared to traditional CNN-based methods. Some
notable examples include Swin Transformer and VisTR
which demonstrate the potential of Transformer-based
architectures for pose estimation.

While Vision Transformers have shown promise in
pose estimation tasks, there remain challenges to address,
such as computational complexity and the need for large
amounts of training data. Ongoing research in this area
aims to overcome these challenges and further improve
the performance of Vision Transformers for HPE and
other computer vision task

The Stacked Hourglass Network, proposed by
Newell et al. in their paper "Stacked Hourglass Networks
for Human Pose Estimation,” is a deep learning
architecture specifically designed for HPE tasks. This
model has been particularly influential in the field, as it
introduced a novel approach to capturing and combining
multi-scale contextual information in a deep learning
framework.

The Stacked Hourglass Network consists of
multiple stacked hourglass modules, each of which is
responsible for predicting the heatmaps for each
keypoint. The overall architecture is symmetric, with a
series of downsampling layers followed by upsampling
layers, resembling an hourglass shape. Here's an
overview of the key components Stacked Hourglass
Network:

Hourglass module: The hourglass module is
designed to capture and process multi-scale contextual
information within an image. It consists of a series of
convolutional and pooling layers that progressively
downsample the input, followed by a series of
upsampling and convolutional layers that gradually
restore the original resolution. The downsampling and
upsampling stages are connected through skip
connections, which allow the model to learn both local
and global context.

Intermediate supervision: The Stacked Hourglass
Network employs intermediate supervision between the
hourglass modules. After each hourglass module, the
model predicts a heatmap for each keypoint. The
predicted heatmaps are compared to the ground truth
heatmaps, and the loss is backpropagated to refine the
model's predictions. This intermediate supervision
encourages the model to learn better intermediate
representations.

Stacking hourglass modules: multiple hourglass
modules are stacked together to form the complete
Stacked Hourglass Network. The output of each module
is passed as input to the next module, allowing the model
to refine its predictions iteratively. The final pose
estimation is obtained by combining the predictions from
all the stacked modules.

Heatmap prediction; The Stacked Hourglass
Network predicts a heatmap for each keypoint, which
represents the likelihood of the keypoint being present at
each pixel location in the image. The final keypoint
locations are obtained by finding the maximum value in
each heatmap.

The Stacked Hourglass Network has been highly
successful in HPE tasks, achieving state-of-the-art
performance on several benchmarks when it was
introduced. Its design and principles have influenced
many subsequent pose estimation models. While newer
architectures, such as those based on Vision
Transformers, have emerged, the Stacked Hourglass
Network remains a valuable reference point for
understanding and developing HPE models.

The Simple Baselines model for HPE, proposed by
Xiao et al. in their paper "Simple Baselines for Human
Pose Estimation and Tracking," is a deep learning-based
approach that focuses on simplicity and efficiency while
achieving competitive performance compared to more
complex models. The Simple Baselines model uses a
ResNet backbone for feature extraction, followed by a
few deconvolutional layers to predict heatmaps for each
keypoint.

The model employs a ResNet backbone (e.g.,
ResNet-50, ResNet-101, or ResNet-152) to extract high-
level features from the input image. ResNet architectures
have proven to be effective for various computer vision
tasks due to their ability to learn deep representations
while mitigating the vanishing gradient problem through
residual connections.

“The Simple Baselines for Human Pose Estimation
and Tracking” model stands out for its simplicity and
computational efficiency while maintaining competitive
performance in HPE tasks.

Its straightforward design makes it easier to
implement, understand, and extend compared to more
complex models, making it an attractive choice for
various pose estimation applications.

Materials and methods

HPE involves predicting (Fig. 1) the spatial
locations of human body joints or keypoints from input
data such as images or videos [6]. It typically focuses on
2D or 3D pose estimation:

2D Pose Estimation [7]: this estimates the 2D
coordinates (x, y) of the body keypoints in an image or
video frame. It is widely used due to its computational
efficiency and applicability to various applications.

3D Pose Estimation: this estimates the 3D
coordinates (x, y, z) of the body keypoints. It provides
more information about the pose but requires additional
information or assumptions, such as camera parameters,
depth information, or temporal information across video
frames.
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Fig. 1. Examples of HPE model output

Here are the main approaches to HPE:

— Top-Down Approach: this involves two main
steps: human detection and keypoint localization. First, a
human detector (e.g., Faster R-CNN, YOLO, or SSD) is
used to locate people in the input image. Then, a pose
estimation model is applied to each detected bounding
box to estimate the keypoints.

— Bottom-Up Approach: this approach first
predicts the individual body keypoints for all the people
in the input image. Then, a grouping algorithm (e.g.,
greedy inference, bipartite matching) is used to associate
the detected keypoints with each person. This approach
is computationally efficient for scenes with multiple
people.

HPE is one of the problems that are solved using
image classification. Image classification is a
fundamental computer vision task that aims to assign a
predefined class label to an input image based on the
objects or features present within it. A typical algorithm
for performing image classification consists of several
steps, such as preprocessing, feature extraction, and
classification. In recent years, deep learning techniques,
particularly (CNNs), have become the go-to approach for
image classification tasks due to their superior
performance [8, 9].

Here is a high-level overview of the algorithm for
performing image classification using a CNN:

— Data preprocessing: prepare the input data by
performing operations such as resizing, normalization,
and data augmentation. These steps help ensure that the
input images are in a consistent format and improve the
robustness of the model to variations in the data.

— Feature extraction: a CNN consists of several
convolutional, pooling, and activation layers that learn to
extract meaningful features from the input image. These
layers capture both low-level features, such as edges and
textures, and high-level features, such as object parts and
semantic information. The output of the feature
extraction stage is a high-dimensional feature map that
represents the input image in a more compact and
informative manner.

Fully connected layers: after feature extraction, one or
more fully connected layers, also known as dense layers,
are used to process the high-dimensional feature maps.
These layers help the model learn non-linear
combinations of the extracted features, which can
improve the discriminative power of the model.

Output layer: the final layer of the CNN is a fully
connected layer with as many neurons as there are class
labels. This layer is typically followed by a softmax
activation function, which converts the output of the
neurons into class probabilities.

Loss function and optimization: the CNN is trained
using a suitable loss function, such as cross-entropy loss,
which measures the difference between the predicted
class probabilities and the ground truth class labels. The
model parameters are optimized using gradient-based
optimization techniques, such as stochastic gradient
descent (SGD) or adaptive optimizers like Adam, to
minimize the loss function.

Evaluation: once the model is trained, it can be
evaluated on a test set to measure its performance using
metrics such as accuracy, precision, recall, or F1-score.

Inference: for a new input image, the trained CNN
processes the image through the same series of layers,
and the softmax activation function outputs a probability
distribution over the class labels. The class label with the
highest probability is assigned to the input image as the
final classification result.

For this paper Simple Baselines model was chosen
because of its simplicity and resource efficiency while
still achieving state-of-the-art performance.

This model takes a ResNet as basis and several
changes that will be described below.

ResNet is a deep learning architecture proposed by
He et al. in their paper "Deep Residual Learning for
Image Recognition.” ResNet introduces residual
connections, or skip connections, to mitigate the
vanishing gradient problem that arises in deep neural
networks. This allows the model to learn deep
representations more effectively and achieve state-of-
the-art performance on various computer vision tasks.
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Basic building block: The basic building block of a
ResNet model consists of two or three convolutional
layers followed by batch normalization [10], [11] and
ReLU (Rectified Linear Unit) activation functions. Let's
denote the input to a basic block as x, and the output of
the convolutional layers, batch normalization, and ReLU
as F(x). In a simple case, where the input and output have
the same dimensions, the residual connection is applied
as follows:

y=F(x)+x

Here, y represents the output of the basic block, and
the addition operation is performed element-wise.

Bottleneck block: For deeper ResNet models, a
bottleneck block is often used to reduce the number of
parameters and computational complexity.

Projection shortcut: When the input and output
dimensions of a basic or bottleneck block are different, a
projection shortcut is used to match the dimensions.

Stacking layers: The ResNet architecture is
constructed by stacking basic or bottleneck blocks,
forming a deep neural network. It begins with an initial
convolutional layer and pooling layer, followed by a
series of blocks grouped into stages, and finally, an
average pooling layer and a fully connected layer for
classification.

Loss function: ResNet is trained using the cross-
entropy loss function, which is commonly used for multi-
class classification problems.

In summary, the ResNet model leverages residual
connections to enable the training of deep neural
networks, allowing it to learn complex hierarchical
features effectively. The simplicity and effectiveness of
the ResNet architecture have made it widely adopted in
various computer vision tasks, including image
classification, object detection, and semantic
segmentation. Simple Baselines (Fig. 2) propose a few
changes to the original model:

lsl—l\lj

N E—

Residual Blocks

Deconvolution layer

Upsampling

v
—

Fig. 2 Simple Baselines architecture

Deconvolutional layers: After feature extraction, the
model utilizes a series of deconvolutional layers to
upsample the feature maps to a higher resolution.

Deconvolutional layers, also known as transposed
convolution or fractionally-strided convolution, are used to
increase the spatial dimensions of the feature maps while
preserving the spatial information. The purpose of these
layers is to generate heatmaps for each keypoint at a suitable
resolution, enabling accurate keypoint localization.

Batch normalization and ReLU: Between the
deconvolutional layers, batch normalization and ReLU
activation functions are applied to normalize the feature
distribution and introduce nonlinearity, respectively.

Heatmap prediction: The final layer of the model is
a 1x1 convolutional layer that predicts a heatmap for each
keypoint. Heatmaps represent the likelihood of a
keypoint being present at each pixel location in the
image. The final keypoint locations are obtained by
finding the maximum value in each heatmap.

Loss function: the model is trained using the Mean
Squared Error (MSE) loss between the predicted
heatmaps and the ground truth heatmaps. This loss
encourages the model to learn accurate keypoint
localization.

So, to build solution using this model following
steps were performed:

For the training a dataset was chosen and collected
— COCO (Common Objects in Context) [12] 2017
training dataset. It’s set of data with already classified
objects in it. Next step is building a neural network mode.
As the backbone the ResNet50, pretrained on ImageNet
is used. After that deconvolution layers are added. Next
stage is training on previously prepared COCO 2017
dataset, using following params: Mean Square error as
loss function, Adam optimization, accuracy metric. After
this training steps quality of model is evaluated using
default metrics for COCO Keypoint Detection.

In the context of HPE, Average Precision (AP) and
Average Recall (AR) are two evaluation metrics
commonly used to quantify the performance of a model.
They are based on precision and recall metrics that are
widely used in various computer vision tasks (Table 1).

Table 1 — Metric results using ResNet 50
and 256x192 image size

Metric Name | Value Metric Name | Value
AP 70.4 AR 76.2
AP .5 88.6 AR 5 93
AP .75 77.8 AR .75 83
AP (M) 67 AR (M) 71.9
AP (L) 76.9 AR (L) 82.4

Precision: Precision measures the proportion of true
positive predictions (correct keypoint detections) out of
all positive predictions made by the model. In HPE, it
assesses how accurate the model is in detecting
keypoints.

Recall: Recall measures the proportion of true
positive predictions (correct keypoint detections) out of
all actual positive instances (ground truth keypoints) in
the dataset. In HPE, it assesses how well the model
detects all keypoints present in the image.

AP and AR for HPE are calculated as follows:

Average Precision (AP): to compute the AP for
HPE, we first calculate the precision at different levels of
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keypoint localization error (thresholds). For example, the
model's predictions are considered correct if the distance
between the predicted and ground truth keypoints is
below a certain threshold (e.g., a percentage of the head
segment length). The AP is then calculated as the average
of precision values across different error thresholds. The
AP provides a single value that summarizes the model's
performance in terms of both accuracy and robustness to
keypoint localization errors.

Average Recall (AR): similarly, the AR for HPE is
calculated by computing the recall at different levels of
keypoint localization error (thresholds). The AR is then
obtained as the average of recall values across different
error thresholds. The AR offers a single value that
summarizes the model's performance in terms of both the
ability to detect keypoints and its robustness to
localization errors.

Both AP and AR can be computed for individual
keypoints or averaged across all keypoints to obtain a
single value that represents the overall performance of

the HPE model. High AP and AR values indicate that the
model is both accurate and robust in detecting and
localizing keypoints in the input images.

Conclusions

Problem of Human pose estimation was reviewed in
this paper. Methods and models for human joints
classification were explored and of them was
implemented and evaluated. It has showed results that
meet current expectations of accuracy for neural
networks for HPE. It’s important to note that this is only
one of the models that can be used for HPE and can’t be
considered as best and only solution. As main object of
HPE is human it will only increase its actuality in future.
Results can be further used in activity recognition,
animation, gaming sports analysis, healthcare and
rehabilitation, fitness and wellness surveillance and
safety, robotics, fashion and retail, augmented reality
modern approaches what results in further growth of
demand of such solutions in future.

REFERENCES

1. Krizhevsky, A., Sutskever, I., Hinton, G. E. (2017), "ImageNet classification with deep convolutional neural networks",
Communications of the ACM, Vol. 60, No. 6

2. Alexander Toshev, Christian Szegedy (2014), “DeepPose: Human Pose Estimation via Deep Neural Networks”, DOI:
https://doi.org/10.1109/CVPR.2014.214

3. Alejandro Newell, Kaiyu Yang, Jia Deng (2016), “Stacked Hourglass Networks for Human Pose Estimation”, DOI:
https://doi.org/10.48550/arXiv.1603.06937

4. Bin Xiao, Haiping Wu, Yichen Wei (2018), “Simple Baseclines for Human Pose Estimation and Tracking”, DOI:
https://doi.org/10.48550/arXiv.1804.06208

5. Alexey Dosovitskiy, Lucas Beyer, Alexander Kolesnikov, Dirk Weissenborn, Xiaohua Zhai, Thomas Unterthiner, Mostafa
Dehghani, Matthias Minderer, Georg Heigold, Sylvain Gelly, Jakob Uszkoreit, Neil Houlsby (2020), “An Image is Worth
16x16 Words: Transformers for Image Recognition at Scale”, DOI: https://doi.org/10.48550/arXiv.2010.11929

6. Girdhar, R., Gkioxari, G., Torresani, L., Paluri, M., Tran, D., “Detect-and-track: Efficient pose estimation in videos. In:
Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition”

7. Andriluka, M., Pishchulin, L., Gehler, P., Schiele, B. 20(14) ”2d human pose estimation: New benchmark and state of the art
analysis. In: [EEE Conference on Computer Vision and Pattern Recognition “

8. Kaiming He, Xiangyu Zhang, Shaoging Ren, Jian Sun (2015), "Deep Residual Learning for Image Recognition", DOI:
https://doi.org/10.48550/arXiv.1512.03385

9. Huang, Gao; Liu, Zhuang; Van Der Maaten, Laurens; Weinberger, Kilian Q. (2017). Densely Connected Convolutional
Networks. 2017 IEEE Conference on Computer Vision and Pattern Recognition (CVPR), doi:10.1109/CVPR.2017.243

10. Toffe, S., Szegedy, C., “Batch normalization: Accelerating deep network training by reducing internal covariate shift. In:
International conference on machine learning.”

11. Angjoo Kanazawa, Michael J. Black, David W. Jacobs, and Jitendra Malik, (2018) “End-to-end Recovery of Human Shape
and Pose”, DOLI: https://doi.org/10.48550/arXiv.1712.06584

12. COCO2017 dataset, available at https://cocodataset.org/?ref=blog.roboflow.com#download

Received (Hapuiiuua) 12.03.2023
Accepted for publication (IIpuitasita no apyky) 16.05.2023

Cucrema oniHKa MO3H JIOAHHH 3 BHKOPHCTAHHSAM AJITOPHTMIB INIH00KOr0 HABYAHHS
. Bumniscekuid, O. JIsmenko, H. €promina

AnoTanis. Meroro 1aHOi poOOTH € porpaMHa peanizallis HeHPOHHOT Mepexi, Tka MOXKe BUPIIINTH 33a4y OLIHKHU IT03U
JIFOJTMHU. 3aBSIKM LIBUAKOMY BIOCKOHAJICHHIO MOJieliell HeHPOHHOI Mepexi Ta 00YHCIIOBATIBHUX pecypciB 3a octaHHi 10 pokis
CTaJI0 MOXIJIMBMM aBTOMATH3yBaTH 0arato MpOIIECiB, MPOBOJAMTH MOCTIIKEHHS Ta TOKPAIlyBaTH SKICTh KUATTS. OmHuM i3
HampsIMKIB € KOMIT'FOTepHMI 3ip: BiH JO3BOJISIE PO3Mi3HABaTH OO0 €KTH, BIJICTEXYBAaTH PYXH, CEIMEHTYBaTH 300pakeHH:,
posmizHaBatu obnuyus Toro. OIiHKA MO3W JIOJUHH € YaCTHHOKO HAIpsIMy AOCITIIDKEHb KOMIT'IOTepHOro 30py. Lle nmo3Bosse
3aXONUTH JIIOJICBKY IM03y 3 Bifeo abo 300pakeHHs Ta Mae 6arato 3acTOCyBaHb y MEAWIIMHI, CHOPTi, JOIOBHEHIH PeabHOCTI,
Bifieoirpax tomo. TakuM YUHOM, I i€l pOOOTH IMOJSATAE B TOMY, 00 3HAWTH Ta ONTHUMI3yBaTH alTOPUTM, SKHH € BiIHOCHO
TOUHHM, JI imeHTHdikamii Ta kracugikamis cyrno6iB B Tim moauHH. [ TOCSATHEHHS IOCTaBJICHOI MeTH OyJM BUpIIIeHi
HACTYIHI 3aBAAHHS: PO3TIIIHYTO Ta IPOAHANI30BAHO CyYacHI METOAM Ta TEXHOJOTII, SKi 3a3BHYail BUKOPHCTOBYIOTHCS JUIS
BUPIIICHHS 3ajadi OMIHKH II03H JIIOAWHM, BHUKOPHCTAHO INTYyYHI HEHpPOHHI Mepexi SK MaTeMaTH4YHUIl amapar Uit MOJEN,
MporpaMHa peaiizailis A OMIHKY O3 JIFOAUHH. 0yJI0 PO3pOOJICHO Ta MPOTECTOBAHO, PE3yIbTaTH MOJICII MPOaHATi30BaHO Ta
OLIIHEHO, PEe3yJIbTATH Ta BUCHOBKU C(HOPMYIIHOBAHO.

Kaw4oBi caoBa: oninka nmosu JMOAWHA; KIacu(ikaiis 00'ekTiB; BUSIBICHHS 00'€KTiB; 3rOPTKOBI HEHPOHHI Mepexi.
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M. O. Bonk, M. B. I'opa, B. I'. Jlaba3zos, A. B. Mimienko, A. 1. bapcykos, B. B. I'onens

XapKiBChKHI HAIllOHATBHUN YHIBEPCUTET PaIioeNeKTPOHIKH, XapKiB, YKpaina

KYPHAJUIIBALISA CTAHY ITIPOI'PAM JJIS1 CAMOBIJTHOBJIEHHSA
IHAPAJIEJIBHUX TPOT'PAMHUX CUCTEM

AHoTanisi. Y CTaTTi pO3IIsIHYTa CHCTEMa CaMOBIJHOBJICHHS NMapaJIeIbHOIO MPOTPaMHOro 3a0e3IeueHHs 3 BHKOPHCTaH-
HSIM JKypHai3alii TO9oK BigHOBIEHHS. CaMOBITHOBIICHHS € HEOOXiJHOIO BIACTUBICTIO CY9aCHUX IPOTPaMHHUX 3ac00iB, sKa
HaJla€ MOXKJIMBICTh aBTOMAaTHYHOTO BUSIBJICHHS, QIarHOCTHKY Ta BIHOBICHHS Ipare3aaTHocTi cucreM. OCHOBHUMH eTara-
MH BiTHOBIECHHS € 30epiraHHs cTaHy mporpaM (KypHaii3amis) B TOYKaX BiJHOBJICHHS, MOHITOPHMHT CTaHy IPOTpaM IS
BUSIBJICHHS NTOMWJIOK, CTBOPEHHS MATYiB, BITHOBJICHHS CTaHy IpOrpaM 10 BiAMOBIJHOI TOYKU BiXHOBIEHHS. Y poOOTi 3a-
MPONIOHOBAHO CTPYKTYPY CHCTEMH, OITMCAHO adropuTM ii (yHKIIOHYyBaHHS; OOrOBOPIOIOTHCS TUTAHHS MPU3HAYCHHS Ta Bi-
pTyanizalis TOYOK BiIHOBJICHHS; HABEACHO OIKC €KCIEPHMEHTAIbHOI IPOrpaMHOi CUCTEMHU Ta ii 3aCTOCYBaHHS AJIS BiIHO-
BJICHHSI MOIIMPEHHUX NPOrPAMHUX CUCTEM. Pe3ynpTaT MOXKYTh Ha0yTH YMMAJOro HOLIMPEHHS Ta 3aCTOCOBYBATHCH Y PO3-
pobui 6inpIIocTi IporpaMHuX, iHGOPMAIIHHIX CHCTEM 3 METOI0 aBTOMATH3allii BiTHOBJIEHHS, HAJTArOPKEHHS Ta eKCILTya-

TaHi'l' Cy4JaCHHUX KOMH’IOTepHI/IX Ta XMapHUX CUCTEM.

Kaw4oBi cioBa: mporpaMHa cucreMa, CaMOBITHOBJIEHHSI, TOYKA BITHOBIICHHA, CTaH IIPOTPaMH, TOYKA BiTHOBJICHHSI.

Beryn

CaMOBITHOBJIEHHSI € HEOOXiJHOI BJIACTHBICTIO
CydYacHHX 1H(POPMALIHHUX CUCTEM, IO HAJa€ 3AaTHICTh
ABTOMATHYHO BHUSBIISITH, JIarHOCTYBaTH Ta BHPILIyBaTH
npoOiemHu, sIKi BUHUKAIOTh Y CHCTeMi, 0e3 BTpy4aHHs
moauau. Li cucteMu po3poOieHi TaKUM YHHOM, 00
OyTH BiIMOBOCTIHKHMH, TOOTO BOHH 3[IaTHI IPOIOBKY-
BaTH (YHKIIOHYBATH, HABIiTh SKIIO MEBHI KOMIOHEHTH
BiIMOBIAIOTh. OKpIM aBTOMAaTHYHOTO BHPIIICHHS MPO-
O1eM, CHCTEMH CaMOBIJTHOBIICHHS TaKOX MOXXYTH BXKH-
BaTH NPOQIIIAKTUYHUX 3aXO0/IiB, 00 YHUKHYTH MOXITH-
BHX IpobieM y MaiOyTHpOMY. Lle Moke BKITIOYATH Iie-
penbaueHHs MOTSHIIWHUX MPOOJIEM HA OCHOBI MmIa0JI0-
HIB 200 TCH/EHIH y CHCTEMHHX JAaHHUX 1 BKHUTTS IPO-
(GUIAKTHYHMAX 3aXOMIB JUIs 3ano0iraHHs BHHUKHEHHIO
uX mpoosem.

Indopmaniiini cucTeMu, 110 CaMOBITHOBIIIOIOTHCS,
CTarOTh Bce OUTBII BaXKITMBUMH, OCKUTBKU MiAMPHEMCTBA
Ta opraHi3aIii Bce OiJbIIe MOKIAAal0ThCS Ha TEXHOJOTIT
it poOoTu. 3BOASYM IO MIHIMyMYy Yac IPOCTOIO Ta
3MEHIIYIOYH MOTpeOy Y BTPYUYaHHI JTIOJAWHU Y BHPIIICH-
HS CHCTEMHHX IpoOJeM, CHUCTEMH CaMOBIIHOBJICHHS
MOJXYTb MiABUIIUTH JOCTYNHICTh, HAAIHHICTD 1 IPOIYK-
TUBHICTh CHCTEMH.

CucreMu CaMOBITHOBJICHHS BUKOPHUCTOBYIOTH Pi3-
Hi METOMH, Taki K pPe3epBYBaHHS, PEIUTiKaIlisl Ta MOHi-
TOPHHT, 00 rapaHTyBaTH, 1[0 CUCTEMa 3aJIUIIAETHCS B
pobodoMy CTaHi Ta MOXKE IIBUIKO BiJHOBIIOBATUCS
micis Oyab-sKuX 3001B.

Hamnpuknan, skmio cepBep y CUCTEMi CaMOBIIHOB-
JICHHSI BUXOJUTD 3 JIaJly, CUCTEMa MOXE aBTOMAaTHYHO
NepeHanpaBysiTH Tpadik Ha IHIII CEpBEpH B MEpExi,
100 KOPHUCTYBaui HE TTOCTPAXKIAITH.

B po6orti [1] 6yno HaBeneHo kiacubikauiitny 6azy
1070 BiZMOB, TIPOIIECiB 30epiraHHs CTaHy KOMIIOHEHTIB
CHCTEMH Ta 3aiad 3a0e3NeucHHS CaMOBIIHOBIICHHS
KOMIT IOTEpHHUX CHCTeM. 30KpeMa c(hOpMYJIbOBaHi Oc-
HOBHi CKJIQJIOBI BHPIIICHHS MPOOJIEMH CaMOBiTHOBIICH-
HS: CTBOPEHHS MEXaHi3My CaMOBiJHOBJICHHS, MOHITO-
PUHT CTaHy CHUCTEMH (JiarHOCTHKA Ta TPOTHO3YBaHHS
300iB), BHSIBJIICHHS MOPYIIEHHS HOPMaJIbHOI pOOOTH,

KOpEryBaHHsI CTAHy CHCTEMH, CTBOPCHHS YMOB ISl 3a-
moOIraHHs TTOBTOPECHHS TTOMIIIKH.

CTOCOBHO CaMOBITHOBIICHHS IMPOTPaMHUX 3aco0iB,
SIK CKIIAIOBOI iH(pOpMaIifHUX cHCTeM, OJHUM 3 edek-
TUBHUX METOJIB CAMOBIIHOBJICHHS € CTBOPCHHsS Ocka-
niB — TOYOK 30epiraHHs cTaHy mporpaMm B (ikcoBaHHI
MOMEHT Yacy.

AHaJi3 iCHyI0YHX MiIX01iB 11010 CAMOBiTHOB-
JIEHHSI IPOTPAMHUX CHCTEM

IcHye Oarato miAXOMiB [UIS BIAHOBJICHHS MpoOTrpa-
MHOT0 3a0e3nedyeHHs micist 3001B. HaiiOunpun nommpeHi
3 HUX BUKOPUCTOBYIOTh METO1"

nepe3aBaHTaXEHHs, BKIIIOYAIOUHN Mepe3anyck yciel
nporpami [2],

OHOBJICHHSI TPOTpaMHOTO 3a0e3medeHHs [3] 1 Mik-
pornepe3aBaHTaxeHHs [4], SKi IOBEPTAIOTh CUCTEMY 0
HaydaJIbHOTO CTaHy J10 a00 IiCIIs BUSIBIICHHS HECIIPAaBHO-
CTi.

[oBHHMIT mepe3aryck mporpamMu MoXxe 3aiiHsITH Oa-
raTto 4acy, IO NpHU3BEAE A0 3HAYHOTO MPOCTOIO0 IIPO-
TpamMHOI CUCTEMH.

Mixkpornepe3aBaHTaKEHHS MOXK€ OyTH IIBHIIINM,
SIKIIO TePe3anyCTUTH JIMIIE YaCTHHY IIPOrpaM CHCTEMH,
ayle BUMarae MOBHOTO aHaJi3y CTaHy Mporpam Ajs po-
3yMiHHS NpUYuH Hepnadi. JKoleH i3 X MeToxmiB Hee-
(heKTUBHO CHPABIAETHCS 3 NETEPMiHOBAHUMH ITOMHII-
KaMH, OCKUIBKM BOHM MOXYTh IOBTOPIOBATHCS MiCIS
Tepe3alrycky.

MeTonu BigKaTy JO KOHTPOJIBHOI TOYKHU [5] MOX-
Ha BUKOPHUCTOBYBATH y cHOCiO, momiOHMI 10 mepesarry-
CKY BCi€i Iporpamu, ane Moxe 3a0e3MeYUTH HMIBHUIIINN
Yac rnepe3anycky, OCKUIbKH Iepe3anyCKd BUKOHYIOThCS
3 KOHTPOJBbHOI TOYKW. [IpM TakoMy BHKOPHCTAaHHI IIi
METO/IM BCE Ie He OOPOOIIAIOTh JeTepMiHOBaHI MTOMUII-
KM, OCKUIBKH IIi TIOMUJIKK BCE€ OJTHO BUHUKATUMYTh ITiC-
TSI IEpE3aIrycKy.

Takox Oysu 3alpOIOHOBAaHI iHI BapiaHTH BHKO-
pHCTaHHS KOHTPOJILHOT TOUKH-TIEPE3aIlyCKy B HO€THAH-
Hi 3 3aIlyCKOM KUIBKOX Bepcii mporpamu [6], ski Mo-
KYTh TIEPEKHUTH IECTEPMIHOBaHI NMOMMWIKH, SIKIIO 3007
BiZ0yBatoThCsl HezanexkHo. OJHAK BOHM HECYTh HETO-
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MipHI BUTpaTH AJisi OUIBIIOCTI MpOrpaM 3 TOYKH 30pY
PO3pOOKH, MATPUMKH Ta 3aIyCKy KUIBKOX BEpciii Ipo-
rpamMy OJHOYACHO.

ABTOMaTHYHa T€Hepallis CUTHATyp JUIS CHUCTEM
BUSIBJICHHSI BTOPTHEHb Yy Mepexy [7, 8] 3axwuiuae Bin
Bpa3NMUBOCTEH, QITBTPYIOUN BXiIHI JaHi U BiCIBaHHA
atak. KirodoBa mpoliiema mossirae B TOMy, IIO Taki
CHUTHATYpH [JOCHTh CHPUHHATINBI 10 HOMMIKOBHX
CIIPaIbOBYBaHb, 0COOIHMBO I MOIMOP(HHX aTak.

Kpim toro, O6ymo moxazaHo, mo moxiMopdHa Io-
BeJiHKa HAJATO pi3HOMaHiTHA, MO0 ii MoxHa Oymno ede-
KTHBHO MOJICTFOBATH 3a JIOMOMOror0 curHaryp [9].

VY mpoekti Vigilante [10] mokpaieHo MepexeBy
GINBTpalio BXIHUX JaHUX 3aBISKA aBTOMATHYHOMY
CTBOPEHHIO BXiHUX (inpTpiB Ha 0a3i xocra. OibTpH
Ha OCHOBI XOCTa MPOIOHYIOTh MOKpPAIEHy TOYHICTh JJIs
BUSIBJICHHSI CEMAaHTUYHO CKBIBAJICHTHUX BXIJHUX JaHHX.
Ha xanp, BOHE TOTpeOyIOTh crenu(ivHuX I MpOTOo-
KOJIy TapcepiB i He MOXYTh IPALOBATH 31 CKJIAJIHUMH
NpaBWIAMH, IU(QPYBAHHAM | KOHKPETHHUM CTaHOM IIPO-
rpaMu.

IMpoekt Rx [11] BUKOpPHUCTOBYE MeXaHi3M mepe3a-
MyCKYy KOHTPOJIBHOI TOUKU B MOEAHAHHI 3 MEXaHi3MaMu
JUIsL 3MIHM CEpeIOBHUIAa BUKOHAHHS 3 METOI BiJHOB-
JICHHS TTICIIST TIOMHJIOK.

Onnak nonepenHi podoru [12] BusBMIM, 1O TO-
Haja 86% MOMUJIOK MPOrpaM HE 3aJIeXkaTh BiJl ONepariii-
HOTO CEpeOBHINA, € IMOBHICTIO AETCPMIHOBAHHMHU Ta
MTOBTOPIOBAHUMH, 1 IO BiJHOBIICHHA, WMOBipHO, Oyze
YCIIIIHAM JIMIIE 33 JOMOMOTOK METO/IIB, ITOB’SI3aHUX 13
HpOrpamMolo.

VY Toit wac, sk RX posrisigae mmpIi MOKIHBOCTI
JUTS 3MiHH CePeIOBHUINA, BKIFOYAOUN BiIKUIAHHS IIKi/I-
JIMBUX 3allUTIB Ha BBEICHHS, Ha NPAKTHLI BHABHIOCS
Hee(eKTHBHUM uepe3 mosiMophHy moBeminky [13]. RX
HAMaraeTbcsl 3aMacKyBaTd IPOSB HECIPABHOCTEH JUIs
KIi€EHTa, ajie MOTpeOye BUKOPUCTAHHS IPOKCi-cepBepa
JI01aTKa 3 MiATPUMKOIO IIPOTOKOIY, SIKUil Mae OyTH 311a-
THUH BigQinbTpyBaTu iHQOPMAIIifO, TaKy SK MITKH 4a-
cy, sika MorJia 0 3aruTyTaTi KIII€HTChKY IpOrpamy.

BukopucTaHHs MPOKCi-CepBepa YCKIAIHIOE BHKO-
pHUCTaHHS Bce OUTBINOI KUTBKOCTI MpOTpam, sIKi BUHKOpPH-
CTOBYIOTH HIM(pyBaHHs. RX BUMarae 3MiH siapa orepa-
LiifHOT cHCTEMH, IO € IIe OJHIEI0 MEPEIIKOI0I0 I
posropranns. Hapemri, RXx He Bupimye npoGnemu y3-
TOJKEHOCTI MiJl YaC BCTAHOBIIEHHS KOHTPOJIBHUX TOYOK
1 mepesarnycky nporpam, 1o BKJIFOYAOTh KiJibKa HpoLe-
ciB.

"TIpubupansauk” (Sweeper) [14] noennye mexa-
HI3M Tepe3amycKy KOHTPOJBHOI TOYKM RxX i mpokci 3
VSEF. Skmio BUHHMKAe MOMIJIKA, Sweeper BUKOPUCTO-
By€ aHami3 "3a0pynHeHHs ', 1100 BU3HAYMTH BXiTHI Ja-
Hi, SIKi IPU3BeIH /10 30010, TeHepYy€E BXiMHUN QUIBTP I
BHJAJICHHS [HOTO Ta MOAIOHUX MaHOyTHIX 3aIuTiB, a
TIOTIM TTIOBEPTAETHCS A0 MOTEePEIHbO0I KOHTPOIBHOI TOY-
KM Ta IOBTOPHO BiATBOpIOE BXimHI maHi. OCKIIBKH
Sweeper 3menurye VSEF no BUKOpUCTaHHS IJIsl TeHe-
pariii BXiTHOTO MiJMKCY, BiH CTPaXIAE Bill THX CaMHX
oOMexxeHb (inbTparlii BBEJACHHs, SKi OMNHCAaHI paHiIe
(momimopdizm i 3ammdpoBanmii Tpadik).

OGuucieHHs1, opieHTOBaHiI Ha "npuitHaTHiCTE" (ac-
ceptability) [15] mpocyBae igero mpo Te, IO MOTOYHI

3yCHJUISL 3 PO3POOKM IIPOrpaMHOro 3abe3nedeHHs Mo-
KyTh OyTH HENPABHJILHO CIIPSIMOBAHUMH, IPYHTYIOUUCH
Ha CIIOCTEPEeXEHHI IPO Te, 10 MOXKHA 3HEXTYBaTH IIEB-
HUMH perioHaMH Iporpamu 0e3 HeraTUBHOTO BIUIUBY Ha
3arajbpHy JOCTYIHICTh CUCTEMHU.

OGuncienns 6e3 360iB [16] — me crekynaTHBHA
TeXHiKa BiTHOBJCHHS, 5Ika 0a3y€ThCcS HA KOMITIIIATOPI 1
BHMAarae BCTaBKY JOJAaTKOBOT'O KOAY AJs poOOTH i3 3a-
MMICaMH B HEPO3MOIUICHY ITaM’STh NUIIXOM BipTyallb-
HOTO PO3MHPEHHS LiThoBOro Oydepa. Taka MoXxIH-
BiCTh Ma€ Ha MeTi 3a0e31eYnTH OUIBII HAliHHY peakIito
Ha IOMMJIKY, HIX ITpocTo 30il, Xoua i i3 3HaUHUMHU Ha-
KJIaJHUMHU BHUTpaTaM¥ Ha MPOJYKTUBHICTh, SIKi Bapito-
1othes Big 80% 10 500% asst pisHOMaHITHUX IPOTpaM.

BubipkoBa Tpancakuiiina emyisiis (STEM), sika
BUKOPHUCTOBYETBCSL B PEaKTHBHIN IMyHHIH cucTeMi
[17] — ue crekynATHBHA TeXHiKa BiHOBJIEHHS, PO3pO0O-
JIeHa JBOMa aBTOPAMH, sIKa BU3HAYa€ (PYHKINIO, Y SKii
cTajacs IMOMIUIKA, a TIOTIM BHOIPKOBO eMYJIIO€E 0 (pyH-
KIF0 Ta, MOXJIMBO, iHIII B OLIBIIOMY [iama3oHi, Moo
MIOBEPHYTH 3HAYEHHS MOMMJIOK Y cIIpoOi BiIHOBICHHS
micis nommwika. STEM BHKOpHCTOBY€E TOHSATTS BipTya-
Ji3auii MOMMIOK, 10O O3HAYaTH EBPUCTUYHE 3HAUYCHHS
NOMWJIKHM Bif (QYHKUIl, y sKid cramacs nommika. lle
JIy’Ke BIJIPI3HAETHCSA BiNl MOHATTS BipTyauisallii MOMH-
JIOK TOYKH BiJJHOBJICHHSI, IKE BUKOPUCTOBYETHCS B CHC-
TeMe, sIKe TIOBTOPHO BHKOPHCTOBYE iCHYIOUHH KOJ 00-
pOOKH MOMMIIOK y Tporpamax i MOBepTae 3HAYCHHS Ha
OCHOBI TipoimoBaHH X (QYHKITH A7 imMiTamii moBe-
JIHKA CHCTEMH B yMOBaX KOHTPOJIbOBAHHMX 1 OYiKyBa-
Hux momuiok. Ha Bigminy Big STEM, Hami npomo3utii
HeE MOTPeOYIOTh BHXIIHOTO KOJIy, IPaNIoOTh 3 OaraTor-
POLIECOPHUMH Ta 0araTOINOTOYHMMH IIpOrpamMamMu, 3a-
0e3IeuyoTh CYTTEBI TOKpPAIIEHHS MPOIYKTUBHOCTI CH-
CTEMH.

Haii6inbin hopmanizoBaHuil mijxiz 10 BiIHOBIICH-
Hsl PO3IIOJIEHOTO MPOTPaMHOr0 3a0e3MeUYeHHs TPHCY-
THI# y pobotax [18, 19], ne Ha npukIagi mporpamMHHX
MoJieJIel 30pTraHi3yeThCs YIpaBIiHHS CTAHOM NPOrpaMH
y Yaci Ha OCHOBI JamImiB mam'sTi. SIKIO0 BHUKOpUCTATH
el miaxin 1o Hamroi 3amadvi, MOXIJIMBA OpraHi3alis ca-
MOBITHOBIICHHS Ha HU3BKOMY piBHI (omeparifiHoi cuc-
TEMH, BipTyaJbHOI MaIlIMHU TOLIO).

Tox MeTO CTATTi € OIKC MEXaHi3My CaMOBIIHO-
BJICHHS NapalelbHOT0 IPOrpaMHOro 3a0e3medyeHHs 3
BHKOPHCTAHHAM OEKamiB CTaHy Iporpam Ha OCHOBI XKy-
pHaJTi3aIlii TOYOK BiTHOBJICHHS.

3ale3nevYeHHs dKUTTEBOIO HUKITY
NPOrpaMHHUX CHCTEM 3 CAMOBiTHOBJIEHHAM

Cucrema 3abe3meuye apXiTeKTypHY MiITPUMKY
JUIS CaMOBiTHOBIICHHS IPOTpaMH 3a HasBHOCTI Hele-
penbadyeHnx 300iB y MOBHICTIO aBTOMAaTHYHOMY PEXKH-
Mi. CrcremMa MOCTIHHO CTEXHTH 3a MPOTPaMoI0 Ha Ha-
SIBHICTH 300iB 1 BU3HAYA€E CTpaTerii, BAKOPUCTOBYIOUH
TOYKHW BIJHOBIICHHS JUIS pearyBaHHs Ha MailOyTHI BH-
MMajKy TAKUX caMuX a0o moaioHux 300i1B.

[Ticns Bubopy crparerii, cucrema JMHAMIYHO MO-
nudikye nmporpaMy, BUKOPHUCTOBYIOUM JWHaMidHy Oi-
HapHy iH’€KIlito, 00 BOHA MOTJIa BUSBHTH Ta OMUHY-
TH Ty caMy MOMWIKY B MailOyTHboMy. MeTOI0 Harmoi
CHCTEMH € aBTOMAaTHYHE CTBOPEHHS THMYAacOBOTO BH-
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IIPaBJICHHS IIEBHOI MPOOJIEMH, TOKU HE CTaHE JIOCTYII-
HUM pillIeHHsS KOPHCTYyBayYa.

Puc. 1 imocTpye poOOTy cCHCTEMH Ha BHCOKOMY
piBHi. [lepen posropraHHsIM, Tporpama MpoQuUIOETHCS
IUIA BUSBJIEHHS MOTEHLIMHUX TOYOK BigHoBIIeHHS. ITic-
7 3aBepIICHHS NPOoQUTIOBaHHS, IporpaMa po3ropTa-
€TBCS y CBOEMY pOOOYOMY CEPEIOBHIIII.

Moayib Bin-
IIporpama Menemxep Y A
HOBJICHHS
Amnani3
< CTaHy 36eperxeHHs
________ > TOYKH BiJHO-
BJICHHS N
¢ ----——=—=-
Yac
Biakar g0
36ii TOYKH BiIHO-
- BJICHHS _
>
Bimopnenny | [¢7 77777777
v

Puc. 1. Xypranizaris TOYkd BiTHOBICHHS
Ta BiIHOBJICHHS CUCTEMH IIiCIIs 30010

[Tix yac HOpMAJIBHOTO BUKOHAHHS, CHCTEMa KOHT-
pOJIIOE TIporpaMy 3a JONOMOTOI0 IHCTPYMEHTAJIbHUX
3ac00iB, SIKi BUSIBIITIOTH Ta 3BITYIOTH MPO HENPABUIBHY
TIOBEIHKY MPOTPaMH Ta CHCTEMH.

Kpim Toro, cucrema mepiogudHO TEpeBipsie CTaH
porpamMu Ta Bejie KYpHaJl BUKOHAHHS (BKJIIOYAIOYH
MepexeBHid Tpadik), Jie nepioauuHo QiKCye KOHTPOIIb-
HY TOYKY 31 30€peKeHHSIM CTaHy IPOrPaMHOI CHCTEMHU.

Koy, mij; 4ac BUKOHAHHS, BUSBIISETHCS TOMUIIKA,
CTaH OCTaHHLOI KOHTPOJILHOI TOUKH POTPAMHU Pa30M i3
KYPHAJIOM YCiX BXIJTHHX JJaHUX, IIOYMHAIOYH 3 11i€] KOH-
TPOJILHOT TOYKH, HEPEJacThcs B CUCTEMY COPTYBaHHS,
JIe aHaTI3yEThCSI TOMIJIKA.

[ToriM cucrema BHKOHYE aBTOMAaTW4HHUH IPOIIEC,
METOIO SIKOTO € BU3HAYECHHS BIAMOBIIHOI TOUKH BiTHOB-
JICHHSI, 10 SIKOi IIporpaMa MO>Ke BiJTHOBUTH BHUKOHAHHS,
NPU YMOBI, 1110 1isi KOHKPETHA MOMMJIKA HE BUSIBHTHCS
noBTOpHO. [IpoTsirom 1poro yacy poboda cucrema 3a-
JIMIIAETHCS BPA3JMBOIO JI0 TOBTOPHOTO BHHHKHEHHS
MIOMWIKH, IO MPHU3BOAWTH O BiKHA BPA3IMBOCTI, Y
SAKOMY TpOTpaMi MOKe 3HaJOOHTHCS BIATHCA A0 TIOB-
HOTO Tepe3anyCcKy NporpamH IJisl BiJTHOBJICHHS HOpMa-
JILHOTO TpOlieCy BUKOHAHHs. X04a Halliid cUcTeMi Mo-
e 3HaJI0ONUTHCS NEeIKUi 9ac rmpoctoro Juis (asn aHami-
3y, AOCBiJI MMOKa3ye, IO 11 3a3BUYAil ICKUTbKA CEKYH]I, 1
BapTICTh aMOPTU3YETHCS, OCKUILKM BOHA BUHHUKAE OJIMH
pas3 3a HOBY IIOMMJIKY.

[Micns BUOOPY TOYKH BiJHOBJICHHS, CHCTEMa IIiJT-
BEPIIKYE, 110 BOHA MIPUAATHA UL PO3TOPTAHHSI, MIEPEBi-
pSIFOUM, 1[0 BOHA 3aJOBOJIBHSE TPHOM KPHUTEPIsIM: XKH-
BYYICTh, TPaBUJIBHICTH 1 MPOMYKTHBHICTh. BuOpana
TOYKa BiJTHOBJICHHsI 3a0e3Meuye KUBYUICTh, SKIIO Bip-
TyaJi3alisi IOMWIOK y el MOMEHT JI03BOJISIE TIPOTpaMi

BI)KUTH TICIISI TOBTOPEHHS MOMIJIKH.

Touka BIZHOBIECHHS € JIMCHOIO, SIKIIO BOHA HE
BHOCHUTH CEMaHTHYHUX IIOMMJIOK 1 SIKIIO Tporpama Mo-
K€ IPaBUILHO 00CIyroByBaTH MaiiOyTHi 3anuTu. Touka
BIJTHOBJICHHSl € CHPaBXHbOIO, SKIIO HPOJIYKTHBHICTH
3aXUCTy HE CIIPUYMHSE 3HAYHUX BUTPAT 4acy BUKOHaH-
HAL.

JKuBydicTh TepeBipsSE€TBCSA MUIAXOM BiATBOPEHHS
TTOCTITOBHOCTI TOIH, SIKi, OYCeBUIHO, CHPUIHHIINA He-
cupaBHICTh. [IpaBHIBHICTE MEPEBIPSETHCS 3a TOTTOMO-
TOI0 PETENLHOTO TECTYyBaHH!, SIKE Al TOBaHO VIS KOH-
KPETHOT pOOOTH NPOTPaMH.

EdexTuBHICTh ONTHUMI3YETBCS 32 PaXyHOK BHKO-
pHUCTaHHS TPOAYKTHBHOCTI SIK METPHKH HpU BHOOPI
TOYKH BimHOBICHHS. [1[0ifHO BiqMOBIIHY TOYKY BiJHOB-
JeHHsI Oy/ie MepeBipeHo, CHCTeMa CTBOPIOE BHUITPABIICH-
Hs, SIKE JUHAaMIYHO 3aCTOCOBYETHCS IO HPOrPaMHOTO
3a0e3Me4eHHs, TOKH NporpaMa BUKOHYETHCS B po0OUiii
cucTeMi.

[lat4 CTBOpIOE TOYKY BIZHOBJICHHS BCEPEAUHI
nporpaMy, mo0 3aXMCTUTU MPOTpaMy BiJl MOBTOPECHHS
KOHKPETHOI IIOMUJIKH. 3MiHEHA IporpaMa 3aIycKaTHMe
TOYKY BIJIHOBJICHHS KOXHOTO DPa3y, KOJM BHKOHAHHS
JIOCSITHE TOYKH BiJJHOBJICHHS, 1 IOBEPTaTUME CBill cTaH
JIO 1i€1 TOYKH, SKIIO MOMHIIKA TOBTOPHTHCS.

[licns BiAKaTy BUKOHAHHS O TOYKH BIJHOBJICHHS,
BipTyanizalisi MOMWJIOK BHUKOPHCTOBYETHCS JUISI BHUKO-
pHUCTaHHS ICHYIOYMX MOJKJIMBOCTEH OOpPOOKH MOMMJIOK
nporpaMu 1 €peKTHBHOTO YCYHEHHS IIOMHUJIOK.

3amicTe QimTbTpalii MEBHUX BXIAHAX NaHUX, SKi
MOXYTh CIIPUYMHUTH 3001, TaTY 3aXHILAE POrpaMy Bij
3001B, SIKi MOXXYTh BHHHUKHYTH B IIEBHOMY MicIi TpO-
rpamMu.

OTpuMaHHil MEXaHI3M BiJHOBICHHS HE 3aJICKUTh
BiJl BXiIHHX IaHUX 1, OT)KE, 3aXWIICHUN BIiJ] PU3UKIB,
NOB’sI3aHUX 13 TOJNIMOP(}I3MOM MOMHIOK/BXITHHUX Ja-
HHX.

CTpyKTypa CHCTEMH 3 CAMOBITHOBJIEHHIM

Cuctema 3alesredye 3aradbHAN MEXaHI3M, SKHA
MIPOTPaMH MOXYTbh BUKOPHCTOBYBATH ISl BITHOBJICHHS
BUKOHAHHS 32 HAsBHOCTI ITOMHJIOK. 3alpOIIOHOBAHUH
MiIX1T MOKHA PO3JUTATH Ha HACTYMHI eTanu odaaitHo-
BHIX 1 OHJIATHOBHUX JIiH.

B aBTOHOMHOMY peXuUMi 10JIaTKU TPO]ITIOIOTHCS
i 9ac «XUOHMX 3ammycCKiB», M00 MoOyayBaTH MOAETH
MOBEIiHKM moAaTKiB. 1li XuOHI MPOTOHM TEHEPYIOTHCS
perpeciiHIMH TecTaMH, SKIIO0 BOHH JOCTYIHI, abo 3a
nonomoroto meroxiB ¢azszunry [3,10], sxuid mimkpec-
JF0E MO>KJIMBOCTI 00poOKM moMmiIok mporpam. /[lii no-
JSATaoTh B TOMY, IIO iCHye Halip TECTOBaHUX MpOrpa-
MICTaMH TOYOK IIPOTpaMu, sIKi PEryJsipHO BHKOPHUCTO-
BYIOTBCSI JJISI TOIIMPEHHS «O4iKyBaHUX» HOMHJIOK.

VY cBorO "Hepry, Ii MpUKIaaHI TOYKH MOXKHA BHUKO-
PUCTOBYBAaTH [UIsl BiTHOBJIGHHS TicJIsi 300iB i Takum
YHHOM IIATPUMYBATH JOCTYITHICTh CHCTEMH.

BukopucTOBYI0YH II0 MOJIENb, MU BHAUIIEMO Mi-
CIA PO3TallyBaHHS MPOTPaMH, SIKi MOXHA BHKOPHCTO-
BYBAaTH sIK TMOTEHIIIIHI TOYKH BimHOBJICHHs. Hama apxi-
TEKTypa B PEXKHUMIi OH-JIAHH J03BOJIsIE BUKOPHCTOBYBATH
pi3HOMaHITHI MOHITOpW HecnpaBHocteil. Ilicist BusB-
JICHHSI TIOMMJIKH, CTaH IPOrpaMH IOBEPTAETHCS A0 TI0-
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MepeHbO BU3HAYCHOrO (TOYKM BiJHOBIICHHS), A€ MPO-
rpamMa 3MyIlIEHa IOBEPTAaTH IOMMIKY, IMITYyIOUH IOBE-
JIHKY, IO CHOCTEpPIraeThesl IMiJ] Yac MOMHJIKOBHUX 3aIly-
ckiB. Moyt cucTeMu, npecTaBieHi Ha puc. 2:

HaOip 3aco0iB (30HMIB), SIKMH MOCTIIHO BIACTEKYE
IporpaMy Ha HasBHICTh MOMMJIOK i Oepe Ha cebe KOHT-
POJIB Iopasy, KOJIM BOHU BUSBILIIOTHCS;

MTOMIJIKA BipTyaii3amii akKTHUBY€ KOMIIOHEHT, SIKHH
BiNOBiZa€ 3a BU3HAUCHHS 3HAYCHB [T BBEICHHS B pasi
HECTIPaBHOCTI;

BUSIBJICHHS TOYKH BiIHOBIICHHS aKTUBYE KOMIIO-
HEHT, SIKHH BUKOPUCTOBYETHCS JJIsl BU3HAYCHHS ITOTEH-
LIfHUX TOYOK BiJIHOBJIEHHS 3a JONOMOTOI0 CTAaTHKU Ta
aHamizy;

aKTHBATOD, KUl BUKOPUCTOBYE MEXaHi3M Iepe3a-
MyCKy KOHTpPOJIbHOT TOYKH st pikcanii cTaHy nporpa-
MHU Ta BiJIKaTy 70 30€peXeHOro CTaHy;

TCHepaTop MaTYiB, SKUA CTBOPIOE AT 3 MiATPH-
MKOIO TOYKH BiJHOBJIEHHS IS aIlIiKaIil;

CepelOBHILE TECTYBAHHA, B IKOMY 3allpOIIOHOBaHI
1aT4i OLIHIOIOTHCS 3T0I0M;

BCTaBKa 3ac00iB, sKi MOJETIIYIOTh 1HCTAIAIIIO 3a-
TBEp/PKEHUX NaT4iB y 3amylleHi OiHapHi daiinu.

1
online | offline
Bxinni ' XI/I6I:H
JlaHi ! JlaHl
1
:-P BukoHaHHs | CTBOpEHHS
. HpOrpamu ' TOUKH BiIHOB- [~
B : JICHHS M
1
’(I:‘ l : Bubip TO4KH BiJHOBJICHHS |
1
A|l-—-———-==-==- 1 36iii 1
i \ i . |
2 +  Buxonanus | I'eneparop &=
! T
a|t mporpamm | ' maT4a
__________ 1 1
1
I 1
,er‘ Bipryauizarmis
al Y _____ TTOMUITKH
al; ] |
T , Buxonamas 1 ,
1 1
Lo IporpamMu ! !
- 1
1 1 CepenoBuiie
| } ITata | PEAOBHLI
——————— < T TECTYBaHHS

Puc. 2. Pobora cucremMu 3 CaMOBIAHOBIIEHHSIM

VYci KOMIIOHEHTH po3po0JIeHi U1t poOOTH B aBTO-
MaTHYHOMY PEKUMIi, 100 MiHIMI3yBaTH Yac peaxiiii.

IIpu3HavenHst Ta BipTyaJizauis
TO4YOK BiTHOBJICHHS

BuzHaueHHS! TPUHUHATHOI TOYKM BiJIHOBJICHHS Mae
KJIFOYOBE 3HA4YeHHs M BipTyamnizamii nmommiok. lLle
O6arato B 4OMy BH3HA4a€ CTYIiHb, HMOBIPHICTH TOTO,
10 Tporpama MPOJIOBXKUTH pPOOOTY MpPH HECHPABHOCTI.
Jlnst BUSIBIICHHS! BiJJHOBJICHHSI BHKOPHCTOBYIOTBCS JIBa
MeXaHI3MHU: OJUH CTATUYHUM 1 OMWH JUHAMIYHUN,

JuHamMi4HUN aHaNi3 € KpamuM MeXaHi3MOM I
BHUSIBJICHHS BIJIIOBIJHUX TOYOK BiJHOBIIEHHSI, OCKIJIbKH
BiH HajJa€ OJHO3HAYHE PO3YMIHHS IMOBEIIHKHM Hporpa-
MH. 30KpeMa, METOIO € JI3HATUCS, SIK pearye mporpama
Ha «XWOHI BXiJHI JaH» y KOHTPOJBbOBAaHMUX YMOBaX i
BUKOPHCTOBYBaTH L€ 3HAHHA, MO0 3pOOMTH Tak, 1100
panime HeBUAMMI aAe(deKTH OyTH NpPOTHO30BaHMMHU.
IcHye HaOip mepeBipeHUX MpOrpamicTaMH TOYOK IMPO-

rpam, siKi € peryJsipHAMHU Ta BUKOPUCTOBYHOTHCS IS
00pOoOKH «OYiKyBaHUX» MOMWIOK. Hampukmax, mMoxHa
mo0AYUTH, SIK 3a3BHYAl MOIIUPIOETHCS MPOrpaMa MOMH-
JKHU MiJ] 9aCc CTPEC-TECTYBaHHS TECTaMH 3a0e3MCUCHHS
SIKOCTI.

HaBuaHHS Ha OCHOBI IOMIJIOK BHKOPHCTOBYBAJIO-
csl B MAIIMHHOMY HaBYaHHI i 3Tr0/IOM CHCTEMH BHABIICH-
HS IOMHJIOK, OYJI0 BUKOPHCTAHO IJISl BiTHOBJICHHS IIPO-
rpaMHOTO 3a0€3MeYeHHs IPU NOMIIIKaX. 30KpeMa, MU
IHCTPYMEHTYEMO TPOTPaMH IUITXOM BCTaBKH KOAY MO-
HITOPHHTY B TOYKaX BXOAY Ta BUXOIY KOXHOI (PyHKIIII,
SIKI MOJKJIMBI BIIPOBAJDKCHHS MMiJ 9ac BUKOHAHHS [2].
3acobu 3amucyroTh 00MIBa napameTpu (GyHKLIi - THIH
Ta 3HAYCHHS, [0 MOBEPTAIOTHCS MPOTPAMOI0 TIPU TOMHU-
ani. 3 IuX 3anKuciB MOXKHa MoOyAyBaTu rpadiku BUKIH-
KiB (QyHKUIH pa3oM i3 iHdopmauliero Mpo TUN MOBep-
HEHHs [UI KOKHOT Touku Ha rpadiky ("rpadiku BimHo-
BieHHs"). Rescue-rpagu BHKOPHCTOBYIOTHCS SIK TPO-
rpamMHi pparMeHTH Ha (PYHKIIOHAIEHOMY pIiBHI JeTalli-
3arii, sSKi, y CBOIO Yepry, MOXKHAa BUKOPHUCTOBYBATH MI00
130JTF0BaTH KOHTPOJBHUIA MOTIK HECIIPABHOCTEH Ta BU-
3HAYUTH MOKITUBE BiTHOBIICHHS.

CraTHyHMI aHaNIi3 BUKOPUCTOBYETHCS IS TTOCH-
JICHHS Pe3yJbTATIB ONMCAHUX METOJIB JUHAMIYHOTO
aHamizy. 30KpeMa, MH BHKOPHCTOBYEMO CTaTHYHHI
aHai3 JJIsl TOJIETIIeHHs! BipTyaizalil MOMIJIOK 1 BUSIB-
JICHHSI TOYKH BiHOBIICHH. J[JIs BipTyasmizaliii moMHIOK
CTaTUYHUIN aHaIi3 MOXKE JOIOMOITH BU3HAYMUTH BiAmo-
BiJHI 3HAYCHHS TIOBEPHEHHS MTOMIIOK Yepe3 MepeBipKy
KOAy Ta 3BOPOTHI (parmeHTamii mporpamu. JleTarbHO
JOCIIDKYIOThCST IISXH, MIO BHHUKAIOTH MPH IIPOSBI
HECTIPaBHOCTI, A€ Bpa3nuBa (YHKIiS 3HAXOIUTHCS il
yac BUKIMKY. Ha 1ipoMy eTarmi mepeBips€Thes, sK 3Ha-
YeHHs (PYHKIII1, IO MMOBEPTAETHCS, BHKOPHCTOBYETHCS B
Kol 00poOku. Ile 3abe3neuye po3yMiHHS TOTO, K MH
MOKEMO BHKOPHCTOBYBATH ITiJ] YaC MOMMJIKH MEXaHi3M
BipTyauizarii.

Hanpuknan, koiad (yHKI[iS MOBEPTAE 3HAYCHHS
orepaTopa KEpyBaHHS, 32 SKUM CIiJyIOTh ONEpaTopu
BUXOJY — II€ CTBOPIOE YMOBH JUII BUKOPUCTAHHS I[LOTO
3HAYEHHS K BIJAMOBIIHOTO BiJHOBJIIEHOTO 3HAYEHHS I
yac Bipryamizarmii moMmiok. [IpoTsarom mporo mporecy
MU TaKOX NPUAUIIEMO yBary QparmMeHTam mporpamu
Uil OyIb-SIKMX MPOOJEMHUX BHUIIAJKIB BipTyamizamii
MTOMIJIOK, BKIIFOYA0UN BBEJICHHS-BUBEACHHS, IKE BHKO-
HYETHCS Pa30M 13 BUKOPUCTAHHSAM TI00TBHUX 3MIHHHUX
Ta iCHyBaHHA KOy OOPOOKH CHTHAIIB.

OnwuimemMo OCHOBHY KOHIIETIIIIO BipTyamizarii mo-
MHJIOK 32 JIOTIOMOTOIO TOYOK BiJHOBJIECHHs. Bipryariza-
1Iif0 IOMWJIOK MOKHA 3pOOUTH TaKUMHU KPOKAMH:

30eperTy CTaH MPOrpaMy B TOUIII BiTHOBJICHHS;

KOHTPOJIFOBATH CUCTEMY Ha HASIBHICTh IIOMHJIOK;

KOJII BHHUKA€ MMOMIJIKA, CKAaCyBaTH 3MIHU CTaHY,
3po0IeHi PYHKIIIEI0, aX IO TOYKH BiTHOBJICHHS,

IiCJIsl BiHOBJIEHHS BUKOHAHHS 10 TOYKH BiJHOB-
JICHHSL.

KoMIoHEHTH BHSBICHHS HECHPAaBHOCTCH MOXHA
PO3TIAAATH SIK YOPHUH AWK, SKOMY TOTPIOHO jwiIe
TOBIZIOMUTH TIPO BUHUKHEHHs HecnpaBHOCTi. Ha moma-
TOK IO CTaHAApPTHOI OOpPOOKH IOMIJIOK OIEpaIiiHOl
CHUCTEMH, MOYKHa BHKOPHUCTOBYBATH JTOJATKOBI MeXaHi-
3MH JJIS BESIBIICHHSI TOMUJIOK TIaM'SITi.
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IcHye psii JOCTYMHUX KOMIOHEHTIB BHSBICHHS
HECIIPABHOCTEH, sIKi MOXYTh BHSBISATH [TOMHJIKH
nmam’siTi (Hanpukian, ProPolice [9] i TaintCheck [12]) i
JesiKi, SIKi BUSIBJIIIOTH MOPYIIEHHS OCHOBHHX IMOJITHK
6esneku [1,11].

IIpoBeneHHsI eKCIIEPUMEHTIB 3 IPOTOTHIIAMH
CHCTEMH CAaMOBIiTHOBJICHHS

ExcniepuMeHTanbHy CHMYJSII0 POOOTH CHCTEMH
Oyno peamizoBaHO I omepariiiHoi cuctemu Linux.
Bymno BukopucTaHO CTaHIAPTHI YTHIITH Ta MOAYIMI sSIpa
siapa Linux, sixi 3a6e3medyroTh BipTyalbHE CEpEIOBHUIIE
BUKOHAHHSA 3 TOYKaMH IIEpPE3alycKy Ta BiITBOPEHHS
XKypHaity, a Takox Dyninst 10.1 s ananizy napaneinb-
HOTO KOAY ITiJi 4aC BUKOHAHHS.

BukopucToBytoun el mpoToTHIl, Oyno OLiHEHO
e()eKTUBHICTh CHCTEMH ILIOJJ0 PEaTbHUX TOMMJIOK i CTa-
H/QPTHUX POOOYMX HABAHTAXKEHb Ul HU3KH IOIYJISIp-
HUX 0araTornpolecHuX 1 0araTomoTOYHHMX CEpPBEPHUX
mporpam. [t BCiX ekcriepuMeHTiB mporec OyB HOBHIC-
TIO aBTOMAaTH30BAaHHUM, 332 BHHSITKOM T'€HEpYBaHHS iH-
¢dopmarii npodimo Ta iHimiroBaHHSA moMmiIKd. [Iporec
mpo¢TFOBaHHS Ma€e BigOyBaTHCS OAHMH pa3 Ul KOKHOL
nporpamu (200 HagaBaTHCS SK YaCTHHA TECTOBOTO ITa-
KeTy). Yci eKCIepUMEHTH MPOBOAMINCS Ha MAIllMHAX 3
npouecopamu Intel Core i7, 8/16, 2,9-4,8 I'Tii i 16 I'b
omepaTMBHOI  maMm’sTi, 3 MIAKIIOYEHHAM  4Yepes3
3’eqnanns Ethernet 1 I'6it/c.

CepBepu Ta KJII€HTH NpalOBaId Ha OKPEMHX Ma-
mmHax. OniHka QyHKIIOHYBaHHS CUCTEMH y BHUPILIEHHI
MIOMUJIOK BifOyBasiacst 32 TpbOMa HANpPSIMKaMHU: JKHBY-
YiCTh, MPABMIBHICTD | MPOXYKTHBHICTh. JKUBYUICTh Iie-
peBipsula 37aTHICTH CHUCTEMH MIATPUMYBATH JOCTYII-
HICTh CITy»OW 3a HasBHOCTI 30010 IPOrpaMHOTO 3a0e3-
TICYCHHS, CHPUYUHEHOTO TOMIJIKOIO.

Cuctema BusiBIIsuIa 3001 Ta aBTOMAaTHYHO ITOYUHA-
Ja mporiec BimHOBJIEHHS. [licis BiTHOBIICHHS, CepBep
nepeBipsB 3001, AKi MOraM OyTH CHPUYMHEH! HaIIUM
MEXaHi3MOM, Ta IPOJIOBXKYBaB MPAaBUIEHO OOCIYTrOBY-
BaTH 3anuTH. OCKUIBKM MOXIIMBO, III0 MEXaHi3M BiJHO-
BJICHHSI BHOCHTH IMOOIYHI e(eKTH, IepeBipka Ha MpaBu-
JBHICTh BHXIIHUX NaHUX CepBepa MPOXOAWNIA i Ticist
BITHOBJICHHS.

[ToTiM TPOBOIWIIN OIIHKY MPOAYKTUBHOCTI CHC-
TEMH 3 TOYKH 30pY SK NOBHHMX CHCTEMHHX HAKJIAJHHX
BHUTpAT Ha poOOYOMY CepBepi, Tak i YaCTKOBOI IepeBip-
K{ KOMIIOHEHTIB CUCTEMH.

Byno BUKOpHCTAaHO N'ATH MOMMIIOK JUISL TPHOX IO-
nymspHuX mporpam: Apache (sepcis 2.2), MySQL (8.0),
i PostgreSQL (12.14). Cepen nommiok Oymu: mopy-
IICHHS MPaB JIOCTYIY JI0 MaM'siTi, IepernoBHEHHS Oyde-
pa, HEKOPEKTHI BXiaHI qaHi. Takox, Ui MOPIBHIHHI MU
3aKJIaJaJIM 30BHIIIHI TOMUIKK Mt Linux. JJocmimkeHHs
BHKOHAHO JJISI TPOTpaM i3 BIOKPHUTHUM BHUXITHUM KO-
ZIOM.

[ToMHIKH TeHepyBaJHCs IMiJ 4aC BHKOHAHHS TeC-
Ty, HApaJICBHO 3 LIUM IpPOrpamMa BilCTe)KyBajach, 00
HepeBIPUTH 11 31ATHICTH YCIIIIHO NPOWTH KOHTPOJIbHUN
TecT. SIKIIO TecT 3aBepllyBaBCs, BUKOHyBaJach IepeBi-
pKa XMBYYOCTI Ta OLiHKa MpoayKTuBHOCTI. [Iporpama
nepeBipsiacs Ha MPaBUIbHICTH 200 IIJISIXOM IEPEBIPKH
pe3yJbTaTiB MOPIBHUIBHOTO TECTY, ab0 depe3 T0JaTKO-
Bl TECTH, sIKi IIEPEBIpsIIM 1 TTOPIBHIOBAIM BUXI/IHI AaHi 3
OUiKyBaHMM HaOOpOM pe3ynbTatriB. i1 KOXKHOI TIOMU-
nku (ikcyBanacs riauOMHA BiJHOBJICHHS Ta 3HAYCHHS
BITHOBJICHHS: BIJICTaHh MiK HECIIPABHICTIO 1 TOYKOIO
BiTHOBJICHHSI Ta 3HAYCHHS BipTyaii3alii MOMUIKH, SKE
MOTiM BHKOPHCTOBYBAJIACh JJIsl HOIIMPEHHS TIOMHUIIOK.

Pesynbrat 4acoBO1 OIIHKY PI3HUX €TamiB MpOoIe-
Cy MATPUMKH BiTHOBJICHHS IPEJICTABICHO Ha puUC. 3.
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Byio peanizoBaHO HaCTYIHI OMUJIKH:

(1) nepenoBuenns 6yhepy (Apache);

(2) uesipHi Bxigui gaui (Apache);

(3) mopymeHHs mpaB JAOCTyImy [0
(MySQL);

(4) mepenoBuennst 6ydepy (MySQL);

(5) uesipHui BximHui nani (PostgreSQL).

[ITo6 omiHUTH OIBUAKICTH pearyBaHHS CHCTEMH Ha
CTBOPEHHS BHIIPABJICHHS I HOBOBHUIBICHO! TIOMUIIKH,
BHUMIPIOBABCS 3arajibHUN Yac, HEOOXIMHUHA I mepexo-
Iy BiZ NMOMWIKHA A0 BUIPABICHHS. [HIIMMHU ciioBamH,
BiJl MOMEHTY II€PILIOTO BHSBJICHHS HECIIPaBHOCTI Y BU-
poOHMUIN cucTeMi 10 AMHAMIYHOTO 3aCTOCYBaHHS BH-
npasieHHs. OHak, Tpeda BIAMITHTH, IO TaKi MPOLECH,
SIK MOHITOPHHT Ta CTBOPECHHS TOYKH BiTHOBJIEHHS MOXe
BHKOHYBAaTHCh IapajiesbHo 3 poboToro cucremu. CTBo-
peHHs narya s 3a(iKCOBaHOT MOMMIIKH BHKOHYETHCS
onuH pa3 Ta 30epiraeTeCs y cHUCTeMi. TakuM YHHOM,
KOJI TIOMMJIKA TPAIUIIETHCS HACTYITHOTO pa3y, CUCTEMa
BHUKOHYE TiJIbKH BiTHOBJICHHSI.

Puc. 3 mokasye cepenmHiii 4ac y ceKyHmax s
CTBOPEHHS pPo00YOro, NMepeBipeHoro marya A KO>KHOI
3 TOMWIOK. Bka3yeThcs 3arajibHHH Yac, HEOOXiTHHIA
JUIsl CTBOPEHHS, TECTyBaHHs Ta 3acTOCYBaHHs IaTya.
3aranbHuil 4ac po30UBAETHCS Ha JIBI YaCTUHM: Yac, He-
OOXIMHUIM IS MITKITIOUCHHS 0 3aMyNICHOTO MPOLECY
Ta BBEJICHHS TOYKH BIJJHOBJICHHS 32 JOIIOMOTOIO iH-
CTPYMEHTIB CHCTEMH, i TECTOBUH Yac, HEOOXIMHUIA is
BUKOHAHHSA TECTY XHBYUYOCTI, IPABMJIBHOCTI Ta MPOIYK-
TUBHOCTI B CEpEAHBOMY JJS YCHIITHOI TOYKH BiIHOB-
JeHHs. 3ayBakeMo, IO Yac, HEOOXiTHMH I CTBO-
peHHs rpadika BiZHOBIEHHS AJIs1 KOHKPETHOI MOMMIIKH,
HEe3HAaYHUH, BPaXxOBYIOUH, II0 Tpaca creka OyJsa rimou-
HOFO MEHIIIe 5 (GYHKIIN y BCIX BUIAIKaX.

Jlng KoXHOi NMOMMJIIKM MM OILIHIOBAaJIH e(eKTUB-
HICTh BiJTHOBJICHHS IiCJs HECIPABHOCTI. 30Kpema, yac
BIJIHOBJICHHSI CTaHy IPOTpaMy JO TOYKH BiJHOBJICHHS
micast BUSBJIGHHsS HecnpaBHocTi. [ToMunika BHHUKala,
KoM mporpama Oyja 3aifHsAiTa BHKOHAHHSM 3aJaHuX
TECTIB /i1 BUMIPIOBAHHS BiIHOBJCHHS IIiJ] HaBaHTa-
HKEHHSM.

Mu nopiBHSIIHM Yac BiTHOBJICHHS CHCTEMH i3 9aCOM
nepesarrycky BCi€l Iporpamu micis 30010, y SKOMY MH
BUMIpSUIM Yac, 110 MHMHYB BiJl 3allyCKy HpOTpamH J0
MOMEHTY, KOJIM BOHA CTaHE Ipalne3aTHOI0 Ta TOTOBOIO
obciyroByBaty 3anmuTh. [IoBHHN mepe3alryck mporpamMu
HE 00OB’SI3KOBO JIO3BOJISIE BiJHOBJICHHS, aje 1€ MOXKE
CKHHYTH CepBep, 100 BiH Mir 00CIyroByBaTH MaiOyTHI
3alUTH, HABITh SKIO BiH HE JO3BOJISIE 3aBEPIIUTH PO-
Ooue HABAHTAKEHHS, SKE BHKOHYBAJOCS HAa MOMEHT
MMOMIWIKH. X04a BiH HE 3a0e3Medye TaKoro X PiBHA K-
BYYOCTI, SIK Hallla CUCTEMa, BiH 3a0e3Ieuye BiHOBJICH-
Hi. SIK BUAHO 3 pHc. 3, mepe3aBaHTaKeHHS TPU3BOIUTD
K 3HAYHMM BHTpATaM yacy B IODPIBHSHHI 3 eTarnamu 3a-
IIPOTIOHOBAHOTO MEXaHi3My caMoBigHOBIeHHs. 11106
BUMIPSITH PEANIICTUYHUI Yac Tepe3anycKy J0AaTKa, MU
TECTYBaJM Mepe3anyck MporpaMH 3a JO0IOMOIo pea-
JILHUX HaBaHTakeHb. Hampukiman, ans PostgreSQL mu
BHMIpIOBAJIM Yac, HEOOXITHWIA MJIs TIepe3aIryCcKy Ipo-
rpaMH, KOJW B Hill TMOMEPEeNHLO 3aBaHTAXEHO Habip
nanux Wisconsin, s Apache BusHauwmu cepeHiii
yac, HEOOX1MHUI [JIs BIZHOBJIEHHS BUKOHAHHS 0 TOY-

IaHUX

KM BIJHOBJICHHS, 200, IHIIMMH CIIOBAaMH, BIJKAT J0 TOY-
KM KOJIUIIIHBOT'O BUKOHAHHSI.

BucHoBku

Po3pobnena cumcrema Hajae MOXKIHMBICTH CTBO-
PEHHSI HOBOTO NPOTPAMHOTO 3a0€3MEeUeHHS Al caMo-
BiJTHOBJICHHS IPOIPaMHUX CHUCTEM, 30KpeMa JUIsl BiIHO-
BJICHHS BiJ] IPOrpaMHUX 3001B Y CEPBEPHUX MpOrpamax.
Touku BifHOBJIEHHS — Lie MICId, SIKI BU3HAUCHI B iCHY-
I090MY KOJi Iporpamu, e oOpoOka NOMHIIKH BHKOHY-
€THCS 1[I0 33J]aHOTO Habopy nependadyeHnx abo BUSB-
JeHUX 3001B.

IcHyto4i MeTOAM TEPEeBipKH AOCTOBIPHOCTI MOXKHA
BHKOPHCTOBYBATH [UII CTBOPEHHS BIIOMHIX XHOHUX BXi-
THUX JaHUX TIPOrpam, o0 BU3HAYUTH NOTEHIIHHI TOY-
KU BiTHOBJICHHS.

[Tpn mepmoMy BUSIBICHHI HECHPaBHOCTI, cuCTEMa
BUKOPHCTOBYE PEILTIKY (CTaH MPOrpaMH y TOYIL BiHO-
BJICHHS) NPOTpaMu, 00 BU3HAYMTH, SKi TOYKH BiIHO-
BJICHHS MOYXHa BUKOPHCTOBYBATH HaiOLIbII e(heKTUBHO
JUISL BITHOBJICHHSI MallOyTHROT'O BUKOHAHHSI IPOTPaMH.

[Ticns Toro, sik cucTeMa MepeBipUTh, YU CTBOPEHO
BUIIPABIICHHS, SIKE€ YCYBa€ HECIPaBHICTh, BOHA JUHaMI-
YHO BHMKOHY€ BiJIHOBICHHS. SIKIIO ITOMMIIKa BUHHKAE
3HOBY, CHCTEMa IIOBEPTAE MPOTrpaMy 10 TOUYKH BiIHOB-
JICHHSI Ta BUKOPHCTOBYE BIaCHWH BOYyIOBaHMI Iporpa-
MHHUH KOJ 0OpOOKH MMOMHJIOK JUIS BiTHOBJICHHS MICIIA
HECIIPaBHOCTI Ta MPaBWJIBHOTO BHUIPABJICHHS BHYTPill-
HBOTO 1 30BHIITHHOTO CTaHY.

Y poGorti nokazaHa eheKTHBHICTh Ha KiJIBKOX cep-
BEpPHUX NporpaMax, BKIIOUal04d BeO cepBep Ta 6asu
JIaHUX.

ExcriepuMeHTanbHI pe3ysibTaTH, K 3 pealbHUMH
HOMMJIKAMH, TaK 1 3 1H'€KIISIMU IITYYHUX TTOMUJIOK I10-
Kaszald, IO 3alpONOHOBAaHMH MEXaHI3M MOXe OyTH
BHKOPHCTAHO JIJIS BiTHOBJICHHS BUKOHAHHS Y OLTBIIOCTI
PO3MIISTHYTHX BHUIAAKIB 3 HEBWIMKUMH OlepaniiHUMHU
BUTpaTaMH. BHKOpHCTaHHS HEONTHMIi30BaHOTO IPOTO-
THITy, SIKAH TIOBHICTIO aBTOMaTU3y€ IPOLEC BiHOBIICH-
HS IPOTPaMHOTo 3a0e3edeHHsl, 3aiiMa€e BChOTO JECATKH
CEeKyH]l, a 3aMOBJICHHsI Ha BIJIHOBJICHHS LIBHJILIE, HIX
NOTOYHE PO3rOPTAaHHsS YCYHEHHS MMOMHIIOK JIIOJIMHOIO.
Kpim Toro, He BUMaraeTbcs HasBHICTh BUXIJTHOTO KOIY
nporpamu. KiHIIeBUM pe3ynsTaToM € aBTOMaTHYHE BiJl-
HOBJICHHSI ITPOTPAMHHX CIykO0 3 HEBIIOMHX 1 Hemepe.-
6aueHnX MporpamMHHX 3001B.

Byno okpecneHo Mexi BipTyaiizauii IOMHIOK 3a
JIOTIOMOT'OI0 TOYOK BiJTHOBJICHHSI, 3aIIPOIIOHYBAHO HOBY
TEXHIKY CaMOBIJTHOBJIEHHSI IIPOTPaMHOTO 3a0e3IeuyeHHs
JUTSL BITHOBJICHHS ITICJISI IOMWJIOK BUKOPUCTAHO IITHOB1
CHCTEMH JUIsl BUSBJIEHHS MOMMJIOK IIPOIPaMHOro 3a0e3-
MIEYCHHS B MpOrpaMax, BUKIMKAaHUX BTPY4YaHHSIM 3 Me-
TOK BUKOPHCTAHHSI BPa3JIMBOCTEH MPOrpaMHoro 3abes-
TeYEeHHsI, 1 OTPUMAaHHs KiHIIEBOTO CTeKa BUKIUKIB. Lle
Y3TOJIKYETHCSl 3 TIOTEHIIIHHUM HA0OPOM TOYOK BiJHOB-
JICHHsI IIUISXOM BIJIKATY Ta MOBTOPEHHS BUKOHAHHS 3
MIOMHUIIKOIO, 100 BH3HAYUTH, SIKy TOYKY BiIHOBJICHHSA
MOJKHa BUKOPHCTOBYBATH ISl BIIIHOBJIGHHS IIiCIIS I10-
MUJIKH.

CucremMa JAMHAMIYHO BHIIPABJIS€ 3aIlylieHy poOo-
4y Iporpamy JO TOYKH CaMONEpPEeBIPKU B TOYIII BiTHOB-
JEHHS Ta, SKIIO BUHUKAE IOMMJIKA, ITOBEPTAETBHCS IO
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TOYKH BiJIHOBJICHHS 1 TIOBEpPTAE BiJIOME 3HAUCHHS, SIKILO Pesynpratn poOOTH MOXYTh HAaOYTH IOLIMPEHHS
BUKOPHCTOBYETBCSL Ul BIJIOBi[I HAa HENPaBWIBHUA  Ta 3aCTOCOBYBATHCH Yy pO3poOmli OLIBIIOCTI Hporpam-
BXiJl, IKHIl BUKOPHUCTOBYETHCS BIACHUMHU BOYZIOBAaHUMHM  HHUX, IHQOpMalilHUX CHCTEM 3 METOI0 aBTOMAaTH3allil
nporpamMaMu y MexaHi3Max oOpOOKM ITOMWJIOK JUISl Bil-  BIIHOBJIGHHS, HaJaro/KSHHS Ta eKcIuTyaTallii Cy4yacHUX
HOBJICHHSI ITiCIISl HECTIPABHOCTI. KOMIT FOTEPHUX Ta XMapHUX CHCTEM.
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Self-healing computer systems
Maksym Volk, Maksym Hora, Vladyslav Labazov, Andriy Mishchenko, Anton Barsukov, Vladyslav Holetz

Abstract. The article deals with the self-healing system of parallel software using journaling of recovery points. Self-
healing is a necessary feature of modern software, which provides the possibility of automatic detection, diagnosis and resto-
ration of system performance. The main stages of recovery are storing the state of programs (journaling) in recovery points,
monitoring the state of programs to detect errors, creating patches, restoring the state of programs to the corresponding recov-
ery point. The structure of the system is proposed in the work, the algorithm of its functioning is described; issues of destina-
tion and virtualization of restore points are discussed; a description of the experimental software system and its application to
recovery of common software systems is given. The results can become widespread and be used in the development of most
software and information systems for the purpose of automating the recovery, debugging and operation of modern computer
and cloud systems.

Keywords: computer system, self-healing, fault, backup, recovery point.
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C. 10. I'apunenxo', B. JI. 3o3ynsa!, B. B. Omenbuenxo?

'HanionanbHuil TexHiYHM yHiIBEpCHTET “XapKiBCHKUIA MONITEXHIYHUHA iHCTUTYT”, XapKiB, Ykpaina
2 XapKiBChbKHI HalliOHAILHUI YHIBEPCUTET palioeeKTPOHIKH, XapKiB, YKkpaina

JOCAILKEHHA METO/IIB MIABAIIEHHS SIKOCTI KJTACH®PIKAIIL
HA HE3BAJTAHCOBAHUX JAHUX

AnoTtanis. IIpexmMeromM IOCTiIKEHHS € METOIHM OAaHCYBaHHS BUXITHUX AaHHX. MeTOI0 CTATTI € MiBUIIEHHS SKOCTI
CHICTEM BHSBIICHHS BTOPTHEHB Y KOMIT FOTEPHI MEPEeXi 3a paXyHOK BUKOPHCTAHHS METOAIB OayaHCYBaHHS KiIaciB. 3aBIaHH:
JOCITITUTH MeToM OalaHCyBaHHS KJIACIB Ta po3poOUTH MeTo] Kinacudikarii Ha He30aIaHCOBAHUX JaHUX JUTA ITiBHIICHHS
piBHS MepexeBoi Oe3nekd. BHKOpPHCTOBYBAaHMMH MeTOJAMM € METOJM IUTYYHOTO IHTEJIEKTY, MAlIMHHOTO HaBYaHHS.
Otpumano Taki pesysasrari: JIOCTiKeHO MeTou OanaHCyBaHHS KiaciB, siki 6asyrorThes Ha TexHosorii Undersampling,
Oversampling ta ix komOGiHarii. s momambmioro mociimkeHHss oOpaHo Ttaki meroau: SMOTEENN, SVMSMOTE,
BorderlineSMOTE, ADASYN, SMOTE, KMeansSMOTE. V¥ sxocti BuximHux nanux Bukopucrado Hadip UNSW-NB 15,
SIKMH MICTUTH iH(pOpMaNil0 PO HOpMalbHEe (YHKIIOHYBaHHS Mepexi Ta IiJ 4Yac BTOPTHEHb. Y SKOCTI 0a3oBOro
Kinacudikaropa BHKOpHcTaHo nepeBo pimenb Ha ocHoBi CART (Classification And Regression Tree) amroputmy. 3a
pe3yabTaTaMy JOCTIKEHb OTpUMaHo, 1o BukopucTanHs merony SMOTEENN Hamae MOXJIHMBICTH MiJBHIIMTH SKICTh
BUSIBJICHHS BTOPTHEHb Y (yHKIIOHyBaHHS Mepexi. BmcHoBkn. HaykoBa HOBH3HA OTpPHMAaHHX pe3YJbTaTiB IMOJATAE Y
KOMILUIEKCHOMY BHKOPHCTaHHI METO/IB OanaHCyBaHHS TaHUX Ta METOAY Kiachdikalii JaHUX Ha OCHOBI JepeBa PillleHb IS
BUSIBIICHHS BTOPTHEHb Y KOMII FOTEpHI MEPEXKi, 0 JO3BOJIIIIO 3MEHIIUTH KUIbKiCTh moMmitok 11 poxy.

Kaw4yoBi cjaoBa: MammHHe HaB4YaHHA, MEPEIKEBa 6631‘[61(3, 6aJ'IchyBaHH${ JaHUuX, CUCTEMU BUABJIICHHS BTOPTHCHD, Un-
dersampling, Oversampling, SMOTEENN, SVMSMOTE, BorderlineSSMOTE, ADASYN, SMOTE, KMeansSMOTE.

Beryn

Cucremu BusiBiieHHs1 BTopraeHb (CBB) € onxuM i3
MEXaHi3MIB aHali3y MOBEIIHKH KOMI'IOTEpHOI Mepexi
Ta IHCTPYMEHTOM MOHITOPHHTY Ta CIIOCTEPEKCHHS ITiJ10-
3pi0i aKTUBHOCTI, aHaJi3y pecypciB Mepexi, imeHTudi-
Kallii aHOMaJBHUX TOMIH Y MEpexi .

OyHKITIOHYBaHHS MEPEXi XapaKTepU3y€ETHCS BEIH-
KHM 00CSITOM TIOKa3HUKIB, 1[0 IPU3BOIUTH IO HASIBHOCTI
TPY/HOIIIB 3 BUOOPOM HaiOIbII iHGOpMATHBHUX MOKa-
3HHKIB Ta pO3POOKH MOJieiell BHUSBIICHHS BTOPTHEHb.

Mogeni  BUSBICHHS BTOPTHEHb, 3a3BU4aii, 0a3y-
I0ThCs Ha mporieci kiacugikamii — rpymnyBaHHIO 00'€KTIB
3a MEeBHUMH O3HaKaMHU Ta BCTAHOBIEHHI iepapXii Mix
HUMU Ha OCHOBI CIIUJIbHUX XapaKTepUCTHK. 3aBAaHHS
knacuikamii Hal9acTiNIe CIUPAaEThCS Ta METOTU Ma-
[IMHHOTO HABYAHHSI 3 yUUTEJIEM, Ta BUKOPHCTOBYE pPO3-
MideHi JaHi s HaBuaHHA. e 03Hagae, M0 AKiCTH MO-
nerni 6arato B YoMy 3alIS)KUTh BiJl BUXITHUX JaHUX, Ha
OCHOBI SIKHX BOHA «HABUYAETHCS», B TOMY YHUCII BiJ 30a-
JIAHCOBAHOCTI NaHuXx [1].

[IpoGnema He30aTaHCOBAHKUX JAHHUX BiTHOCUTHCS JI0
CUTYaIlil, KOJIM KJIaCH B ITUTLOBIA 3MiHHIM HE OJHAKOBO
MpeCTaBIeHl B HAOOpi TaHWX 1 € ONHIEI0 3 HAHUCKIIa IHI-
X MPOOIeM aIrOpUTMiB MAITTHHOTO HaBYAHHS.

Jucbananc mMoxe OyTH BIAaCTHBICTIO HPOOIEMHOL
raiy3i KOJH MPHUCYTHICTh OJHOTO KJIACy MOXKE JIOMiHY-
BaTW HaJ iHIIMMH Kiacamu. lle Moxke OyTH MOB'A3aHO 3
THM, 1110 YaCTO HEMOXKJIMBO 200 BaXKKO IPOCTO 310paty Oi-
JbIIE 3pa3KiB MIHOPUTApHOTO Kiacy, 100 MOKpPaIIUTH
posnozain kiacis. [Ipu npomy, norpidHa Mozens, mod Kia-
cudikysatu nani. [Ipuknagamu obnacreld, siki, 3a3BUYaH,
OMepYIOTh He30aIaHCOBAHMMH KJIACAMH €: BUSIBIICHHSI 1113~
XpalcTBa, crmaMmy, aHOMalliil, BUKW/IIB, BiITOKY KIII€HTIB,
BUSBIICHHS PiIKICHUX 3aXBOPIOBaHb Ta iH. CUTyaIrii 3 He-
30a1aHCOBaHUMH JAHUMH TaKOXK JIOCHTH TIOIIUPEHi B Ki-
OepoOesrerti. Tak, MpW BUSBICHHI MEPEKHUX BTOPTHEHB

KUTBKICTh TOOPOSKICHOTO TpadiKy Ha MOPSAIKH TEPECBH-
HIy€e KibKICTh MIKIAIMBOTO. [HIIMM MpHKIamoM € 6opo-
Th0Aa 3 IHCAHICPCHKUMU 3aTPO3aMH, KOJIU KiJIbKICTh JaHHX
NpO 3BUYAITHY MOBEAIHKY Ha MOPSIOK MEPEBUILYE Killb-
KICTh JIaHHUX PO 3JI0BMUCHY MOBEIHKY.

00’°ckmom docnidrcenns € poiec OalaHCyBaHHS
BUXIJTHUX JTAaHUX 3 METOIO I ABUIICHHS PIBHSI MEPEIKEBOT
oesneku. IIpeomemom docniorcennsn € MeTOIH OAAHCY-
BaHHS (CEMIUTIHTY) BUXITHHUX JTAHUX.

ITocTanoBka nmpodJjieMu
Ta OIS HAYKOBUX MYOTiKaIiii

HeszbamancoBani kimacudikarii CTBOPIOIOTH IIpoO-
OneMu 71 IPOTHO3HOTO MOJICIOBAHHS TOMY, IO OiJTb-
ricTh Kiacu(iKamifHIX aNTOPUTMIB MAaIIMHHOTO HaB-
YaHHs OyJH po3poOJIcHI Ha OCHOBI MPUITYIICHHS TIPO Ki-
JBKICTh TPUKJIAIIB JJISI KOXKHOTO KJIacy, TOOTO BOHU He
BPaxOBYIOTh KJIACOBOTO PO3MOILTY/IPOIopiiii abo Oana-
Hey kiaciB. Lle npu3BoauTh 10 OOYA0BH yIepeKeHUX
MoOJieJiel i3 MOraHOK0 MPOTHOCTHYHOI €(EeKTHBHICTIO,
0CcOo0JIMBO TSI KJTaCy MEHIIOCTi. MoJIe)b TIOBHICTIO iTHO-
pYe€ Kjlac MEHIIOCTI 1 MapKye Bci 00'ekTn kitacugikarii
MIiTKaMH Ma)KOPUTapHOTo Kiacy [2].

Kpim Toro, sik mpaBmIito, Ki1ac MEHIIOCT] Ba)KJIMBI-
IKH, 1 TOMy TIpoGJieMa GBI Yy TIIMBA 10 HTOMHJIIOK KJla-
cudikarii A MEHIIOCTI, HiXk s OinbrrocTi. e mpus-
BOJUTH JI0 Pi3HOT WIHM MOMMJIOK MEPIIOrO Ta APYroro
poxy mpu knacudikanii ganux. OcoOIMBO 1€ aKTyaIbHO
JUISL CUCTEM BHSIBJICHHSI BTOPI'HEHb, SIKi, 3a3BHYaid, Mic-
TATh HEBEJHNKY KUIBKICTh MPUKIAIIB BUSIBICHHS BTOPT-
HEHb 1 JUI SKUX MOMMJIKOBO-HETaTHBHA KJIACH]iKaIis
(momuiika 1l poxy) Moxe Matu datanbhi Hacmiaku [3].

OcHOBHa MeTa BpPIBHOB)XCHHS KJIACIiB TOJISITAE B
TOMY, 1100 30IIBIIMTH YacTOTY KJacy MEHIIOCTi, abo
3MEHIINTH YacTOTy Kiacy Ounbmiocti. Lle podurses s
TOrO, 1100 OTpPUMATH NPHOIN3HO OJHAKOBY KUIBKICTB
MIPUMIPHHKIB 17151 000X KJ1acis.

© Taepuenko C. 0., 3o03yns B. 1., Omensuenko B. B., 2023
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OnuH 13 TMAXOIIB 10 BUPIIICHHS 3a3HAYCHOI MPO-
0JIeMU — 3aCTOCYBaHHS Pi3HUX CTpaTerii OasaHcyBaHHS
KJaciB. BUMIISIOTE HACTYTIHI MiJX0MU OalaHCYBaHHS Ja-
uux: Undersampling, Oversampling Ta ix moeaHaHHs
(Over+Undersampling) [4].

VY Bumagky Undersampling BHAansgioTh YaCTHHY
MIPUKIIA/IiB MaKOPUTAPHOTO Kiacy. Ilpu oMy 30epira-
FOTHCS TIPOTIOPIIiT MIXK KJTacaMH, aje 3MEHITYEThCS Killb-
KiCTB 3pa3KiB y KJIaci, SKUi Ma€e OLIBIIICTD EK3EMIUIAPIB.
Buxopucrosytots Taki Mmeroau Undersampling: Random
undersampling, Condensed nearest neighbors (CNN) un-
dersampling, Tomek Links method, Edited nearest
neighbors (ENN),One-sided selection (OSS, combines
Tomeks Links and CNN), Neighborhood cleaning rule
(NCR, combines CNN and ENN) [5,6]

Random undersampling ne TexHixa, sika OanaHcye
JIaHi [JIIXOM BHIIAJKOBOTO BUIAJICHHS BUOIPOK i3 OCHO-
BHOTO Kiacy. HemomikoMm gaHOTO METOIY € MOXKIIHMBICTD
BTpaTH BaXKJIHMBOI iH(pOpMaIii B Iporieci BUJaleHHS BH-
OipoK.

Metomu Condensed nearest neighbors (CNN) Ta
Edited nearest neighbors (ENN) 3acHoBaHi Ha anropurmi
HaWOJIMKIOTO Cyciza, SIKHi BUKOPUCTOBYE BIICTAHb MiXK
TOYKAMH ISl BH3HAYEHHS TOTrO, SIKi O0'€KTH MOBHUHHI
O0ytu Bupaneni. Anropurm CNN irepauiiHO 1o7ae 1o
HOBOTO Ha0Opy MaHHWX Ti 00'€KTH, SKi € HAWOIMKIUMHU
cycimamu 10 00’ekTy iHmoro kiacy. ENN mpairtoe, Bu-
JaJISIFOYM 3 HaOopy JaHuX Oynb-sIKi 3pa3ku, sKi He y3ro-
JUKYIOTBCA 3 IXHIMHU HaiOmmxanmu cycizamu. e mpo-
IIeC IONIOMArae yCyHyTH LIyM 1 IIOKPAIIUTH SKICTh JTaHUX
[UITXOM BHIANICHHS OyAb-SKAX BUKUIIB a00 HENpaBU-
JHHO TO3HadeHnX 3pas3kiB. ENN yacTo BHUKOpHCTOBY-
€TBCSl B TO€HAHHI 3 IHIIMMHM METOJaMH IONEPEeaHBOT
00poOKHM NaHUX JUTS TOKPAIIEHHS 3arajibHOT MPOyKTHB-
HOCTi aJrOpuTMiB MalIMHHOTO HaBuaHHs [7]. OcHOBHA
BiagmiaHicTh Mk CNN 1 ENN nosisirae B Tomy, o CNN
MPALIOE IUITXOM KOHJICHCAIIT KjIacy OiIbIIOCTI B penpe-
3€HTATHBHY IIIMHOXHUHY AaHHX, Toli sk ENN Bunanse
MIPUKIIAAHN 3 KIacy OUIBIIOCTI, SIKi 3HAXOAATHCSI TOOJIU3Y
Mexi npuitHaTTA pimenHs. llle oxHa BiAMIHHICTD mOJIS-
rae B ToMmy, mo CNN aHami3ye maHi OQUH pa3, TOMII 5K
ENN BHKOPHCTOBYE KiJIbKa IPOXO/IIB.

T'oOBHUM HEMONIKOM IHX aNTOPUTMIB, K 1 OLTB-
IIOCTi METO/IiB OaJaHCyBaHHS, € MOXKJIMBICTh HAIMIPHOT
iATOHKY HABYAJIbHUX IAHUX, IO TPU3BOIUTH IO IIepe-
HaBYaHHS MOJEI

Tomek Links (TL) method 6a3yeTbcst Ha moryky
nap eK3eMIUIPiB MPOTHIICKHHUX KIIaciB, SIKIi € CBOIMH
HaWOIMXIUMH cycigamu Ta Buaamse ix. Ile He Tinmbku BH-
piBHIOE OanaHC maHUX, a il poOUTH MeXi Ki1aciB OUIBII
YITKUMH 1 BUPKEHUMH, IO MiABHUILYE SIKICTh Ki1acudi-
Karii. Meton 3B’s13kiB ToMeKa Tako>k BUKOPHCTOBY€EThCS
JUISL BUJAJICHHSI TOYOK JIaHUX 13 IITyMOM.

One-sided selection (OSS) noeanye merox CNN Ta
Mmeron Tomeka. Ha nepioMy xpotii 3acTOCOBY€ThCS Ipa-
Buito Condensed nearest neighbors, a Ha qpyromy Buna-
JISIFOTHCST BCI MaXKOPUTAPHI CIIOCTEPEXXEHHs, IKi OepyTh
y4acTtb y 3B'a3kax Tomeka. TakuM 4MHOM, BUAATSIOTHCS
BEJIHKI 3TYCTKH Ma)KOPUTAPHUX CIIOCTEPEKEHb, a MOTIM
00J1aCTh TIPOCTOPY 31 CKYMYEHHSIM MIHOPUTAPHHUX OYH-
IAEThCS Bill Ma)KOPUTAPHUX, SKI CTBOPIOIOTH €QPEKT
IIyMy Ha MeaXx KJIACiB i 3aBaXKalOTh iX pO3Mi3HABAHHIO.

Neighborhood cleaning rule (NCR) knacudikye yci
CIIOCTEPE)KEHHS 3a IPaBUIOM TPHOX HAWOJIKYMX CyCi-
niB (3-NN). IToTiM BUAANSIOTHCS TaKi MPUKIAIH MaXO-
PHUTApHOTO KJIacy, sIKi IPaBUIIBHO PO3Mi3HaHi abo € cyci-
JlaMU MIHOPUTapHUX NPHUKIIAAiB a00 OyiM HENpaBHILHO
knacudikosani. [lepeBara maHoro maxomy B TOMY, IO
30UTBIICHHS 00JIACTi CYCiICTBA A€ 3MOTY Kpalle «O4Yu-
IaTi» IdaHi Bif] OIyMiB.

VY Bunagky Oversampling 36iIbIIyroTh YKCIIO €K-
3eMIUIAPIB MiHOpUTapHOTO Kiacy. Haitbinpm mommpe-
HUMH € Taki metonu: Random Oversampling, anroputm
SMOTE, ASMO, ADASYNI8].

Anroputm Random Oversampling 6anancye nani
3a paXyHOK QyOJIFOBaHHS JaHWUX MIHOPUTapHOIO KJacy.
Ie poOUTH pO3MOIIN KIIACIB OUTBIN 30aTAHCOBAHKM, aJic
BCe HE BiJoOpakae pO3MOIiI KIIaciB y peaJbHOMY CBITI.
Ile MOKe HEraTUBHO BIUIMHYTH Ha SKICTh IPOTHO3IB MO-
Jieri, 0coOIUBO TS piAKicCHHX ab0 BaxknuBuX moii [9].

B ocHogi anroputmy SMOTE nexwurts imes renepa-
il IesKoi KiTBKOCTI IITYYHUX CIIOCTEPEIKEHb, AKi OyiH
0 CXOXi Ha CIOCTEpEeKEHHS, IO € B MiHOPUTAPHOMY
KJIaci, aje IpH oMy He myOumoBany ix. st CTBOpEHHS
HOBHUX CIIOCTEpE)XEHb BHOMPAIOTh 00 €KT MIiHOpHUTAp-
HOTO KJ1acy b Ta BUKOPHCTOBYIOUH METO] HAWOIHKIOTO
cycima 3HaxomaTh K fioro Habmmkuux cyciais a. Hamami
anroput™ (GopMye HOBI CIIOCTEPEIKCHHSI, BUOUPAIOYH BU-
MaIKOBO MicCIle Ha MPSIMUM MiXk 00'ekTOM b Ta KOXHHM
i3 Oro CyciiB a. 3aBASKU TAKOMY X0y IITYYHI CIIO-
CTEpEXEHHS 3aBXK 1 (OPMYBaTUMYTHCS OOIH3Y iCHYTO-
gnx 00'eKTiB, aye He OymyTh 30iratucs 3 HUMHU. AJTO-
putm SMOTE no3Bossie 3amaBati KiJIbKICTh CIIOCTEpe-
KEHb, Ky HEOOX1/IHO IITY4HO 3reHepyBatH. [Ipu npomy
CTYMiHb MOIOHOCTI NPUKIIAAIB & 1 b MOXHa peryioBaTu
[UISIXOM 3MiHH 4rciia K #oro HaltbnmKkIux CyciaiB: 4um
mente K, Tum Buiie Oyne crynins nomioHocTti. Hemomi-
KOM I[bOT0 MiIXOAY € T€, [0 AJITOPUTM IIPOCTO 301IBIITYE
HIUTBHICT  CIIOCTEPEXKEHb Yy 00NacTAX CKyMUeHHs
00’exTiB. Y BUNAAKY, KOJIU MPUKIATH MIHOPUTAPHOTO
KJIacy pO3TalllOBaHi piBHOMIPHO, 1€ TIPU3BOAMTD JIO Te-
peMillyBaHHS KIaciB, W0 YCKIAIHIOE Kiacu(ikalliro
[10-12].

Anroputvm ASMO (Adaptive Synthetic Minority
Oversampling) € momudikamiero anmropurmy SMOTE i
HaJIa€ MOXKJIMBICTh T€HEPYBATH JJaHi y BCiX 00JIACTSX He-
3aJICKHO BiJ] CKYITYEHOCTI 00’ €KTIB.

[1e oganm HepomikoMm anroputMy SMOTE e Te, o
BiH 7151 KOXKHOTO IIPHUKJIQAY MiHOPUTApHOTO KJIACy CTBO-
PIOE OJHY 1 Ty X KUIBKICTh IITyYHHUX NMpHKIaAiB. Lle He
30BCIM ONTHMAJIbHO, OCKUTLKH HE BCi MPUKIIATN OJHA-
KOBO TipocTi B HaB4aHHI. ADASYN € ananTuBHAM ajro-
PHUTMOM, SIKMIi CTBOPIOE CHHTETHUYHI 3pa3KH /I KIJIAciB,
SIKI MalOTh HEJIOCTaTHBO MPEACTaBHUIIBKHUX 3pa3KiB y Ha-
BUAIFHUX JMaHuX. Sk HacHimok, migxin ADASYN mokpa-
[Iy€ HaBYaHHS IIOJI0 PO3IOALTY JaHWX ABOMAa CIIOCO-
6amMu: 3MEHIIYIOUHN 3MILIIEHHs, BUKJIMKaHEe TUcOalaHCOM
KJIACiB, i aJalTUBHO 3MIMIYIOYH MEXKY KIIaCHU]iKaIiHHIX
pileHs y OiK CKJIQJHUX TPHUKJIIAIB.

Aunropurm Borderline SMOTE (Synthetic Minority
Oversampling Technique) € takox Moauikariero anro-
putmy SMOTE. Bin ¢okycyerbes camMe Ha MpUKIIaIax
KJIaCy MEHIIIOCTI, SIKi pO3TalloBaHi Ha JIiHII pO3MEXy-
BaHHA KJaciB. JIJIS TakWX MPHKIAIIB JOTIYHO TEHEPY-
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BaTH OUIbIE HITyYHHX CHOCTEPEXKEHb, 1100 3poOHTH
MexXy kiacy Ourbir witkoro. BorderlineSMOTE renepye
CUHTETHUYHI MPHUKJIAIH JUISl IUX TPAaHUYHUX BHIAJIKIB 3a-
MICTh Ha/IMIpHOI BUOIpKH BCiX BUOIPOK Kilacy MEHILIUH,
TUM CaMUM TIOKpPaIlyloyd NPOAYKTHBHICTb Yy3araib-
HeHHs Knacugikaropa [13-14].

Anroputm KMeansSMOTE cnpsimoBanmii Ha 3Me-
HIIEHHS IIYMOBUX CHHTETHYHHX TOYOK, SIKI TCHEPYIOTh
iHmi Metroan 6anmancyBaHHA. CHoOYaTKy JaHi KIacTepu-
3yIOTBCSI Ta BH3HAYAIOTHCS KJIACTEPU 3 BHCOKOIO JaCT-
KOIO OLTbIIe I’ ITAECATH BiICOTKIB 200 BU3HAYCHY KOpPHU-
cTyBauem) BUOipok MiHOpUTapHOTo Kiacy. [lotim 110 Ko-
YKHOTO 13 00paHuX KJIaCTEPiB 3aCTOCOBYETHCS ANTOPUTM
SMOTE Ta renepyroThest HOBI 00’ €kTH. KimbKiCTh IHX
3reHepOBaHUX OalliB 3aJIEKUTH BiJl PO3PIIKEHOCTI KIIacy
MEHIIOCTI B KJIaCTepi; YNM OiIblIe pO3PiIKEHICTh, TUM
OisIblIIe HOBUX 00 €KTIB.

Anroputm SVMSMOTE ¢okycyeTscsi Takox Ha
30UTBbIICHHI 00’€KTIB MIHOPHTapHOTO KIIAaCy B3JIOBX
MEX1 pO3MeXXyBaHHS KiIaciB. BiH KoHTpacTye 3 MeTonoM
K-Means, sxuif Mu 0aumiy paHilie, aje y3roIKy€eThCs 3
BapianTtom Borderline). [Ipu ibomy, 1 KO’KHOTO 3 OTIO-
PHHX BEKTOPIB MM 3HaX0JIUMO ioro K-HallOnmx4mx cy-
CiliB 1 CTBOPIOEMO BUOIPKM B3/IOBXK JiHIi, 110 3’€IHYE
OIOPHMI BEKTOp 1 HAWOMMKYMX CYCi/iB, BAKOPHUCTOBY-
oYM abo IHTepHoJIilii, ado eKcTpamoiisimio. ko
MCHIIIC TOJIOBHHA HAWOJIMKYUX CYCITIB HAJICKATh 10
KJIacy OUIBIIOCTI, MA BHKOHYEMO eKcTpamoiisiito. lle
JoTrIoMarae po3IMUPUTH TEPUTOPII0 KIaCy MEHIIOCTI 10
Tepuropii OipmocTi. KMo Hi, BHKOHYEMO iHTEPITOIS-
uito. [nest monsirae B ToMy, IO OCKIJIBKU OLTBIIICTE CyCi-
JIiB HAJIEXKATh JI0 KJIacy OUTBIIOCTi, MH HATOMICTh KOHCO-
JAYEMO TIOTOYHY TEPUTOPIIO KIIACy MEHIIOCTI.

SMOTEENN - e anroputm, sIKuii moegHy€e B 001
anroputmu SMOTE (Synthetic Minority Oversampling
Technique) i Edited Nearest Neighbor (ENN) a1 rene-
patii eK3eMIUISIpiB MIHOPUTAPHOTO KJIacy, a MOTIiM IJIs
BUJIQJICHHS 3aIIyMJICHUX JIAHHX.

[Mpouiec anroputmy SMOTEENN moxHa onu-
caTyu Tak:

1. BuOpatu BUIAIKOBHUM YHHOM O0’€KT Xj HaHHX
i3 KJIacy MEHIIIOCTI.

2. OGuuciutu Biactanb i Mixk 00’€KTOM Xj Ta
fioro k HAOMIKYNMHE CYCiIaMH.

3. IloMHOXHUTH OTpUMaHE 3HAYCHHS BiJCTaHI Ha
Bunajakose ynucio o€ [0-1] Ta orpumaTH KOOpaMHATH
HOBOTrO 00’ekTy. /lomati 00’€KT 1O Kjlacy MEHIIOCTI SIK
CHUHTETUYHO-3r€HEPOBAHUN EK3EMILISIP JAaHHX.

4. Tlotopu kpoku 1-3, noku HE Oyae HOCATHYTO
OaxaHOT MPOTOPIIIT KJTacy MEHIIIOCTI.

5. Jlis BuAajJeHHs 3allyMJICHHX [@HWUX, BCTAHO-
BUTH miapamerp K — KimbKicTh HaftGImKk4uux cycimis (3a
3amMoBueHHsM K =3).

6. [lns KO)KHOrO 00’ €KTY JaHUX Xj, 3HAWTH K -Haii-
OIMDKYMX CYCIIIB cepe| IHIINX CHOCTEepekXeHb y Habopi
JaHUX.

7. BusHauwTH KJIAC OUIBIIOCTI A 3HAWJICHHX CY-
cimiB m.

8. Slkuio kiac CriocTepeKeHHs Xj Ta Kiac OiIbLIo-
CTi M 3HAlJAEHHWX CYCiMiB CIOCTEPEIKEHHS BiApi3HA-
FOTBCSI, TO CIIOCTEPEIKCHHS Xj Ta Horo K -HalOImKIuX Cy-
CiZliB BUTAAIOTHCS 3 HAOOpY JTaHUX.

9. IloBropuTH Kpoku 6-8 1oku He OyIe TOCATHYTO
6axaHOi MPONOPLIT KOXKHOTO KIIacy.

[epeBaroto 1aHOTO AITOPUTMY € MOXKIIMBICTH 30a-
JaHCYBaTH PO3MOALT KJAciB, OJHOYACHO 3MEHIIYIOYH
PH3HK NepeHaBYaHHS.

3a pe3ynpTaTaMy aHaNi3y METOHIB OaTaHCyBaHHS
KJIaCiB I IOJAIBIIOTO TOCTIKSHHS BUOPAHO TaKi Me-
toan: SMOTEENN, SVMSMOTE, BorderlineSMOTE,
ADASYN, SMOTE, KMeansSMOTE.

JocaigkeHns MeToiB 0alaHCyBaHHS KJaciB

VY wi#t po6oTi s AOCTIIKEHHSI BUKOPUCTaHO HaOip
maanx UNSW-NB 15 | skuit OyB cTBOpeHHI iHCTpYMEH-
toMm IXIA PerfectStorm y naboparopii Cyber Range Agc-
Tpanificekoro neHTpy kibepoesmexu (ACCS) Ta MICTHTH
iH(popMarIito Ipo HopMabHE (PYHKIIOHYBaHHI MEPEXKi Ta
M 9ac CHHTETHYHUX BTOprHeHb. s 3axoruerHs 100
I'b meoOpobeHoro Tpadiky (Hampukian, Pcap ¢aiinis).
BHKOPUCTOBY€EThCS iHCTpyMeHT Tepdump [15].

MoaudikoBanuii HaOip qaHUX MicTUTh 39 aTpHUOY-
TiB, sIKI BKJIFOUAIOTh MOTIK MIXK XOCTaMH 1 IEPEBipKy Me-
PEXEeBHX IAKETIB JIsl PO3PI3HEHHS HAasBHOCTI abo BiJCY-
THOCTI JeB’siTM THUMmB atak: Fuzzers, Analysis,
Backdoors, DoS, Exploits, Generic, Reconnaissance,
Shellcode and Worms. KinbkicTh 3amuciB y HaBYaib-
HOMY HaOopi ckianae 175 341 3ammc, a B TeCTOBOMY Ha-
60pi — 82 332 3amwcyu pi3HUX THUIIIB, aTaKHA Ta HOPMaJb-
Horo pexumy [15].

Jus nocmimkeHHS S(PEKTHBHOCTI BHUKOPHCTAHHS
o0paHMX MeToxiB OaraHCYBaHHS KJIAcCiB, Y CEPeIOBHIII
Collab Python pospo6iieno ix mporpamui Mozeti.

JI1st OLIHKM SIKOCT1 MOJIENI 0 Ta IiC/IsT BUKOHAHHS
OayaHCyBaHHS KJIaciB BHKOPHUCTAHO MOZENb JIEpPeB pi-
mens Ha ocHoBi CART (Classification And Regression
Tree) anroputmy. JlepeBo pilieHsb — e METO IPEACTaB-
JICHHS1 BUPIIIANBEHUX TIPABHWII Y BU3HAUCHIH iepapXii, 1o
BKJIFOUa€ B cebe eleMeHTH ABOX THIIB. By3nu (node) i
muctst (leaf). Bysnu micTsith B 00l BUpilIaibHi paBuia
1 BUKOHYIOTb TIEPEBipKY IMPUKIA B BIATIOBIIHO 0 00pa-
Horo atpubyty. Bubip atpubyra BinOyBaeThCs Ha Tijc-
TaBi kputepito JHKuHI:

c
1= p@-py),

k=1

e Pk — Iie YacTKa 3pa3KiB, [0 HAISKUTH 10 kiacy C ais
KOHKPETHOI'O By3JIa.

OCHOBHUI1 PUHIKI METOMY MOJATa€e B MOCIHIJIOB-
HOMY, PEKypCHBHOMY pO30HTTi HABYAJILHOI MHOKUHH Ha
IiIMHOKMHH 13 3aCTOCYBAaHHSM BHPILIATBHUX NPABHI Y
By3nax. [ omiHKM sikocTi Mojieni OyJi0 BUKOPHCTAHO
Taki XapakTEPUCTHKH sIKOCTI Mojeni: ToYHICTH
(Accuracy), Biiyunicts (Precision), mosnota (Recall) Ta
mipa F1 (F1score) [16].

BiyuHicTh 1 OBHOTa XapaKTepH3ylOTh Pi3HI CTO-
poHH SIKOCTI KiacudikaTopa:

- TP TP
Precision =———, Recall = ———,
TP +FP TP +FN
ne TP — KiNbKiCTh BipHO KiIacH()iKOBAHUX TO3UTHBHHUX
mogiii, FP (mommika | pony, false alarm) — kinbkicts He-
BipHO KiacH(iKOBaHMX TMMO3MTUBHUX TOAiH, FN
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(mommsika |l pomy, miss target) — kinbKicTh HEBIpHO Kiia-
CcU(IKOBAaHUX HETaTUBHHX MOJIH.

UuMm BuIE BIy4YHICTh, THM MEHIIE ITOMHIKOBUX
cnpauboByBaHb (momwika | poay). Yum BuIlle MOBHOTA,
THUM MEHIIIC MOMHIJIKOBHX MpomyckiB (mommika |l pomay).
[ToBHOTA NEMOHCTPY€E 3[aTHICTh AITOPUTMY BHUSIBIISITH
KJIac B3araii, a BIydHICTh — 34aTHICTH BiIpi3HATH Iei
KJIacC BiJI IHIIMX KJIACIB.

Accuracy, Ha Bimminy Bix Precision i Recall, 3ase-
JKUTD BiJ] CIIIBBITHOIIEHHS KJIACIB 1 TOMY PiIKO 3aCTOCO-
BYETHCS 32 YMOBH He30aTaHCOBaHUX BHOIPOK.

Mipa F1 — noeanye Precision i Recall B arperosa-
HUH KpUTEPiH SKOCTI 1 € iX cepelHiM TrapMOHIHHUM

OCKIJIbKY HAalllUM 3aBJaHHSIM € BUSIBJICHHS yCiX TO-
3UTHBHUX NPUKIAAIB (IPUKIAAIB BTOPTHEHHS B CHC-
TeMy), To (hopMabHa MOCTAHOBKA JIOCHIPKEHHS 11e€ MaK-
cuMi3arisi xapakTepucTuk sikocti mozerni: Recall Ta F;
score.

3a pesynpTaTaMu JOCIHIIKEHHS OyIlo TpoaHaiizo-
BaHO MTOKAa3HUKH SKOCTi MOJISNI Ha OCHOBI IepEB pillleHb
TIIBKH UL KJIACY IIKIUIMBOTO TPOTpaMHOTO 3abesre-
YeHHs, sKe MoJeloe Thmu atak: Fuzzers, Analysis,
Backdoors, DoS, Exploits, Generic, Reconnaissance,
Shellcode and Worms.

OtpuMaHO cepeiHE 3HAYCHHS TOKa3HUKIB SIKOCTI:
Recall Ta F1score 3a yMOBH BUKOPUCTAaHHS Pi3HUX METO-
JiB OanmaHCyBaHHs KiaciB. Pe3ynbraTl IOCHIIKCHb Ha-

2 TP . .
F = 1 1 - BesieHo Ha puc.1-2. Sk BuaHoO i3 pesynbratie Recall ta
- TP+05(FP+FN)  F, score na ne 36anancoBanux 1aHmx € HU3HKOIO i 10pi-
Precision  Recall BHIO€ mpubm3Ho 61%.
Dependence of the number of recall on the method
0.8 0.798 0.783
0.698
0.6 0.605
E
v
Lo4
0.2
0.0 . .
SMOTEENN SVMSMOTE BorderlineSMOTE ADASYN SMOTE KMeansSMOTE  Disbalanced data
resampling_algorithm
Puc. 1. 3anexxHicTh HOBHOTH Kiacudikallii Bif MeToay OanaHCyBaHHS KJIaciB
Dependence of the number of fl-score on the method
0.833
0.8 0.792 0.775 0.771
0.666
0.6
p
[=]
7
= 0.4
0.2
SMOTEENN SVMSMOTE BorderlineSMOTE ADASYN SMOTE KMeansSMOTE  Disbalanced data
resampling_algorithm

Puc. 2. 3anexnicts mipu F1 knacudikauii Big MeToy OanaHCyBaHHs Ki1aciB

VY BcixX BHIIaJIKaX 3aCTOCYBaHHS METOIB OajaHCy-
BaHHS JTO3BOJIIJIO OTPHMATH OLTBII BHCOKY SIKICTh KJIa-
cudikanii, Hik Ha He30araHCOBaHUX naHUX. Haifkparri
pesyabratu orpumano st Mmetory SMOTEENN. Buxko-
pHUCTaHHS FOTO METOAY Ha €Talli TIONePeTHF0T 00POOKU
JTAaHUX JUTs1 OaTaHCYBaHHS KIIACiB JO3BOJIMIO MMOKPAIIUTH
sikicTh Ha 30 % mpu BUPINICHH] 3aBAaHHA ideHTH(IKAIT
BTOPTHEHb B (D)YHKI[IOHYBaHHSI KOMIT FOTEPHUX MEPEX .

BucHoBku

Takum 4MHOM, y JaHiil CTATTi BUPILIEHO 3aBJaHHS
IIBUILCHHS. PIBHS MepexeBoi Oe3lekn 3a paxyHOK

OayaHCyBaHHS BXiJHHMX JAHUX MOJIEJI BUSIBICHHS BTOD-
THEHb.

HaykoBa HOBHM3HA OTpUMaHUX Y JaHill CTarTi pe-
3yJIBTATIB TOJIATAE Y KOMIUIEKCHOMY BHKOPUCTaHHI Me-
tony 6anancyBanns naHux SMOTEENN Tta metony xia-
cudikarii TaHUX HA OCHOBI JIepeB PillleHb 3 METOIO ITiJ-
BHUILIEHHS SIKOCTI BHSIBIICHHS BTOPI'HEHb Y KOMIT FOTEpHI
MEPEeXKi, 110 JO3BOJIMIIO 3MEHIIIUTH KIJIbKICTh TOMHUIIOK 11
pony.

JocnimkeHo Metoan OanaHCyBaHHsI KJIaciB, sKi Oa-
3ytoTbest Ha TexHostorii Undersampling, Oversampling ta
X KOMOIHALIIH.
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Jlyis moJaneIioro TOCIHIIKCHHS O0OpaHO Taki Me-
toau: SMOTEENN, SVMSMOTE, BorderlineSMOTE,
ADASYN, SMOTE, KMeans-SMOTE.

VY sKoCTi BUXIAHUX JaHUX BHKOPHCTaHO HaOIip
UNSW-NB 15, sxuii mictuTh iHdpopManito nmpo HopMa-
TpHE GYHKIIOHYBAaHHS KOMIT IOTEPHOI MEpEeXKi Ta I 9ac
BTOPTHEHb.

Habip narmux MmicTuTh iH(QOpPMAIIIO PO MOTIK MiX
XOCTaMH 1 TEepeBipKy MEpeKeBUX MAKETiB Ui Po3pis-
HEHHS HasBHOCTI a00 BIACYTHOCTI NIeB’SITH THUIIB aTak:
Fuzzers, Analysis, Backdoors, DoS, Exploits, Generic,
Reconnaissance, Shellcode and Worms.

VY skocti 6a30Boi Moneni kiacugikaii JaHUX BU-
KOPHCTAHO JIEPEBO pimieHb. Po3pobiieHo mporpamHe 3a-
6esneueHHst MoBoro Python y cepenosuui Collab.

Pesynprati  MOCHIIKEHh METOMIB OalaHCYBaHHS
KJIaciB TMOKa3aJid, M0 HAWOUIBII SKICHUM € BUKOPHC-
tauas MetoaiB SMOTEENN, SVMSMOTE.

3a pe3ynpTaTaMu AOCIiIKEHh OTPHUMAHO, II0 KOM-
[UIEKCHE BHKOPHCTAHHS METOAy OalaHCyBaHHS JaHUX
SMOTEENN ta merony knacudikarii JaHUX Ha OCHOBI
JiepeB pillleHb Ha/la€ MOXKINBICTh miaBHOMTH HA 30% Ki-
JBKICTh BUSBICHUX BTOPTHEHb Y (DYHKIIOHYBaHHS Me-
pexi.
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Research of methods for improving the quality of classification on imbalanced data
Svitlana Gavrylenko, Vladislav Zozulia, Viktoriia Omelchenko

Abstract. The subject of the study is methods of balancing raw data. The purpose of the article is to improve the quality
of intrusion detection in computer networks by using class balancing methods. Task: to investigate methods of balancing classes
and to develop a classification method on imbalanced data to increase the level of network security. The methods used are: methods
of artificial intelligence, machine learning. The following results were obtained: Class balancing methods based on Undersampling,
Oversampling and their combinations were studied. The following methods were chosen for further research: SMOTEENN,
SVMSMOTE, BorderlineSMOTE, ADASYN, SMOTE, KMeansSMOTE. The UNSW-NB 15 set was used as the source data,
which contains information about the normal functioning of the network and during intrusions. A decision tree based on the CART
(Classification And Regression Tree) algorithm was used as the basic classifier. According to the research results, it was found that
the use of the SMOTEENN method provides an opportunity to improve the quality of detection of intrusions in the functioning of
the network. Conclusions. The scientific novelty of the obtained results lies in the complex use of data balancing methods and the
method of data classification based on decision trees to detect intrusions into computer networks, which made it possible to reduce
the number of Type Il errors.

Keywords: classification, imbalanced data, data balancing, Undersampling, Oversampling, SMOTEENN, SVMSMOTE,
BorderlineSMOTE, ADASYN, SMOTE, KMeansSMOTE.
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HIABUIIEHHSA EHEPI'O3BEPEKEHHSA BE3/IPOTOBUX CEHCOPHUX MEPEXK

3 BUKOPUCTAHHAM METOAIB MAIIIMHHOT'O HABYAHHSA

AHoTaunis. AKkryanabHicTb. be3npoTosi ceHcopHi Mepexi (BCM) € mepcrneKTUBHOIO Taly33i0 PO3BUTKY KOMIT FOTEPHHUX
mepex. Kirouosa inest BCM — aBromaTu3atiis 360py iH(opMallii Ipo HaBKOJIHUILIHE CEPEIOBHUILE Ta KEPOBAHUX 00'€KTaxX.
BCM o0co611B0 KOpUCHI TaM, Jie TPUCYTHICTb JIIOAUHU B KOHTPOJIbOBaHil 30H1 HEMOXKJIMBaA a00 30upaHHA iHopMarii Heob-
xizHO mpoBoauTH TpuBanuii yac. BCM oTpumany HIMpPOKe MOMIUPEHHS MIiCAS aKTUBHOTO PO3BUTKY Cy4acHOI MiKpOENIeK-
TPOHIKH, TEXHOJIOT1H 6e31p0TOBOI B3a€EMOIii Ta BIATIOBIIHOTO alapaTHOro 3ade3neueHHs. MeToro 1aHoi podoTH € po3podka
aHaJI3 aJrOpUTMIB IiJABUIIECHHS €HEpro30epekeHHs B OE3ApOTOBUX CEHCOPHHX MEpekaX 3 BUKOPHCTaHHSAM METOJIB Ma-
IIMHHOTO HaB4aHHA. 06’ €KTOM 10CTiTKEeHHS € TPHBAIICTH (QYHKIIOHYBaHHS By3i1a B 0€31pOTOBIH ceHcopHii Mepexki. Ipe-
JAMETOM JTOCJTiTZKeHHsI € aJTTOPUTMH ITiABUIIICHHS eHepro30epekeHHs. Pe3yabpTaTi. 3anporoHOBaHO aJanTHBHAUN €Hepros-
Oepiralounii aNropuT™ Irepenadi JaHuX, KU MOXKe 3aCTOCOBYBAaTHCS B GE3IpOTOBUX CEHCOPHUX Mepexkax, e HeoOXiJHO
NIpUiMaTh pilIeHHs PO CTaH CEHCOPHOI Mepeki (3aBnaHHs Kiacu(ikamii) Ha OCHOBI Oe3iidi mokasaHp i3 ceHcopiB. s
(YHKIIOHYBaHHS aNrOpUTMY HEOOXiTHO HABYMTHU JIEPEBO PIlLICHb T4 OTPUMATH MPEIUKATH I ceHCopiB. BucHoBoOK. Po3-
pobiieHo anroputMu pobotu ceHcopa BCM Ta moOynoBu OiHapHOTO aepeBa PillieHb, SIKI MOKYTh OyTH BHKOPHCTaHI AJIS
TiABUIIEHHS eHepro30epekeHHs QyHKIIOHYBaHHS BYy3JIiB B 0€3IPOTOBIX CEHCOPHHUX Mepexkax. Po3risHyTo MeToiu MalH-
HOTO HaBYaHHS. BOHM J03BOJIAIOTH ONEPYBATH 3 OE3IIYYI0 CTPYKTYPOBAHHMX JIAHHX, OTPUMYIOUH 3 HUX 3HAHHS B BUIJIALI
MOJIei, Ky MO’KHAa BHKOPHCTOBYBAaTH B MailOyTHBOMY JUISl yXBaJIeHHs pimeHHs. [l pearizamil 3alporOHOBAHOTO AJIro-
pUTMy 00paHO METOJ JiepeBa pimieHb. Bubip mos's3aHuid 3 THM, 10 JaHUH METOJ Ma€ BUCOKY IHTEPIIPETALlI0 Ta CXOXKHH 13
MIPOLIECOM NPHUHATTS PillleHHs orepaTopoM. KpiM 11b0r0, fepeBa pillleHb T03BOJSIOThH IPOBOIUTH KiacHpikaliito 3 mpory-
CKaMH y BXiJJHUX JTaHHX, [0 MOXKE JOCHTh YacTO BiIOYBATHCS y CEHCOPHUX Mepexax. [ pyHTYIOUHCh Ha iJeMIOTEHTHOCTI
MIPEINKATIB IepeBa pillleHb, IPOTIOHYETHCS CKOPOTUTH KIJIBKICTh CEaHCIB 3B'A3KY 32 paXyHOK AWHAMIYHOTO BU3HAUCHHS Ya-
cToTH iepenadi. TakuMm 4rHOM, el MiAX1 JO3BOIUTH MO30YTHCS MOCTIHHOT Tepeaadi AaHuX 6e3ApOTOBHM KaHAJIOM 3B'S3KY,
THM caMUM Oy/ie 36KOHOMJIEHO CHEPTrOpPECypPCH BY3JIiB MEPEKi.

KnwuoBi ciioBa: eHeprosdepexerss, 6e3poToBa CCHCOPHA Meperka, By30J1, MAIlIMHHE HABYAHHS, ICPEBO PillICHb, Kila-

cudikamis.

Beryn

Crpykrypa BCM wacto 3ajiexuth Bij ii HiTbOBOTO
MIPU3HAYCHHS Ta HABKOJMIIHLOTO CEpelloBHUINa iH(pa-
cTpykTypu. Y KiacuuHomy Bapianti BCM e 6e3miu
B3a€MOIIOB'SI3aHIX MO OE3APOTOBIHM Mepeki By3iiB (CeH-
COpiB), PO3TAIIOBAaHMX Ha MEBHIM TEPUTOPIi Ta BUKOHY-
109HX 30ip XapaKTepHCTHK JOBKULIA. SIK IpaBHIIO, By30I1
Mepexi — Ime MamorabapuTHUH TNPHUCTPiA, O CKIaxy
SIKOTO BXOJISTH TATIUK, OJTOK 00pOOKH TaHHUX (MiKpOTIPO-
[eCcop i 30BHINIHA MaM'sTh), MPUMaY i aBTOHOMHE JKe-
peno xuBieHHsi. CEHCOp PeecTpye 3MiHM KOHKPETHHX
rapameTpiB JOBKIJUIS (OCBITIIEHHs, TeMIlepaTypa, BOJIO-
ricTh, THCK, PyX TOILO), MOTIM 00po0Isie iX Ta nepenae
Ha 06a30By cTaHIi0. By301 Mepexki TakoX MOXKe BHUCTY-
IIaTH B POJi PETPaHCIATOpPa MOBIJOMIEHB, 32 PaXyHOK
YOro JOCATAa€ThCsl 3HAUYHA 30HA MOKPHUTTS MEpEXero 3a
HU3bKHX (pIHAHCOBHX BUTpAT.

BCM BUKOPHCTOBYIOTH JJIsl BAKOHAHHS TakuX Qy-
HKIIIH, IK aBTOMATUIHUHN 30ip JaHUX, CTEXKEHHS Mapame-
tpamu cepenouina [1]. Cepen ocHoBHux THHiB BCM BH-
JUIAIOTh: HA3eMHI, MiA3eMHi, MiIBOJIHI, MYJIbTUMEIiHI
Ta MOGiBHI Mepexi. IX BiIMiHHI prcH TONATAIOTE y pi3-
HUX TOIIOJIOTiSIX, TEXHIYHIN CKIAJ0Bi ceHcopa, mepio-
JUYHOCTI Ta IIBHJKOCTI Mepeaadi JaHuX, OCOOIMBOCTI
KaHaIy 3B'SI3Ky.

3a paxyHOK HU3BKOI BapTOCTi, IBHUAKOCTI PO3TOp-
TaHHS Ta BUCOKOI edpexTnBHOCTI BCM mmpoxo 3acToco-
BYIOTBCSI TIPAKTUYHO Yy BCiX cepax KHUTTEAISIBHOCTI,
0co0JIMBO NOMYJISAPHI B 0OOPOHHIH Tray3i, IPOMHCIIOBO-
CTi, CUILCBKOMY T'OCIIO/IapPCTBI Ta OXOPOHI 3/I0POB'SL.

3a BENMKHAM TMOTEHIaJoM BHKopucTanHs BCM
CTOITh YMMAaJIO HAYKOBHX Ta TEXHIYHHUX MPOOIIEM, 110 T10-
YMHAKOTHCS IIe 3 NpoekTyBaHHs Mepexi [2]. 1li mpo-
61eMH MaroTh KOHIIENITYaJIbHO HOBHH XapakTep. Baxuin-
BICTh iX pIllICHHS TOJIATa€ B TOMY, 10 HEBPAaxOBaHIi Jie-
Tali MOXYTh CYTTE€BO BIUIMHYTH Ha (DYyHKLIOHYBaHHS
Bciei Mepesxi y maiiOyTHbomy. Ha BiaMiHy Bij iHpopMma-
niiiHux Mepex, BCM micTaTh Habip BIAMIHHHX XapaKTe-
PHCTHK, SIKi CIIPHSAIOTH CTBOPEHHIO HOBHX CIIOCOOIB Ta
METOJIMK NPOEKTyBaHHs. B criry ocobnmBocTelt BUKOpH-
cranHs1 BCM Ta oOMekeHOro (DYyHKIIIOHAITy CEHCOPIB,
1m0 (GOPMYIOTh MEPEXKY, BAHUKAIOTh HOBI MAPaMETPH CH-
CTEMH, TaKi K pPO3rOpTaHHA Ta KOH}Iryparis Mapupy-
TH3allii, 30Ha MOKPHUTTS, EHEPTOCIIOKUBAHHSA Ta TEPMIH
ABTOHOMHOI po6oTH By3ia Mepeski [3]. Ockinbku BCe ya-
crimme BCM € BaXJIMBHM €JI€MEHTOM y TpoIecax 30BHi-
IIHIX CHUCTEM, TO HEOOXiTHO MPHUAUISATH BEIHMKY yBary
HaJIHHOCTI Ta BiIMOBOCTIMKOCTI MEpexi.

[IpoBenenuit ananiz myOuikaniit [4-7] mokas3aB ak-
TyaJbHICTh MUTaHHA eHepro3oepexxerHs B BCM. 3nauna
YacTHHA JIOCII/DKEHb CIIPSIMOBaHa Ha PIlIEHHS BY3bKOC-
TeniatizoBaHuX Mpo0IIeM, IO HaIeXaTh JJ0 KOHKPETHHUX
obuacreii 3acrocyBanus bCM, i inie HeBesMKa yacTHHA
JOCITIKEHb C(OKyCcOBaHa Ha 3arajibHUX 3ajladax, Biac-
tuBUX pisHuM THnam BCM [8, 9]. Ilpu mpoekTyBaHHI
BCM 3a 3agannMu BUMOTaMU 4acTO CTUKAIOTHCS 3 0€3-
JU9i0 0OMEeXEHb, 3YMOBJIEHMX 30BHIIIHIM CEpeIoBHU-
meM, piBHEM PO3BHUTKY TEXHIKH, JOCTYITHHUMH pecyp-
camu [10, 11].

Cepen po3B'si3yBaHUX 3aBIaHb BUAUIIOTH HACTY-
MMHI 3HAYHI HAMPSIMKW: TPOEKTYBAaHHS arapaTHoOTo
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3a0e3neueH s, CIocoOu 1 AIrOPUTMHU YIPABIIHHS Ta
00poOku iH(pOpMallii, TUTaHHS eKCILTyaTallii.

Cepen mepepaxOBaHUX BHINE 3aBIaHb MPUALTAMO
yBary po3poOli MeTOJiB 1 ajlrOpUTMIB YIpPaBIiHHS Ta
00poOku iHdopmanii y mepexi. KinrouoBumu napamer-
pamMu TpW OIHI 3alPOIIOHOBAaHMX METOJIB Ta aJro-
PUTMIB KOMYHIKaIlil B Mepexi € MBUAKICTh Iepeaadi 1a-
HUX Ta TepMiH ekcmuryaTarnii BCM.

TepMin ekcrutyarartii Mepesxi Oe3mocepeHpo 3ae-
JKUTD BiJl TPUBAJIOCTI GYHKIIOHYBAaHHS BY3JIiB Mepexi. Y
CBOIO 4Yepry, BYy30l Mepexi MOXe NpUIHHHTH
(YHKIIOHYBaTH 3 NPUYUH BHYTPIIIHBOI HECHIPABHOCTI,
arpecHBHOTO 30BHIIIHBOI CEPEIOBUINA, BUXOLY i3 30HU
aii 0e31poToBOi Mepexi abo BUYEpIaHHs eHeprii Jpke-
pena xuBJeHHS. By3onm Mepexi CHOXHBae eleKTpoe-
Heprito 11 300py, 00poOKu Ta nepeaayi inpopmariii, Ta-
KO IIpY LIb,OMY NOBMHHA OyTH BHpIIIEHA 3a/1a4a Mapli-
pyTu3amii TpW TOMOJNOTIi, BiAMIHHOI BiI TOMOJOTI]
«3ipkay. SIk paBuII0, BY30J MEPEXi MiCTUTh aBTOHOMHE
IDKEPEJIo JKUBIICHHS 3 JIIMITOBaHHM SHEPropecypcoM Ta
BIJICYTHI CITOCOOM TIOTIOBHEHHS €HEPTii i3 30BHIIIHBOTO
cepenoBuia. Yac aBTOHOMHOT poOOTH By3J1a MEpexi Mo-
B's13aHO 0E€3MOCePeIHBO 3 YaCOM CIIY)KOM aBTOHOMHOTO
JDKepelia JKUBIICHHS.

HesBakaroun Ha Te, mo s By3niB bBCM moxHa
nepe0aYuTH MEXaHi3MU OTPUMAaHHs €HEpropecypciB i3
HaBKOJIMIIHBOTO Cepe/loBHUIIa (COHSIUHI OaTapei, MexaHi-
YHa, eJEKTPOMAarHiTHa €Hepris), He 3aBXIU ICHy€e Mpsi-
MUH 1 TOCTIHHUH TOCTYI IO TIEpEepaxOBaHUX PECypCiB
[12]. Takox BapTO BpaxoBYBaTH, L0 SJIEMCHTH IIEPETBO-
PEHHSI eHeprii 3 JOBKIJUI MaroTh BUCOKY BapTiCTh, siKa
JOXOJMTH O COOIBapTOCTI CaAMOro JaT4YuKa; B TAKOMY
BUIIA/IKy BUKOPHCTAaHHS MEPETBOPIOBAYIB CTa€ Oe3riys3-
JIUM, OCKIJIBKH 4acTo OAHI€I0 3 6a30Bux BUMOr 10 bCM
€ HU3bKa BapTiCTh AaTuukiB. Y mocmimkenHi [13] Gyo
MiKPEC/ICHO, 1[0 MUTOMAa SHEePreTHYHa IIIIBHICTh CY-
YacHUX XIMIYHUX JDKEpeNl KHUBJICHHS 3POCTa€ IOBiIb-
Hilre, Hik 00csT crioxkuBaHoi eneprii. [lle Baxxnusum ¢a-
KTOM € Te, 1[0 JPKepelia eHeprii 3 BEJIMKOI0 eHeproeMHi-
CTIO CTAaHOBJIAThH IiJIBUIIEHY HeOe3leKy i BHUMararoTh
OCOOJMBHUX YMOB €KCILTyaTalii, TOMy IO B iHIIOMY BHU-
NaJKy MOXYTh CTaTHCS 3arOPSHHS Ta BUOYXH.

Otxe, BUOip eHeproe()eKTUBHUX METOJIIB 1 alNropu-
TMIB 300py Ta nepenadi iHpopmamii MiXK By3JlaMH Me-
PEXi € OJTHIEIO 3 OCHOBHHUX aKTYaJIbHUX HAyKOBUX IPO-
6neM min yac npoektyBanHs bCM, 1o miaTBepKye ak-
TyalbHICTh JaHOT POOOTH.

Meto0 po6oTH € po3pobKa aHali3 aIrOPUTMIB
T ABHUIICHHS €HePro30epexeHHs B 0e3IpOTOBUX CEHCOP-
HUX MEpeXax 3 BHKOPHCTAHHSAM METOJIIB MAIIHMHHOTO
HaBYaHHS.

OcHOBHA YacTHHA

CeHCOpHI Mepexi TO3BOJSIIOTH aBTOMATH3yBAaTH
30MpaHHs JaHUX PO HABKOJIMIIIHE CEPEAOBHIIE I KOH-
TponboBaHUK 00'exT. Be3mpoToBa B3aeMomis MiX BY3-
JIaMH MEpeXi 3HaYHO PO3IIHPIoE cepy 3acTOoCyBaHHS,
aie Hece 0€3JIiY HOBHX 3a7a4, SKUMH PEACTABICHO PSiA
nociimkensb. OHIEI0 3 BAYKIJIMBHUX 3aBAAHb IIPH IIPOSKTY-
BanHi BCM € 30uIbIlIcHHS TEPMiHY eKCIUTyartallii Me-
PEeXi, SIKy, Y CBOIO 4epry, IOB'A3aHO 3 TEPMIHOM EKCILIY-
atanii By3iiB Mepexi. OyHKIIOHYBaHHS CEHCOpa MOXKE
OyTH TOpPYIICHO 3 KUIbKOX MPWYMH, 1 B Iiif poOOTI
PO3MIIAAAIOTHCS MTPOOIEMH 0OMEKEHOTO SHEPropecypey
017151 By3J1a Mepexi Ta HeeHEeproe()eKTUBHUX AJITOPUTMIB
00poOKH TaHUX.

AHaIti3 crioXKuBaHHS elleKTpoeHeprii ByznomM BCM
IPYHTYETBCSI Ha EKCIICPUMEHTATBHUX JAHHUX, OCKITBKH
JOCIIKEHHSI TEOPETHYHOT MOJIENi €HEePTrOCIIOKHBAHHS
By31a BCM nmocuTh TpyJOMICTKE 1 Ma€ HU3BKY TOUHICTD
Yyepe3 HasBHICTH 0e3Jidi GpakTopiB, TAKUX SK: THI CEH-
copa, JaJbHICTh Mepeaayi JaHux, 0 BUKOHYIOTHCS 00-
yucieHHs. Pe3ynbTaToM aHaji3y eHeprocro)KMBaHHS €
3aJIeXKHICTh BUTPAY€HOI €HepTii BiJj BUKOHYBaHHX CEHCO-
pom ¢yukrii. Ilepen aHami3oM EHEProCHOXKHUBAHHS
By3J1a MEPEXkKi PO3IIISIHEMO HOTO y3aralibHeHy CTPYKTYpY
y cknani BCM. [lo ckiany By3ma Mepexi (ceHcopa) BXO-
1tk (puc. 1):

a) JaTYMKH, 10 BUMIPIOIOTH ITapaMeTpH HaBKOJIH-
IIHBOTO CEPEIOBUIIIA;

0) 6ok 00pOOKH JaHWX, MO CKIATAETHCS 3 MIKpPO-
KOHTpOJIepa Ta 30BHIMIHBOT ITaM'SITi;

B) MpuiiMady;

I') aBTOHOMHE JKEPEJIO KHUBJICHHS.

Cencop 1

TToka3nuk 1

TToxa3Huk 2

TTokazuuk N

ABTOHOMHHIA €IEMEHT
JKUBJIEHHS

A

Bitok 06po0Kku 1aHmX ‘

i

TIpuitmag ‘

7y

| Cescop 2
[ ]
[ ]
[ ]

| Cencop N

Puc. 1. V3aranpHeHa cTpyKTypa By3na y ckiaani BCM
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By3ox Mepexi BUMipIoe napamMeTpu HaBKOJIUIL-
HBOTO CepenoBHIIa, 00pobisie iX, a moTiM mocuiae Oa-
30BY CTAaHIII0, KyJX HAJIXOIATh JaHi 3 yCiX CEHCOPiB. 3
MIPEACTABICHOI CTPYKTYPH BUJIHO, 110 €HEPTisl aBTOHOM-
HOTO eJIEMEHTA JKUBJICHHS BUTPAYa€ThCsl Ha €HEpProIo-
CTauaHHs JaTYUKiB, MIKPOKOHTpOJIEpa 3 ITaM'ATTIO Ta Ha
npuiiMau. Ha puc. 2 npencraBiieHo 3aponoHOBaHUM a-
roput™ podotu ceacopa BCM.

Sk mpaBmIT0, CeHCOp Mepexi PYHKITIOHYE IIKIIITHO,
JIOKH HE 3aKIHUYUTBCS CHEPropecypc, TOMy IpecTaBie-
HUM aNTOpUTM HE Mae 3aBeplIeHHA. binpmiicte moci-
JDKCHB y Tally3i MiJBUIIEHHS eHeproedeKTHBHOCTI By3ia

BCM MaroTh XapakTepHy pHCY: 3alIpOIIOHOBAHE PilLICHHS
€ pe3yJbTaToM IIOLIYKY KOMIPOMICY MDK IiJBHIICHHSIM
EHEeproe()eKTUBHOCTI MEpPEeXi Ta 3HWKEHHSM SKOCTI 1H-
LIMX MapaMeTpiB MEPEexi, TAKUX SIK: CBOEYACHICTh JI0CTa-
BKU TIOBIZIOMJIEHb, IIPOCTOTa peaizalii KOMyHIKamii Ta
00poOku iHpopMarii. TakuM YHHOM, IOCI 3ATHIIAETHCS
BIZIKPUTHM TUTAaHHA TOOYIOBU alTrOPUTMIB TIepeaadi aa-
HUX Ta 00poOku iH(opmanii B BCM, mo 3abe3neuyoTh
OJTHOYACHE MiIBUILICHHS €HEPro30epe:KeHHS, IPOTyKTHB-
HOCTI Ta aIaTUBHOCTI MEPEXi 10 JOBKIILIA.

PosrnsHeMO 1’ATh OCHOBHHIX HAIpsMiB (DyHKITiO-
nany BCM (puc. 3).

Puc. 2. Anroputm poGoTH ceHcopa

0e3IpOTOBOI CEHCOPHOT MEpexi

30ip maHWX — Ha 30BHIMIHIA 3amuT Bifg 0a30BOi
CTaHIIl CEHCOPU 3YMTYIOTh MOKa3aHHA 3 JATYUKIB MPO
rapameTpy 30BHIIIHBOTO CepeIoBHINa a00 KOHTPOIIbO-
BaHOTr0 00'€KTa Ta BIANPABISIIOTH Ha 0a30BY CTAHINIO.
MowHitopuHr siBisge cobow 30ip JOaHuX i3 NEBHOI
nepioanuHicTio. Ueprosa itepailis 300py JAaHHX MOXKE
Oyt iHIilIHOBaHA HE TIABKH HA 3amuT Big 0a30BOI
cTaHUil, a i 32 3aJ]aHUM PO3KJIAJIOM, SIKUil 30epiraeThes
JIOKJIBHO Y TaM'siTi ceHcopa. SIk mpaBWiIo, Ha OCHOBI
MOHITOPUHTY B HACTYIIHUM NPHHAMAETHCS PIlICHHS PO
cTaH Mepexi abo mofii noxisx. [Tix GpyHKITiEr0 KOHTPOITIO
MaloTh Ha yBa3i MOHITOPHHI' IapaMeTpiB HaBKOJIMIIHb-
Or0 CepefoBHINAa Ta TNOAANBIIy IX IepeBipKy Ha
CHpamoBaHHA 3a3fajerifip neBHHX ymoB. Crocrepe-
YKEHHsI — [lepe/iaya IoKa3aHb Ha TOJIOBHUN MOJIYJIb, SIKILO
CEHCOp BHUABHMB KOHKPETHHI 00'€KT YU MOBEIIHKY 3a 3a-
JaHuM mabioHoM. @OpMyBaHHS KEPYIOUMX KOMaH/I — Ha
OCHOBi OTPHMAaHHX i3 CEHCOPIB MOKa3aHb MPUHMAETHCA
pilmeHHs Tpo Te, SKy Kepyloody KOMaHIy HEOoOXimHO
chopmyBatu ansi kepoBaHOi cuctemu. s GyHKIiH
MOHITOPUHTY, KOHTPOJIIO, CTEKEHHS Ta pOpMyBaHHS Ke-
PYIOUHMX KOMaHJ IOTPiOHO Ha OCHOBI JaHHMX 3 BY3IIB
BCM npwuiiMaTy pimieHHS Ipo CTaH Mepexi abo HeoO-
XiJIHYy Kepyouy KOMaHy.

TenpneH1ist HOBUX PO3pO0OOK izt 10 TorO, 100 30e-
pEerTH EHEPropecypCcH 3a paxyHOK 3MEHIIICHHS KiJIbKOCTI
ceaHciB 3B'I3Ky MIX By3JaMH Mepexi. 3 iHImoro GoKy,
3apnaHHs BCM — cBoeyacHO 30mMpaty JaHi mpo mapame-
TPH HABKOJIUIIHHOI'O CEPEIOBHINA Ta HA IX OCHOBI MPHIi-
MaTH HACTYIIHI pillleHHs. Y pe3yJbTaTi, pillleHHs, CIps-
MOBaHe Ha 3MCEHIIICHHSI KiJIbKOCTi CEaHCiB 3B'A3KY, CTBO-
PIOE TEXHIYHY CYMEpeYHICTh: «3i 30UNBIICHHSIM YHUCIa

- DyHKIIiT 6€31POTOBOI CEHCOPHOT
Po6ounii LLV&I‘I ceHcopy Mepe)l(i
Ipnitom naHux mo P =
MEPEK1 30ip gaHux
TlouaTok nporpamu O A T > I prcrasiac
porp JIATYHKIB enepropecypey? MoHiTOpHHT
O6pobka JaHux Hi KoHTposb
. Ilepenaya naHux mo B
Ininianmizamis ceHcopy — — MepesKi 1/ICTCHYBAHHA
Tlepexiz B pesxim DopMyBaHHS KEPyOUUX
OYIKYBaHHS KOMAHL

Puc. 3. Oynkuii 6e314poTOBOL
CEHCOPHOT Mepexi

riepesiad JaHuX 30LTbIIY€ThCSI eHEPrOCTIOKMBAHHS By3JIa
Mepexi, 110 TPU3BOAUTD JI0 3MEHIIECHHS 4acy aBTOHOM-
HOT'O TEPMIH CJIyK0HU CEHCOPa, 31 SMEHIIICHHSM KiJIbKOCTI
nepenay JaHuX — 30UIbIIY€EThCS KMOBIPHICTD MPOIYCKY
B)XJIMBUX MO/, [0 MOKE MPU3BECTH 10 HEBIPHOTO yX-
BQJICHHS PIILICHHSD.

Jnst BupilieHHs JaHOi TEXHIYHOI CyNepe4HOCTI
HPOIIOHYETHCS PO3POOHUTH aJIropuT™M 00poOKu iHdopma-
uii y BCM, sixuii 3 0fHOT0 60Ky CKOPOTHTH KUJTBKICTB Ce-
aHCIB 3B'A3KY, TUM CaMHM IIiABUIINTH €HEproedexTB-
HicTh By31a BCM, a 3 iHIoro 60Ky rapaHtyBaTHME, 00
TOJIOBHUI MOZYJb 3aBXKIU BOJOJIB HEOOXiTHOIO iH(pOP-
Malli€lo Ipo MapaMeTpy JOBKLLIS JUTs KOPEKTHOTO MPH-
HATTS PIIICHHS.

JIyis IMHAMIYHOTO BU3HAYCHHS YacTOTH Mepeaadi
JAHUX TPOTOHYETHCS BUKOPHCTOBYBATH iH(opMariito 3
6a3u 3HaHb, MO0 CEHCOPH CAMOCTIHHO yXBAJTIOBAIH Pi-
IIeHHS, KOJIM HeOOX1JHO TIepe1aBaTH 1aHi Ha 6a30By cTa-
HITIIO JUI 3arayibHO1 Kimacudikarii cucremu. Jlns peai-
3alil UBOr0 ANTOPUTMY MPUAATHUMH € METOJH MallKH-
Horo HaByaHHs [14]. [lani MeToau cripsiMOBaHi Ha CTBO-
peHHS MaTeMaTW4HOi MOAEeNi TNpouecy MNPUHHATTS
pIilICHHS HA OCHOBI 3HaHb, OTPHMMAHMX 3 HABYAJIBHOI
BuOipku. Pearizamis npouecy yxBaJIeHHS pIIICHHS PO
HEOOXiHICTh Nepeiadi JaHUX Ha TOJIOBHUU MOJYJb Mae
pO3TamIoOBYBAaTUCST B JIOTIIli POOOTH BYy37lTa MEpexi,
OCKITBKH TIepHIOPKEpesioM iHpopMariii € maHi 3 nmart-
YUKiB, M0 3HAXOMATHCS OE3MOCEPEAHBO Y CKIal By3la
Mepexi. 3 iHmoro GOKy, A yXBaJE€HHS PIMICHHS IPO
nepefady JaHWX, MOXIIMBO, 3HaHOOIATHCS 3HAHHA PO
nporiec kKiacudikaiii, TOOTO AaHi MPO MATEMATHIHY MO-
JIeTIb IPUIHATTA PILICHHS PO CTaH MEPEXi.
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AmHaini3 icHyw4HX 3acTocyBaHb[15,16] 3 BuKOpHC-
TaHHSAM METOJIB MAIIMHHOTO HaB4yaHHS y poboti BCM
BUSIBHB, 1[0 YaCTO TaKHH IiJXiJ] MOB'I3aHUN 3 THUM, IO
pYYHE CTBOPEHHS MOJEINi YXBaJeHHS PIllIEHHS € CKJIaJl-
HUM POIIECOM, 1HO/Ii HaBITh HE3[IICHCHHHUM 3a PaXyHOK
PI3HOMAHITTS 30BHIIIHIX ()aKTOpPiB, IO BIUTMBAIOTH Ha
pe3ynpTaT, a TaKoX iX HemepeadadyBaHICTh y MaOyT-
HEOMY. OT)KE, CTBOPEHHS METOMIB MPUUHATTS PilICHHS
B BCM € TpyIOMiCTKOIO OTIepaii€lo, BUMarae aaanTHB-
HOi HACTPOHKH MapaMeTpiB alTOPUTMY JJIs BUKOHYBa-
HOTO 3aBHaHHSA. MOXX/IMBA CHTYyalisi, KOJIH MOZAENIb Mae
HajaTo 0Oarato BXIAHUX J@HHMX, B pe3yJbTaTi Ipolec
NPUIHATTS pPIMIEHHS MOXKe OYyTH 3aHaATO JOBTUM 1

3aJI0BOJIBHATH IIOCTABJIECHHM BUMOraMm. TOMY BaKJIMBO
reHEepyBaTH MOJIEJb, sIKa 3 OJJHOr0 OOKY HaJaBaTHME KO-
PEKTHI pe3yJIbTaTH NPUHHATTS PIIICHHS, a 3 IHIIOro —
Mae OyTM HE HajATO CKIIQJHUM, 100 Yac NPUIHATTS
pimeHHs1 OyJn0 y JIOIMYCTHMOMY iHTEepBajii. Y MalluH-
HOMY HaBYaHHI JJIs CHPOINEHHS MOJEJ BHKOPHCTOBY-
FOTh MMOBIpHI TiAXOMH, SKi MO3BOJSIIOTH 3HAHTH KOM-
MIPOMIC MiK CKIIATHICTIO MOZEIIi Ta TOYHICTIO IPUHHITHX
pimrens. Tomy HaigacTime miJ 9ac BUKOPUCTAHHS Me-
TOZMIB MAIIMHHOIO HAaBYaHHS BHKOHYIOTH IOIEpeaHiit
eTar aHami3y BXigHuX maHuX. Cepell OCHOBHHX 3aBIaHb
MAIIMHHOTO HaBYaHHs (pHc. 4) BUAUIAIOTH 3aBAAHHS pe-
rpecii, kacugikarii, knacrepusanii, HOIIyKy aHOMaJTiH.

Kiracudikamniss METOAIB MaIlIMTHHOTO HABYAHHS

Perpecist

Jlinilina

JlepeBo pileHb

Heliponna Mepexa

JlorictiuuHa perpecis

3aBraHHs KiIacudikarii ‘

JlepeBo pileHb

Jlacco

‘ Meroz OOPHUX BEKTOPiB

‘ Kitacrepusamis

Hetiponna mepeska

‘ JlepeBo pimreHs

Mertozx onmopHHUX BEKTOPiB

BusiBnensst anomaiit

‘ Meroz OIOPHHUX BEKTOPiB

‘ Heiiponna mepexa ‘

‘ K-cepennix

K-HaliGmKxanx cycinis ‘

‘ K-cepennix ‘

AmHaJii3 IepBHHHUX
KOMITOHEHTIB

Puc. 4. Y3aranpHeHa kinacugikalisi METO/IiB MAITHHHOTO HABYAHHS

JInsi KOXKHOTO 3aBJaHHS BUKOPHUCTOBYIOThCS Di3HI
MeTONH, €HEeKTHBHICTD SKHX 3aJICKUTh BiJ THITY BX1THHX
JaHUX Ta OaxxaHOTo pe3yJsbrary. [IpencraBiieHi MeToqu
JIO3BOJISIIOTE TEHEPYBAaTH MOJENb HPUHHATTS PilIeHHS
[UIIXOM HABYAHHS Ha PaHIIIe BiIOMii BHOIpII DaHUX Ta
pe3yibTarax ix 00pooku. Y Bumnanky 3 bCM BxigHUMH Ja-
HUMH OyJyTh MapaMeTpH 30BHIIIHBOTO CEpeIOBHIIA, OT-
pHMaHi 3 CEHCOpIB, Ta Pe3yJIbTATH YXBAJICHHS DIIICHHS
npo craH Mepexi. OTxe, y i poOOTi 1J1s1 3aBIaHHs yXBa-
JICHHSI PILIEHHS MPOIOHYEThCS BUKOPUCTATH METO/IU Ma-
IIMHHOTO HaBYaHHS. [|Jis 1IbOTO Ha OCHOBI paHiiie BiJIo-
MUX TIpeleaeHTiB (0a3u 3HaHb) Oy/ie OTPUMAHO MaTeMa-
THUYHY MOJIEJIb, 32 JOTIOMOTOIO SIKOT Ha/laJli aBTOMaTHYHO
NIPUIMaTUMETHCS PIlICHHS, IMITYI0UH poOOTY oreparopa.
3aBiaHHs BU3HAUYEHHS CTaHy B CEHCOPHIM Mepexi 3a Ja-
HUMH i3 CEHCOPIB BiTHOCHTBCS IO 3a/adi KiacuQikarrii.
Hait6ipim nomy isipHIME MEeTOAaMU Kiacuikarii Ha jJa-
HUH MOMEHT €: a) K-HalOmwkuux cycinis; 0) HaiBHuit
OaifeciBChKHMI KiTacH(iKaTop; B) METOA OIOPHUX BEK-
TOpIB; T) JIiHIIHA perpecis; r) iHIyKis IpaBuI (IepeBo pi-
IIeHb, BUMAAKOBHH Jiic). Bubip metoxy kiacudikamii 3a-
JISKUTH BiJl IOKA3HUKIB BXiTHUX JaHUX (KUJIBKICTh Mapa-
MEeTpiB, MPOIYCKH B JAaHWX), TOYHOCTI Ta MOBHOTH KIIa-
cudikauii, yacy HaBYaHHs Ta IIEPECHABYAHHSL.

Benuka KinbKiCTh IOCHIIOKEHb 13 3aBHaHHS Kila-
cudikanii 00'eKTIB MPEICTABIEHO Yy Taly3i MalInHHOTO

HaBYaHHS, IITyYHOTO iHTeNeKTy. [IpoBeneHo aHaii3 Me-
TOJIiB MAIIMHHOT'O HABYAaHHS 3 METOFO TOMIYKY HAWO1IBII
BIJIMIOBiHOI peai3alii 3alpoNOHOBAHOTO aJTOPUTMY.
Juis yxBaJieHHS PillICHHS TpO CTaH 00'€KTa BUKOPHUCTO-
BYIOTBCS Pi3HI Mojem kiacu(ikamii 00'€KTiB, sSKi IIH-
POKO TIpe/ICTaBIIeHI B TaTy3i MAITMHHOTO HaBYaHH:. bes-
74 po3poOIieHnX MEeTOIB Kiacupikaiii 00'eKTiB 103BO-
Jsie 0OpaTy HANOIIBII BiAMOBITHHUNA CIIOCIO 3aJI€KHO Bif
crenniky JaHuX, IX KITBKOCTI, HEOOXIHOT TOUHOCTI Ta
yacy kiacudikamii. J{ist BupimeHHs mocTaBiaeHo 3a1a4i
MIPOTIOHY€ThCSI BAKOPUCTOBYBATH METO/I IepeBa PillieHb,
OCKIJTBKH BiH Ma€ psf IepeBar: iHTepHIpeTOBaHICTh MO-
Jielti, poOoTa 3 MepernyCcTkaMy B IaHUX.

VY upoMy anropuTMi npouec kiacudikauii BXiTHHX
00'ekTiB 1MOOYIOBaHMH Ha KOH'IOHKTHBHHX IIpaBUIIAX,
0 CKIAaJAI0ThCs 3 OE3Iivi MPEINKATIB 32 BXITHUMHU JIa-
HUMH. J{J1sI 1IbOTO HA OCHOBI HABYAIBHOT BUOIPKU BHKO-
Hy€eThCs MOOY0Ba JIOTIYHOI CXEMH, IO pealizye op-
TaHi30BaHy CHCTEMY i€papXidHO IMOCIiZOBHUX NHUTaHb.
[pormec xmacudikarii monsirae y modeprosiil BigmoBimi
Ha MHUTaHHS MOJIEJi, NPUUOMY HACTYITHE MMUTAHHS 3alie-
JKUTh BiJ] TIOTIEPEAHbO1 BimmoBimi. B pesynprari micis
BIAIIOBIAI Ha BCI MMTaHHS BU3HAYAETHCS €IUHUM Kiac,
SIKHH 1 € BiAMOBLAI0 Kiacudikamii. Takok € MOKITHBICTh
JUISL KOYKHOTO TIpEIMKaTy MoJielli 30epiraTu HMOBIPHICTb
BIANOBIAI, TOMI 32 HEMOKIIMBOCTI BiIIOBICTH IUTAHHSIM
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(Hanpukiiag, 3a BIICYTHOCTI JaHMX), OOHMpaeThcs
HAMOLIBII MOIYJIIPHA BiAIOBIAb, THM CAMUM METOJ 103~
BOJISIE ONIEPYBATH 3 MEPEIyCTKaMH y BXITHUX naHuX. Jlo
HEJIOJIKIB JJAHOTO METOJY BiJIHOCHTHCS HEMOJKJIHBICTh
NepeHaBYaHHsT MOJIEN, TaK SK HaBYaHHS BUKOPUCTO-
BYETHCS BCSI HABYaJIbHA BUOIpKa.

Ha anropurmu 06po0ku iHdopmarii B BCM Haxna-
JTAFOTh HU3KY XapaKTepHUX OOMEKEHb, TAKHUX SK PO3MIp
MPOTPaMHOTO KOOy  d4epe3 OOMEXEHHH pecypc
BHYTPIIIHBOI aM'sITi, KUTbKICTh BUKOHYBAHUX OIIEpaIliid
JUTSL eKOHOMIT eHepropecypcey.

Jani 3pobumo omuc MOJIENi IepeBa PillicHb s 3a-
BranHs kinacugikamnii BCM.

CTpyKTypa JaHuX «JIepeBO» € 3BUYaHUM I1OB's13a-
HUM rpadom (6e3 HassBHOCTI LUKIIB), Y SKOTO BUAIICHO
KOpEHEBY BepIIUHY. JIMCTKOM JepeBa Ha3MBAaIOTH BeEp-
LIMHY, sika He Mae HamankiB. lnsax y rpadi "nepeso”
MIPOXOJHTH Bil KOPEHA 10 JuCTa 0e3 MOBTOPEHHS BEp-
muH. JlepeBo pilleHb MpeacTaBIeHe KOPSHEBHM Jiepe-
BOM, Y BEpIIMHAX SIKOTO MICTSTHCS JIOTiYHI NpaBWiIa, a
JMUCTI — pe3ynbTaTé Kiacudikamii. JloriuHi mpasmia
MICTSTh YMOBY yV (OpMaTi «SIKIIO... TO... iHAKIIE...».
JlepeBa pillicHb BIAMIHHO CIIPABISIIOTHCS 13 3aBIAHHIM
OaratokiacoBoi  kmacuikamii, TOOTO JO3BOJISIFOTH
BU3HAYaTH HAJIGKHICTh BXIHOTO 00'€KTa J0 OIHOTO i3
3a3mayieriip BigoMux kiaciB. L{inboBa 3MiHHA MOXe
MaTd KaTeropiajibHi, TUCKPETHI Ta OiHapHI 3HAYCHH:.
Aunroput™ Knacugikalii cTaHy Mepexi 3a J0IOMOIO
JiepeBa pillleHb SBISE COOOI0 TPOIEC MEPETBOPEHHS
BXIIHOTO BEKTOpa JaHUX Ha pe3yNbTaT KiacH(ikarii.
Jnst KOXKHOI BepIIMHM JAepeBa BUKOPUCTOBYIOTHCS JlaHi
BXIIHOTO BEKTOPY, 100 BIIIOBITaTH Ha IMOCTABJICHI 3a-
MIUTAHHA. Y JINCTI JlepeBa pO3TAIIOBYIOTECS PE3yIbTaTH
knacuikarii, i HaBiTH po3Mip Kiacy, mod y pasi mpo-
MYCKY JaHUX OOMpaTH HaMOUIbII MOMYJISIPHUA Ki1ac.

3anuTaHHs, 1110 3HAXO/SITHCS y BEPIIMHAX JiepeBa pi-
LIeHb, BUKOPUCTOBYIOTH BUKIIOYHO OJIMH MapamMeTp BXiJl-
HOTO 00'€KTa Ta MAKOTh YSBJICHHS "3HAYCHHS MapaMeTpa
Xnk OLTbIIe 3HaYeHHS ...". [Ipu MO3UTHBHIN BiAOBI I TTe-
pexif 3aiHCHIOETCS 0 TIPAaBOTO HAIA/Ka, TPY HEraTHB-
HOMY — JIO JiBOTO. SIKIIO HamIaoK MIiCTHTH TPaBHIIO,
3HOBY BHKOHYETHCSI MPOIIEC BiIIOBiAI MUTaHHA. BHacmi-
JIOK BiAITOBI/IEN HA 3aIIMTaHHA JOCATAECTHCS OJIMH 13 JINCTIB
JepeBa, Jie MICTUTBCS iH(opMallis Mpo HUTHOBHHN Iapa-
MeTp. 3a paxyHOK IPO30poi iHTepnpeTarii poOdoTH anro-
PHUTMY LIell METO]T Ma€ BUCOKY HAOYHICTb.

AnroputMm moOynoBu OiHapHOTO JepeBa pillleHb
nmpencTaBieHnid Ha puc. 5. Ha mepmiit iteparmii anro-
PUTMY PO3IIISAAETHCS BCS O€37iY BXITHUX JaHUX, Al
QJITOPUTM TIOBTOPIOETHCSI PEKYPCUBHO YISl ITIIMHOKHH,
OTPUMaHUX IPHU PO3OUTTSL:

Kpoxk 1. IepeBipka yMOBH BHUXOIy 3 ajrOPHUTMY.
[lpn BuKOHaHHI yMOBM ciiJ BHOpaTH Ul MOTOYHOTO
By3J1a (apKylla iepeBa) 3HaUe€HHs 3 MHOXKHUHH Y (pe3yiib-
TaT Kinacugikamii BXigHOro 00'ekTa), iHAKIIE IEepexo-
JIMMO 10 BUKOHAHHS KPOKY 2.

Kpok 2. MHO)XnHa TaHuX S po30MBaeThCS Ha 2 Helle-
pecidHi miAMHOKMHY S1 1 S2 32 paHille BCTAHOBJIEHUM KpH-
TepieM MiHiIMi3amii enTpomii. L{ei kpuTepiit BupaxeHuit sk
¢dyskmis Qt(x), Ha BXif KO MOJAIOTHCS Pi3HI PO3OUTTS
MHOXWHH S 1 BUKOHYETHCS TIOIIYK MAaKCUMAITBHOI SIKOCTI
PO30UTTS (MaKCUMaJIbHE 3MEHIIIEHHS SHTPOIIIT).

Kpox 3. s migMHOXHUH S1 1 S2 alrOPUTM MIPOJIOB-
Ky€ BUKOHYBAaTHCh PEKYPCHBHO, IS I[bOTO KOXKHA
IiIMHOKWHA OKPEMO IIePEeIaeThCst 10 KoKy 1.

Jnst yHkuii po30UTTs 3a3BHMYail BUKOPUCTOBYIOTH
(dhopMyIy po3paxyHKY €HTpOTIi1, i Ha KOXKHIH iTeparii aj-
TOPUTMY TIParHyTh ii MiHIMi3yBaTH. TaKUM YHHOM, TOCSI-
raeThCs HaMEHIINH po3Mip AepeBa pimieHb. s 3MeH-
IICHHS PO3MIpy ZIepeBa 3aCTOCOBYIOTH CIIEHialbHI METO-
VKW PAaHHBOTO 3aBEPIIEHHS aITOPUTMY, TaKi siK oOMe-
KEHHS N0 TIHOWHI JepeBa, MiHIMaIbHY KUIBKICTh
00'€KTiB Y MHOXHMHI S, MiHIMaJIbHO-JIONYCTHMY 3MiHY
3HAYEHHS SHTPOIIi.

Bseienns HaBuanbHOi
Bubipku (X,Y)

PoGora 3 dynkuiero (X,Y)

BCi 3HAYCHHA HAJIC)KaTh
Tak JIO OJTHOTO KJIacy

]

PoszinuTti MHOXHHY Ha JBi
BuGipkn S1 ta S2, ski
3aJI0BIIBHSIOTH YMOBAM
PO3OUTTS

TloBepHyTH By3011 Mepeski,
SKHI M03HAYAE KJ1ac

Bukmik ¢ynxuii (S1,Y1)

l

Bukmik ¢yuxuii (S2,Y2)

e

Puc. 5. Anroputm o0y 10BH GiHApHOTO JiepeBa pillleHb

B pe3ynbTaTi BHKOPHCTAHHS JaHUX METO/UK 3MEH-
HIyeThCs HMOBIPHICTD NepeHaBYaHHs MOJENI JiepeBa pi-
IIEHb, 1110 MO3UTHBHO MO3HAYAETHCS HA TOYHOCTI KJIACH-
¢bikauii Mozieni, i HaBITh 3MEHILY€EThCS 3aralbHUI PO3MIp
mogeni. Crocid po3paxyHKy aOCOJIFOTHOTO 3HAYCHHS
€Heproe()eKTUBHOCTI MPOIOHOBAHOTO AITOPUTMY JO-
CUTh CKJIAJIHO BHCJOBUTH, OCKUIBKH IiJCYMKOBHH pe-
3yJbTaT B OCHOBHOMY 3aJIC)KHTh BiJl JTWHAMIKH Mapa-
METpiB AOBKULIA. J[ist OUIBII TOYHOI OIIHKH €Heproe-
(DEeKTHBHOCTI 3aIPONIOHOBAHOTO A/IAITHBHOIO €HEPro3-
Oepiraro4oro alropuTMy HEOOXIHO MaTH JaHi 1010 TT0-
BEIIHKHU MapaMeTpiB 30BHIIIHBOTO CEPEAOBHIIA.

BucHoBku

Po3pobiieno anropurmu podotn cencopa bCM Ta
1o0yoBH OiHAPHOTO AepeBa pillleHb, SIKi MOXYTh OyTH
BUKOPHCTAaHI JUIS TIJIBUILCHHS €HEpro30epeskeHHs (yH-
KIIOHYBaHHs BY3JIiB B 0€3/[pOTOBHX CEHCOPHHX Mepe-
kax. PO3rsiHyTO METO/IM MAIIMHHOTO HaBYaHHS. BoHH
JI03BOJISIFOTH ONEPYBATH 3 031440 CTPYKTYPOBaHHX J1a-
HUX, OTPUMYIOYH 3 HUX 3HAHHS B BHUIJISII MOJEINI, SIKY
MOXKHa BHUKOPHCTOBYBaTM B MalOyTHBOMY I yXBa-
neHHs pimenns. Jls peanizaltii 3a1porroHOBaHOTO allro-
puTMY 00paHO METO IepeBa pilieHb. Bubip mos's3anuii
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3 THM, 11O JaHUH METOJ| Ma€ BHCOKY IHTEPIIPETALiio Ta
CXOJKHH 13 TIPOLIECOM NMPUHHSATTS PIlICHHS OIIEPATOPOM.
Kpim 1poro, nepeBa pilleHb J03BOJIAIOTH MPOBOIAMTH
Kinacudikamilo 3 MPOIyCKaMH y BXIAHUX JaHUX, IO
MOXKE JIOCUTD YacTO BiIOyBAaTUCS Y CEHCOPHUX MEpExKax.
I'pyHTYrOUYNCh Ha 1IEMIOTEHTHOCTI MPEIUKaTIB AepeBa

pillleHb, NPOIMOHYETHCS CKOPOTHTH KUIBKICTH CEaHCIB
3B'A3KY 32 PaxyHOK JMHAMiYHOTO BM3HAYEHHS YaCTOTH
nepegadi. TakuM YMHOM, IIEH MiJXiJ JO3BOJIHUTH MO30Y-
THCS TIOCTiHHOT Nlepeadi JaHux 0e3JAPOTOBUM KaHAIOM
3B'A3KY, THM caMHM OyJie 3¢ KOHOMJIEHO €HEpropecypcH
BY3JB MEpEXKi.
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Enhancement of energy saving of wireless sensor networks using machine learning methods
Artem Haptelmanov, Oleg Mikhal, Oleksii Schepka

Abstract. Topicality. Wireless sensor networks (WSN) are a promising branch of computer network development. The
key idea of BSM is to automate the collection of information about the environment and controlled objects. WSN is especially
useful where the presence of a person in the controlled area is impossible or the collection of information must be carried out for a
long time. BSMs became widespread after the active development of modern microelectronics, wireless communication technolo-
gies and corresponding hardware. The goal of this work is the development and analysis of algorithms for increasing energy
saving in wireless sensor networks using machine learning methods. The object of research is the duration of the operation of a
node in a wireless sensor network. The subject of research is algorithms for increasing energy saving. The subject of research is
algorithms for increasing energy saving. Results. In this paper, a method of simulation modeling of computer network traffic with
fractal properties is proposed. The theory of fractal analysis and the theory of Markov processes were used to generate traffic. This
method can be part of a software simulation model of a computer network, which in turn can be used for testing network algorithms
and protocols. Conclusions. Algorithms for the operation of the WSN sensor and the construction of a binary decision tree have
been developed, which can be used to increase the energy saving of the functioning of nodes in wireless sensor networks. Methods
of machine learning are considered. They allow you to operate with a lot of structured data, obtaining knowledge from them in the
form of a model that can be used in the future to make a decision. The decision tree method was chosen to implement the proposed
algorithm. The choice is due to the fact that this method has a high interpretation and is similar to the process of decision-making
by the operator. In addition, decision trees allow classification with gaps in the input data, which can happen quite often in sensor
networks. Based on the idempotency of the predicates of the decision tree, it is proposed to reduce the number of communication
sessions due to the dynamic determination of the transmission frequency. Thus, this approach will make it possible to get rid of the
constant transmission of data through a wireless communication channel, thereby saving energy resources of network nodes.

Keywords: energy saving, wireless sensor network, node, machine learning, decision tree, classification.
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ENHANCED AUTHORIZATION FOR SECURE MANAGEMENT
OF SENSITIVE DATA IN HYBRID APPLICATIONS

Abstract: Sensitive data is often managed by cloud-based applications, which can be vulnerable to attackers who seek
unauthorized access to this data. Traditional approaches to authorization may not be sufficient to protect sensitive data from
such attacks. In this article, we propose an enhanced authorization approach that uses a combination of symmetric and
asymmetric cryptography to secure sensitive data. Specifically, we propose generating a unique encryption key per file and
a set of public and private keys per user, which are used to encrypt and decrypt the data. We demonstrate the feasibility of
our approach with examples in Node.js, showing how to generate public and private keys, encrypt and decrypt files, and store
encrypted data on a drive. Our approach provides an effective solution to the problem of managing sensitive data in hybrid
applications, while preserving user and developer convenience.

Keywords: Cryptography, Public-key cryptography, Authorization, Node.js.

Introduction

Cloud-based applications are commonly used to
manage sensitive data, such as customer information and
messages. However, such data can be vulnerable to attacks
by unauthorized users seeking to gain access to this data.
Traditional approaches to authorization, such as role-based
authorization and granular permissions systems, may not
be sufficient to protect sensitive data from such attacks.
This is because even if an application is designed with the
strongest authentication and authorization mechanisms, it
can still be vulnerable to security issues in the libraries
used to build it. For example, in Node.js, one of the most
commonly exploited vulnerabilities is Prototype Pollution
[1], which can allow attackers to gain administrative
privileges and access sensitive data. We need to embrace
the fact that attackers could potentially get access to
storage with sensitive data.

Proposal

We propose an enhanced authorization approach
that uses a combination of symmetric and asymmetric
cryptography [2] to secure sensitive data. Specifically,
we propose:

1. Do not store unencrypted data. We accept that
the attackers could access the data, but they will not be
able to read it without the encryption key.

2. Use a unique encryption key per file. We accept
that attackers might get much faster hardware in the
future and find an encryption key. Using a unique
encryption key per file dramatically increases attackers'
effort to decrypt data and make it much harder to use the
Harvest now, decrypt later [3] attack.

3. Use a unique set of public and private
encryption keys per user. Even if one user's key is
compromised, the attacker will not be able to decrypt
files from other users.

4. Always encrypt a file encryption key with a user
public encryption key. This ensures that only authorized
users can decrypt it and read file data.

Implementation

We demonstrate the feasibility of our approach with
examples in Node.js, a popular platform for building
cloud-based applications. Node.js has a built-in standard

crypto [4] package which provides routines for
symmetric and asymmetric cryptography. Each user
should have their own public and private keys. In order
to generate a key pair we should use the
generateKeyPair() [5] (Listing 1).

const { generateKeyPair } = require('node:crypto’);
generateKeyPair('rsa’, {

modulusLength: 4096,

publicKeyEncoding: {

type: 'spki’,

format: 'pem’,

}
privateKeyEncoding: {
type: 'pkcs8’,

format: ‘pem’,

cipher: ‘aes-256-chc’,
passphrase: 'top secret',

H
}. (err, publicKey, privateKey) => {

bk

Listing 1. RSA key pair generation

The following 4 scenarios provide implementation
guidelines that could help to understand the main idea.

Scenario 1: create a file with a sensitive information

1. Prior to storing of any secret, the owner needs to
generate a unique symmetric key.

2. Owner stores encrypted file on a drive.

3. Owner stores encrypted symmetric key on a
drive (Fig. 1).

The randomBytes() [6] routine allows to generate
cryptographically strong pseudorandom data which is
then used as a symmetric encryption key (Listing 2).

The createCipheriv() [7] is being used to create an
encryption object which is then used to encrypt a file
stream (Listing 3).

const { randomBytes } = require('node:crypto’);

const symmetricEncryptionKey = randomBytes(32);

Listing 2. Symmetric key generation
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Fig. 1. Encrypted file creation flow

{ createCipheriv } = require('node:crypto");
{ createWriteStream } = require(‘node:fs’);
busboy = require('busboy");

INITIALIZATION_VECTOR="23ca408b8ff898bb"

bb = bushboy({ headers: reg.headers });
bb.on("file", (, file, { filename }) => {
symmetricEncryptionKey = randomBytes(32);
cipher = createCipheriv(
'aes-256-cbc’,
symmetricEncryptionKey,
INITIALIZATION_VECTOR
)i
stream = createWriteStream(filePath);
file.pipe(cipher).pipe(stream);

Listing 3. Create encrypted files stream

The publicEncrypt() [8] is being used to encrypt
file’s symmetric encryption key (Listing 4).

{ publicEncrypt } = require('node:crypto’);
{ writeFile } = require('node:fs’);

encryptedKey = publicEncrypt(publicKey,

fileSymEncryptionKey)
writeFile(pathToEncryptedKey,
encryptedKey.toString(‘hex’))

Listing 4. symmetric key encryption

Scenario 2: decrypt file content

1. User needs a private key to decrypt symmetric
encryption key.

2. With help of symmetric encryption key user
could decrypt encrypted file content (Fig. 2).

The privateDecrypt() [9] is being used to get file’s
symmetric encryption key (Listing 5). The createDecip-
heriv() [10] is being used to create a decryption object which
then sends decrypted data to an output stream (Listing 6).

Private ke_y

&

Unencrypted
Rle

Fig. 2. File decryption flow

{ privateDecrypt } = require(‘'node:crypto’);
encryptedKey = Buffer.from(rawFileData, 'hex’)
fileSymEncryptionKey = privateDecrypt({
privateKey,
Passphrase,
}
encryptedKey);

Listing 5. Symmetric key decryption

{ createDecipheriv } = require('node:crypto");

{ pipeline, createReadStream } =
require('node:fs');
INITIALIZATION_VECTOR="23ca408b8ff898bb"

encryptedFileStream =

createReadStream(filePath);
decipher = createDecipheriv(
‘aes-256-chc’,
symmetricEncryptionKey,
INITIALIZATION_VECTOR);
pipeline(encryptedFileStream, decipher,
outoputStream, (error) => {

Listing 6. Decrypt file stream

Scenario 3: share a file
with a sensitive information

1. File owner decrypts symmetric encryption key.

2. File owner encrypts symmetric encryption key
with user’s public key.

3. File owner adds to the storage a new file with
encrypted symmetric key.

4. Only user could decrypt symmetric key with its
private key and then decrypt file content (Fig. 3).

Important to mention that the encrypted file remains
intact. The file storage just got a tiny extra file with
encrypted symmetric key

Scenario 4: revoke access to a file
with a sensitive information

1. Owner removes encrypted symmetric key of the
user.

2. User without a key cannot decrypt file content.

3. Encrypted file remains intact (Fig. 4).
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Conclusion

We have proposed an enhanced authorization
approach. Idea behind it is not a new one, it has already
been used for decades in EFS [11] in Microsoft
Windows. It has proven to be reliable over the years.

Since the file encryption is based on the symmetric Fig. 4. Revoking file access flow
cryptography, it allows us to encrypt/decrypt files at a
high speed. Moreover, modern CPUs for more than a As a developer of an application, you need to take

decade have had a hardware acceleration [12] for the care of the recovery key option and the organization
AES [13] algorithm. The biggest drawback of the  should define security policy for creation and storing of
approach is the recovery process. the recovery keys.

REFERENCES

1. Prototype Pollution. Snyk. https://learn.snyk.io/lessons/prototype-pollution/javascript/

I'. B. TonoBko. Koncnexm nexyiti 3 oucyunninu "3axucm ingpopmayii 6 komn'tomepnux cucmemax i Kibep6esnexa" (2021).
Hamionansauii yaiBepcutet «[lonraBcpka momitexnika imeni FOpis Korgpatrokay.
https://dist.nupp.edu.ua/mod/resource/view.php?id=122282

Harvest now, decrypt later. Wikipedia. https://en.wikipedia.org/wiki/Harvest_now,_ decrypt later

Crypto package. Node.js. https://nodejs.org/api/crypto.html#crypto

crypto.generateKeyPair() Node.js. https://nodejs.org/api/crypto.html#cryptogeneratekeypairtype-options-callback
crypto.randomBytes(). Node.js. https://nodejs.org/api/crypto.html#cryptorandombytessize-callback
crypto.createCipheriv(). Node.js. Crypto package. Node.js. https://nodejs.org/api/crypto.html#cryptocreatecipherivalgorithm-
key-iv-options

8. crypto.publicEncrypt(). Node.js. https://nodejs.org/api/crypto.html#cryptopublicencryptkey-buffer

9. crypto.privateDecrypt(). Node.js. https://nodejs.org/api/crypto.html#cryptoprivatedecryptprivatekey-buffer

10. crypto.createDecipheriv(). Node.js. https://nodejs.org/api/crypto.html#cryptocreatedecipherivalgorithm-key-iv-options
11. Encrypting File System. Wikipedia. https://en.wikipedia.org/wiki/Encrypting_File System

12. AES instruction set. Wikipedia. https://en.wikipedia.org/wiki/AES_instruction_set

13. Advanced Encryption Standard. Wikipedia. https://en.wikipedia.org/wiki/Advanced_Encryption_Standard

L

Nogkow

Haniiinona (received) 22.02.2023
Mpwuitasito oo npyky (accepted for publication) 16.05.2023

Po3mmpena apTopu3auisi 1isi 6e3ne4HOr0 KepyBaHHs KOH}iTeHUiHHIMI TaHUMH
B riOpuaHNX mporpamax

I'. T'onogko, J1. IeBnen

AHoTania. KoH}imeHmIHHNMH JaHUMH 4YacTO KEPYIOTh XMapHi JOJATKH, SKI MOXYTb OyTH Bpa3IMBUMH IS
3JI0BMHCHUKIB, sIKI IIParHyTh HECAHKI[IOHOBAHOTO NOCTYMy A0 IMX AaHWX. TpaguliiifHUX MiIXOAiB 0 aBTOpu3alii MOxe OyTH
HEJIOCTaTHBO IS 3aXKUCTY KOH(ISHIIIHHUX TaHNX Bifl TAaKKX aTak. Y Liif cTaTTi MU MPOMOHYEMO PO3IIHPEHUH MTiIX1/] aBTOpH3aLlii,
SIKUIl BUKOPHCTOBYE KOMOIHAIIII0 CUMETPUYHOI Ta acHMeTpryHOi Kpunrtorpadii st 3aXucTy KoH}iAeHIiHHNX TaHuX. 30KpeMa,
MH IIPOMIOHYEMO CTBOPHUTH YHIKaNIbHHMI KITIOY MIU(PYBaHHS Ul KOXKHOTO (aiiity Ta Habip BIIKPUTHX i 3aKPUTHX KIIOYIB JUIS
KOKHOTO KOPHUCTYBaua, sIKi BAKOPHCTOBYIOTHCS I MH(PyBaHHS Ta AemH(pyBaHHS faHUX. MU NeMOHCTPY€EMO 3IiHCHEHHICTh
HaIIoro migxoAy Ha mnpuxiagax y Node.js, Moka3syloud, sSK TeHepyBaTH BIIKPUTHH 1 3akpuTuil Kmodi, mmppyBaTH Ta
posmmdpoByBaTH (aiian Ta 30epiraTu 3amudposani qaHi Ha aucKy. Hamr minxin 3abe3nedye edeKTUBHE BHPIMICHHS POOIeMH
YIpaBIiHHS KOHQIASHIIfHUMH MaHMMH B TIOPHIHUX Nporpamax, 30epiraloun IpH I[bOMY 3pYYHICTH Ui KOPUCTYBAadiB i
PO3POOHHKIB.

KawuoBi caoBa: kpunrorpadis, kpunrorpadis 3 BIIKpUTHM KII0deM, aBTopu3aris, Node.js.
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ONLINE PLATFORM PROTOTYPE USING MICROSERVICE ARCHITECTURE
AND CONTAINERIZATION FOR DIGITALIZATION
OF THE EDUCATIONAL PROCESS

Abstract. The COVID pandemic and full-scale military operations in our territory affected the implementation of digital
and information technologies in the educational process. Digitalization has covered all spheres of education, and has
especially affected distance learning technologies. But the problem of automating the process of managing the educational
process remains unexplained. Ensuring quality management of the educational process requires a review of approaches to
architecture, development processes, and implementation of appropriate software. Most of the modern information systems
for the management of the educational process (ISMEP) are built according to the "monolithic” architecture. This limits the
possibility of modernization without rebuilding the core of the system. The consequence of this is the problem of scaling
and efficient use of cloud technologies. The purpose of the work is to develop a prototype of an online ISMEP platform

using microservice architecture and containerization.

Keywords: digitalization of the educational process, microservice architecture, containerization.

Introduction

The COVID pandemic and full-scale military
operations in our territory affected the implementation
of digital and information technologies in the
educational process. Digitalization has covered all
spheres of education, and has especially affected
distance learning technologies. But the problem of
automating the process of managing the educational
process remains unexplained.

Actuality of theme. Ensuring quality management
of the educational process requires a review of
approaches to architecture, development processes, and
implementation of appropriate software. Most of the
modern information systems for the management of the
educational process (ISMEP) are built according to the
"monolithic" architecture:

1. MKR [1].

2. Politek-soft [2].

3. ASU VNZ [3].

The listed ISMEPs are built on client/server
technology and consist of several modules that automate
the activities of the main structural divisions. This limits
the possibility of modernization without rebuilding the
core of the system. The consequence of this is the
problem of scaling and efficient use of cloud
technologies.

Complex solutions of educational tools from
Google and Microsoft are mostly focused on e-learning.
That is, there are no ISMEP on the market that are built
on a microservice architecture.

Analysis of the latest research. Most of the
publications devoted to microservice architecture in the
educational process consider its use in e-learning. Thus,
in the work [4], the main principles of the organization
of microservice architectures (MSA), their parameters,
functioning, and the possibility of application in
electronic educational systems (EES) were considered.
A comparative analysis of construction options for the
MSA, their components and methods was carried out. A
comprehensive  method of building electronic
educational systems based on MSA is proposed. In

work [5], a study was conducted on increasing the
productivity of EES when switching to MSA.

The objective of the work — to develop a
prototype of an online ISMEP platform using
microservice architecture and containerization.

Main part

Features of application of monolithic and MAS
architecture in ISMEP. The parameters of ISMEP are
determined not only by functionality and software, but
also by architecture. Most ISMEPs with a developed
core use monolithic structure. This gives them such
advantages as good dynamics of development and
support. An alternative to monolithic systems is the
division of ISMEP into separate microservices. MSA
provides the following advantages:

1. Modularity. Separate parts of the application
are responsible for specific operations.

2. Reliability. When one of the microservices
fails, only those functions for which it is responsible are
disrupted. It will not be able to damage the server
completely.

3. Changeability. You can change the
microservice independently of other system services.

4. Scalability. You can add or remove a module
at any time. If the microservice reaches its maximum
load, new instances of the service can be deployed in a
neighboring cluster.

5. Testability. New features can be tested
immediately in production. It is enough to implement them
for some segments of users to check how they will work [5].

Disadvantages using microservice architecture:

1. Organization of interaction of microservices in
the entire system. This depends on the number of
processes involved and requires additional efforts in
planning, control, monitoring, testing and deployment.

2. Expenses. Microservices require the use of a
larger total amount of memory than monolithic
architectures, this is due to the need to organize isolated
environments, as well as the costs of organizing
communications between them (interfaces, protocols,
communication channels, etc.).

© Demydenko M., Kalnytskyi M., 2023
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3. Security issues. Microservices require security
solutions due to the presence of internal service
communication.

4. Decrease in productivity compared to
monolithic systems. The reason is the occurrence of
additional delays in data exchange between
microservices. Therefore, it is necessary to solve

FRONTEND
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problems with the correct design
asynchronous processing and balancing.
5. Problems of inconsistency. Unlike monolithic
systems, in MSA, errors when updating individual
microservices can lead to out of sync violations [4].
For the realization of ISMEP, there are chosen the
following functions (Fig. 1):

of queues,
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Fig. 1. ISMEP prototype architecture

The implementation of the platform prototype was
divided into two parts - the creation of the server
(backend) and client (frontend) parts. The server part is
a REST API system built on a microservice architecture
and deployed using containerization technologies, the
task of which is to receive HTTP requests from the
client (web application), process them and return data in
JSON format.

1. APl Gateway is a request distributor and
aggregator, provides only permitted functionality for
users with different access levels, and collects data from
multiple microservices as needed. The only point of
interaction between the client and the server is the API
GATEWAY. This microservice does not contain any
database, and performs two functions: a role limiter and
a request aggregator.

The first role of Api Gateway is to provide a
certain function only to authenticated users with the
required role (student/teacher/administrator).
Authorization starts through guest access points that are
directed to the identity microservice.

The second role of Api Gateway is aggregation.
Some requests require data and processing in multiple
microservices, so gateway’s job is to send requests to all
required microservices, collect all responses separately,
filter, and return the response to the client. Specific
microservices are closed from the user, so there is no
role checking. One big problem in the aggregation
process is the lack of atomicity of operations. Ideally,
when sending requests to 2-3 microservices, if one of
them does not perform the operation and gives an error,
then all changes in other microservices should be
canceled.

Identity Service is created for authorization,
registration and storing of personal data of users.
Application authorization and authentication is built on
a modern approach that uses JWT tokens.

JWT (JSON Web Token) is a way of securely
transferring information between a client and a server in
the form of a special string token. The token contains
information  required  for  authorization  and
authentication (such as an ID and role) and can be used
to access certain resources or functions in the
application. The JWT is transmitted with each request,
accordingly, the validity of the token and the possibility
of access of the given user to the requested sections of
the functionality at the moment will be checked each
time.

When entering the correct login and password on
the site, the Identity microservice generates a token that
stores  the  unique  user ID and role
(student/teacher/administrator) and returns it to the
client for storage. The token itself is signed with a secret
key, making counterfeiting by a third party impossible.

The lifetime of the token, which determines its
validity, is recorded in the body of the token and is
determined by the server that issues it. The
recommended time is up to 30 minutes.

In order for the user not to re-enter his login and
password every ten minutes to log in to the account, a
second key, called Refresh Token, is issued during
authorization. This is a special code that can be used by
the client to update the JWT without passing the login
and password.
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The Refresh Token is stored in the browser's Http-
only cookie, which guarantees the impossibility of
receiving the token by third-party scripts and programs.

The single access point to the server functionality
(AP1 Gateway) contains four routes through which
requests can pass. Each of the three roles
(student/teacher/administrator) has its own route, which
checks the existence of the required role in the

transferred JWT token before executing the commands.
The fourth route is made for non-authorized users, it
does not require any tokens and is used for user
registration or login.

The microservice data scheme is shown in Fig. 2.

2. Members Service is designed to store and
process data about students, teachers, groups and
reviews. The data scheme is shown in Fig. 3.

Users RefreshSessions
Id integer Id integer
UserHama Lext UserId integar
Fassworddash text RefreshToken uuid
Holo integor Jpdatedat timestamp
FirsthName Lexl Crealedat LimasLtamp
LastHama text
Patronymic text
PendingUsers
Fhonehumber? Lexl
Td integar
Homehddress? text
RegisterCode text
Email? text
Expiresal LimasLamp
DatallBirth? Limes Lamp
Rola integear
AvatarTmagefath text
Firsthams text
EmailConfirmed bogelean
LastHaie Lext
PhoneNumbe rConTLrmed baclean
Patranymic text
Createdat timestamp
Fhonelumber? text
HomeAddress? text
Email? text
DatelfBirth? timestamp
Createdat timestamp
Fig. 2. Identity microservice data scheme
Students Groups
1 inteqgar 1 inteqar
UsearTd intenar [ EETIE=] Laxt
Groupd? inLeger Croatedal Limesiame
Createdat Limestamp
Feedbacks
NewsItems
ILd integer .
Id int=eger
Stucdentld integear .
AuthhorId integer
TeacherId intener
lext taxt
FoedbackDLirestian integer
Croatedat Limestang
Text Laxt
Rating integer
Crestedht timestamp
Teachers
T intensar
LsorTod integar
Craatedat Limestamp

Fig. 3. Members microservice data scheme
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3. Education service is designed to store and
process everything related to the educational process:
assignments, schedules, grades, assessments, exams.
The data scheme is shown in Fig. 4.

4. File Service is designed to work with external
applications for working with files and images. Amazon
S3 is used to store and download files. The data scheme
is shown in Fig. 5.

Core functions of the prototype of the online
platform ISMEP.

There are three user groups defined:

e student;

o teacher;

o administrator.

Diagram of the possible actions is shown in Fig. 6.
To ensure containerization, Docker containers are used,

which are a kind of virtual machines that allow
developers to package and run programs in an isolated
environment.

They contain everything the application needs to
run, including dependencies and settings.

Conclusions

The analysis of recent researches showed that the
majority of publications devoted to microservice
architecture in the educational process consider its use
in e-learning.

Most of the modern information systems for the
management of the educational process (ISMEP) are
built according to the "monolithic" architecture. Based
on the results of the research, a prototype of the online
platform was developed.

Subjects Homeworks CompletedHomeworks
Id int Id int Id int
Name text GroupId integer HomeworkId integer
Description? text SubjectId integer StudentId integer
LessonsCount integer TeacherId integer Grade? integer
CreatedAt timestamp FilePath? text TeacherComment? text
CreatedAt timestamp StudentComment? text
FilePath? text
CreatedAt timestamp
Lessons StudentLessonActivities Examinations
Id int Id int Id int
SubjectId integer StudentId integer SubjectId integer
TeacherId integer LessonId integer GroupdId integer
GroupId integer Status in StartsAt timestamp
Topic? text Grade? integer EndsAt timestamp
Classroom? text CreatedAt timestamp CreatedAt timestamp
StartsAt timestamp
EndsAt timestamp
CreatedAt rimestamp StudentExaminationActivities
Id int
StudentId
ExaminationId integer
Grade? integer
Status integer
CreatedAt timestamp
Fig. 4. Education microservice data scheme
HomeworkSolutions HomeworkTasks
Id integer Id integer
StudentId integer HomeworkId integer
HomeworkId integer OriginFileMName text
OriginFileName text CloudFileName text
CloudFileMame text Created timestamp
Created Limestamp

Fig. 5. File microservice data scheme
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Fig. 6. ISMEP core functions

REFERENCES

MKR [Electronic resource] —Access mode:https://mkr.org.ua/

Politek-soft [Electronic resource] —Access mode: http://www.politek-soft.kiev.ua/ru/

ASU VNZ [Electronic resource] —Access mode: http://ndipit.com.ua/ua/rozrobky/asu-vnz

€. TMamamapuyk, «METOJU TIOBYJOBU MIKPOCEPBICHOI APXITEKTYPU CUCTEM EJIEKTPOHHOI'O
HABYAHHS», ITKI, Bum. 53, Bum. 1, c. 4354, JTliot 2022. https://doi.org/10.31649/1999-9941-2022-53-1-43-54

5. A. Kravchuk Mikpocepsicha apxiTekrypa: mmocu Ta Minycu. Access mode https://blog.iteducenter.ua/articles/microservices-
architecture-advantages-and-disadventages/

rwONE

Hagniiiuura (received) 22.03.2023
[puitasito g0 apyky (accepted for publication) 23.05.2023

IIpoToTHN OHJIAMH IVIAT(HOPMH 3 BHUKOPHCTAHHAM MiKpOCepBiCHOT apXiTeKTypH Ta KOHTelHepu3auii
IJIS JiZKUTATi3alil ocBITHHOTO mpouecy

M. 1. lemunenko, M. A. KanbHUIIbKHIA

Anoranisi. [lanmemis COVID, Ta noBHoMacmTaOHI BifiChKOBI Iii Ha Hammii TepuTOpil BIUIMHYIM HA BIPOBALKEHHS
mhpoBUX Ta iHGOPMALIHIK TEXHOJIOTIH B OCBITHIiHM Tporec. JliKuTanizanis OXoIia BCi cepu OCBITH , a OCOOIMBO BIUIMHYJIA HA
TEXHOJIOTIi IMCTaHLIMHOrO HaB4yaHHA. AJjie mpobiiema aBTOMarH3alil MPOIECy YMPABIiHHS OCBITHIM IPOLECOM 3aJIMIIAETHCS HE
BHCBITJICHOIO. 3a0e3MeUueHHsl SKICHOrO MEHEIKMEHTY OCBITHBOTO MPOLIECY BUMArae Meperyisiay MiIXOMiB JI0 apXiTeKTypH, MpOLEciB
PO3pO0IICHHSI, Ta BIPOBAKEHHS Bi/OBIIHOTO MPOrPaMHOro 3ade3neyeHHs. bilbIicTh cydacHUX iHPOPMAIIHHIX CHCTEM YIPABIiHHS
ocBiTHIM TporiecoM (ICYOII) moOymoBaHi 1Mo «MOHOMITHI» apxiTekTypi. Lle 0OMexye MOXITHBICTh MozepHizawii 6e3 nepeOynoBH
sapa cucteMH. HaciikoM 1boro € mpo6iema MaciuraOyBaHHs Ta epeKTHBHOIO BUKOPHCTAaHHS XMapHHUX TEXHOJIOrii. Mera poboTH —
po3pobuTy nporotun oxaitH mwiardopmu ICYOC 3 BUKOpHCTaHHSIM MIKPOCEPBICHOI apXiTEeKTypH Ta KOHTeHHepH3allii.

KawuoBi caoBa: gimxuranmisamis OCBITHIH Mpolec, MiKpocepBicCHa apXiTeKTypa, KOHTEHHEepH3aLLis.

105


https://mkr.org.ua/
http://www.politek-soft.kiev.ua/ru/
https://blog.iteducenter.ua/articles/microservices-architecture-advantages-and-disadventages/
https://blog.iteducenter.ua/articles/microservices-architecture-advantages-and-disadventages/

Control, Navigation and Communication Systems. 2023. No. 2

ISSN 2073-7394

YK 004.9

doi: 10.26906/SUNZ.2023.2.106

O. A. Inpsmmos, K. B. Tlokopa, B. O. [Jsuenko, A. A. KoBanenko

XapKiBChKHIA HAIllOHATBHUN TEXHIYHUN YHIBEPCUTET PalioeNeKTPOHIKH, XapKiB, YKpaiHa

KJTACUDIKALIA JAHUX AITAPATHUMHU ITIPUCKOPIOBAYAMMU FPGA
Y HEHTPAX OBPOBKH JAHUX TA XMAPAX

AHoTanisi. AKTyaJbHicTb. AHali3 JaHUX, 30KpeMa iX Kiacudikallisi) 4acT0 BUKOHYETHCS 33 JTOMOMOIOI0 METO/IB Ma-
[IMHHOTO HaB4YaHHs. YacTo 3aifHi aJrOpHUTMH MOTPiOHI MaTH CIIpaBy 3 BEJIMKUMH HaOOpaMu NaHUX, 1[0 HPU3BOIUTH JIO
TPUBAJIOTO YacCy BUKOHAHHS. TakUM YHHOM, aKTYaJIbHUM € JI0CHi/UKCHHS allapaTHUX HPUCKOPIOBaYiB, Ha 0a3i mporpaMoBaHol
BeHTWIbHOI MaTpuui (FPGA) s nmoxpamenss npoxykTuBHOCTi. FPGA € nepcriekTHBHUM pillleHHAM A7 allapaTHOTO MpH-
CKOpEeHHsI, KOHQIryparii micyisi BApOOHUITBA Ta MOKJIMBOCTI IepenporpaMyBaHHs. MeTo10 1aHOI POGOTH € TOCTiPKeHHS
Ta aHaJi3 TeHAEHIH y iICHyIoUnX XMapHHX apxitekrypax FPGA, ski miKpecTIol0Th CKIIaJHAH 3B’ S130K MIXK apXiTEeKTypaMH
Ta CHCTEMHHUMH BUMOTaMH Ta TIPU3HAUYeHI IS BUPINICHHS 3aBaad KJIacu(ikaIlil JaHuX MeTolaM{ MalllMHHOTO HaByaHHs. [{e
JI03BOJIA€ HaM iIeHTU(]IKyBaTH HOBI apXiTeKTypH, sKi, IMOBIPHO, 3aIIPOIIOHYIOTh 3HAYHI ITEPeBary sl XMapHUX poOodnx
HaBaHTaxeHb. 00’ €KTOM AocaiKeHHs € mpotec eBomronii FPGA-npuckoproBadiB 1t 0OYUCICHB Y IIEHTpax 0OpoOKH a-
Hux (UO/I) Ta xmapax. [lpeameToM J0CTiKeHHsI € METOIH Ta aJTOPUTMHU JOCIIIKEHHS XMapHUX apXiTekTyp FPGA Ha
OCHOBI TaKCOHOMIYHHX KaTeropiil. Pe3ysabTaTu. Y po6oTi 00roBoproerscs MaiiOyTHe Bukopuctanusi FPGA y nenrpax 06-
poOku maHuX Ta XMapax. Takox y poOOTi JOCHIIKYIOTECS MOTOYHI apXITEKTYPH Ta 00rOBOPIOETHCS MAcIITA00BAHICTH 1 a0-
CTpaKil, IKi MiATPUMYIOThCSI ONEPALIHHIMHI CUCTEMaMH, IIPOMDKHUM IPOrpaMHHUM 3a0e3ledeHHsIM i BipTyaiisaniero. Bu-
CHOBOK. Po3po6ieHo kinacugikamnito moao JocaikeHHsT XMapHUX apxiTekTyp FPGA Ha 0CHOBI TAKCOHOMIYHUX KaTeropii.
Po3rmsiHyTa Ta 3anmponoHOBaHa apXiTEeKTypHa OpraHizallis IoA0 po3ropTaHHs noaatkiB FPGA, mo BHKOPHCTOBYIOTECS B
XMapHHUX CepeIOBHUIIAX 1 cepeloBUIIaX LEHTPiB 00POOKH JaHKUX. 3alpOIIOHOBaHI JBi MOJENi IPOEKTYBaHHS JOAATKIB Ma-
[IMHHOTO HABYaHHS JUIs Kiackdikamii JaHUX 3 BUKOPUCTaHHIM amapatHux FPGA-nprckoproBadiB.

Knaouoni caoBa: pexondiryposana yorika, FPGA nmpuckopenHs, xMapHi 004HCIeHHS, IIEHTP 00poOKY JaHuX, BipTya-

JTi3arlis, TAKCOHOMIYHi KaTeropii, Kjacudikailis JaHUX, MAIIMHHE HABYaHHS, IPOrpaMHe 3a0e3MCUCHHS.

Beryn

MaiibyTHe mTy4qHOTO iHTENEKTY (Al), 30KpeMa Ma-
mrHHOTO HaBuaHHsA (MH), HaOmmKaeThCs, 1 BOHO 3aiie-
KUTH Bif HhOTO. LlITyunHMit inTenekT (Al) cTa omHi€ero 3
HAWMIOMYJIAPHIMINX OOYHCITIOBABHUX TEXHOJOTIH Y
CBITI, 1 KommaHii, Taki sk Intel, Google, Microsoft, IBM
Ta iHwI, Bci BoHU cniuparoThesi Ha FPGAs. MacitaGHo-
nporpamoBani BeHTWwibHI Marpuui (FPGAs) cranu
OibII, HIXK €K30THYHOIO Ta HIIIEBOIO TEXHOJIOTIEI0, SIKY
MOXYTh OCAT'HYTH TUIbKH Marik amnapaTtHoro 3abesrie-
yeHHs. ['paBui Takoro piBHs, sk Alibaba, Amazon,
Baidu, Huawei Ta Tencent, Temnep BHKOPHUCTOBYIOTbH
FPGASs nns po3poOKH IOJATKIB ¥ CBOIX iHPpPACTPYKTY-
pax mara-meHTpiB. IHII BUKOpHCTOBYIOTH FPGAS mis
HaJlaHHS MOJaTKiB Ak cepic (Microsoft [2] Ta Nimbix)
a00 JUT BHYTPIIIHEO PO3p0o0IeHnX goaatkis. KpiM Toro,
0 BCBOMY CBITY 3IICHIOETBCS PSIJI IPOCKTIB B aKaieMi-
YHMX Ta HIIUX AOCIIJHULIBKHAX OPraHi3amifiXx 3 METO0
HaJlaHHS KOPUCTyBadaM BiJlaleHoi MOXKIIMBOCTI HpHUC-
KopeHHs Ta rTHy4KkocTi. Xo4a FPGAs cratoTs Bce OirbIr
JIOCTYIIHUMH Yy JaTa-LIEHTPaX, iX JOBrOCTPOKOBE IPHIi-
HATTA B IUX MICIIIX HE rapaHTOBaHe. ApXiTeKTypa Ta iH-
Terpamis Ha piBHI IJIaTH Ta CHCTEMH NMOBHHHI 3abe3re-
YHUTH, 00 3aCTOCYHKH BUKOPHCTOBYBAJIU IEpEBAry Iie-
pexoHiryparii Ta moM'sKiryBaiu ioro Hemoiniku. Ha-
JIaHHS allapaTHUX PECypciB BUMarae BiAMOBIAHOTO MPo-
MDKHOTO IIPOrpaMHOTo 3a0e3MeUeHHs, alapaTHoi BipTy-
aizamnii Ta MeXaHi3MiB PO3JIIUICHHS JOMEHIB.

3 ychOro CBITYy, B aKaJIEMiYHHX Ta IHIINX HAYKOBHX
OpraHizallisix, Bce OiNbIe 3aIMyCKaeThCS MPOEKTIB, 100
HaJ[aBaTH KOPUCTYBAa4YaM BiJJIAJICHY MOJIUBICTb TIPUCKO-
peHHs Ta THy4uKicTh. Xoua FPGASs cratoTh Bce OuIbII J10-
CTyITHIMH y JATalEHTPaX, IX IOBIOCTPOKOBE BHKOPHC-
TaHHS y TaKUX MICIIX HE TapaHTYEThCA. APXITEKTypa Ta

iHTerparlis Ha piBHI IUIaTH Ta CUCTEMH TIOBHHHA 3a0e3rie-
YUTH Te, 10 3aCTOCYHKH BUKOPHCTOBYIOThH IIEpeBart Iie-
peKOHGIrypyBaHHs Ta 3MEHILNYIOTH Horo Henoumiku. [loc-
TayaHHs arnapaTHUX PecypciB NOTpedye BiIIOBIIHOT IPO-
MDKHOI IIporpamu, arapartHoi BipTyaii3aiii Ta MexaHi3MiB
po3aineHHst JoMeHiB. EQekTiBHe Ta rHydke MocTadyaHHs
aTlapaTHUX pecypciB 30LTBITYE MOXKITHBICTh Oe3MeperIKo-
JTHOT iHTeTrpaIllii, izeanbHo 0e3 MepeKOHCTPYIOBAHHS, B ic-
Hylouy iH(ppacTpyKTypy KepyBaHHs xmaporo. [Ipoctopo-
Buil crinbHUA moctyn g0 FPGA 30umemrye ckiagHiCTh
IUTaHYBAJILHUKIB Ta MEHEIDKEPiB pecypciB xmapu. Ha ma-
CTs1, BEIUKUI 00CsT poOIT, pO3pOOJICHUX 38 OCTAHHE JeCs-
THIITTS, MOXKe OyTH BHKOPHCTaHMH y CHUCTEMax IUIaHy-
BaHHS 3aBJaHb XMapH, SIKi B JJaHMH 4Yac BHUKOPHCTOBY-
I0TBCSI B JJATAlICHTpax, TaKUX SIK CIIMCKOBE IUIAHYBaHHS,
mo BUKopHcTOBYeThesi B Amazon Cloud. IIpocropoBuii
cnimpHA moctyn 1o FPGA 30unblnye cKitagHiCTh TUIaHy-
BaHHS Ta MEHEPKMEHTY PECcypcCiB XMapH.

MeToro i€l po6OTH € TOCITIKCHHS Ta aHAaJi3 TCH-
JICHLIH y iCHYIOUMX XMapHHUX apXxitekrypax FPGA, ski
IIKPECITIOIOTh CKJIAIHUH 3B’ 130K MIX apXiTeKTypaMH Ta
CHUCTEMHUMH BHUMOTaMH{ Ta IPU3HAYEH] JUIl BUPIICHHS
3aBad Kiacudikaiii JaHuX METOJaMU MAITMHHOTO HaB-
ganHs. Lle 103BoMsie HaM iAeHTH(IKYyBaTH HOBI apXiTeK-
TypH, AKi, HMOBIpHO, 3alpPONOHYIOTh 3HAYHI IEepeBaru
JUISl XMapHHAX POOOYMX HABAaHTAXKEHb.

OcHOBHA YacTHHA

Ha 3miHy yHiBepcalbHMM OOYHCIEHHSM IIPHXO-
JIITh TeTeporeHHi: 3sn4aiiHi [{I1 1omoBHIOIOTECS Crieli-
ai30BaHUMH TIPOIlecopaMu abo MPUCKOPIOBAYAMH, IO
MiABUIIYIOTh NMPOAYKTUBHICTh Ta €HEProe(eKTUBHICTH
CEpBEPIB NMPH PECYPCOMICTKUX POOOYMX HaBaHTAKEH-
HSX, SIKi CTAIOTh 3BHYAIHUM SIBUILEM y CydacHOMY JaTa-
IeHTpi. B SKOCTI TakuX NPUCKOPIOBAdiB OOYHCICHB
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BUKOPHCTOBYIOThCsl rpadiuni nponecopu (GPU), npo-
rpamMoBaHi KopucTyBaueMm BeHTWIbHI Matpuni (FPGA)
Ta IHTErpajbHI CXEMH CHEHiaJIbHOTO IPU3HAYEHHS
(ASIC). HoBi po0Ooui HaBaHTa)KCHHS BH3HAYAIOTh HOBI
CHCTEMHI BUMOTH Ta (YHKLil, CHPHUSIOTh PO3BUTKY Ta
BIIPOB/KCHHIO TaKUX TexHoJOTiH, sk NVMe, FPGA Tta
0a3m IaHWX y OmepaTHBHINA mam'saTi (in-memory). 3a na-
HUMH aHamTHKiB Forrester, cremianizoBaHi mpHUCKOpIO-
Baui, Taki Ik FGPA ta GPU, OyxyTh BUKOPHCTOBYBaTHCA

Tabnuys 1 — BigHocHa iepapxisi anapaTHUX NPUCKOPIOBayiB

BCe IIHpIe. 3acTocyBaHHs rpadiuHIX IPOLECOPIB MOXKE
npuOIM3HO B 25 pa3iB NPUCKOPUTH BUKOHAHHS OKPEMHUX
BUJIiB 00YKCIIEHb, Bi3Ha4YatoTh y 451 Research [6]. V ie-
papxii npouecopis - Bix L1 3aransHoro npusHadeHHs 10
ASIC - icHye KoMITpOMiC MK THYYKICTIO Ta e()eKTHBHI-
ctio. [Ipu npomy, K CTBEpIXKYyIOTh y Accenture, KOIu
AKach KOHKpPETHA porpamMa peajizy€eThes 3a JOIIOMOTOr0
CIemiai30BaHuX PillleHb, MPOAYKTUBHICTE MOXE 301J7Tb-
IIyBaTHCS Ha MOpSAKH (Tadum. 1).

Anapariie CPU GPU FPGA ASIC
pimenHs
IIpn3Havyenns Jnst moaTKiB 3arajJbHOTO Jnst oGumcieHs Macwus nporpamMoBaHux 010- | Po3poOmstoTsest 1t
MIPU3HAYECHHS OB’ s13aHUX 3 Tpadi- KiB 3 IPOTPaMOBaHIM KOHKPETHOI (hyHKIIi0-
KOO MDK3’ €THAHHAM HaJIBHOCTI
BinHocHa 1 100 1000 10000-100000
MTPOJIYKTUBHICTh
I'ryuxicTs VHiBepcanbHUH Creniani3oBaHuii IIporpamoBanuit Jnst cieriansHOroO 3a-
CTOCYBaHHS
Punox upoxuit OobmexeHuit OobmexeHuit KoHKpeTHI Hillli pHHKY
IIpocroTa upoxo goctynHi HaBU- | [loTpebye cremianbHUX [otpebye criemianbHIX Tineku iHTEpDEiic
HpOrpamMyBaHHs YKHU [IPOrpaMyBaHHs 3HaHb 3HaHb
Kuro4osi rpasui Intel, AMD, ARM NVIDIA, AMD, Intel | Xilinx, Intel (Altera), Actel NEC, LSI, Samsung

GPU, FPGA Tta ASIC M0XyTb BUKOPUCTOBYBATHUCS
JUTS TIPICKOPEHHS 3aBJIaHb BipTyalri3allii Ta XMapHHUX 00-
gncienb, 3D/2D-rpadiku, BHCOKOTIPOIYKTUBHUX O0YH-
ciens (HPC), mTy4HOTO iHTENEKTY Ta MAaIIMHHOTO HaB-
YaHHS, aHaNi3y BEJHMKHX JaHUX, BipTyalli3alil Mepexe-
Bux ¢yHnkuiit (NFV) romo. Hanmpukian, ix MoxxHa ycri-
LIHO 3aCTOCOBYBaTH B 3aCTOCYHKaX MAIIMHHOIO HaB-
YaHHsI, TIPU3HAYEHUX JUIsl PO3Ii3HABAHHS I'OJIOCY Ta 30-
OpakeHb 200 aHaNi3y TEKCTY.

Kom0iHyBaHHS yHIBepCaJbHUX MPOLIECOPHUX SIAEP
31 crieniai3oBaHMMHU OJIOKaMU 00YHCIIeHb 3a HefipoMe-
PEKEBUMH alTOPUTMaMH — akTyallbHa TeHaeHmisd. Crie-
[iaxi3oBaHI MIKPOCXEMH JUISI CHCTEM IITYYHOTO iHTelre-
KTy — III€ OINH HOBUH PHHOK, 1110 CTPIMKO PO3BHBAETHCSL.

Csiit ASIC — Edge TPU — st 3amau L1 Bunycruia
it Google. IIpote 3apa3 y chepi 00poOKHM maHUX 3 3aCTO-
cyBanHsaM LI Hait6inem Bigomi mpoayktu NVIDIA 3 ii
rpadidyHAMH TpoIiecopaMu Ta pimeHHs Intel, Taki sk
Nervana Neural Network Processor (NNP-I), 3asBinena
MPOJYKTUBHICTh SIKOTO IIOJ0 HITYYHOTO iHTEJeKTy B 10
pasiB BMIlA, HDK y rpadiuHUX KapT, a TaKoX JiHiiKa
FPGA Agilex nnst 3amau II11.

Koxen Tun npouecopa, ysiBepcaisnoro (CPU),
rpadiunoro (GPU) abo FPGA, mae cBoi mepesary, iH-
akie ix npocro He BUpoOisin 6. CPU 3abe3neuyroTs Xo-
polLy IMPOXYKTUBHICTh NPH HaMBHILIN yHIBEPCAIBLHOCTI
Ta 3acTOCOBHOCTI. [Ipnbnm3Ho 99% BCiX iCHYIOYHX MPO-
rpam Hanmcasi 1 BukonanHs nig CPU. GPU marots 6i-
JBITY KUTBKICTB sI7Iep Ta BEKTOPHY apXiTEKTYpy, BUCOKY
MIBUAKICTH OOMiHY 3 IaM'SITTIO Ta BBEJACHHS-BUBEICHHS.
FPGA wmaroTe HaiO1IbITy IPOyKTHBHICTS HA BaTT cro-
JKMBaHOI TIOTY)KHOCT1 3aBJSIKM BJIACTHBOCTSIM ariapa-
TypH, ajie MOTPeOYIOTh Jy’Ke PETEIBHOrO Ta CKJIaHOTO
pOrpamMyBaHHsI.

Hwxue mpo 1i BiTMIHHOCTI TPOXH JACTaNbHIIIEe:

VYuiBepcansHi npouecopu CPU - ne B cyTi, nparo-

HalpI3HOMAHITHIIMX  3aBJaHb, aje Yepe3 CBOIO

apxitektypy CPU He HaCTINBKH e(eKTUBHI IS ITapae-
TpHHUX 00umnciieHb. OcTaHHIM YacoM I pobiieMa 9acT-
KOBO BHIIIYETHCS 332 PaXyHOK IMIUIEMEHTAIlil B YHITi
npouecopa 6arateox saep. OQHaK HaBiTH y HAUNIPOAYK-
tuBHIUX CPU KiNBKiCTh sfiAep MOKH MO BUMIPIOETHCS
JEKUTbKOMa JIeCATKaMHU.

I'padiuni npouecopu (GPU) nosri poku mparto-
BaJIM TUIBKK B Hilm BigoOpaxkeHHs iH(opmarii Ha ek-
pasi. I smme BimHocHo HexaBHo GPU cranm 3actocoBy-
BaTHUCS JIJIsI 3aBJIaHb BUCOKOIIPOJAYKTHBHUX 00YHCIICHD, B
TOMY YHMCII MaliHIHT'Y KpUNITOBAIOT. PoboTa 3 rpadikoro
SIK BeKTOPHUMH 3aBJaHHSIMH ITPU3BEIA JI0 TAKOTO PO3BH-
TKy apxitektypu GPU, sika crtama mpuCTOCOBaHOK LIS
1iIelt mapajenbHUX 00UncieHb. SIK pe3ynbTar, cydacHa
apxiTekTypa TrpadiqHOro mporecopa JT03BOJISE PHUCKO-
PHUTH IPOXiJl BEKTOPU30BAHUX JaHUX 4Yepe3 CBOI KOHBE-
€pH, sIKi B IHIIOMY BHITaJIKy JOBEJIOCS O 3aITycKaTH dyepe3
6araro iHmux soriyaux OnokiB y III1 3 BiAmoBimHOO
BTparoro npoaykruBHocti. CyyacHi GPU micTaTh y uui
KIJIbKa THCSIY TIPOLIECOPHHX SIAEP.

FPGA, na BisiMiHy BiJ yHIBepCcaJbHUX 1 rpadiuyHuX
MIPOIIECOPiB, MOXKHA MEPEIPOTrPaMyBaTH 3TiTHO 3 0CO0-
JMBOCTSIMHM BHUPIIIyBaHOI Ha HUX OOYHMCIIIOBAIBHOI 3a-
nadi. B pe3yibrari OTpUMY€EThCSI CHHTE3 CIIeIliai3oBa-
HOTO TIpoliecopa Iyisi KOHKPETHOI 3a/1a4i. [HmmMu Bax-
nuBUMH BigMmiHHOCTIMH FPGA € 3HMKEeHe CIIO)KHUBaHHS
€Heprii Ha OIMHMIII0 O0YNCITIOBAILHOT TOTYKHOCTI, a Ta-
KOXX apXiTeKTypa 3 napajebHIM BUKOHaHHSIM 0araTbox
BEKTOPHHUX OIlepalliii 0JJHOYacHO - TaKk 3BaHa MAacHBHO-
mapajenpHa ApiOHO3epHUCTA apXxiTekTypa. KiimbkicTb
snep y unri FPGA Moxke mocsraTé OJHOTO MijbiioHA i
OinpIme.

FPGA-npuckoproBad mpeacTaBisiec coOOr asar-
Tep, sAkuit kpiM unna FPGA MicTHTh Ha TUIaTi JIOKaIbHY
ornepatuBHy nam'ats Tty HBM (mam'site DRAM 3 BU-
COKOIO TIPOITYCKHOI 3/aTHICTIO) Ta BHUCOKOIIBUAKICHI
inTepdeiicu BBeneHHs-BUBeACHHS, Taki sk 10/40 GE Ta
PCl Express. FPGA-npuckopioBadi TakoXX BHITyCKa-
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10Thcs Yy GopM-dakropi SOM (K 0ZHOMOIYJIBHI CHC-
temu). Koxken vin FPGA micTuTh IOHAI MiJIBHOH KOMi-
POK, IO MOXYTh OyTH HepernporpamoBaHi s Pi3HUX
(GYHKIIH - Kel-maM'siTh, CUTHaJIbHI MPOLECOPH, OJIOKK
urdpoBoi 00pobKH, 6110KHM iHTEPPEHCIB.

Ha croromni FPGA nepesepurye ASIC y npomyk-
THUBHOCTI 3aBJISIKU OUTBII Cy9acHUM TEXHOJIOTIYHIM IIPO-
mecam crBopenHs kpucrtaiis. J{ms FPGA BuxopucrtoBy-
10ThCS TexmponecH piBHA 20 HM i HaBiTh 14 HM. Tomi Ax
it ctBopeHHs1 KpuctaniB ASIC BHKOPHCTOBYIOTHCA
61 "cTapi” Texmporecu piBHsA 60 HM. BignosigHo, Ha
Ti#l ke o kpuctana y FPGA MoxxHa po3MmicTuTH Yy
JIeKiJIbKa pa3iB Olble JIOTYHUX KOMIpoK, Hix y ASIC,
110 3abe3neuye nepeBary B MpOyKTHBHOCTI.

VY xmapuux obuncieHnsx FPGA 3actocoByroThcs
JUISL IIBUJKOTO PO3PaxyHKY, IIPHUCKOPEHHSI MEPEKEBOTO
Tpadiky Ta JOCTYyIy 10 MacuBiB AaHUX. CIOIU TAKOXK MO-
*KHa BimHecTH BuKopucTanHsi FPGA mns BucokodacToT-
HOi TopriBii Ha Oipxkax. Y cepBepH BCTABIIOTH IUIATH
FPGA 3 PCI Express Ta onTHYHAM MEpeKEBUM iHTEp-
¢eiicom BupobHHITBA Intel (Altera) abo Xilinx.

Ha FPGA uynmoBo nsrarooTe KpunTorpagpivdi aaro-
putMH, TopiBHsAHHA mociinoBHocTel JIHK Ta HaykoBi
3ajaui, TaKi K MOJICKyJsIpHa quHaMika. Y Microsoft na-
BHO BUKOpHUCTOBYI0TE FPGA 11 npHCKOpeHHs MOLTyKo-
Boro cepeicy Bing, a takox mns opranizauii Software
Defined Networking BcepeauHni xmapu Azure.

ByM MalMHHOrO HaBYaHHS TaKOX HE OOIHIIOB
FPGA croponor. Kommanii Xilinx ta Intel mpomorytots
3acobu Ha ocHOBI FPGA mist poGoTH 3 rmuOoKkuMu Hell-
POHHMMH MepexamMH. BOHM J03BOJAIOTH OTPHMYBAaTH
npommBku FPGA, siki peani3yloTs Ty 4H iHIIY MEpeKy
OesmocepenHs0 3 (QpeiimMBopkiB, Takux sk Caffe Tta
TensorFlow.

Jlo Toro  Bce 11e MOKHA CIIPOOyBaTH, HE BUXOIYH
3 JIOMy Ta BHKOPHCTOBYIOYM XMapHi cepBicu. Hampwu-
Kiajg, B Amazon MOXHa OpPEHAYBaTH BIpTyaJbHY Ma-
uMHy 3 goctynom a0 wiati FPGA ta Oynb-skux 3aco0iB
PO3pOOKH, B TOMY YMCII i MAILIMHHOTO HABYAHHSI.

Ha cporopHimHii aeHp OUTBIIICTH XMApHUX MTPOBaii-
JepiB 30cepelrrcs Ha IUIaTdopMax OLTBIN 3aralbHOTO
TIPU3HAYCHHS, 3/1a109H B OPEH/Iy CTaH/IapTH30BaHy Maclll-
TtaboBaHy iH(pacTpyKTypy. [Ipomo3uriii B 0CHOBHOMY Bi-
JPI3HAIOTECS KIUTBKICTIO (BIpTyallbHUX) siaep, 0OCSIToM
mmam’sITi Ta IPOITYCKHOIO CIIPOMOsKHIcTIO Mepexki Ha LIT 1
cxowe. [Ipomo3umii 3 6iBII creliaTi30BaHNM arapat-
HUM 3a0e3MedeHHsIM, HacaMIiepes] i3 TpadiaHuM MPOIIECo-
POM, € MEPEeBaKHO OKPEMHUMH CTIEIIiaTi30BaHUMH MPOIIO-
3UISIMH, HANPUKIIAJ, JUII BUCOKOIPOAYKTUBHUX OOUHC-
nenb (HPC), a He entemMeHTaMH, 5IKi 3a0€311€UyIOTh IIHPOKY
OCHOBY apXiTeKTypH XMapHO1 I1aThopMu.

Jlesiki XMapHI NpoBaiiiepy MoYaii BUKOPHCTOBY-
BaTH crienianizoBaHe oOnagHaHHs (BKiIouaroun FPGA)
[2] i HaBiTH MOUYaNM po3pobiusTh BiacHi SoC [5] 3amicTh
TOrO, 00 MOKJIAAATHCA HAa KPEMHIEBHH INPOIECOp Bil
MocTavyalbHUKA, SKHW BiIKPUBAE IBEPi IS OUTHIIOT AH-
¢epenuianii marhopM Ha OCHOBI amapaTHOro 3abesrie-
yeHHs. Lle mepenbadaeTbcs sk XMapHa iHpacTpykTypa
mporpecye Bif iHppacTpykTypH sk nociyru (IaaS) o Bi-
pTyanizoBaHUX IIAT(HOPM, a MOTIM O MIKPOCEPBICiB i
¢bynxii sk mocyru (FaaS), xMapHi 00YUCIIEHHST TaKOXK
MOXYTh HaJaTH €KOCHCTEMH IPOrPaMHOTO 3a0e3MedeH-

HS$l, SIKi CIIPUSITUMYTh 3pOCTaHHIO BIIPOBAPKEHHS CIIellia-
J130BaHOTO arapaTHOTo 3a0e3NeUeHHSI.

XmapHi apxitektypu FPGA.

[Momut Ha mociyryu nara-UeHTPIiB Mae MIaHC MIPOJIO-
BXKYBaTH €KCIIOHEHIIi#He 3pocTaHHs [ 1]. OcKinbKY 3aKOH
Mypa CHOBITHHUBCS, a 00YHMCIIOBAIBFHI BUTPATH Ta CKJIa-
JHICTP XMApHUX 3aBIaHb IPOJOBXKYIOTh 3POCTaTH Ta
esommortionysarty, [1JIIC mponoHye mepCcreKTHBHUI Me-
XaHi3M /7Sl BUPIIICHHS MapagoKCy, MOB'SI3aHOTO 3 TOE-
HaHHSM MIPOAYKTUBHOCTI, €Heproe)eKTUBHOCTI Ta THYY-
KocTi. BoHM MOXyTh OyTH BCTaHOBIICHI Maiike Oyb-m1e
B JlaTa-IEHTPI I NPUCKOPEHHS 00YUCIIeHb, 30epiraHHs
Ta MEPEeX, SIK M0Ka3aHO Ha puc. 1. 3aBIsIKN HEOLIHEHUM
nepeBaram [1JIIC iX BUKOPUCTaHHS B aTa-IICHTPaX OYi-
KY€ETBCSI 3pOCTaTH 3 TIraHTCHKOIO PIYHOIO 3POCTAHHSM B
48% wmix 2020 Ta 2027 pokamu [2,10].

Stand Alone FPGA
Secondary
Network Bump in
| the Wire
Smart NIC
FPGA FPGA
Co-processor |
CRU
A
3
Storage attached FPGA %
Storage

TOR Switch

Puc. 1. Posropranas FPGAs B ieHTpi 00poOKH JaHUX

He3sBaxarouu Ha Te, mwo [JIIC nponoHyoTh HU3KY
mepeBar Uil JaTa-LIEHTPIB, BUOIp MEBHOI apXiTeKTypH
JUISI BAKOPHCTAHHS € CKJIAJJHAM Ta HEIIPOCTHM; MH HE MO-
YKEMO TIPOCTO PO3MIlllyBaTH Oyb-SIKY KUIbKICTh Ta PO3-
Mip IUX NPUCTPOIB B Oy/b-sikoMy Micui y xmapi. Ekcrpe-
MalibHa 1noTpeda B e()eKTHUBHOCTI BUTPAT NMPHUBOIUTH JIO
aKICHTY Ha PO3Mipi, EHEPrOCIOKUBAHHI, 0XOJIOHKEHHI,
CYMICHOCTI, aBTOMATU3aIlii Ta MOXIJIUBOCTI OHOBJICHHS
Ha MicIli, 3a0e3Meuylour Npu IIbOMY 33J0OBOJICHHS IIEB-
HUX MOTped XMapHUX 3aBJlaHb Y TepMiHaX MPOLYKTHBHO-
CTi, TaM'ATi, MOKJIIMBOCTI CepBepa, HAMIHHOCTI, Oe3NeKU
Ta I JKITF0YEHHS TO MEPEeKi.

Cloud FPGA - ne iudpactpykrypa OpUCTpOIB
FPGA abo nporpamMHHX 3ac00iB MPOEKTYBaHHS, SKi 10C-
TymHi B XxMapi. [1lo6 BukopucToByBaTH IIepeBaru "po3mi-
mieHHs FPGA B xmapi", My IporoHyeMo Ki1acu(iKyBaTH
cloud FPGA 3a Tppoma piBHSIMH CEpBICiB:

1) FPGA mporpamai 3acobu sk cepBic: 3 Mozedni
xmapHoro SaaS 3acobu FPGA cranm nematepiamizoBaHi
32010 poky [4]. s Mmoaens oTpuMala KOPUCTh BiJ Mac-
mTabHOi 00YMCITIOBATIBHOI MOTYXHOCTI XMapH 0e3 IMoT-
pebu B rpo1ieci ycKiIaJHeHOTO HaJlalTyBaHHS IHCTpyMe-
HTiB. Ll Mozens Hajmae Jierkuit AOCTYIN JIO XMapH s
arnapaTHUX IPOECKTYBAIBHUKIB 0e€3 CKIIaJHOCTI iH(pa-
CTPYKTYPH Ta IIPOrpaMHOro 3a0e3neyeHHs, ajie He Jae
noctymy 1o ¢iznanoro FPGA.

2) FPGA nnatdopmu K cepBic: 3 MOJEINi XMapHOTO
PaaS mmar¢popmu FPGA Oymm nemarepiamizoBani 10
2010 poky [5, 6]. Hemae notpebu B npundanni FPGA
miatdopm. Ll Moaens no3Boiisie au3aiiHepaM JOJIaTKiB
OTPUMYBATH JIOCTYN 10 OJHi€eT abo kinbkox FPGA mat-
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¢dopm. [JuzaiiHep Moxke po3pOOIISATH Ta BIPOBAIKYBATH
CBOi XMapHi JI0JJaTK! Ha cTapux abo HOBUX IIaThopMax
FPGA.

3) FPGA pecypcu sk cepBic: 3 MOJEII XMapHOTO
laaS FPGA Ta #ioro pecypcu craiy BipTyalli30oBaHUMH 3
2014 poky [7]. Y miit momeni FPGA po3zineHo Ha KijbKa
He3anexHux BipryanbHuX FPGA ob6macteit. Lli o6macTi
MOJKYTb Ha/IaBaTUCS KiITBKOM JH3aifHepaM JOJaTKiB B 0a-
TaTOKOPHCTYBAIIbKOMY CEPEIOBHIII 3 BipTyaJIbHUM J10C-
TynoM 1o ¢izmaroro FPGA.

s xmacudikariss MOXe 3MiHIOBaTHCH 3 9aCOM B 3a-
JISKHOCTI Bil PI3HUX KPHUTEpiiB 4yepe3 MOosBY HOBUX 3a-
cTocyBaHb a00 3MiHM BHMOT. 3aJIeXHO BiJ] cepBicy, 3a-
nporoHoBanoro st xMapu FPGA, Mo>kHa BUpILIUTH pa-
Hillle TOCTaBIICHI BUKIIUKH.

Bukopucrannst FPGA B xmapi nossirae 'y Bignane-
Hiil opeHIi HaOOpY KOHKPETHHX MPOTrPaMHHX 3aco0iB,
mwratdopm abo pecypciB FPGA y BapTicHO-epeKTHBHUMN

FPGA in laas FPGA in Saas

(a N\

pplications

Runtime Runtime

i}

GO,
&E»
Cronime )

Overlay Overlay

M
\J
M
Y

FPGA OS FPGA OS

!
J

Virtuazitaion Virtuazitaion

)
N
)
N

Resource pool

'

" J 2/

crnoci6. Taka FPGA-3a0e3neuena xmapa 30epirae mepe-
Baru FPGA (Hanpukia, HU3bKE CIIO)KUBAHHS €HEprii Ta
MPOrPaMOBaHICTh) 1 3a0e3meuye MacTabOBaHICTh, THY-
YKIiCTh Ta 0araTOKOPHUCTYBALbKY 00CITyroByBaHHSL.

Hananns pecypciB FPGA nonibHo 10 HanaHHS Tpa-
IUIIHHAX XMap Ha OCHOBI HEHTPAIBHUX IIPOIECOPIB
(CPU) ra rpa¢igaux npouecopiB (GPU). llomo xarero-
piif cepBiciB y TpamumiifHOMy OOYHCITIOBaHHI B XMapi,
npoBaiinepu xmapu FPGA npononyrots FPGA sk ingpa-
cTpykTypy sk cepsic (IaaS) abo mporpamue 3abesme-
4yeHHs K cepBic (SaaS) [6]. PucyHok 2 HaBOAWUTH MPUK-
naj iepapxiuHoro BimoOpaxenus B FPGA-xmapi. Hemae
CTaH/apTHOTo BU3Ha4YeHHs abo xacudikarmii 1t FPGA-
XMap, 1 iepapxiuHe BioOpakeHHs MOKe 3MIHIOBATHCH 3
gacoMm. "Vendor manage (optional)" ta "User manage
(optional)" BKa3yrOTh Ha Te, IO LA i€papXis HE 3aBXKIU
icaye B xmMapi FPGA, i BOHa HACTPOIOETHCS KOXKHUM BHU-
pobHHKOM ab0 KopucTyBaueM xmapu FPGA.

Examples of hierarchy mapping in FPGA Cloud

CNN accelerators

Data set, processing results

Customized runtime managers

aYala\

Coarse-grained, Customised overlays

o
AN \_/
\_/ ')

ReconOS, LeapFPGA OS

Resource, Node, Multi-naode

FPGA resource, chip, platform

aYaYa
W,
%

‘User manage‘ ‘User manage (optional}‘ _ ‘Vendor manage (optional) ‘

Puc. 2. [aaS ta SaaS xmapa FPGA

OpeiimBopk FPGA y xMapi BiTHOCUTBCS 10 iH(pa-
CTPYKTYPH Ta IPOTpaMHOTO 3a0e31eYeHHs, HE00XiTHOTO
quts Bukopuctanas FPGA B cepenosumi xmapu. @peiim-
BOpK IOBHHEH 3a0e3mneuyBat crocid Bimkputts FPGA
SIK ITyJIy PecypciB, sKi MOKYTb OyTH BHALUICHI Ta 3BLIb-
HeHi apeHgapsMu. Lle notpedye BifcTeXeHHS BUKOPHC-
tanHs FPGA 11 criponieHHs po3paxyHKiB.

Kpim toro, ¢ppeiMBOpK NOBHHEH JO3BOJIATH apeH-
napsim nporpamyBatn FPGA. Tpanmuiiiiai cucteMHi
cTekn BBaxaoTb FPGA HepyXOMHMH HPHUCKOPIOBANIb-
HUMU OPUCTPOSIMHU, HE BPAXOBYIOUH iX MPOrPaMOBaHICTh.
Jst BUpimeHHs UX npoOiieM MoTpiOHO 10AaTH HOBI MO-
JyJi 10 00UHCITIOBAIBHUX BY3JIiB, a INIAHYBAJIBHUK B KO-
HTPOJIIOI0YOMY BY3Jli TOBUHEH OyTH mokpamenunii. Cuc-
TEMHUI CTEK 00YHCITIOBAILHUX BY3JIiB MOXHA PO3IIITUTH
Ha YOTHPH piBHI: amapaTHHH, Tinepsizop, 6i0mioTeka Ta
3actocyHok. Monyni FPGA nosunHI 6yTH nonaHi Ha pi-
BEHb amapaTHOro 3a0e3medeHHs Ta 3pOoO0JeHI TOCTyTI-
HHUMU SIK ITyJI PECYpCiB IJIsl apeH/1apiB.

PiBeHs rimeprizopa mMoBHMHEH OyTH 3MIHEHHH IS
migTpuMku Biptyamizanii FPGA, mo mo3Bosse KiTbkoM
apeHmapsm ainutucs oxnielo FPGA 6e3 B3aemonii. Pi-
BEHb O0i0JIIOTEKM TOBHMHEH 3abe3rmedyBaTH IMPOTpaMHi

abcTpakiii Ta IHCTpYMEHTH, SKi JO3BOJITIOTH apeHAapsIM
nporpamyBatu FPGA.

Haperri, piBeHb 3aCTOCYHKY IIOBHHEH 3a0€31IeuyBaTi
3aCTOCYHKH Ta CEPBICH, sIKi MOXKYTb BUKOPHCTOBYBATH IPH-
ckoperHs1 FPGA. ®@peiiMBOpK TakoX TIOBHHEH BUPINTYBaTH
mpoOsieMur Oe3nekH, Taki K 3a0e3MeUeHHs TOTo, IO apeH-
Japi He MOXyTb oTpuMatH goctyn 10 FPGA.

FPGA matots OyTH IpeicTaBIIeH] y CTEKYy XMapHHUX
TOCIYT K O0acelH pecypciB, KU MOke OyTH aKTHBHO
KepOoBaHMi, TOOTO HOTro MOYKHA 3alTUTYBAaTH, BUAUISATH Ta
3BiLHATH KOPHUCTyBauaMH. MOro BHKOPHCTaHHS MO-
BUHHO OYTH BiJICTE)XEHE, 00 CHPUATH PO3paxyHKy, HO-
B'sI3aHOMY 31 300pOM IUIATEXIB 32 MyOJIUYHy XMapHy MO-
nenb. Kpim Toro, sikimo FPGA Gyno HanaHo opeHziapesi,
HOTro TMOBMHHO OyTH MOXJIMBO IIPOTpaMyBaTH OpeHa-
peM, aHaJOTiYHO 0 iHmMX pecypciB, Takux sk LT ta
I'TIY. Opnak, TpaguLiiiHi CTEKH CHCTEMHOTO IpOTpaM-
HOTO 3a0e3neueHHs, TOOTO omepalliiiHa cucreMa Ta rime-
pBi3op, BBaxatoTs FPGA nume ¢hyHKIiOHATEHAMHA MIPH-
CKOPIOBAJBHUMH THPHUCTPOSIMU, ITHOPYIOUYHM iXHIO TpH-
poxmy mporpamoBaHoCTi. KpiMm MomymiB, ski 300pakeHi
CipUM KOJILOPOM, Ha PUC. 3 MOKa3aHi THITOBI KOMITOHEHTH
xMmapu Ha 6a3i OpenStack.
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Puc. 3. ®peiimBopk FPGA y xmapi

Kimpka By37iB 00YHCIIEHB, KOXKEH 3 SKUX € (i3ud-
HOIO MaIlIMHOO, HATAIOTh (i3UYHI PeCypCH, BKIIOYAI0UN
IT, mam'sTh, aucku Ta Mepexy. Kepyrouauii By301 00po-
OJIsi€ 3aIUTH BiJl KOPHCTYBAiB, PO3MOJUISLE PECYpCH Ta
CTBOPIOE BipTyaibHi MamHu (BM) Ha BuOpanux ¢izuy-
HUX MammuHaxX. [licias pOro KOPHCTYBaui OTPUMYIOTh
JIOCTYII JIO CBOIX BIPTYaJIbHUX MAIIMH Ta PO3rOpTaloTh Ha
HUX JIOJaTKH.

s BBenennss FPGA B xMapy MU HaJiaeMo HOBi MO-
IOydal Ans BY3JdiB OOYHCIIEHB, SK IIOKAa3aHO CipUM Ha
puc. 2. KpiM Toro, IiaHyBaJbHUK y KEpyIOUOMY BY3Ii
OpenStack moxpamienuii. [1{o6 momermuTy omuc, Mu po-
3IIUTHIIN CTEK CHCTEMH BY3JIiB OOYHMCIICHb Ha 4 PiBHI: ama-
paTHUM, rinepsizop, 06i0i0TeKa Ta JOJATOK.

Taxconomis FPGA BigHOCUTBCS 4O CUCTEMH Kila-
cudikarii, ska BUKOPUCTOBYETHCS JJIsl KaTeropusarii pi-
3Hux TUMiB FPGAs Ha OCHOBI iX BJIaCTUBOCTEH Ta MOX-
nuBocTeil. IcHyroTh Kinbka cnoco0iB  kiacuikarii
FPGAs, BKIIIOYaI04H 1X apXiTeKTypy, pO3Mip, IPOAYKTH-
BHICTb Ta ()YHKIIOHAJIbHICTB.

OnuH 31 cnoco6iB kmacudikamii FPGA 6a3yeTbes
Ha IX apXiTeKTypi, ska Moke OyTH po3MOIilicHa HA TPU
kateropii: SRAM-6a3oBaHi, anti-fuse-6a3zosani Ta flash-
6azoBaHi. SRAM-6a3oBaHi FPGAs BUKOpUCTOBYIOTH JTi-
YITBHUKY TTAM'STi U1 30epiranHs KoHDIrypamiiHux aa-
HUX, TOJi sk anti-fuse-6azoBani FPGAs BHKOpHCTOBY-
10T HEBIJHOBIIOBAIBHI IUIABKH, SKi NPOrpaMyOTHCS
OJIMH pa3 i He MOXYyTh OyTH mepenporpamosani. Flash-
6a3oBani FPGAs BukopucTOBYIOTh KIiTHHH naM'sTi flash
Juts 30epiranHs KoOHQIrypamiiHuX JaHUX 1 MOXKYTh OyTH
TepenporpamMoBani 6arato pasis.

FPGASs Takox MOXHa Knacu(ikyBaTH 3a ix po3mi-
POM Ta NPOJYKTHBHICTIO, SIKi 3a3BUYail BUMIPIOIOTHCS 32
KIJIBKICTIO JIOTIYHUX €JIEMEHTIB, TAKTOBOIO YaCTOTOIO Ta
cnoxuBaHHsAM eHeprii. Mami FPGAs 3a3Buuail MaroTsb
Mmerute Hk 10 000 JIOTiYHUX €JIEMEHTIB 1 BUKOPUCTOBY-
I0ThCS JUIA IPOCTHX 3aCTOCYBaHb, TOI 5K Bennki FPGAs
MOXKYTh MaTH IoHaJ 10 MUTHHOHIB JIOTIYHUX SIIEMEHTIB 1
BHUKOPHCTOBYIOTBCS JIJIsl CKIIAJIHMX 3aCTOCYBaHb, SIKi BU-
MararoTh BHUCOKOI MPOAYKTHUBHOCTI. [HImMi cmoci6 xma-
cuikarii FPGAs 6a3yetbest Ha iX (DyHKIIOHATBHOCTI,
s;Ika MOKe OyTH pO3MojiJieHa Ha 3arajibHOro IMpH3Ha-
yendst FPGAs Ta crnenianizoBani FPGA (ASPs) [8-9].

[HIIMME cTOBaMU TaKCOHOMISI 0a3y€eThCSI HA KPUTH-
YHHX acrekTax Oynap-skoi xMapHoi cuctemu FPGA: tun
mwiat FPGA, posmimenns FPGA B cucremi, migkmo-
YEeHHsI 0 MEpexi, MiAKIIOYEHHs 0 By3ja Ta BUIAIKU
BUKOpHUCTaHHs. L[i TAKCOHOMIYHI KaTeropii He € Hi B3ae-
MOBUKIIIOYHUMH, Hi KOMIUIEKCHUMH: CUCTEMH MOXYTb
MaTH KiJbKa IiJIKaTeropii, a HOBI miakareropii gojaBa-
TUMYTHCS Ti3HILIE JUIS IHKAncyssuii MaiOyTHIX 1HHOBa-
L.

Hami posrmsgHeMo acriekT BukopucTanHsi FPGA-
MIPUCKOPIOBAYiB METO/IIB MAllIMHHOTO HaBYAHHS MPH PO-
6oti 3 O/ Ta xMapamu.

OnHiero 3 mpo0OIIeM peasizallii MAITHHOTO HABYaHHS
€ HEe TUIbKM IOAIT HA arapaTHE Ta IMporpamHe 3abesme-
YeHHs1. SIK KpUTHYHA CKJIaoBa Oy/1b-SKOTO PIllIeHHS y ra-
Jy3l MallMHHOTO HABYaHHS, MPOEKTYBAaHHs anapaTHOTro
3a0e3nedeHHs CTAaHOBUTH CEpHO3HY MpoOiieMy mepen mo-
crauanbHukamMu FPGA-npuckoproBauiB, siKi MOBHHHI
MaTH MOIIUBICTh PEali30BYBATH CBOIO MPOIYKIIIIO KITIEH-
TaM 3a paxyHOK IHCTPYMEHTaJbHUX MPOTrPaMHHX 3aC00iB,
1110 /103BOJISIIOTH a0CTparyBaTHCs BiJl arrapaTHOTo 3ade3Ie-
yeHHs. TakuM 4YWHOM, [JIs BHBeAeHHS HoBux FPGA-
MIPUCKOPIOBAYiB HA PUHOK X PO3POOHMKAM JOBOAWTHCS
3ay4aTH i (haxiBIiB y Tay3i CTBOPEHHS IPOrPaMHOTO 3a-
6esneuennst (I13). AmapatHi CTPYKTypH, sSIKi KPHUTHIHO
BKJIMBI 7151 OOYKCIICHb MAIIMHHOTO HABYaHHS, MOXYTh
CTBOPIOBATHCS PO3POOHUKAMH allapaTHOTO 3a0€3MeUeHHS
JI0 TOTO MOMEHTY, KOJIM MOJAJbIIE BIOCKOHAJICHHS MO-
JIeTIi 11e MOKHA 3[iHcHUTH Oe3 MPOEeKTyBaHHS amapaTHOl
gactiHU. OAMH 3 BapiaHTIB peamizaliii JocsATraeThCs Mmpo-
CTO IUISXOM CTBOPEHHS €K3eMIUIIpa CKJIAJHOTO (PyHKIIi-
HAJIFHOTO OJIOKY, 3a JOTIOMOTOIO SIKOTO OyZe KepyBaTHCS
IHCTpYMEHTaIFHUM 3ac000M BUIIOTO piBHA. [lesiki ¢pipmu-
nocravanbHuk FPGA-nprckoproBauiB MoJiIsIFOTh MPo-
LIeC IPOEKTYBaHHS TAKUM YHHOM, 1100 MPOEKTYBaHHSI ama-
partHoro 3a0e3nedeHHs Oyyi0 3HAYHOIO MIpOIO BiJIOKpEeM-
JICHO BiJ MpOEKTyBaHHS Mojeni. 3aBasku npoMy FPGA
CTAlOTh JIOCTYNHIMIMMHU JUIi PO3pPOOHMKIB, SIKI HE €
(haxiBIpIMHU y JAaHi} ramy3i po3poOKH amapaTHOro 3a0e31e-
yenHs. llle ogHe MUTaHHSA CTOCYETHCS TOTO, SKi 1HCTPY-
MEHTaJIbHI 3aCO0M CJTiJi BAKOPUCTOBYBATH, 1 IKHM YHHOM
TIPOEKTYBAHHS arapaTHOTO 3a0e3TneueHHs 0yJI0 3HAYHOIO
MipOIO BiZIOKPEMJICHO Bi MPOEKTYBaHHS MOJIEII.
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KopucTyBay

IHCcTpyMeHTaNBHI
IIpoekTyBaHHs
POCKTYBA > 3aco0M MaIIMHHOTO
mMozeni
HaBYaHHS

Amnaparni CO-6moku |

MpoeKTyBaNbHUK
anapaTHoro
3abesneyeHHA

IIpoexTyBaHHs
anapataoro 13 mifg
3aMOBJICHHS

BiToBwuii motik

Puc. 4. Tlepiia Moenb MPOEKTYBAHHS JOJATKIB MAIIHHHOTO HaB4YaHHs Ha FPGA

Jeranbha iH(OpMaIiis mpo koHcTpykitiro FPGA 3a-
3BUYail BKa3yeThCsl B HU3bKOPIBHEBOMY OITOBOMY TIOTOII],
1110 3aBaHTAXKYETHCS B IPUIIAJ]. AJle KOJIU CIIpaBa JOXOAUTh
JI0 MalIMHHOTO HaBYaHHS, JIesiKi (ipMuU peasizytoTs y 0ito-
BOMY IOTOL BCIO MOJIEIIb, TOAI K 1HII BUKOPUCTOBYIOTh
HOTo TUTBKH JJTSI allapaTHOI YaCTHHHU MOJIEITi, BAKOPHCTOBY-
09 JUTA iH(pOopMaIii po 0COOIMBOCTI MOJIEI MATMHHOTO

Kopuctysau

IHcTpyMeHTanbHI
TIpoexTyBaHHsS pyMm

HaBYaHHsI [IPOTpaMOBaHuii 1BiiikoBuii (aiin. Ha puc. 4 Bci
aCTeKTH KOHCTPYKLIl BilOOpakeHi B OJHOMY OiTOBOMY
noTowi. Po3poOHUK MOXe OyTH 31aTHUM 3/1iHCHIOBATH TIPO-
eKTYBaHHs Ha BHCOKOMY DiBHI, aje IHCTpyMEHTaJIbHI 3a-
co0OM BCe OHO MPOIYCKaTUMYTh iH(pOpMallito yepe3 amna-
patHuit KommiaTop. Ha prc. 5 mani Moze:ni BUCOKOTO PiBHS
BU/IUICHI B OKPEMUIA TBIHKOBHI (haii.

> 3aco0M MaIIMHHOTO
HaBYaHHSA

Mozen

Anaparni CD-6moku | |

MpoekTyBaNbHUK
anapaTtHoro
3abe3neyeHHA

TIpoexTyBaHHs
amapatHoro I13 mix
3aMOBJICHHS

I
[

JIBiiikoBHii dpaiin

BitoBwuii moTik

Puc. 5. [Ipyra Moesp POEKTyBaHHS JOAATKIB MAIIMHHOTO HaBUaHHS Ha FPGA

CaM MOMEHT TIpH 3MIiHH MOJENi, SKIIO MOTpiOHA
3MiHa OITOBOTO TMOTOKY amapaTHOTO 3a0E3ICUYCHHS, BH-
3HavyaeThCs nocradaasHUKkoM FPGA. Mognens mpoexTy-
BaHHA Ma€ 3HAYCHHS SK JUI1 TOTOYHHUX MOIUQiKaIii
KOHCTPYKIIii, Ta UIT OHOBJICHHS PHIIAIB, SIKi BXKE BHKO-
PHUCTOBYIOTHCS 3aMOBHHKAMHU. Y BUTAJKaX, KOJHU BCi JaHi
KOHCTPYKIIi Oy/iM BKJIIOYEHI B OITOBHUII MOTIK, MOXIIUBI
3MiHH B MaOYTHBOMY JUISI CTBOPEHHS OHOBJIICHOTO OiTO-
BOTO IOTOKY, SIKHI, B CBOIO YEePTy, BUMaraTUMe BHKOPH-
CTaHHS IHCTPYMEHTAJILHMX amapaTHux 3acobiB FPGA
HHU3BKOTO PiBHS, HaBiTh SIKIIO IHCTPYMEHTaJIbHI 3aCO0H
BHCOKOTO DIiBHS JO3BOJISFOTH YHHKHYTH HEOOXiTHOCTI
Oynb-sKO1 SIBHOT 3MIHM KOHCTPYKILIi amapaTHoro 3a0es-
NedeHHs. B iHMmMX BUMaakax 3MiHA B MOJIETi IPU3BOAATH
JI0 3MiH JIMIIE y TPOrpaMHOMY IBifiKOBOMY (aiiii, SKuid
KOMITUTIOETHCS HabaraTo MIBHAIIE, HDK 30IHCHIOETHCS
MOBHA PEKOMIIUJIALIS amapaTHOro 3a0e3nedeHHs. Y
FOMY BHIIQJIKy OCHOBHI amaparHi 3aco0W 3aJIMIIaThCs
HE3MIHHUMH TOPSA i3 3MiHOIO acnekTiB mozeni. Touna
MeKa MK 3MIHAMHU JIMIIE IPOTPAMHOT0 3a0€3ICYCHHS Ta

3MiHAMH amnapaTHOTO 3a0e3MeUeHHs 3ajeXaTHMe Bil
KOHKPETHOI apXiTeKTypH.

BucHoBku

[otoyni iHppacTpyKTypu 0OUNCIICHHS B XMapi Ha
6a3i FPGA edexTHBHO BHKOPHCTOBYIOTH HasiBHI IUIATH
FPGA, BCTaHOBIIOIOTH iX y CEpBEPH Ta HAAAIOTh AOCTYI
JI0 HUX KiHIEBUM KopucTyBadaM. lle mo3Bonmio Oara-
THOM TIpOBaiiiepaM XMapHUX IOCIYT LIBHIKO PO3rop-
HyTH i wiatn FPGA y cBoix matameHTpax i HagaTtu 10-
CTYIl 10 HUX KiHIIEBUM KopucTyBauam. OHAK, HA BCIiX
PIBHSX apXiTEKTypHU anapaTHoOro Ta MpOrpaMHOTro 3a0e3-
TeYeHHsI € 0araTo MOXIJIMBOCTEH NI TIOKpamieHHs. Bix
HOBUX alapaTHUX KOHCTPYKIIiH (HAIIpUKIIaJ, HOBOI iHTe-
rpauii FPGA y LII), 1o xoHCTpyKILi#l cuctemMu (Harpu-
KJ1aJ], BUOOpy THITy OamIiepa-Ha-IpoOBOAL B MOPIBHSAHHI 3
THIIOM TPHCKOPIOBaya) Ta IPOrpaMHOr0 3a0e3nedeHHs
Ta nporpamyBaHHs (Harpukiaz, Bukopucranas HLS abo
HOBHX abcTpakuiit). KpiM Toro, Oe3rneka 3aaumaeThes Bi-
JKPUTHM 3aBAAHHAM, OCKUIBKH HU3BKOPIBHEBHH JOCTYII
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10 arapatHoro 3a0e3neyennss FPGA nosBossie 310BMuC-
HUKaM CTBOPIOBATH HOBI JIATYMKOBI CXEMH, SIKI MOXYTb
CHPUSITH BUTOKY iH(pOpMAILI.
3okpema, goctynHicte FPGA B xMapHUX jJaTarie-
HTpax BiKpuiIa Oe3mpeneeHTHI MOXIIUBOCTI IOJI0 THY-
YKOCTI Ta MPOTYKTHBHOCTI 3acTocyBaHb. Ane FPGA B
XMapi TaKOX HAJAIOTh YHIKaJdbHI MUISAXHA IS 3TOBXKH-
BaHb 3 OOKy 3JIOBMHCHHKIB Ha IHIINX KOPHCTYBadiB
xMapu abo iH}pacTpykTypy, mo He € MoxxmBuM 3 CPU
abo GPU, 6a3oBanux Ha oOunCIeHHAX B XMapi. be3neka
3aJIMIIAETHCS. BUKIIMKOM, 1€ apXiTeKTypH MOBHHHI Oaa-
HCYBaTH HU3bKOPIBHEBHUH JOCTYII, SIKUH JJO3BOJISIE KOPHU-
CTyBauaM CTBOPIOBATH BJIaCHI IOTY>KHI MPUCKOPIOBaYi.
OCHOBHOIO IEPENIKOI00 ISl IIHPOKOTO 3aCTOCY-
BaHHi FPGA B 1ieHTpax oOpoOKM JaHUX € BIJICYTHICTb
CTeKa MPOTrPaMHOro 3a0e3eUeHHs, SIKe JJ03BOJISIE JIETKO
po3roprarty, kepyBartu Ta MacinitadyBatu FPGA B xmapi.

Hapanss creka nporpamMHOro 3ade3nedeHHs, oai0HoTo
JI0 TOTO, LIO IPHBENO JI0 YCIIiXy LEHTpaJbHuX/rpadiy-
HUX TPOLECOpiB, 301IbIINTh AUBEpCUDIKaLil0 apXiTek-
Typu B XMapi, ko FPGA npautoBaTUMyTh SIK piBHOI-
paBHi HapTHepH Ha OOLi LHEHTPaJIbHUX 1 rpadiuHuUX Mpo-
LIeCcopiB.

VY pobori OyB 3pobieHHI OTIISA apXiTEKTyp XMap-
HuxX FPGA, sxuif moka3ye CKiIagHi Ta HETpUBialbHI B3a-
€MO3B'3KH Mi>K BUMOTaMH CHCTEMH Ta KOH]Iryparismu
PO3TOpTaHHS, 1 BH3HAYAE€ MOXIINBI HANPSIMKH MaiOyT-
HBO{ iHHOBamii B 1boMy TpocTopi. s mporo, Oyno Bu-
KOPHUCTaHO TOHSITTS TAKCOHOMII, sike abcTparye HU3bKO-
piBHEBI JeTaii peanizalii, Mpyu [OMY BUAUISIOUYH IIepe-
Baru Ta OOMEXXEHHs 1aHOI apXiTeKTypH. BukopucroBy-
I0YH III0 TAKCOHOMI10, MU KJIaCH(DIKyBaJIH SIK BUPOOHHYI,
TaK 1 JOCTIMHUIIBKI CHCTEMH, IO IEMOHCTPYE OCHOBHI
TeHJCHIIT B apXiTekTypi xmMapHux FPGA.
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Future of FPGA - accelerating computations in data processing centers and clouds
Oleksandr Ilyashov, Kostiantyn Pokora, Vladislav Diachenko, Andriy Kovalenko

Abstract. Relevance. Data analysis is often performed using machine learning methods. Often, the algorithms involved
need to deal with large datasets, which leads to long execution times. Therefore, research into hardware accelerators based on field-
programmable gate arrays (FPGAs) to improve performance is relevant. FPGAs are a promising solution for hardware acceleration,
post-production configuration, and reprogramming capabilities. The purpose of this study is to investigate and analyze trends in
existing cloud FPGA architectures, which highlight the complex relationship between architectures and system requirements. This
allows us to identify new architectures that are likely to offer significant benefits for cloud workloads. The object of the study is
the evolution of FPGA accelerators for data center (DC) and cloud computing. The subject of the study is methods and algorithms
for researching cloud FPGA architectures based on taxonomic categories. Results. The paper discusses the future use of FPGAs in
data centers and clouds. Current architectures are also investigated and scalability and abstractions supported by operating systems,
middleware, and virtualization are discussed. Conclusion. A classification of cloud FPGA architectures based on taxonomic
categories has been developed. An architectural organization for deploying FPGA applications used in cloud environments and
data center environments is considered and proposed.

Keywords: reconfigurable logic, FPGA acceleration, cloud computing, data center, virtualization, taxonomic categories,
data classification, machine learning, software.
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X apkiBchKHil HalliOHAIBHKI TEXHIYHUI yHIBEPCUTET PaIioeNeKTpoHiKH, XapkiB, Ykpaina
2 YKpaiHChKHii epyKaBHUI yHIBEPCUTET 3ali3HHYHOTO TPAHCIIOPTY, XapKiB, YKpaiHa

MOJEJIb BA30OBOI'O PIBHSA LITYYHOI'O OTOYEHHSA ABTOHOMHUX
IHTEJIEKTYAJIBHUX BE3/IIOJHUX CUCTEM HA ITPUKJIAI
MOBIJIBHOI'O POBOTY 1O OBCJIYI'OBY€

AHoTauis. MoruBauis. He3paxaroun Ha 3HAYHUI NpOrpec y raiy3i CTBOPEHHS OE3NMIOHUX CHCTEM, 3a0e3NeueHHs He-
00X1THOTO PiBHS iX aBTOHOMHOCTI 3aJIMIIAETHCS aKTyaJbHUM 3aBIaHHAM. BaxIUBY poiib y HOro BUPIIIEHHI Biirpae mryd-
Huil iHTenekT. OcoOMMBOCTI OE3MOIHUX CUCTEM MOPOAWIN HOBY Mozenb «llTyunuii iHTenekT mo BizdyBae» (ILIIB), mo
MATPUMY€E aBTOHOMHICTE. MeT0I0 1aHoi po6OTH € CTBOPEHHS IITYYHOTO OTOYCHHS IS €KCIIEPIMEHTIB 3 O€3TIOTHIMU CH-
cremamuy, ninrpumyemumu 111B, Ha mpuktazi ckiiaay KOHTeHHEpIB, IO 00CIyroByeThesl KoiecHUM podorom. [lpeqverom
JOCJiKEHHSI € METOIH Ta MOJIEITi YIIPABIIHHSA aBTOHOMHUMHA MOOLTEHIMHU POOOTaMH Ha MiJICTaBi TJAHHUX BiJI pi3HOMAaHITHHX
ceHcopiB. PesyabTaTn. OnucyeTbes apXiTeKTypa INTYYHOTO OTOYSHH, 0a30Bi KOMITOHEHTH CHCTEMH 1[0 MaloTh Oararora-
poBy opranizamiroo. Ha npuknani mrydHoro otoueHHs «CKian KOHTEHHEPIBY», K MPOTOTHUILY aBTOHOMHOI O€31II0HOT CHC-
TEMH 0 00CITyTOBY€ETHCS KOJIECHUM POOOTOM, IMTOKa3HO Habip KOHTPOJIEPiB, MPUKIAJ] CXEM MiIKIIIOYEHHs CEHCOPIB Ta aKTy-
aTopiB, METOAM Ta aNTOPUTMH YIIPABIiHHS, SKi HOTPiOHI Ha 6a3oBOMY piBHI. HaBeneHO 0OrpyHTYBaHHS METOAY imeHTH(DI-
Kallil HoMepiB KOHTEHHEPIB IO 3310BOJIbHSE BUMOTaM, [0 HAKJIAIAI0THCI aBTOHOMHUMH crcTeMamu. BucHoBok. JloBeneHo
10 apXiTeKTypa 0a30BOro PiBHS IITYYHOTO OTOYCHHS Mae OyTH YHIBEpCaJbHOIO MO0 HMiATPUMKH Pi3HUX METOIIB U ajiro-
PUTMIB yIpaBiIiHHS Ha 6a3i pi3HOMaHITHHUX JQHUX BiJ] CEHCOPIB. YHIBEpCANbHICT JOCATAETHCS 3aBISIKH OaraTonraposiii op-
raHi3anii KoHTpouepiB 3a [yt miarpumkn ¢yHkuii 11IB. ExcriepuMenTH 31 KOHTpoepaMu 6a30BOTO PiBHSI IITYYHOTO OTO-
yeHHs «CKJIaJ KOHTeHHepiB» IPOJEeMOHCTPYBAIM MOXKIMBICTh MiJABUIIECHHS PIBHS aBTOHOMHOCTI OE3JIFOHOI CHCTEMH 3a
PaxXyHOK pO3IINPEHUX MOXKIIMBOCTEH BUKOPHCTAHHS B YIPABIAIOUill Mporpami poO6oTa pisSHOMaHITHUX METO/IIB YIPaBIiHHSI
Ha PIi3HUX eTanax IUIaHy i3 ypaxyBaHHSAM IIOTOYHOI CHTYAIIil, [0 OLIHIOETHCSI HA MHOXKHHI JaHUX BiJl PISHOMAHITHHUX CEHCO-
piB. Hanpsim nogajbmux Aocaiaxens. MaitOyTHI KpOKH MOKYTh OyTH MPHCBAYEHO POIBUTKY MOJEII Ta IHCTPYMEHTApito
JUISL IHIIHUX KJIaciB OE3TIOHUX CUCTEM.

Kaw4oBi cj1oBa: aBTOHOMHI iHTENEKTyanbHi OE3MI0OAHI CUCTEMH, IITYYHHH 1HTENEKT 10 BiUyBa€, INTYYHE OTOUYCHHS,

MpoTrpaMHe yNPaBIiHHS, pOOOT, CEHCOP, PO3ITi3HABAHHS HOMEPiB KOHTCHHEPIB.

Beryn

B cy4acHOMy CBITI TpaHCIIOPTYBaHHsI TOBapiB € Ba-
JKITMBOIO CKJIAJIOBOIO Oi3HeCy B 0araTthoX raty3six HpOMH-
cioBocTi. ToBapH 10 TPAHCIIOPTYIOTHCS YIIAKOBIOTHCS Yy
KOHTHHepH. TeXHOJOTisl TpaHCIOPTYBaHHS Iependaydae
MIPOMDKHI €Tall THMYacOBOTO 30epiraHHs KOHTEHHEpiB
Ha CKJIaJax, 0OCIIyrOBYBaHHS SIKMX aBTOMaTH30BaHO. bi-
JBINICTh CyYacHUX CKIIAIB BiJHOCATBCS JO OE3IFOTHUX
cucremam (BC) [1, 2]. ABromaruuni ckiaanu, sk bC, me-
pendavaroTh aBTOHOMHE (DYHKIIIOHYBAaHHS Y TOMY YHCII 1
B HENepI0aueHUX CUTYAIlisIX, KOJIM CUCTEMH KepyBaHHs pi-
3HOMaHITHUM OOJIaIHSIHHSM CKJIa/ly OBHHHI IIpUiMaTH pi-
HIeHHs 03 BTPYYaHHS JFOJUHH. TaKi CKIIaqu B 3aJIeKHOCTI
BiJI criertiastizamii 061agHanHl MOOITBHUME poOOTaMH, SIKi
BUKOHYIOTb, SIK 3aBJIBHHSI T10 TPAHCIIOPTYBAHHIO KOHTEHHe-
piB, Tak W JONMOMIXHI (YHKLI{, HAPHUKIAJ, 1OAAJIKOBHH
00JTiK i KOHTPOJIb HASIBHOCTI IIEBHUX KOHTEHHEPIB HA I1EB-
HiX MicIpix it Take inwe [2]. Mo6inbHi podoTtn (MP) MaroTh
TIepEeMIIIlyBaTHCs IO BKA3aHOT MO3MILLIT CKJIaTy 1O IEBHOMY
MapuipyTy ¥ BUKOPHUCTOBYIOYH 30pOBY Kamepy ineHTudi-
KyBaTH MicIle, HasiBHITh KOHTEHHEpY NMEBHOTO THITy H HOTO
HOMEp TS TIOAATBIIOT 0OPOOKH CUCTEMOIO OOITIKY. 3a st
TOro, 11100 HE MOPYIIyBaTH [HUKJIA OCHOBHHMX TEXHOJIOI14-
HUX TporieciB MP oBHHHI Opi€HTYBAaTHCS B IOTOYHIH CH-
Tyarlil, yHUKaTH aBpiiHUX CHUTYyaliii i BUKOHYBAaTH CBO€
3aBJIaHHS B aBTOHOMHOMY PEKHMi.

Hes3Bakarounm Ha TiraHTCBKHHA MpOTpec y Taiysi
crBopenHs bC, Takux sik 6e3mijoTHI aBTomMo0iti [3], ama-
patH BiiCbKOBOTO IpU3Ha4YeHHs [4] Ta iHII cuctemy, 3a-
Oe3neyeHHss HeoOXigHOro piBHA aBTOHOMHOCTI bBC

3aTHIIAETHCS aKTyallbHUM 3aBIaHHsM [5]. BaximBy poinb
y BUpIIICHHI IIbOTO 3aBAaHHS Biirpac MTYIHUH iHTEICKT
(LT). ABTOHOMHI CHCTEMH 3 MiATPUMKOIO HITYYHOTO iH-
TEJIEKTy IMPOUILIN y CBEMY PO3BUTKY €Taly HpOrpamo-
BaHHMX ABTOHOMHHX CHCTeM Ta iHTenektyansHux BC.
CpOroJiHi € akTyalbHUMH aBTOHOMHI iHTenekTyanbHi bC
(AIBC) [5, 6]. Ha LT 8 AIBC nokinaaaroTh pimeHHs Gara-
THOX 33aBJIaHb 3 00POOKH iH(POPMAIIIT: OTPHUMAHHS Ta Iep-
BUHHA 00pPOOKa TaHMX Bijl CCHCOPIB, (POPMYyBaHHs MOEII
OTOYEHHSI, TUIAaHYBaHHS il y [bOMY OTOYEHHI Ta IPHHi-
HSTTSI PilICHB, 110 TPU3BOJIATH IO JOCATHEHHS METH, pea-
Ji3alis peakiiil, o yIpaBITIOTh, HABYAHHS Ta aarTarlis
10 3MmiH B otoueHHi [7, 8]. Lis cnenudika 3Haina Bimo-
OpakenHs y knacudikamii 11, skuit mponoHyeThCs IS
AIBC. B po6orax [5, 9] BBOOAUTHCS TP TUIHN IITYYHOTO iH-
TENIEKTY — MEXaHIYHUI, MUCIISTIMH 1 TOW 10 BimuyBae. Me-
xaHiuan# 1111 BUKOpHUCTOBYETHCS TSl IPOCTHX, CTAHIAAPTH-
30BaHMX, TOBTOPIOBAHUX 1 PyTUHHHUX 3aBJIaHb. MUCIITIHH
T BUKOPUCTOBYETHCS AJISl CKIIAAHUX, CUCTEMATUYHUX, 3a-
CHOBaHMX Ha MpaBWiIaxX 1 4iTKO BU3HAa4eHHX 3aBraHb. I1II
110 BiT9yBae, 30KpeMa y BificbKOBiii chepi, 00roBoproeThest
y 3B'I3Ky 3 HeoOximuicTio AIBC BupinryBaTH cowiaibHi,
eMOIIi}Hi, KOMyHIKaTHBHI Ta IHTEpaKTHBHI 3aB1aHHs. B po-
6oti [10] mpornoHyeTbCst MOZENb 1 TPOEKT aAPXITEKTypH
[I1IB He 3 TOUKH 30py NPUHHSTTS PillleHb, SIKi BIATIOBIIa-
I0Th COLIaJIBHIM JIFOJICKUM LIIHHOCTSM, a 3 TEXHIYHOT TOUKH
30py Wis posummpeHns moxmBoctei [IIB oo 3abe3me-
4YeHHs1 HeoOximHoro piBas aBToHoMii AIBC.

Hns TecryBanus mozeneid 1B motpiOHi pizHOTrO
poay mojironu [11], 1e CTBOPIOETHCS IITYYHE OTOUYEHHS
AIBC mo mopnemoe pizHoMaHiTHE 3actocyBanHs bC.
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MeTor wi€i po6oTH € po3podKa MTYYHOTO OTO-
yenHss AIBC Ha mpukiaai aBTOMaTH30BAaHHOTO CKIIAIy
KoHTelHepiB. MP, sk ckiajgoBa KOMIIOHEHTAa aBTOMATHU-
30BaHOTO CKJIaJly KOHTEHHEPIB, PO3IIISAAETHCS Y MITYY-
HoMy oToueHHi sik npororun AIBC. Ha 6a3i xonecHoro
poboty moTpibHO cTBOpUTH (Di3MUHY ¥ IporpaMHy MO-
Jenb IMTy49HOro OTo4deHHS «CKilal KOHTEHHEpiB» A
nmomaemux excrepuMedTtiB 3 AIBC mo Bupimye 3a-
BIIAHHS aHAJI3y CUTYaIliif, CHTyaIliHOTO TIaHyBaHHS Ma-
PHIPYTY ¥ yIIpaBIIiHHS IEPEMIIIEHHSIMHI B YMOBax Iepe-
IIKOJ], PO3II3HABAaHHIO HOMEPIB KOHTEHHEPIB y Pi3HUX
YMOBax eKCIuTyaTarii.

OcHOBHA YacTHHA

ApxiTeKTypa IITY4HOr0 0TOYeHHs «CKJIaJ KOH-
TeiiHepiB». CTBOPIOETHCS IITYyYHE OTOYCHHA HA IPHUK-
Jaji aBTOMaTH30BaHHOTO CXOBHINA 3 PI3HUMHU CEKIIIMHU
JUISL BAHTQXXHUX KOHTEHHEpiB. 3arajabHi BUMOTH [0 IITY-
YHOTO OTOYCHHS HACTYITHI.

V cekIisXx CXOBHIIIA BCTAHOBIICHI MapKepH BiIIOBI-
JHUX HOMEpPIB BaHTa)XKHUX MICIIb e 30epiraloThcsi KOH-
TeiiHepr (imeHTH(IKATOPH MiCIS CeKilii) Ta CHCTEMH
OCBITJICHHS 17151 3a0€3MeUeHHS SIKICHOTO 300pasKeHHs HO-
Mepy KoHTelHepa y Oyap sikuit gac no6u [1]. Jlns 3a6e3-
neueHHs1 OesnepeOiitnol podotn MP, HeoOximHO MaTH
JOCTYII 10 €JIEKTPUYHOI MepesKi (MO3MIIT 3apsIKu aKy-
MYJSITOpHHX Oartapeil, 3apsHoi cTaHii), a Takox O0e3.-
POTOBY MEpEXy 3B'I3Ky, 00 IepeaaBaTH OTpUMaHi 1aHi
JUI TOHaibInoi oOpoOKHM Ta aHamizy. BaxkimBo Takox
mo6 MP maB mpaBa HOCTYIly IO CHCTEMH YHPaBJIiHHS
cxoBuIeM, 1100 3a0e3leunTH IBUAKUNA H Oe3redHHil
JOCTYTI K XMapHUM CXOBHIIAM JaHHX.

Jlns BUKOHaHHA OCHOBHUX (yHKIiHT MP cTBOpIO-
€TBCS IITYYHA CEKI[isl CXOBUIIA JUIsl BAHTQ)KHUX KOHTEH-
HepiB. [IpumimneHHs CeKIlii MOAUISETECA Ha 3 OCHOBHI
30HM 3 MapUIpyTaMu «A-a», «A-b» Ta «A-c» Ta HymMepo-
BaHi BaHTa)XHI Miclsl Bix HyJs g0 miectd. Pobot moxe
KypCyBaTH MIX psiiaMu, 10 OyIb-SIKOTO 3 KOHTEIHEPIB 3a
MapIIpyToM 300pakeHuM Ha puc. 1.

]
Ab-1 Ab-2 Ab-4l| |[abs A-b-6 Ab7

A-b
A-c-1 A-c2 A-c-3 A-c-4 A-c-5 A-c-6 A-c-7

A-C

Puc. 1. Cxema cexii cki1ay BaHTQXKHUX KOHTEHHEPIB

[Timora mae po3Mitky [utst opieHtyBanus MP. Pobor,
MO3HAYECHUI Ha PUCYHKY Jiteporo «MR», Mae nocryn no
KOXXHOTO BaHT@)KHOTO Micus. BoHM mno3HaueHi myHK-

TUPHOIO JIHIEIO — 1€ € MICIIE JIe, IK BBAKAETHCS, KOHTCH-
Hepu MatoTh crositi. Hagmmucom «CH» no3nauena 3apsiqHa
CTaHIlis poOOTa, sIKa BUHECEHA y OKpEMY 30HY Yy INpUMi-
menHi. Cekuis Mae oJHy 3apsiiHy craHuio. MP moxe 00-
CIIyTOBYBATH JIEKUJIbKa CEKLIH YIPOJIOBXK JHsI, HEPIOANTHO
3apsKAIOCh MK MATPYJIFOBAaHHSAM Ta TIepeBipKaMH.

s excriepuMeHTiB 006pano nBa Try MP 3 pisHUM
amapatHuM 3a0e3nedeHHsaM. [lepumii Tun MP Ha 6a3i 9o-
THPBOX KOJIICHOTO TOBHOTpHBiHOTO maci Multi Chassis-
4WD Robot Kit ATV, mikpokorTtposepy Arduino Mega 3
Habopom Motor shield, moxyem wi-fi esp8266, marpu-
ueto i3 10-Tu iHppadepBOHNX NaTIUKIB BioOpakeHHs ky-
033 st ynpaBiiHHS NEPEMIILCHHSIMHU B3JIOBX PO3MITKH
Ha mijuIo3i, ynprpa3sBykoBuM aatankom HC-SR04, Bcra-
HOBJICHUM Ha MOBOPOTHIH uaT)opMi 3 CEpBONPHBIIOM
SG90, ta natunkom ogomerpom H206.

Hpyruii  tin  MP  peanmizoBaHmii Ha OCHOBI
Raspberry Pi mvapuansuuii HaOip (PiCar-V mwis mobynosu
poOOTiB 3 BIAKPUTHM BUXiTHAM KOJIOM, OCHAIIICHUH IIIH-
poxokyTHOI0O USB BeO-KaMeporo Ta yKOMIUIEKTOBAHUH
TphOMa HOBHMH IDIaTaMH MIKpoKoHTpoiepy Raspberry
Pi, sixa Mae BOymoBaHHMII MOPT IJIsI KAMEPH 3 BHUCOKOIO
PO3ALIBHOIO 3ATHICTIO IO TO3BOJISIE MPAIFOBATH 3 BiZICO
Ta GoTo Oe3 JONATKOBUX IHCTPYMEHTIB 200 MaKeTHOTO
nporpamHoro 3abesmneuenns). [lata Mae 10CTaTHRO Be-
JMKY OINEpaTHBHY MaM'sTh Ui CKJIAaJHUX OOYKCIEHB,
TaKi sSIK 34UTyBaHHs iH(OpMaLii 3 300paKeHHs Y pexXuMi
peanpHOrO Yacy. OneaniiiHa cuctema Linux mpuckoproe
Iponec po3poOKH OKPEMHX KOMIIOHEHTIB CHCTEMH Ha
OLUTBII peJICBaHTHUX JJIS TUIY 3a7adi MOBax.

KoMnoHeHTH cucTeMH ynpaB/liHHS NepeMilieH-
HSIMH MOOiTBHOTO podoTy. I1IIB Mae mapoBy apxiTek-
typy [11, 12]. JIo HIKHBOTO TMEPIIOTO MIAPY HAIEKAThH
MporpaMHi iHTepdercHn 3 amapaTHUM 3a0e3MCUYCHHIM
AIBC, T00TO npaiiBepu CceHCOpPiB ¥ akryaropis. J[is
HITYYHOT'O OTOYCHHS 10 PO3TJISAAETHCS B TaHHIH poOOTi
e JipaiiBepy AaT4UKy OJJOMETPa, YIbTPa3ByKOBOIO JaT-
YHMKy BIJICTaHI Ta MaTpull IaTYUKIB BiJOOpPaXKeHHS IO
BJIAIIITOBaHI Ha Ha JHUIII miaci pobora, a TaKOXK Jipaii-
BEPU CEPBOIPHBILY MOBOPOTHOI IIIATPOPMHU Ta MPHUBO-
nis neuryHis Motor Shield. [To apyroro mapy Hanexarsb
KOHTpOJIepH pyXy. Lle KoHposep pyXy B310BXK PO3MITKH
Ha migro3i (K1), koHponep pyxy B3IOBX IITYYHOI OTO-
poxi (K2), koHponep pyXy A0 Bi3yallbHOT'O MapKepa 1o
BisibHIHN TpaekTopii (K3) ta xonTponepu Biacraui (S) i
mBuakocTi (V) pyxy. Jlo TpeThoro mapy HaleKHTh KOH-
TPOJIEp MPOTPAMHOTO YIIPABIIHHS PYXOM IO peali3ye
IUTaH (mporpamy B TepMiHax yNpaBiiHHSI poOOTamMu) J0-
CSATHEHHS KiHIIO1 IJThOBOi TOYKH. | Ha BEpXHBROMY UETBe-
pTOMY IIIapi 3HAXOMATHCS IHTENEKTyalbHI KOMIOHEHTI
MPUIAHSTTS PillleHb B YMOBax HEMoBHOI iHdopmarrii [12]
[0 3aCTOCOBYIOTh KOTHITHUBHI MOJENI CHPUHHSATTS Na-
HUX BiJl CEHCOpPIB Ta €MOILIHHOI OLIHKK CHUTYyaIlii st
OpUAHSTTS pituess [10].

[lepeniveni Buie KOHTpOIEPH pa3pobIIeHi Ha MOB1
C++ B cepenosumii Arduino IDE. Posb apaiiBepis Biir-
paroth BOyoBaHi ¢yHKii Ta 6i6miotekn Arduino IDE.
PosrnsHeMo opranizarito gpaiBepiB it KOHTpoiepiB Ha
npuKiIaal ogomerpa. [lpu nepemilieHHsIX KOJIECHOTro po-
60Ty omomeTp 30upae maHi mpo obepranHs koyec. [ani
00pOOISIFOTHCST  MIKPOKOHTPOJIEPOM IS BU3HAYSHHS
TIPOWIEHOT BiJICTaHi Ta MIBUAKOCTI poOoTa.
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Cepen TpbOX THUIIB OIOMETPIB (MEXaHi4Hi, EICKTPO-
MeXaHi4Hi Ta eJIEKTPOHHI) 00paHO EIEKTPOHHMUH 110 TIpe-
craBJsie co0oro iHppauepBoHmii qaTunk H206 Ta muck 3 20
OTBOPAMH, SIKHil KPITUTHCS Ha BIiCh JBUrYHA (pHC. 2).

Puc. 2. AnapatHa peaiizanisi 1aT4nka oJJoMeTpa

Juck po3mimyeTbess MK iH(pauepBOHUM BUIPO-
MiHIOBaueM Ta mpuiiMadeMm (matuuk H206) i mpu xox-
HOMY IIPOXOJPKCHHI OTBOpIB JHCKa JAaTYUK pearye Ha
3MiHy Horo curHaiy. Ockinbku oTBOpIB y nucka 20, a ia-
TYUK pearye Ha oOM JIBi 3MiHU CUTHaJy, TO 3a 4ac IMOB-
HOTO 000pOTY Kojleca MP mikpokoHTposep Hapaxye 40
nepepuBaHb. Binctanp, mpoiinera poOoToM 3a OIWH
00epT KoJeca, TOpiBHIOBAaTHME JIOBXKHHI Horo Koma. J{is
paziycy xoJeca I' IpoiiieHa BifCTaHb OOYUCIIOETHCS 3a
(bopmymoro:

S = 2nr * (n/40), (D)

Iie N — KUTBKICTh IepeprBaHb.

Jatunk H206 migkimrodaeTbes 10 MiHY Hepepu-
BaHHA (1dposi miHM 2 Ta 3 Ha puc. 3) i Horo MoKazaHHI
bikcye BOynoBana Gynkuis attachinterrupt().

TakuM 4MHOM pPOJb JpaiiBepa NaT4vKa OAOMETP
BUKOHYE 11 (DYHKIIISL.

WOOYWOOOOOO

Motor Shield ™

o)
0000000 ©

H206

olole

OOOOOOOW

WEOWOOOOO

Arduino Uno

Slelolele

Puc. 3. CxeMa 3’eqHaHHs KOMIIOHEHTIB Ha 0a3i matunka H206

KonTponep BiacTaHi BUIAE 110 3aITUTY TIOTOYHE 3HA-
YeHHs mpoiaeHoi Binctani (1) B MeTpax, peatizye GpyHk-
uii obnynenns n=0 B (1) Ta mepepuBaHHA IIpU JOCHT-
HEeHHI 3Ha4eHHsI BificTaHi S*, sike 3a7aeThesl.

KoHTponep mBHIKOCTI MiATPUMY€E IOTOYHY JIi-
HilfHy IBHJKICTb PyXy poOOTY pPiBHOIO 33JaHOMY 3Ha-
geHro V*. Bukopucrosyersest pyxmist millis(), sHauenust
AKO1 € KITBKICTh MUTICeKyH/ly TOYMHAIOYH 3 Yacy 1Mojadi
KUBIIEHHS Ha T1aTy Arduino. ITipaxoByeThecs KUTBKICT
MiJTiCeKyHI M Ha KOXXHUH MOBHUHA 00epT Komeca i 064u-
CITIOETHCST MUTTEBA MIBUAKICTD V B OMUHHUIIX M/CEK:

v = 2nr *» 1000/m. 2
3HaXOIUTHCS MTOXHOKA yIPABIIHHS
e=v*—v 3)

1 3aCTOCOBYIOUH OJIWH 3 aNTOPUTMIB yTIPaBIiHHA 31 3BO-
POTHHMH 3B’ SI3KaMU KOPETYIOThCS 00EpTH KOJIec.

KonTponepu pyxy peanizyloTb yrpaBiIiHHS Iepe-
MIIIEHHAMH POOOTY OKpEeMHX €TaliB IUIaHy IepeMi-
meHHs. KoHTponepn pyxy B310BX pO3MITKH Ha IiJUI031
BHUKOPHCTOBYE JaHi BiJ| ApalBepy MaTpUIll JaTYUKIB Bi-
JMOOpaKeHHs Ha 1X MiJCTaBl OOYMCIIOETHCS BIAXUICHHS
po0oTa Bif JiHIT pO3MITKH, TOOTO ITOXMOKA yIpaBIIiHHS,
1 Ha 11 OCHOBI 3HaXOJWUThH 3HAYCHHS YIIPABIISAIOYOTO CHT-
HaJy. AHAJIOTIYHO JBa iHIIMX KOHTPOJIEPIB pyXy 00UmC-
JIOIOTBCSI MTOXUOKM YIIPaBIiHHSA Ha OCHOBI JaHWX Bif
YIBTPa3BYKOBOTO JATYUKY ¥ BiJIeO KaMepH, BiAMIOBITHO.
Kontonepu peamni3yroTh ympaBiiHHSI 31 3BOPOTHHUMH
3B’3KaMH 3acTOCOBYIOUH HanarmrosaHi [11/] anroput™ uu
HEYHTKI aJTOPUTMH, TaKi K HEUUTKUU JTIHIHHUN CTaTH-
YHHH 13 30HOI0 HEUYTJIMBOCTI i HACUIIICHHSIM, HCUUTKUH
TPHOXMO3ULIHHUN, HEUNTKUH HENiHIHHMH 13 ricTepesi-
COM i HacuIleHHsM, HeunTkuit [TI]1.

KonTposnep nporpamMHOro yrnpasiiHHS BUKOHYE (Y-
HKIIF0O MEHeKepa OKPEeMHX eTalliB IUIaHy AOCSTHEHHS

115



Control, Navigation and Communication Systems. 2023. No. 2

ISSN 2073-7394

LUILOBOT 1MO3MLiT. MapHIpyT BiJ IIOTOYHOT TOUKHU Miclie-
3HaXOJDKEHHSI po00Ta 10 LiNbOBOT PO30MBAETHCS HA OK-
peMi eTary, MOCHIZOBHICTh SIKMX YSBIISE YIPaBIISIOUY
nporpamy poboty. KoHTponep mporpamMHoro ymnpas-
JIHHS aKTUBHU3YE €Talld YNpPaBJSFOuoi IMpOrpamu IIUis-
XOM aKTHUBi3allil KOMaHIH 10 BKa3aHa, KOHPOJIIOE 3aBe-
pIIeHHS BHWKOHAHHS eramy (yCIIIIHE YW aBpiiiHe), Ta
mpuiiMae pileHHs 100 aKTHUBI3allii HACTYITHOTO eTaly.
B ympasmsrodiit mporpami (YII) MoxyTs OyTu eramu 3
PI3HUME METOAaMU YIPAaBIiHHSA, HA BiIMiHY BiJ] KJIJaCH4-
HOTO TIPOTPaMHOTO ympaBmiHHA. Etanu mo peanizyioTs
YKOPCTKE MPOrpaMHE YIpaBIiHHS, KOJIU YMOBOIO 3aBep-
LIeHHS eTamy € yac (B onucy erana YII 3agaeTbest iHTEp-
BaJI Yacy) MOXKYTbh II€pPEMIIyBaTHCS 3 €TalaMHu 10 pea-
J3YIOTh THY4YKe MPOTpaMHE YIPaBIiHHS, KOJIH YMOBOIO
3aBEepLICHHS €Tally € POiiIeHa BiICTaHb, YH B1JICTaHb J10
MePEIIKOIH, Y1 HAIBHICT IIEBHOTO MapKepy IO 1eHTH-
¢ikyeTbcs Kameporo 30py. KonTponep mporo piBHs BU-
KOHY€ MOHITOPHHT JaHUX BiJl BIOIOBITHUX JaTYHKIiB
(omomeTp, ynbTpa3ByKOBIi Ta Bi/ieo) it MOPIBHIOE TOTOYHI
nadi 3 3agaauMu B YII. [Ipu BUKOHAHHI YMOB, BKa3aHHHUX
B OITKCI eTamy, iHIIiI0eThes 3aBepuieHHs etamy YII. XKo-
CTKE IpOTpaMHE YIMpPaBIiHHSA MOPIBHSHO 3 THYYKUM
MEHII PECYpPCOEMHE ajie MOXKE 3aCTOCOBYBATHCS B YMO-
BaxX BiZICyTHOCTI MEPEIIKO] 32 MiATPUMKU KOHTPOJIEPIB
HIDKYEro Iapy M0 MaloTh BHCOKI 3HAYEHHS KPUTEPIiro
SIKOCTI YIIPaBJIiHHS.

OO0O0B’513K0BOI0 KOMIIOHEHTOIO 110 HAJIGXKHTH J10 Ye-
TBEPTOTO MIApy KOMIIOHEHT 31 IUTYYHUM IHTENIEKTOM €
IUTAaHYBaJIbHUK 3aB/IaHb, SKHH B 3aJICKHOCTI BiJ CTaHY
(curyarmii) mry4HOro oToueHHs reHepye YII, sk moci-
JIOBHICTh €TaIliB JOCSATHeHHs miii. [lnaHyBajdpHHK 3a-
BIaHb pealli3ye MeToj Oe3IepeBHOTrO IUIaHYBAaHHS 3a
npenenentamu [10, 12]. BesnepeBHe riaHyBaHHS epe/-
Oavae 10 Ticis 3aBplLIeHHs KoxkHoro eramy YII (ycrmi-
LIIHO YM aBapiiiHO) IIaHyBaJbHUK BUXOJSIUHU 3 TIOTOYHOT
CUTYyallil 10 HOBOMY I'€HepY€ IUIaH JocsirHeHHs uimi. Ta-
KUl miaxin 3abe3medyi BUCOKWEN piBEHb aBTOHOMHOCTI
NPUIHATTS pillieHb B yMOBax 30ypeHb Ta HEeNoBHOT iH}o-
pMartii.

B3aeMo3B's13kH pi3HOTO PiBHSI KOHTPOJIEPIB TIPH pe-
amizanii MP ¢QyHKIIi KOHTpOJNS B INTYYHOMY OTOYCHI
«CKkna KOHTEWHepiB» pO3TISIHEMO Ha HACTYITHOMY

Tabauys [ — IIpukjaagu ynpasJisilouuX Nporpam

npukitani. Hexait mpu Bukonanui YII micist 3aBeprieHHs
noroynoro eranmy MP 3Haxoautbes y nosumii A-a-3

(puc.4).

lA-a-Zl

Puc. 4. [Ipuxnan MapmpyTy HepeMilieHHs

[InanyBansHuk crenepysaB YII nepemimenns MP
10 BauTaxHoi mo3uiii A-b-1. Tlpukian tprox tumis Y11
HaBeZleHO B Tabu. 1. MeTonu nporpaMHOro yHpaBJliHHS
poOOTOM JEMOHCTPYIOTHCS Ha TPHUKIAII OOMEKCHOTO
Ha0Opy KOMaHJ YIPaBIiHHS: BIEpel, MpaBopyd, JiBO-
pyd4. B MeTozi k0pcTKOro MpOrpaMHOro yrnpasiliHHS BH-
Jaya KOMaHIU BUKJIMKA€ IOYATOK BiJIOBIAHOTO PYXy.
Le# pyx TpuBae m0 THX Mip, IIOKK He Oyze BHJaHA Ha-
CTylHa KOMaHJa BHMKHYTH IIONICPEIHBO YBIMKHYTHH
pyx. [y MeToLy JKOPCTKOTO MPOTPaMHOTO YIIPABIiHHS
BBa)KA€THCSI, 1[0 MEPEMIIICHHS 31HCHIOIOTHCS 3 MOCTIH-
HUMH IIBUJIKOCTSIMHU 1 TPUBAIOTh KOHCTAHTHUH Yac. Ha-
NPUKIIAJ, ta-a-3 CEKYHI TOTPUOHO Yacy sl HepeMillieHHs
MP Bij Miclisi MOHITOPHHTY HOMEPY KOHTelHepa Ha I10-
sunii A-a-3 (puc.4) no minii po3mitku A-a (puc. 1). lo
CKJIa/Ty KOMaH]] METOY )KOPCTKOTO ITPOTPaMHOT0 YIpaB-
niHHA (IHTepIpeTalis MporpaMu yIPaBIiHASI poOOTOM -
JKOPCTKA MOCIIiIOBHICTh BUKOHAHHS KOMaH: i-a Mo Io-
PAAKY KOMaH/a B Iporpami He MOXKe II04aTH BUKOHYBa-
THCS, TOKM He Oyjae 3aBepLIeHO BUKOHaHHA i-1-1 Ko-
MaH/#) 000B'I3KOBO BXOJUTh 3aTPUMKH, HAIPUKIIAJ, 3d-
mpumka ta-a3 3 mapameTpoM uacy. [HTepmperaTop Ko-
MaHJl KOHTpoJIepy Tpu 00poOui Ii€i KOMaHIu 3aTpH-
My€ Ha ta-a3 OZIMHUIIL YaCy TIOYATOK BUKOHAHHS HACTYII-
HOI KOMaHJu.

Kopcerke
NMporpaMHe YNpaBJIiHHSA

I'nyuxe
NMporpaMHe ynpasJIiHHSA

I'nyuke curyaniiine
NMporpaMHe YNpaBJIiHHSA

enepeo sampumxa 11-3
sampumka ta-a-3 BUMK_gnepeo
BUMK_8nepeo Ti6opyY
npasopyy sampumxa tooe
sampumka teo° eneped

BUMK_Npagopyy
enepeo

sampumxa ta-b-1
BUMK_6nepeo
cmon

snepeoK1 S=120
npasopyy y=90°
enepeoK1 S=500
nigopyu y=90°
enepeoK1 S=120
cmon

enepeoK1 R=f,S=50,V=1
npasopyy y=90°
enepedK2 R=h,S=50,V=2
nigopyy y=90°

enepeoK1 R=k,S=50,V=1
cmon

MeTtox KOPCTKOTO MPOrpaMHOTO YIPaBIiHHSA BU-
MOTJIMBHH JI0 TIONEPEJHBOrO BHOPSIKYBaHHS CEpero-
BHUIIA: 00OB'SI3KOBI )KOPCTKI BUMOTH 0 MIBUAKOCTI TIepe-
MIIIEHHS 1 MUTTEBI PEXXUMH PO3TOHY/TalbMYBaHHS PO-
6ota. L{i BUMOrM 111 KOJIECHUX POOOTIB MPAKTHYHO Hi-
KOJIM HE MOJKJIMBO BUKOHATH. Y METOJl MPOrpamMHOTro
YIOPaBIiHHSA 13 3BOPOTHHUMH 3B'SI3KaMM  (THYYKOTO

MPOrPaMHOTO YIPABIiHHSA) TS ineHTUdiKarii moil Bu-
X0y poOOTa Ha NEBHI MO3HIIIi BUKOPHCTOBAHI JaHi BiJ
JIaTYMKIB, a He iHTepBany yacy. B Tabu. 1 HaBeneHo npu-
knan YII, B kil BUKOPHCTOBYIOTHCS JIaHi Bijl OIOMETPiB
(xonec pobory (S=120cm) i cepBONPUBOIY PO3BOPOTY
(y=90°). B VII yka3aHo 110 BUKOPUCTOBYETHCS KOHTPO-
nep ynpasninast K1 (pyx B310Bxk po3MiTKH Ha Mi1031 Ha
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MiZICTaBl MaHWX BiJ JaTYHKIB BiT0OpaKeHHs). Y MOBa BU-
MHUKaHHS KOMaHIH 337a€TbCsi KOHKPETHUM 3HAYCHHSIM
npoiinenoi MP Bincrani, Hanpukian, S=120cm y mepuriit
komauji eneped B Tabmuui 1. Kontponep K1, orpumy-
I04H Yy peaIbHOMY Yaci JaHi BiJl JpaiBepy oJoMeTpa, po-
3paxoBy€ MOTOYHY BincTaHb (1) i BHIae CHUTHANI BUMK-
HYTH BIIepell, KOJM 3HAYCHHS BIJICTaHI JOPIBHIOE YU
OlabII BKa3aHoro, Tooro. S>120.

B MeToni THyYKOro CHTyamiifHOTO IPOTPaAMHOTO
YIPaBIiHHS € MOKJIMBICTB 33/1aBaTH OyIb SIKY CHUTYAIif0
it Oyne sxwii kKoHTposep. B mpuxmani (Tabmumg 1) Ha
nepioMy erari YII BukopuctoByerbesi koHTponep K1,
TpeTiii — kouTposiep K2, nsruii - 3HoBY K1. Ilpu pearniza-
uii mepuioro eramy, kpiMm koHtosepa K1, maparnenbHo
npanoTs KoHTposepu mBuakocti (V=1) i Biactani
(S=50) ta koHTpOJIEP PYXY B3AOBK CMYTH, KUl T01aT-
KOBO Bi/ICTe)Xy€ HassBHiCTh Mapkepy f Ha miamosi, mo mo-
3HaYa€ MepexpecTs JiHil po3MITKH Bix KoHTelHepa A-a-

3 (puc. 4) Ta ninii po3mitku A-a (puc.1). L{s ymoBa yka-
3aHa B KoOMaHi y Burisiti R=f.

Metoam ineHTH(ikanii HOMepy KOHTeiiHepa.

[No3umionyBanuss MP Ha BaHTQXKHOMY MICTi CEKIIii
BUKOHY€THCS 32 PO3MITKOIO Ha miamosi. Homep Micus
BKa3aH KOJOM PO3MITKH IIJIOTH, SKUH 3YUTYETHCS Mart-
punel maTaukiB BinoOpaxkeHHs. IneHTdikamis HoMepy
KOHTelHeTa po3ouTa Ha 1Bi (asu. [lepma - mo3umioHy-
BaHHS [TOBOPOTHOI IITaT(OPMH Ha SKii BCTAHOBIICHA BeO
KamMepa Ha KOHTEHHEp Ta 3YUTYBaHHS 300paXKCHHS.
Hpyra da3a Bxe € 6e3mocepente ¢aza odpoOKu 300pa-
eHHs. Lle mokamizaiiss KOHTeHepa Ha 300paXeHi, JTOKa-
mi3aris o0JlacTi Ha KOHTEHHEpi Ta pO3Mi3HABaHHS HO-
Mepy B JIOKaJIi30BaHili 00JacTi.

Bynu npoananizoBaHi Tpu miaxoau 0OpoOKH JaHUX
Bil KaMepHW, I €JHAHOT JIO MIKPOKOMII IoTepa
Raspberry Pi 3B+, nnst BupinieHHs 3aBAaHHS pO3Ili3Ha-
BaHHS HOMepY KOHTEeHHepy, 0 300pakeHo Ha puc. 5.

EXFU 055007 5

Puc. 5. Ipuxnagu KoHTeiHEPIB i 0671aCTh 3 IX HOMEPOM

[Mepmit Meton Ha ocHoBi 6i6miotex OpenALPR
(Automatic License Plate Recognition), amroputmy Haar
Cascade Ta 6i6miorexn OpenCV. bi6mioreka OpenALPR
BUKOPHCTOBYEThCS B CHCTEMI PO3II3HABAHHA Pi3HOTO
TUITy HOMepiB, ToMy 4ncii KoHTeiHepiB. OpenALPR Bu-
KOPHCTOBY€E HaBYaNbHI JaHi, IO MICTATH 1HpOpPMAIi0
po pi3Hi mpupTH Ta CUMBOIMU 3HAKIB 3 PI3HUX KpaiH.
bibmioTexka BHUKOPHUCTOBYE QJITOPUTMH KOMII'TOTEPHOTO
30py i JIOKadi3alii HOMEpHHUX 3HaKiB Ha 300paKeHHI
Ta BUTATYBaHHS 3 HHX TEKCTOBOI iH(opmarii. Bona
HaJIAIITOBAaHA JJISl BUKOPUCTAHHS Yy PEXUMI peabHOTO
Yacy, 110 JO03BOJISE€ PO3IMi3HABaTH HOMEpHI 3HAaKW Ha
BiJIcO 3 BUKOpPHUCTaHHAM BeO-kamep. OpenCV - 6i6umio-
TEKa BiIKPUTOTO KOy ISl KOMITFOTEPHOTO 30py Ta 00po-
Okn 300pakeHb. BUkopHuCTOBY€EThCS [UIS pO3B'SI3aHHS Pi3-
HOMaHITHHX 337124, MOB'3aHUX 3 00pPOOKOI0 300pakeHb,
TaKUX SIK JACTEKIIis 00JINY, pO3Ii3HABAHHS TEKCTY, BIICITi-
JIKOBYBaHHs 00'ekTiB Ta iHm [13].

3anpornoHOBaHO Ha OTPUMaHOMY 300pa)KeHHI 3 Ka-
MmepH, BukopucroByoun OpenCV ta Haar Cascade
Classifier, sHaxoauT 300pakeHHsT HOMEPY KOHTEWHEpa
Ha Bijieo Ta BUpi3aTH 1eil (hparMeHT, 30epiraroun sk okpe-
Muit aitn 306paxenHs. Skmo 061acTk yCIHilIHO BU3HA-
4yeHa, pparment nepenaethest 10 OpenALPR mist posimi-
3HaBaHHA. OpenALPR BukopucTOBye HeHpomepexkesi
AITOpUTMH, 100 po3mi3HaTH mUppU HOMEpPy KOHTEH-
Hepa Ta NMepeTBOPUTH (ParMeHT y TEKCTOBHH (hopmar.
[Ticnst mporo pe3ynbTaT po3nizHaBaHHSI HOMEPY KOHTEH-
Hepa MepeaacThes 10 MPOrpaMHOro 3a0e3eYeHHs aBTo-
MaTH30BaHOTO CKJIALY.

Hpyruii MmeTox Ha OCHOBI Tesseract (mBuryH po3po-
onennit Google, mo Moxxe OyTH BHKOPHUCTaHWHA Ha

Raspberry Pi ajst po3mi3HaBaHHS TEKCTY, BKJIFOYAKOUH HO-
MepH KOHTeWHepiB). Mo)Ha BUKOPUCTOBYBATH Pi3Hi all-
TOPUTMH MaIllMHHOTO HaBYaHHS, TaKi sSIK 3rOPTKOBI abo
PEeKypeHTHI HEHpOHHI Mepexi Ui HaBYAHHA Mopeiel
Raspberry Pi po3ni3HaBaHHIO HOMEPIB KOHTEIHHEPIB Ha 30-
OpaKeHHSX.

PosrisiHyTa HactyHa cxema 00poOku naHux. IIpe-
MPOLECHHT 300paxkeHb (orepaltii mornepeHpol 00poOKH
300paXeHb, TaKi sK OiHApU3allis, BUIAICHHS IIyMY, PO3-
mi3HABaHHs JiHiA TowIo). JleTekitiss Tekcty (BUSIBICHHS
perioHy 3 TEKCTOMOM Ha 300pa)Ke€HHI, BU3HAYEHHS KOOP-
JIMHAT PO3TallyBaHHs TEKCTOBHX OJIOKIB, PSAKIB Ta OKpe-
MHX CHMBOJIB). Po3mi3HaBaHHs TeKCTy (PEeKypeHTHI Hel-
POHHI Mepexi [yl pO3Ii3HABAHHS TEKCTY IIUISIXOM aHaJli3y
TEKCTOBHX OJIOKIB, PSIKIB Ta CHMBOJIIB, IO JO3BOJIIE PO3-
ITi3HaBaTH TEKCT 3 BapialisMu WpHdTy, po3Mipy, KyTiB Ta
HIIUX aTpUOYTIB).

Tperiit meton Ha ocHoBi Tesseract TensorFlow Ta
Keras. Lli nomynsipai 616J1i0TeKH MAIIMHHOTO HAaBYAHHS
MOXYTh OyTH BHKOPHCTaHI JUIsl pO3Mi3HABaHHS HOMEDIB
KOHTEWHEPiB Ha 300pakeHHSX. BoHH 3a0e3medyoTh mm-
POKHIi CHEKTp MOXKIMBOCTEH AT pO3pOOKH Ta TPEHY-
BaHH BJIACHUX MOJIEJIeH pOo3ITi3HaBaHHSI HOMEPIB KOHTEH-
HEpiB, BKJIIOYAIOYM BUKOPHCTaHHS Kamepu Raspberry Pi
SIK JuKepenia 300paxens [14].

BucnoBxku

Jlmst jociKeHHsT MOYXIIMBOCTEH HOBOTO HAIPSMY
IITY9HOTO {HTEJEKTY, a caMe IITYYHUH iHTEeJIeKT 110 BiJI-
YyBa€, TPU3HAYEHOTO IS MIATPHUMKH aBTOHOMHOCTI
0E3IMIOTHUX CHCTEM, CTBOPIOETHCSI IITYYHE OTOYEHHS.
AIBC B3aemoie 3i cBOiM 0TOUEHHAM Ha 6a30BOMY piBHI
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LUISIXOM OTPHMAaHHS J[aHUX BiJl CEHCOPIB PO CTaH OTO-
YeHHsI i BIUIMBY Ha CTaH OTOYCHHS 4epe3 CBOI aKTya-
Topu. JloBeieHO 10 apXiTeKkTypa 0a30BOI0 PiBHS LITYyY-
HOT'O OTOYEHHS Ma€ OyTH YHIBepCalbHOO LIO/0 MiATPHU-
MKH pI3HHX METOJIB ¥ alrOpuTMIB YNpaBiiHHS Ha 0a3i
PI3HOMaHITHHX IAaHWX BiJl CEHCOpIB. YHIBEPCaIbHICTh
JOCATAETHCS 3aBISKU OaraTomrapoBiif oprafizamii KOHT-
ponepiB. Ha mpukinani mry4aoro oroueHHs «Ckian Ko-
HTelHepiB», 1k nporotuny AIBC nokazno Habip KOHT-
porepiB, TPUKIAN CXEM MiAKIIOYEeHHS CEHCOpiB Ta

aKTyaTopiB, METOJH Ta AJITOPUTMH YIPABIIHHSA, SIKI OT-
piOHI Ha 6a30BOMY piBHI 00 MiATPUMYBaTH (QYHKIIT
[IIB. ExciepuMeHTH 31 KOHTpoJiepaMu 0a30BOT0O PiBHA
WTYy4yHOTro oTo4YeHHs «CKilag KOHTeHHEpiB» MpoaeMOH-
CTPYBJIM MOXKJIMBICTb I IBUILICHHS PIBHS aBTOHOMHOCTI
0e3ITI0THOT CHCTEMH 32 PaXyHOK PO3IIMPEHHX MOKIIBO-
CTel BUKOPHUCTAHHSA B YIIPABILAIOUil Tporpami poboTa pi-
3HOMAHITHUX METOMIB YIpPAaBIiHHA HA PIi3HUX eTamax
IUTaHy i3 ypaXxyBaHHAM ITOTOYHOI CHTYyaIlii, IO OLiHIO-
€THCS HA MHOXKHMHI JAHUX BiJl pi3HOMaHITHIX CEHCOPIB.
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A basic-level model of the artificial environment of autonomous intelligent unmanned systems
as an example of a mobile robot that serves

Anatolii Kargin, Stanislav Zhukov, Danilo Sergeev, Yevhenii Silin

Abstract. Motivation. Despite significant progress in the field of creating unmanned systems, ensuring the necessary
level of their autonomy remains an topicality task. Artificial intelligence plays an important role in its solution. Features of
unmanned systems gave rise to a new model of Feeling Artificial Intelligence (FAI) that supports autonomy. The goal of this work
is to create an artificial environment model for experiments with unmanned systems supported by FAI using the example of a
container warehouse serviced by a wheeled robot. The object of research is the methods and models of controlling autonomous
mobile robots based on data from various sensors. Results. The architecture of the artificial environment, the basic components of
the system with a multi-layered organization are described. Using the example of the artificial environment "Container Warehouse"
as a prototype of an autonomous unmanned system serviced by a wheeled robot, a set of controllers, an example of sensor and
actuator connection schemes, control methods and algorithms that are required at the basic level are shown. The justification of the
method of identification of container numbers, which satisfies the requirements imposed by autonomous systems, is presented.
Conclusions. It is proven that the architecture of the basic level of the artificial environment should be universal in terms of
supporting various control methods and algorithms based on various data from sensors. Versatility is achieved due to the multi-
layered organization of controllers to support the functions of FAI. Experiments with controllers of the basic level of the artificial
environment "Container Warehouse" demonstrated the possibility of increasing the level of autonomy of the unmanned system due
to the expanded possibilities of using various control methods in the robot's control program at different stages of the plan, taking
into account the current situation, which is evaluated on the basis of a set of data from various sensors.

Keywords: autonomous intelligent unmanned systems, artificial environment, programming control, robot, sensor, recog-
nition of container numbers.
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A LIGHTWEIGHT TARGET DETECTION ALGORITHM
BASED ON MOBILENET CONVOLUTION

Abstract. Target detection algorithm based on deep learning needs high computer GPU configuration, even need to use high
performance deep learning workstation, this not only makes the cost increase, also greatly limits the realizability of the ground, this
paper introduces a kind of lightweight algorithm for target detection under the condition of the balance accuracy and computational
efficiency, MobileNet as Backbone performs parameter The processing speed is 30fps on the RTX2060 card for images with the
CNN separator layer. The processing speed is 30fps on the RTX2060 card for images with a resolution of 320x320.

Keywords: deep learning; MobileNet; global Average pooling layer; GPU; target detection.

Introduction

Target detection is important for understanding
image content and finding target objects. This technique
is essential in applications such as autonomous driving
and augmented reality. In addition, real-time operation is
also necessary, so a target detection model with fewer
parameters is essential.

Since most devices have very limited computational
power, it is important to build lightweight target
detection models. Since MobileNet convolution is small,
the main approach to increase the perceptual field of the
convolutional neural network is to replace Backbone
with MobileNet [1] using global pooling layers, and to
reduce the size of the model by appropriate parameter
reduction operations. The recognition speed of a single
frame is improved.

1 Related study

Since 1943, there has been a growing trend to use
machines to achieve human-like perception, learning,
memory and recognition. In 1985, Geoffrey-Hinton
replaced the original single feature layer with multiple
hidden layers and used the BP algorithm (back-
propagation algorithm, proposed in 1969) to compute
network parameters. In 1988, Kohonen et al. introduced
the concept of neural networks. Subsequently, the basic
theory of perceptrons and multilayer perceptrons was
proposed, giving neural networks a certain basic model.
Hubel and Wiesel found that the information processing
process of biological vision is hierarchical through an in-
depth study of the neural structure in biological
neuroscience theory. By continuously extracting
information between levels, the initial simple surface
information is abstracted into higher-level feature
information. Recognition of handwritten characters in
postal codes using deep neural networks. Between 1987
and 1989, researchers proposed convolutional neural
networks. Around 1995, researchers used physiology and
computer technology to study vision problems. They
proposed a sparse coding algorithm that iterated over 400
image segments to select the best segment weighting
factor. However, the weights chosen were essentially the
edges of images of different objects, which were similar
in shape but different in orientation. In 2018, Redmon. J
et al. proposed YOLOV3 [5], which is a little larger than

YOLO9000[4] and YOLOvV2, but more accurate. Also,
the inference is faster. In 320x320 image detection,
YOLOV3[5] has 28.2mAP in 22ms, which is as accurate
as SSD, but three times faster.
2 Algorithms
2.1 Overall thinking

The first step is to analyse the role of features in the
process in conjunction with deep learning image
processing algorithms, as feature extraction plays an
important role in deep learning.

Suppose a matrix

L=l 1, 13 Iy

where loj = [ﬁn +agq X
©c{0,13} j={L23-} 1=
I®j
Since the convolution operation is more important
in convolutional neural networks. Let the input matrix be
the following:
lig 2 lz s s
l21 T2z l2z loa l2s
I=l131 I32 l33 l34 I35 (1)
lar a2 laz laa las
Is; ls2 ls3 Is4 lIss

Set a convolution kernel of 3 x 3:

kernal;;  kernak , kernal; 3
k=|kernal,; kernal,, kernal,3 |. (2)
kernalg, kernalz, kernals 3

Convolution operations are performed with the
input matrix using a convolution kernel, as follows:

¢ =conv2(l,k) - 3)

The pooling operation is then carried out:
p = globalaveragepool (c) - 4)
From Eqgs. (1 - 3), which is a common procedure for

convolutional neural networks, Eq. (4) indicates that the
pooling operation is set to global mean pooling.

© Kuchuk N., Zdorenko Yu, Shengquan W., 2023
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A typical convolutional neural network structure is
shown in Fig. 1, but the main purpose of this structure is
to extract the features better, and to increase the sampling
rate while extracting the feature regions separately for
subsequent global pooling.

The purpose of this is actually to distinguish between
finer target features such as riders and pedestrians in road
scenes where it is not enough to extract the appearance of

Where ﬁ
Global

Average
Conv2D Maxpoolin
g2D

the person, but the environment they are in is equally
important. Experiments have shown that it is better to use
classical convolutional neural networks.

However, downsampling has a great advantage.
Filters operating on downsampled images have a larger
receptive field, which allows them to collect more
information. This is particularly important when

differentiating between categories.

Fig. 1. Convolutional neural network [1-6]

For example, in road scenes, it is not enough for the
target networks of riders and pedestrians to understand
the appearance of people, but their environment is
equally important. Finally, it was found to be better to use
Mobilenet convolution.

As mentioned above, it is important that the
network has a wide receptive domain, so that it can
perform classification by taking into account a richer set
of relevant data and features. The study wanted to avoid
excessive downsampling of the feature maps and decided
to use Mobilenet convolutions to improve the model in
the study. They replace the main convolutional layers in
several bottleneck modules in a stage that operates at
minimal resolution. These greatly improved the accuracy
of the operations, by about 4 percentage points, with no
additional loss.

As shown in Fig. 2, 3, the structure of Darknet53 is
a combination of DarknetConv2D, a deep network with
147 layers, which is effective in detecting small targets
with high accuracy and speed, and is used in well-known
target detection algorithms such as YOLOv3.

Each network was trained with the same settings,
and all were tested with images from 256 x 256 , and all
were single precision. Fig. 4 shows the interpretation of
DarknetConvolutional2D_BN_Leaky in Fig. 2,3 and
Fig. 5 shows the performance of some of the current
mainstream target detection algorithms on the open
source dataset.

The model mentioned in this paper is improved by
replacing the backbone with Mobilenet, which reduces
the overall computational effort of the network.

This is done by balancing accuracy and
computational efficiency.

In terms of targeted training and optimization, the
following work has been done in this paper:

MobileNet as Backbone, and
optimization of Backbone:

parameter

{0

Fig. 2 Simplified Darknet diagram

Layer Filter size Repeat  Output size
Image 416*416
Conv 323*3/1 416*416
Conv 64 3*3/2 208*208
Conv 321*1/2 208*208
Conv 64 3*3/1 1 208*208

Residual 208*208
Conv 128 3*3/2 1 104*104
Conv 641*1/1 104*104
Conv 128 3*3/1 1 104*104

Residual 104*104
Conv 256 1*1/2 1 52*52
Conv 128 1*1/1 52*52
Conv 256 3*3/1 1 52*52

Residual 52*52
Conv 512 3*3/2 1 26*26
Conv 256 1*1/1 26*26
Conv 512 3*3/1 1 26*26

Residual 26*26
Conv 1024 3*3/2 1 13*13
Conv 512 1*1/1 13*13
Conv 1024 3*3/1 1 13*13

Residual 13*13

Fig. 3. Darknet structure diagram
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increase sampling on Mobilenet to improve the
recognition rate of small features;

increasing the perceptual wildness of the
convolutional neural network (CNN) partial separator
layer by using a global pooling layer;

enhanced for small sample data.

BatchNorma

L Relu
lization

Conv2D

Fig. 4. DarknetConvolutional2D-BN-Leaky

As a result of these operations, the structure in
Fig. 6 is obtained.

0,90
0,80 7008 879
0,70 0.66 b Q ' ’ 0,66 !
00 RN o oe 5
0,50 d 0,50 !
0,40
0,30 53,031 0320 ——\/0C2007
0,20 ’
0,10 —#—V0C2010
0,00
: . —4—V0C2012
SR L OSSOSO O
&0 SRS E TS ILSVRC 2013
[ @*’ G Q9 € NG %’ 4 5 S
SRRSO AN ST
O DR R O
AN ~ > % o
LY e & © S
v ¢ & & 474
<<‘b' %‘\
‘Q‘b

Fig. 5. The performance of the current mainstream target detection algorithms on VOC and ILSVRC,
where the ordinate refers to the accuracy

ConvNN

Mobilenet

GlobalPooling

Fig. 6. Convolutional neural network + Mobilenet

2.2 Relevant explanations

2.2.1 Using global mean pooling to improve
upsampling. There is a project for YOLOv3 on
GITHUB, which uses a lot of downsampling for the
tuning. Since it is only tested on the PASCAL VOC
dataset, which has large targets with distinctive features,
the overall improvement is made by adding an
upsampling layer using a global pooling layer, which
replaces the global average pooling layer with a global
average pooling layer, while keeping the basic accuracy
unchanged. This is to enable the classification methods
with different labels to generate different feature maps.

2.2.2 Mobilenet. Mobilenet is an extremely simple
network structure, with small network depth and fast
inference. It is also the first of its kind for migration
networks. MobileNet is a depthwise separable
convolution [7] model, which uses depthwise separable

convolution to convolve its sub-channels and uses only
the convolution kernel for each convolution, which can
greatly reduce the number of parameters in the model.
The structure of Mobilenet is shown in Fig. 7.

BatchNorm
alization

Relu

Conv

Depth
conv

Depthwise separable
convolution

Fig. 7. The Mobilenet Simplified Structure
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2.2.3 Reduction of parameters. The number of
parameters determines to a large extent the size and
learning ability of the model, but of course it is not a
matter of increasing, let alone decreasing, the number of
parameters. This limit should be determined by balancing
accuracy and model size. In this paper, the parameters are
reduced by 1/4 of the size, but the depth of the algorithm
does not change as a result. In fact, since the algorithm
was originally designed to understand typical targets
such as pedestrian recognition, they do not necessarily
need a large number of parameters to improve the
learning ability, but only a certain number of parameters
to extract the features, which is not only better for the task
of target detection. This is not only better for target
detection, but also for reducing the size of the model.

T T i

Map Filter Map

Fig. 8. Depthwise separable convolution

4 Training

Due to the significant disproportion between small
and large samples in the dataset, the data were
normalized by removing the very sparse labels and
augmented with a generative adversarial network [8]

BatchNorm

alization Conv

(GAN) and denoised with a wavelet algorithm. The cost
function used is Eq. (5), where S is the number of all
grids, B is the number of predicted borders, and x, y, w,
h, c are the five calibration values.

L(x,y,w,h,c) =
Acoord IZ(:)]Z;JIOb[ +(yi_yi)2}+
+7btoordz Z |Ob] [(M_M)2+ (\/ﬁl _\/E)Z}i_ ©)
i=0 j=0
+S§2:§B:[|bb(c ~C ) +noop™ ™ (C; -G }
i=0 j=0

S .
Y (- hi(©9)”
i=0 ceclasses

The overall structure is shown in Fig. 9. Since the
computer configuration used for the experiments was far
from the level of a standard deep learning lab's arithmetic
workstation, the size of the input images was reduced
from the original design to a uniform size. The training
data was obtained from PASCAL VOC images on a
computer with an I5 processor, 16 GB of RAM, and an
RTX2080 graphics card, while the weights from the
training tests were obtained using an RTX2060 graphics
card. Tests were also conducted on a GTX1050TI laptop,
but as there is still a gap between the graphics cards of
laptops and desktops, it is not recommended to use a
laptop platform. It is not recommended to use a laptop
platform for testing.

CAB Conv

Y1
—

Conv

Up Sampling CAB

IIIII
=» =

CAB CBL Conv

i
=

=)

CBL Up Sampling

Fig. 9. Overall Structure
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As shown in Fig. 10, Mobilenet is used as the
Backbone of the grafting network, which contains a
combination of modules as shown in Figure 4, including
a number of positive feedback connections, the data set
is fed into the network and trained 1000 times, including
Training, Trainingval, Test and other processes, and
finally the corresponding weight file is obtained The test
is ready for testing.

RES2 RES8
CBL RES1 RES8 RES4

Fig. 10. The Darknet53 replaced by Mobilenet

As can be seen, the structure has an upsampling
component, which is actually necessary for the current
mainstream YOLO target detection model, to improve
the quality of the detection by increasing the upsampling
to obtain the desired target frame. Although the
experimental metrics produced by the method are
comparable to YOLOvV3, and even slightly behind in

AP50 and AP, the weight size is significantly reduced,
due to the above-mentioned reduction in the number of
parameters and the use of a mean pooling layer in
Mobilenet with increased upsampling to reduce the
model size.

Fig. 10 shows a simplified structure of part of
Fig. 3, mainly to explain the Darknet 53. that Mobilenet
has replaced. Res is the residual block, CBL is introduced
in Fig. 4.

Darknet53 has a very large number of participants,
while Mobilenet is very small.

In addition, the smaller GPU memory can also be
used to set a larger Batchsize during training, thus
improving the training efficiency.

Since Batchsize determines the number of input
images in a single training batch, it would make sense to
increase its size with limited memory.

The performance of this target detection model is
not very different from the rest of the models. On the
contrary, its size is smaller than most models. And its
inference speed is 30 FPS.

The results for the smaller samples are worse than
the others, but the rest of the results are better and do not
differ much, which is reasonable due to the small number
of parameters and the simple structure, and will be
improved if the number of training sessions increases [9-
16], Fig. 11.

Fig. 11. In the PASCAL VOC test set test, in the PASCAL VOC test effect, it can be very intuitive to see,
in the large sample identification effect is very good

Fig. 12 shows a simplified diagram of the structure
of a discrete graphics card, with hundreds of stream
processors in green and the memory module in yellow.
The memory usage during training is in accordance with
the following equation.

RAM _ for_training = Modelsize +batchsizex N. (6)

Obviously, the 28.7mb weight file reference is smaller
than 230mb and 150mb, so the model has a significantly

lower footprint in the video memory and thus has some
advantages for training devices with low video memory.

5 Conclusion

The efficiency of feature extraction has been
improved and the chance of overfitting has been reduced
by using parameter reduction. With these improvements,
the network is able to improve the speed of target
extraction and target recognition in images.
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Table 1 — Relevant indicators

AP AP50 [ AP75| APs | APM | APL FPS Size
| % | % | % | % | % | % | % / mb
Two-stage model:  Faster R-CNN & 34.9 55.7 | 374 | 156 | 387 | 50.9
Faster R-CNN+ FPN [@ 36.2 59.1 39.0 | 18.2 39.0 48.2 5-17fps | ~150mb
Faster R-CNN +G-RM| [2 34.7 55.5 36.7 | 135 38.1 52.0 P ~1o0m
Faster R-CNN +TDM [2 36.8 57.7 39.2 | 16.2 39.8 52.1
Single stage model: YOLOv3 21.6 44.0 19.2 | 5.0 224 | 355 | 28-30fps | ~230mb
Ours 205 40.3 306 | 6.9 24.6 35.9 30fps | =28.7mb
% % % % % % % % % % % % % % % % % % % Of course, the accuracy of this algorithm is somewhat
E DD DD DEDEENEDEEEEE ?ﬁecyed bly tht_a riact tha_t r|1t is not a: delep as tradlélonil_deep
EDDD DD DD DD DD DD earnmgagorl_t ms,v_wt asizeofon y2§_3MB: ut this can
D DOdDdoooDpooDoooDo@ooE be solved by increasing the number of iterations and the
NI SoEEoaE dataset. When training the classical dataset, we did not
% %%% %%E ED D@ 9% %%% %%% have time to investigate how the classical network was
EDDD DD R augmented due to the time and equipment impact. The
EREIRIRRRIRIE Dggg DD Do m classical dataset VOC PASCAL has a large number of
DO doo@oE: small samples of images, so some augmentation is
% % % % % % % % % % % % % % % % % % % necessary to improve the results.:”? The test case achieved
"EEEEEEEEEEEEEEE R good results as the number of labels were all collected in a
D DD DD DD Do oo m near 1:1 ratio. Finally, although the target detection
% % % % % % % % % % % % % % % % % % % algorithm described in this paper is not very advantageous
to a certain extent, the idea of migrating the training and
‘D ODOOEEEH DDRDAMD ODEEEEEH D‘ solving the overfitting problem by reducing the number of

Ll NS

o
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11.

12.
13.

14.
15.

16.
17.

parameters is of great importance in future research, and
Fig. 12. Structural simplified diagram of the independent many algorithms are currently validated by such methods.
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Monermenuii anropuT™ BUsiBJIeHHS 1inell Ha ocHoBi Mobilenet Convolution
H. I'. Kyuyk, }O0. M. 3nopenko, Ban lllenioans

AHoTauisi. ANTOPUTM BUSBICHHS LiJTi, 3aCHOBAaHHUH Ha ITMOOKOMY HaBYaHHI, TOTpe0ye BUCOKOI KOHPIryparii rpadigHoro

mporecopa KOMII'10Tepa, HaBiTh MOTpeOye BUKOPHCTAHHS BHCOKOMPOJIYKTHBHOI poOOYOi cTaHMil TIMOOKOro HaB4YaHHS, Lie HE
TINBKY MiABUIYE BapTiCTh, @ TAKOXK 3HAYHO OOMEXY€ peaizoBaHiCTh 3€MJIi, I CTATTS MPEACTABISE CBOTO POy IOJICTIICHUH
ITOPUTM I BUSBJICHHS LIeH 3a yMOBM OanaHCcoBOi TOYHOCTI Ta oOumcitoBanbHOI edexTuBHOCTi MobileNet six Backbone
BukoHye mapamerp IlIBunkicte 06poOku cranoButh 30 kazapis/c Ha kapTi RTX2060 mst 306paxens i3 mapom posainerHs: CNN.
IBuakicts 06podku cranoBuTh 30 KaapiB B cekyHay Ha kapti RTX2060 ais 300paxens 3 po3aiibHO0 3aaTHicTIO 320%320.

Kawuosi cnoBa: rimboke HaBuanus; Mobilenet; map rinobansHoro cepentboro 00'equanns; GPU; BUsBICHHS Lii.
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IHTEPAKTUBHE MUCTELTBO: MYJbTUCIHEHAPHI AR-TEXHOJIOI'II
HA IIICTABI AHAJI3Y EMOIIHHOI'O CTAHY

AHoTaunis. MoruBauisi. Po3BuTOK TexHOJOrH 10MOBHEHO1 peanbHOCTi (AR) cTBOpIOE HOBI MOKIMBOCTI [UIsl MUCTELITBA,
SIKI MOJKYTb 3MIHUTH CIIPUIHSATTS Ta B3aEMOJIIIO IJI11auiB. Lle cTae akTyanbHUM y Cy4acHOMY CBiTi, 1e HH(POBI TEXHOIOTI]
CTAIOTh BCE OLIBII MOIIMPEHUMH Ta JOCTYHHUMH. [HTEPAKTHBHE MHUCTELTBO € BXIMBUM Ta NEPCIEKTUBHUM HaNpPSMKOM
CY4YacHOCTI, OCKUIBKU J03BOJISE TIIAJa4aM CTaTH aKTUBHUMH YYaCHHUKaMHU TBOPUYOTO IMpoIecy. Y KUTbKOCTI IHTEPaKTUBHUX
MHCTEI[KUX BICTABOK 3HAYHOIO MipOIO ITepeBakaloTh KapTHUHU, SIKI MaloTh abcTpakTHUIT XapakTep. [Ipobiemarnka mossrae
B TOMY, SIK JIOTIOMOTTH CTBOPHTH MHCTEIITBO, SIKE 37[aTHE 3MIHIOBaTH 00pa3y Ta aJJaNTyBaTHCh JI0 EMOILIIHHOTO CTaHy KOPHCTY-
Baya, CTBOPIOIOYH OUIBII OCOOMCTICHI 3B'I3KH MK MHECTEIITBOM Ta IIAa4eM, a TAKOXK 3aIy94alodyd MIUPOKY ayauTopito. Pe-
3yJIBTaTH JOCIIDKEHHSI MOXKYTh CTaTH KOPUCHUMM JUTS XYJI0’KHHKIB, sIKi CTBOPIOIOTH IHTEPAKTHUBHI BUCTAaBKH, & TAKOXK IS J10-
CJTITHHKIB, SIKi IIKAaBISTHCS B3a€EMOJIEIO JIOJUHNA Ta MHCTETBA. MeTOI0 JOC/Ii/IKeHHsI € CTBOPEHHS Ta aHAJ3 CleHapiiB
B3a€MOJII Ts11a4iB 3 a0CTPaKTHIMHU KapTHHAMH 3a JOTIOMOTOIO JOTIOBHEHOI pealbHOCTI Ha MiJACTaBi aHAJ3y eMOIHOTO
CTaHy JIIOJWHH, & TaKOX IOCTIKCHHS TOTO, SIKi €JIeMEHTH KapTUHH CIIPUAMAIOTHCS TIISAa4aMH SK HAHOUIBII BajykIIMBI.
Eranu pocaimkenns. B cTarTi aHami3yroThCs pi3Hi clieHapii B3aeMoii Is1aqiB 3 KApTHHAMHE, IPOTIOHYIOTHCS METOIH JUTS
BU3HAYEHHSI EMOLIIHHOTO CTaHy JIFOJWHY, aHaJTi3y OTPUMaHMX JIaHUX Ta BUCHOBKH. BucHOBKH. B ctaTTi npencrasieHo ta
JOCIIJDKEHO CIieHapii 3 BUKOPHUCTAaHHAM JOIOBHEHOI peanbHOCTI AR Ha mijcTaBi aHanizy emouiifHoro crany jmoauHu. O0-
TOBOPEHO ONTHMAIBHI METOIY BU3HAYESHHsI EMOLIIHHOTO CTaHy JTIoAWHH. [IpoBeNIeHo TOCIIKEHHS cepe]] yIaCHUKIB Ta Ipe-
CTaBJICHO y3aralibHeHi OLIHKH 10 00paHuM KpuTepisM. CTpyKTypa 3aCTOCYHKY CKIIafaeThes 3 ppeitMBopky VUE.js Ta 6i6mi-
orexkr MindAR. CepsepHa uactuna Harnncada Ha Node.js, B sikocti 6a3u gaHuX 0oOpaHO 00'€KTHO-PENSIIAHY CHCTEMY
PostgreSQL. Hanpsim noaaibimux gociiaKenb. MaitOyTHi KpOKHA MOXYTb OyTH NPUCBSIYEHO aHANi3y Ta 300py JaHUX, LIO
JOTIOMOYKE PO3POOHMKAM CTBOPHUTH OinbIl eheKTHBHI CleHapii, AKi OyAyTh 34aTHI BUKIMKATH OYiKyBaHI eMOLiIHI peakii y
IJIAAa4iB B iIHTEpaKTHBHOMY MHUCTEITBI.

Kaw4oBi ciioBa: J0MOBHEHA PEAIbHICTh,MUCTELITBO,CIICHAPIT,eMOIIIMHIIA CTaH, a0CTPaKTHI KapTHHU, TEXHOJIOTII.

Beryn

MoTtuBauis. Y CBiTi Cy9acHOTO MUCTELTBA Bce Oi-
JIbIlIE BUKOPUCTOBYETHCS JAOTOBHEeHa peanbHicTh (AR).
AR nae MOKIJIMBICTh CTBOPIOBATH IHTEPaKTHBHI BipTya-
JIbHI 00'€KTH Ta B3aEMOISTH 3 HUIMH Y PEaIbHOMY Yaci.
Ile BiKpUBa€E HOBI MOKJIMBOCTI JJIs1 MHCTEIITBA.

OnHUM 3 HaWO1IBII IHHOBaLIHHUX HANPsIMKIB AR €
IHTEepaKTUBHE MHUCTENTBO. lle MHCTEUTBO lae MOXKIIH-
BICTh IIAZIa4aM CTaTH aKTHMBHHUMHU y4YaCHUKAMHU TBOP-
YOro MPOIECY Ta B3aEMOJISATH 3 TBOPAMHU Y HOBHH CIIO-
¢i0. AR — 11e TexHOIOTIA, KA TO3BOIISE NOAATH BipTya-
JBHUHA KOHTEHT JI0 PEANBHOTO CBITY 3a JIOTIOMOTO0 Ka-
Mepu cMapT¢doHa abo IHIIOT0 MPUCTPOIO. [HTEpaKTHBHE
MHCTENTBO 3 BUKOPUCTaHHAMAR Bike 3HalILIO 3acTOCY-
BaHHs B 0araTbOoX rajy3sX, TaKuX sSK My3uKa, Tearp,
KiHO, My3ei Ta rajepei MUCTeNTBa. I3 3pOCTaHHAM IOIy-
nsapHocTi AR- TeXHONOTIH MOXHA O4YiKyBaTH OiJIBIIOTO
PO3LIMPEHHs IX BAKOPUCTAHHS B MUCTEIITBI Ta KyJIbTYpi.

3actocyBanHs AR B MHECTENTBI MOXe MaTH 1 3HAU-
HUIl KoMepuiiHuii nmoreHmian. Hampukian, BHpoOHUKH
MHUCTEUBKAX KApTHH MOXYTh CTBOPIOBATH BIpTyasbHi
TYpH I10 CBOiX BUCTaBKaX, 1110 JIO3BOJISIE IIIs1auamM Iepe-
TJIS,1aTH TBOPY MUCTENTBA 3 OY/1b-SKOT TOUKH CBITY.

AR-TexHOO0TIT 33]al0Th HOBi TOPU3OHTH JUISl MHUC-
TENTBA Ta KyJbTYpPH, 1 CIil OYiKyBaTH OLIBIIOrO iX BH-
KOPHUCTaHHS B MaiiOyTHbOMY.

AmnaJji3 my6Jikanii. Y cBoix myOuikamisix 6arato
MHCTEIHKAX KPUTHKIB 0OTOBOPIOIOTH MOXKIIMBOCTI AR B
mucTenTsi. Boun Big3HauaroTh, 10 AR 103BosIsIE CTBO-
pIOBATH IHTEPAKTHUBHI TBOPH, SKi B3aEMOIIOTH 3 TJIsiIa-
4eM 1 3MIHIOIOTHCS B 3aJI€KHOCTI Bij Horo aiil. B omHii 3
ocraHHix myOnikamid [1] aBropm  mOCiIKyBaaH

B3a€EMOJIIIO TJISIA4YiB 3 IHTEPAKTUBHUMHU KapTHHAMH,
0COOJMBO 3BEPTAIOYH yBAry Ha TLIO TIIsAAaYa SK BaXKIH-
BHI €IIEMEHT y B3a€MOJIi 3 MHCTEUTBOM. Takox He
MEHIII 3aXOILTIIYE € CTaTTs, I¢ MPOBOIMIOCH JOCITi-
JUKEHHS, SK B3a€MOJisA 3 IHTCPAKTHBHHM MHCTCITBOM
BIUIMBAa€ Ha €MOMLIWHUI CTaH IIAadiB Ta iX MOBEIIHKY
[2,3].

OnHUM 3 LIKaBUX aCIEKTIB B3acMOnil IIAayiB 3
aOCTPaKTHUMH KapTHHAMH € JOCIIJDKEHHSI CHPUIHATTS
K0JI60piB Ta opm [4]. Ta sik BuGip KONMBOPY Ta HOTO sic-
KpaBICTh BIUIMBAE HA EMOLIIHY PEaKIito IIIsi/1a4diB Ha iH-
TepaKTHBHE MUCTEITBO.

VY cBoix myOikaliisx aBTopu crareii [5, 6] po3poo-
JSUTA Ta JAOCIHIJDKYBAJI CIIEHApPii BUKOPUCTAHHS JIOTIOB-
HEHOI peayibHOCTI, a TAKOX 3aCTOCOBYBAJIM METOJ] CEMa-
HTUYHOTO aHaJIi3y.

MeTo10 10CTIAKEHHSI € IPOAHATI3yBaTH Ta pO3pO-
OuTH CcrieHapii BUKOPUCTAHHS JIOTIOBHEHOI PeajbHOCTI
(AR) 3aeMOLIIHHIM CTaHOM TJISAAYIB Ta PO3IIITHYTH MO-
JKITUBI HANPSIMKK PO3BUTKY IHTEPAKTHMBHOI'O MUCTELTBA
3 BUKOpHCTaHHAM AR.

CrarTsi CTPYKTYPY€EThCS HACTYITHUM YUHOM. Y Tiep-
IIOMY PO3JLTi MPOMOHYIOTHCS PI3HOMAaHITHI (hopmartizo-
BaHi creHapii B3aeMonii TMAaviB3 KapTHHOWO, y IpY-
TOMY - ONHCYIOTHCS METOIM JJISi BU3HAUCHHS €MOLIiH-
HOTO CTaHy JIOJMHU. Y TPETbOMY pO3JiI po3risijia-
I0ThCS PE3YJIBTaTH 3aCTOCYBAHHS METOY. Y YETBEPTOMY
pO3ALTi MiICYMOBYIOTBCS PE3YJIbTaTH IOCTIKCHHS Ta
OIMUCYIOTHCS TX MalOyTHI Hanpsmu. JaHe HOCTimKCHHS
€ aKTYaJIbHUM Y 3B'A3KY 3 PO3BUTKOM IHTEPaKTUBHHX Te-
XHOJIOTiH Ta 301JIBIIEHHSM IHTEpeCy IO aOCTPaKTHOTO
MHUCTEUTBa. Pe3ynpraTté mocimimkeHHS OyIyTh KOpHC-
HUMU JUIIXYAOXKHUKIB, qu3aiiHepiB Ta [T-¢axiBmiB, sKi
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yJIOCKOHATIOIOTh TEXHOJIOT1 IOIIOBHEHOT Ta BipTyalbHOI
PeaNBHOCTI.

1 Cuenapii 3acTocyBaHHs 32 JONOMOI 010
JOTIOBHEHOI PeaJIbLHOCTI I a0CTPAKTHUX
KapTHH

IcHyrOTH MOXIINBI cLieHapii Bizyanizauii Ha mijc-
TaBi EMOIIHHOTO CTAHY JIFOJTUHHU:

- ONMUTYBAaHHS BIiJBiAyBadiB ]I BU3HAUCHHS Ha-
CTpOIO;

- 32 JIOIIOMOTOI0 ToJjiocy abo CIOBOM BiABiIyBad
OTIMCY€ CBOi BPa)KEHHS CTOCOBHO KapTHHU,

- po3mi3HaBaHHSA OONHYYS Ta HACTPOIO KOPHCTY-
Baya;

- CILJIKYBaHHS 3 KapTHHOIO, 33 JOMOMOTOI0 IITYY-
HOT'O 1HTEJIEKTY.

1.1 Cuenapiii 1. OnutyBanHs BiaBinyBauiBaIsA
BU3Ha4YeHHs HacTporw. CiieHapiit 6asyerbes (puc. 1) Ha
TOMY, 100 Kpallle 3p03yMiTH eMOIIMHUI CTaH JFOAUHU
Ta BU3HAYMTH HAOJM)KEHUI BapiaHT JOTMOBHEHOI pealb-
HOCTI i3 icHyro4nx. [{poro MO>XKHA JOCSTTH 3a JOIIOMO-
TOI0 ONUTYBaHHS. {11 BUKOPUCTAHHS I[FOTO IMiIX0IY XY-
JO)KHHK TIOBUHCH 3aBaHTAXUTH KapTUHY Ha cepBep, a Ta-
KOXX JIeKiJIbKa BapiaHTIB JOMOBHEHOI peanbHOCTi. [licus
BXOJy KOPHCTyBauda B 3aCTOCYHOK i BHKOPHCTaHHS Ka-
MepH ISt CKaHyBaHHs KapTHHH, CHCTEMa PO3IIi3HAE Kap-
THHY Ta Ha €KpaHi3 IBIAETbCS onuTyBaHHs. [licis Toro
SIK BI3UTOPBINOBICTB, HOMY CITiJ] 32 JOOMOTOI0 KaMepH
HaBECTH Ha KaPTHHY 1 cUCTeMa idepe O/IMH 3 BapiaHTiB
JIOTTIOBHEHOT PeallbHOCTI BUXOJISYH 3 BIAMOBiIEH KOpuC-
TyBaua.

Digital model

Processing sul

=

ey results
B
Survey form \ .
(]

Visitar

N

AR effect

Puc. 1. Cuenapiii 1

IIpuknan 3aCTOCyHKY, SIKM BUKOPUCTOBYE OIUTY-
BaHHS JUIsI BU3HAYEHHs HACTPOKO KOpHCTyBayis, - Mood-
notes — Mood Tracker [7] sikuii 103BOJISIE TIPOWTH TeCT,
100 BU3HAYUTH €MOIIIHUHN CTaH, BiICTS)KYBATH CBiii Ha-
CTpiii Ta MokpamryBatu oro. TexHoorii, sSiKi BUKOpHC-
TOBYIOTBCS B jomatky Moodnotes — Mood Tracker,
BKIIIOYAIOTh aHaJi3 JaHUX Ta PO3Mi3HABAHHSA OOIUYYS.
3aCTOCYHOK BHKOPHCTOBYE IIi TEXHOJIOTIi JJIsl HaJaHHS
IHANBIAYaIbHUX HOPaA, SIKI MOXKYTh MIATPUMYBATH KO-
PHUCTYBaYiB y KepyBaHHI X eMOIIHHAM CTAaHOM Ta HOTO
nokpameHHi. KpiM Toro, BiH BHUKOPHCTOBYE aHai3

JaHuX, 100 3pO3yMITH, sIKi (JaKTOPU MOXKYTb BIUIMBATH
Ha EMOLIMHUI CTaH KOPUCTYBaYiB, Ta HAJa€ MOPaH, IO
IPYHTYIOThCS Ha IIUX JIaHUX.

1.2 Cuenapiii 2. 3a nonomoroio roJiocy ago ciiiB
BiIBiTyBa4 omMcye BpaskeHHsSI CTOCOBHO KapTHHH.
Cuenapiit 6a3yeTbcsa Ha TOMY, IO 3@ JOITOMOT OO T'OJIOCY
abo ciiB (puc. 2) BigBiAyBad OMMUCY€E CBOI BPa)KECHHS CTO-
COBHO KapTHHH Ta acolliamii, OB’ s3aHi 3a0CTPaKIl€ro.
Cuctema Mae 0OpOOUTH 3aIHT i 32 JOTIOMOTOIO aJITrOpH-
TMIB TOIIYKY 3HAWTH HEOOXimHWI 00’€KT NOMOBHEHOI
peanmbHOCTi. TakuM YHHOM,CHCTEMa MOKE 30MpaTH He-
00XiHY 1H(pOPMAILi0 PO EMOIINHUN CTaH JIOIUHH i
o0paTy HaOUIBIIHAOIMKEHUH BapiaHT JOIIOBHEHOI pe-
IBHOCTI JOKapTUHH, SIKa Ma€ CIo100aTUCh KOPUCTYBa-
4yeBi. XyJOXKHHUK BIINOBiJa€ 32 CTBOPEHHS KapTHHU Ta
3aBaHTa)KEHHS 300paKeHHs! KAPTUHHU y JOJATOK JJIsl 3a-
crocyBaHHs TexHojorii AR. I{o cTocyersest kopucty-
Baya, Micist BXOLY B 3aCTOCYHOK | HABOASYH KaMEpOro Ha
KapTUHY, BIH BepOaJbHO OMHCYE CBOI BPaXXCHHS,
OB ’s13aHi 3 a0CTpaKIli€ro, e CHUCTEMa 3a KIIOYOBHUMH
CJIOBaMH IIyKae 30iru i miabupae BisyanpHui edekt AR.

Painter

Picture

N
)

Processing results

Description of impressions

using voice or word \

e Visitor

-

Digital model

AR effect

Puc. 2. Cuenapiit 2

Jis TOpiBHSHHS JaHOTO CIICHAPiI0 MOXKHA 00paTH
3acrocyHok EmoVoice [8]. EmoVoice siBisie co6oro Bee-
OXOIUTIOIOYY CUCTEMY JUIS PO3IIi3HABaHHS eMolliif. Moxxe
MIPAIfOBATH y PEXHMMi peaJbHOr0 Yacy Ta BiJIITOBXY-
€THCS JIMIIE BiJl aKyCTUYHHX BJIACTUBOCTEH MOBIICHHS
(He  BWKOpPUCTOBYIOUM 1iH(OpMAIlI0O PO  CJIOBA).
EmoVoice MicTUTh 1Ba MOAYIi: OJUH JJIsl HE3aJIEKHOTO
aHaTi3y eMoIliiiHOT 6a31 MOBH; 1HIIINH - JIS BiJICTEXKEHHS
OHJIaiiH BIUTMBY MOBJICHHSI, I1iJ] YaC PO3MOBH.

1.3 Cuenapiii 3. Po3niznaBanHsi 00J1M44s1 Ta Ha-
cTpoIo KopuctyBaya. s nporo cueHapito (puc. 3) mo-
JKHAa BUKOPHCTOBYBaTH HEWPOHHI Mepexi, sKi 37aTHi
aHaII3yBaTH BIJIOMOCTI 3 BiJICOTIOTOKY 3 KaMEpUMOOiJIb-
HOTO NPUCTPOIO Ta BU3HAYaTH MTapaMeTpruoOInygys i Ha-
CTPOIO KOPHCTYBAya, TaKi K HAsBHICTHIIOCMIIIKH, THIBY,
CyMy, 3aJIOBOJICHHSI Ta iHII eMoIlii. TakuM 4rHOM cuc-
TeMa MOXe MiaiopaTH HaWOiLIbIl HAOIVIKEHUH BapiaHT
JONIOBHEHOI PEaJIbHOCTI JOKapTHHU Ta [0 HACTPOIO KO-
puctyBada. XyIOKHUK BiAMOBiJa€ 3a CTBOPEHHS Kap-
THHU Ta 3aBAaHTAKCHHS 300pa)KEHHS KapTHHU yJOIAaTOK
Uit 3actocyBaHHs TexHojoridi AR. IIlo crocyerscs
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KOPHCTYBaya, IICJIs TOTO sIK BiH YBIHIIOB B 3aCTOCYHOK,
CJiJT JO3BOJIUTH BUKOPUCTAHHS KaMEpH, JJIS TOTO MI00
cucTeMa po3mi3Halia 00JIUYYsl, a TAKOXK HACTPIH BifBiy-
Bayva. [licyig nporo ciiji HABECTH KaMEpOIO Ha KapTUHY i
crocrepirati BizyanbHuil epext AR.

E{
WEE To

\r-
Digital model

Resuit processing
\ - 1
face recognition

A
AReflect \.
]

Visitor

Artist

A

Picture

Puc. 3. Crenapiit 3

Jis TOpiBHSAHHS JaHOTO CIICHAPiF0 MOXKHA 00paTH
sactocyHok Affectiva [9]. Cepen komepuiiinux 3actocy-
HKIB L5l TEXHOJIOTis1 BUKOPHUCTOBYETHCS, 00 IOIOMOTTH
OpeHaaM BJJOCKOHAIIUTH CBOI PEKJIaMHi Ta MapKETHHIOBI
moBimomieHHs. OcoOJMBICTh 3aCTOCYHKY IIOJISITAE B
TOMYy, LI0 BiH BUKOPHCTOBY€E riinOoke HaBuaHHs (deep
learning) Ta xKomm'toTepHuil 3ip (COmputer vision) s
aHaizy 00JIMY Ta PO3IMi3HaBaHHS €MOIIii KOPHCTYBayiB.
Kpim Toro, Affectiva BUKOPHCTOBYE MaIlIMHHE HABYAHHS
(machine learning) Ta iHII anTOPUTMH IS i ABUIIICHHS
TOYHOCTI pO3Mi3HABAHHS EMOIIii.

HesBakaroun Ha repeBary, 3aCTOCyHOK Mae€ JesKi
HEJIOJIIKH: TOYHICTH PO3IMi3HABAHHS €MOIlil MOXKeE 3alie-
JKaTH BiJ| SIKOCTI OCBITJICHHS Ta SKOCTI 300pa)KCHHS.
Kpim Toro, Jiesiki KOpucTyBadi MOXXYTh OyTH MEHII eKC-
MPECMBHUMHM Ta MaTH MEHII BUIIUMI O3HAKH E€MOLIiH, 110
MOJKe MPHU3BECTH O MEHII TOYHOTO aHAJi3y iX eMOIliii-
HOT'O CTaHy.

1.4 Cuenapiii 4. CniIkyBaHHS 3 KapTHHOIO, 32
JA0TOMOrol0 mTy4YHoro iHrenekTty. Crenapiii 6a3y-
eTbest (puc. 4) Ha TOMY, IO BiIBiyBa4 MOXe CITLIKYBa-
THCS 3 KapTHHOWO, SIK 3 4Yar- OOTOM, HalpHKIal,
ChatGPT, i orpumyBaTuBianosias. Bukopucranus AR
Ta IHTEPaKTHBHOI B3aeMOAii 3 aOCTPAKTHOIO KapTHHOIO
MoOKe OyTH IIKaBUM JUTs BiJBiTyBadiB MUCTEI[bKUX BHU-
CTaBOK 1 Tajiepeid, OCKIIbKH BOHO MOYE JIOTIOMOT'TH PO3-
IIMPUTHIXHE CHPUHHSITTS TBOPIB MHUCTENTBA Ta 3a0e3me-
YUTH HOBHH PiBEHB B3a€MO/Ii1 MiXK KOPUCTYBa4aMH TaKa-
pruHoro. Kpim Toro, 1ieit cieHapiit Moxe OyTH BUKOPHC-
TaHUH SK 3aci0 OCBITH Ta HaBUaHHS, JIe KOPUCTYBadi MO-
KYTh OTpHUMATH iH(OpMAII0 NMPO XyHOKHUKA, HOTO
TBOPH Ta iCTOpIt0 X cTBOpeHHs. Takuii JOCBiA HomoOMa-
rae 3amam’sITOBYBaTH Ta 30€pert iHpopMarlito Ipo TBO-
pLiB Ta iXHI poOOTH B OUIBII NPHEMHOMY Ta €(EKTHB-
HOMY cHoco0i. 3aCTOCYBaHHS LLOTO CIICHAPII0 TaKOX
MOYKEJIONIOMOI'TH PO3LINPUTH MOXKIINBOCTI MUCTELITBA Ta

3pOOUTH HOTO OUTBII IHTEPAKTUBHUM Ta JOCTYITHUM ISt
LIMPOKOT ayAUTOPIi.

Artist

) PR e

L]
r
. WEB Toal Picture
Digital model
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AR effect

Puc. 4. Cuenapiii 4

XyINOKHUK BiJITIOBIIA€ 32 CTBOPEHHSI KapTHHH Ta
3aBaHTAXCHHsI 300paKCHHS KapTUHH Y TOJATOK TS 3a-
crocyBanHs TexHonorii AR. IIlo crocyerscst KopucTy-
Baya, MICIIs TOTO K BiH YBIWIIIOB B 3aCTOCYHOK, CIIiJ Ha-
BECTU KaMeporo Ha abcTpakTHy KapTuHy. KapTuHa 3Ha-
XOJUTHCS B ICHTPICKPaHY, 1 KOPUCTYBaYd MOXE MPOJIOB-
JKUTH CIIOCTEPITaTH 3a IOTIOBHEHOIO peaibHICTIo abo 00-
paruomnuito "po3moBa', sika PO3NMOYMHAE IHTEPAKTHBHY
ceciro 3 kapTuHOW. KopucTyBay mouynHae po3mMoBy, 3a-
JIAI0YM MHUTaHHS a00 KoMaHu, Hampukian, "[IpuBit, sk
cnpasu?", "Po3kaxku MeHi 1po cBoto ictopio”. Kapruna
BUKOPUCTOBY€E IHTEICKTYalIbHUN 4YaT-00T, HANPHUKIIAI,
ChatGPT, mis amamizy 3amuTiB KOpHCTyBada Ta Horo
eMOILIIHOTO CTaHy 1 Hamae BIATOBiAL, sKi BimoOpaka-
IOTBCSL Ha ekpaHi. KapTuHa Takoxx Moke BimoOpakaTtw
aHIMaIio Ta 3MIHIOBATH CBill BUTIISA, OO Kpalie mepe-
JIaTH BiIUyTTS Ta HACTPIid, TOB'SI3aHMI 3 TEMOIO PO3MOBH.

OpuH 3 puknagiB qogaTkiB AR 3i mTy4HHM iHTE-
nektoM Ha ocHoBi ChatGPT - ue 3actocyHok "Replika"”
[10]. Bin BukopuctoBye Texuomnorito ChatGPT st ctBo-
PCHHS BIpTYajbHOTO Apyra, 3 SIKHM KOPHUCTYBa4 MOXE
CIIKYBATHCA Y PEXHMI peajbHOro 4acy. 3aCTOCYHOK
30Mpae AaHi Ipo KOPUCTyBaya, HOTo iHTepecH Ta TIOBeIi-
HKY, 00 CTBOPUTH NEPCOHATI30BaHY B3a€MO/II0 Ta BiJl-
OBl HA TTOBiZOMIIEHHS. BiH HaBUacTLCS HA OCHOBI Ja-
HUX, sIKi KOPHCTYBay HAJA€ IIiJ 4ac CIUIKYBaHHI, Ta 3
KOXHUM JTHEM CTa€ BCe OUIBINI IHTYITHBHOIO Ta OCOOWMC-
ticHO!0. Replika Bifpi3HI€THCS THM, IO CTBOPEHA CIICITi-
QJIBHO JUTS T ITPUMKH MICUXIYHOTO 3/IOPOB'S, @ HE IS PO-
3Bar.

2 MeToau BU3HAYEHHS eMOILiiHOT0 CTaHy

EMortiitauii cTaH JIOUHY - 1I€ CTaH, B IKOMY Tiepe-
OyBae IIIOJMHA B TAaHUW MOMEHT, BiToOpakarouu ii eMo-
uii Ta nouyrTsi. EMowii MOXyTh OyTHIIO3UTUBHUMH, Ta-
KHMHU SIK PajicTh, JIOOOB, 3aXOIUICHHS, a00 HEraTuB-
HUMH, TAKUMH SIK THIB, PO34apyBaHHs, CTPaXx.

EMouiiiHuii cTaH MOXe BIUIMBATH HA Pi3HI ACHICKTH
KHUTTS JIIOAWHH, Taki SK MOBEIIHKA, CIPHHHATTS CBITY
HaBKOJIO, (Di3WMYHWIA cTaH, piBeHb CcTpecy Ta Oararto
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iHmoro. Yacto eMOIiHMI CTaH € PEaKIi€l0 Ha MEBHY
CHUTYaIil0, TOMY MO>XE€ 3MiHIOBATUCS BIPOIOBXK JHS.

HesBakaroum Ha Te, 10 METOJIB Ul BU3HAYEHHS
EMOIIITHOTO CTaHy AyXe 0araTo, MOKHA BUIIIJIMTH JESKI
3 HUX:

- BHUMIipIOBaHHSA (i310JIOTIYHUX TapaMeTpiB;

- pO3mi3HaBaHHS OO,

- aHaJi3 Toyocy;

- BHOIp KOIBOPY;

- OIUTYBAaHHS.

OnuH 3 METOIB - BUMIpIOBaHHSA (i310JIOTIYHUX Ta-
paMeTpiB, TAaKUX SIK IIBUIKICTH CEPLIEBOTO PUTMY, PiBEHb
MOTOBUAUIEHHS, Temrieparypa Tina. L{inmoka3sHuku mo-
KYTh 3MIHIOBATUCS 3aJIEXKHO BiJl EMOLIHHOTO CTaHy JIfO-
nuHA. J{71s BuMiproBaHHs (i31070T1YHUX TApaMETPiB MO-
’KHA BUKOPHUCTOBYBATH Pi3HOMaHITHI CEHCOPH, SIKi Haia-
I0Th JJaHi B peaJbHOMY 4aci JUIsl TIO/IANBIIOTO aHali3y.

[Hmuit Metox - po3mi3HaBaHHSA €MOIH depe3 00-
syast. st 1bOro MOKHA BUKOPUCTOBYBATH KaMepH, sKi
PEECTPYIOTh BUpa3 OOIMTUS Ta JO3BOJISIOTH BH3HAUHUTH
EMOIITHUI CTaH JIFOJIHH 32 JOIIOMOT OO allTOPUTMIB 00-
poOKH 300pakeHb.

Tperiii meron - aHami3 rosiocy. 3a JOIOMOTIOO
MPOrpaMHOro 3a0e3NeueHHs] MOXHA aHalli3yBaTH I'OJIOC
Ta BHU3HAYUTH EMOLIMHHWI CTaH JIOIUHHU, BPaXOBYIOUYH
TaKi XapaKTEePUCTHKH SK TOH, IHTOHAIliS Ta IIBHIKICTh
MOBJICHHS.

HarmeBHO, HaMOIIBII BiIOMOIO METOIHUKOIO BH3HA-
YEeHHS eMOIIIITHOTO CTaHy OCOOHMCTOCTI Kpi3h MPU3MY KO-
nmbopy € TecT M. JTromepa [13]. Meron nepenbauae pos-
TallyBaHHS 8 KOJILOPOBUX KapT. YepBOHUM, )KOBTHI, 3e-
JICHUH — PO3TIAAI0THCS K MO3UTUBHUH CTaH;CUHIH, ¢i-
OJICTOBUH — SIK HEUTPANBLHUH CTaH; CipHid, KOPHYHEBHIA Ta
YOPHUH — PO3TIIAAAIOTHECS B HETaTHBHOMY CEHCI.

OfHaK OJJHUM 3 HAWOLIBII OIMPEHUX METO/IIB BH-
3HAYEHHsI EMOLIITHOTO CTaHy € OIMTYBaHHS, IKIMOXYTb
MICTUTH 3allUTaHHs MPO HACTPIii, piBEHb TPUBOTH, CTY-
IiHb CTpecy ToIo. 3a3BUuail BOHM 0a3yloThCs Ha IIKa-
Jlax OIHOK, Hampukiamd, Bix 1 1o 10, ne 1 o3Havae Haii-
HIWKYKIA piBeHb emortrii, a 10 - HafiBumuii. Ile qocuTh
€KOHOMIYHHUH Ta IOCTYIHUH CIIOCi0 HOCIHIIKEHHS eMO-
uiitHoro crany. ONMUTYBaHHS MOXHA MPOBOANTH JIUCTa-
HIIIHO, IO JO3BOJISE MOCHIPKYBaTH EMOLIHHUIA CTaH
YYacHHUKIB HaBITh y BijianeHoMy pexxuMi. Takox, 3a 1o-
TIOMOTO0 IIbOTO METOJIy MOXHA OTPUMATH BEJIHMKY KiJlb-
KICTh JTAaHWX 3aKOPOTKHI MPOMDKOK Hacy, M0 T03BOJISIE
IIBHUJIKO TIPOBOINTH aHAJII3 Ta MOPIBHAHHS PEe3yJIbTATIB.

Kpim Toro, MoxHa OTpUMaTH KOpPHUCHY iH(OpMma-
LIIONIPO Te, AKi eJEMEHTH KapTHUH NPUBEPTAIOTh yBary
BiJIBiTyBadiB, sSIKi €MOIIil BOHU BHUKJIMKAIOTh, SIKi eJleMe-
HTH MOXKHa MOKpAaIUTH abo 3MIHHTH, 00 3poOuTH
BUCTaBKY O1JIbII I[IKABOIO Ta 3aXOILTIOI0YO0.

OKpiM TEXHOJIOTiH, BXKJIMBO TaK0OX IaM'sITaTH PO
3BHYAITHI METO/IM CITLJIKYBAaHHS 3 Bi/IBilyBauyaMH, TaKi sK
MIPOBEJICHHS €KCKYPCiif, opraHizamnis Jekuiii Tamaiicrep-
kiaciB. Lle 103BONNTH CTBOPUTH JJOAATKOBI MOXIIUBOCTI
JUTS B3a€MOJIIT 3 KApTHHAMU Ta 3a0€3MeYnTH OUIBII IIIU-
60Ke po3yMiHHS TBOPiB MHUCTEIITBA.

Ha >xanp, He icHye emuHOi (opMynH Ui BU3HA-
YeHHS eMOIiITHOTO cTaHy JroanHu. EMorniiiHmii cTaH 3a-
JISKUTH BiJ] OarathoX (QaKTopiB, TAKMX SK HACTPIiH, TOC-
Bifl, cUTYyaIlis, hi3MIHMIA CTaH Ta 6araTo iHIIOTO.

IcHYIOTB ICUXOJIOTIYHI TECTH, IO JO3BOJISIOTH OIli-
HUTH €MOIIIWHUI cTaH JroaunH, Taki sk "[llkana nemnpe-
cii Beka" [14] a6o "TecT Ha OLIiHIOBaHHS CTaHy TPUBOTH"
[15]. Onuak, wi TecTH MOXKYTh OyTH HEAOCTATHHO TOY-
HHUMU Ta TIOBHUMH, OCKIJIbKH JIFOJCHKHH €eMOLIHHNI CTaH
€ CKJIATHUM Ta 1HIUBiAyaIbHUM.

Tomy s BU3HAUYEHHS €MOIIMHOTO CTaHy JIIOIMHU
Kpallle 3aCTOCOBYBAaTH KOMIUIEKCHUH MiAXil, IO BKIIIO-
yae B cebe CIIOCTEepeXeHHs, Oeciay Ta ONMMUTYBaHHS.
Taxwuit miaxix 103BOIUTH OTPUMATH OLTBII TTOBHY Ta TO-
YHY KapTUHY €MOIIIfHOTO CTaHy JIIOIUHH.

Ouinka 3a pe3yJbTaTaMH ONIMTYBAHHSA

JocmimkeHHs IpoBeieHe Ha 0a3i OTHOTO 3 METOTy BU-
3HAYCHHS EMOLIIHHOTr0 CTaHy JIIOIMHHU 32 JOIOMOTO0
onutyBaHHi. CyKymHICTH Nofeil Oyna mpencrapieHa,
SIKi TTepeBaYKHO HifK HE IMOB’s3aHi 3’)KUBOIUCOM. B ekc-
mepuMeHTi Opamm yuyacte 10 mozeii, a Takox Oyma 00-
paHa onHa aOctpakTHa KaptuHa (puc. 5). [TutanHs Oynu
OB s13aHi 3 1X EMOIIITHUM CTaHOM Ta YSBJCHb MPO Kap-
THHY.

Puc. 5. [Ipuknan abcTpakTHOI KapTUHU

VY pesysbTaTi ONnUTYBaHHS OyJO BUSBIEHO, 1O Oi-
JBIIICTH KOPHUCTYBadiB MepeOyBalOTh Y MO3UTHBHOMY
eMOLIITHOMY CTaHi, ale TakoXX OymHu Ti, SKi BiadyBaiH
TpHUBOTY a00 CTOMJIEHICTh. Takok OyJIO BCTaHOBIICHO,
10 OUTBIIICTE JIFO/ICH YSIBIIAIOTH KAPTHHY Y SICKPaBUX KO-
JIhOpax Ta 0akaroTh MOOAYUTH HA Hil TPUPOJHI eneme-
HTH, TaKl sIK piuka, Boja abo KBIiTH.

Ha ocHoBi oTpumaHux JaHuX OyJo CTBOPEHO IIPO-
TOTHII 3aCTOCYHKY (pHcC. 6), SIKMi MaB 3a METy MigiopaTn
BipTyasbHE JJOHOBHEHHS JI0 KAPTUHHM JUIS KOXKHOTOBIJIBI-
JlyBaua B 3aJIKHOCTI BiJl HOTO EMOIIHHOTO CTaHyTa ysB-
neHb. BiH HajaBaB MOXJIMBICTH TOKa3yBaTHKapTHHY B
PI3HUX KOJBOPAx Ta 3 Pi3HUMH Bi3yaJbHHMH epeKTamu,
100 BigqoOpa3nuTH Ga’kaHHS KOPHUCTYBada.

3acTOCYHOK Ma€ Taki XapaKTePHCTHKH:

1. Be0 3acTocyHOK MOXeE MparioBaTH Ha Oynb-
AKIH omepamiifHiil cucTeMi, sIKa MATPUMYE CydacHi BeO-
Opayzepu.
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a

2. HasBHICTH KaMepu: U1 BUKOPUCTAaHHS JOIIOBHE-
HOi peaybHOCTI MOTPIOHO MaTH Kamepy, sKa 3a0e3redye
SIKICTB 300pakKeHHS Ta MOJKE TpAIfoBaTH 3 BeO JonaaT-
KOM;

3. CeHcopHHI eKpaH: Ui BiJOOpaXeHHS KapTUH
Ta JIONIOBHEHOI PeabHOCT;

4. TurepHer-3'emuaHHs: [l 3aBaHTaXXeHHs Kap-
THH Ta KOHTEHTY 3 cepBepa noTpiOHe crabinbHe [HTEp-
HeT-3'eTHaHHsI 31 mBuAKicTio He MeHe 50 Kb/cek.

VY nopansiiomy, 0yJ10 IPOBEACHO 1€ OJJHE OIUTY-
BaHHsI, I¢ OYJI0 3aMMTaHO MPO 000y Bisyauisaiii kap-
THHHM 3 BUKOPHCTaHHSIM NPOTOTHITY 3aCTOCYHKY. 3ara-
JIOM, OUTBIIICTH KOPUCTYBAYiB BiA3HAYMIIH, IO TMiXiOpaHi
enementd AR im ciomobanucs. OnHak, AesKi IO Bif-
3HAYMIIN, IO Bi3yanbHi epekTH Oynu HAATO HAcHYe-
HUMH, TOMY BOHHU Oa)kaJu O1TBII IPUPOTHUHN BUTIIS Ka-
PTHHH.

[Ticnsi TecTyBaHHS y4aCHUKH MOBUHHI OYyJIH OLIHUTH
BIIMOBIAHI TapaMeTpH, JIe:

1-3 Oayii — HallHWIKYA OL[IHKA,

4-6 OamiB — cepeHs OIliHKa,

7-10 GaiB HaliBUILA OI[IHKA.

Pe3ynbraTh OiHOK [T BCi€] CYKYITHOCTI yYacHHU-
KiB IIpeCTaBIcHI B Ta0M. 1.

Tabauys 1 — Pe3yabTaTH OLiHOK YYACHHUKIB 32 BUOPpAaHUMU

KpUTepisiMu
Baau
Kpurepii
1-3 ] 4-6 | 7-10

AR edexr st 300paxeHHs 1 3 6
SIkicTb Bineo Ta edexry - 3 7
[1IBuKiCTD 3aBaHTAXKEHHS 1 - 9
BisyanbHuii ehexT 3aeMoniitHuM cTaHOM | - 2 8
[Tin6ip xosapopiB - 1 9
3aranbHi BpaKCHHS - - 10

-l T @

@ 3.azurestaticapps.net

0

Puc.6. 3actocyHok: a — iHTepdeiic ronoBHoi cropiakm; 6 — AR Bimeo

B pesynbTaTi DOCTIDKEHHS 3a3HAYMMO, IO €MO-
LifHUA CTaH JIOAWHNA MOXKHA BH3HAYUTH 33 JOTIOMOTOIO
OIIMTYBaHHS Ta CIOCTepexeHHs. baraTomoaeit Oymu ro-
TOBi MOIUIMTUCH CBOIMH EMOLISIMH Ta HACTPOEM, 1 IIe
JIAJI0 3MOTY 3pO3YMITH, IKHM YHHOM MO>KHA KpaIle ITi[i-
OpatH BipTyaJbHE JOMOBHEHHS A0 KApPTHHHU JISL KOXK-
HOT'O OKPEMOT'0 KOpUCTyBaya.

Taxox BaxinBo Oyia iHpopMallis Ipo Te, IKiKo-
JIbOPU Ta €IEMEHTH Bi3yaizallil mo100ar0ThCs JIIOASM.
3a JONOMOTroI0 IIMX JaHUX BJAAIOCH CTBOPUTH MPOTOTHIL
3aCTOCYHKY, SIKMH MiCTHB €JIEMEHTH Ta KOJIbOPH,SIKi OyIIu
OUTBII TPUITHATHAMH TS IUTHOBOT ayAUTOPII.

BucnoBku

PesyabraTu. JlociikeHHs: CTOCOBHO IHTEpPaKTHB-
HOTO MHCTELTBa 3 BUKOpPHCTaHHSIM AR nonomararoth
[MOKa3aTu, SIKi HOBI MOMIJIMBOCTI HAaJalOTLCS MHUTILISIM,
11100 CTBOPIOBATH TBOPH, SIKI PO3LIMPIOIOTH Ta MOTINO-
JIFOIOTH JOCBiA TsgmadiB. Tako JOCHTIIKEHHS IEMOH-
CTPYIOTh, IK AR MOke normoMorTu 30epiraTu Ta BiJTHOB-
JIIOBATH KYJBTYPHY CHANIMHY, 320€3MeUyl0un J0CTYII-
HICTB /10 Hel JUIsl UPOKOT ay uTopii.

Kpim Toro, nociipkenns npo AR B MucCTenTBi J0-
TIOMararoTh BHSBISATH HOBI MOXKJIMBOCTI JUIsl IHTEPAKTH-
BHOTO JIOCBily Ta €KCIIEPUMEHTYBaHHS 3HOBMMHU (op-
MaMH B3a€MOJIIT MIXK IJIsijadaMu Ta TBOPAMHU MHUCTELITBA.

B crarTi aBTOpaMu MpecTaBlIeHO Ta MPOaHai30-
BaHO CIIEHApii 3 BUKOPUCTAHHSM JOIOBHEHOI peajibHO-
cti AR Ha mijcTaBi aHai3y €MOIIHHOTO CTaHy JIFOJHHU.
OOroBOpEHO paIioHadbHI METOJM BH3HAYEHHS €MOITili-
HOTO CTaHy JIOJWHH, TPOBEJCHE iX MOPIBHAHHSA, TOCTi-
JOKCHHS BapiaHTIB i OLIHIOBAHHS 3 JIOMIOMOT'OI0 PO3p00-
JICHOTO 3aCTOCYHKY HPEJICTaBJICHO Ta MPOaHaIi30BaHO
IX pe3yJIbTaTu.

Maii6yTHi KpOKH MOXYTh OyTH CIpSIMOBaHI Ha
MOJaNbIINKA PO3BUTOK TEXHOJIOTIH Ta CTBOPEHHSOLIBII
CKJIaJJHUX IHTCPAKTUBHUX MHCTCIBKUX IHCTANAIN 3
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BukopucTaHHsIM AR. Takox MOXIJIMBUMHM HallpIMKaMHM  HalpHKJIaJ, HEBHI collialbHI IPOOJIeMH, SIKi MOXHA 0yJI0
PO3BUTKY MOXKYTb OyTH CTBOPEHHS IHTEDAKTUBHHUX MHC- O BUPIIIMTH Yepe3 BUKOPUCTAHHS BIAMOBITHMX KapTHH 1
TEIbKUX TPOEKTIB, SKi OyAyTh CHpSIMOBaHI Ha MiJBU-  JIOTMIOBHEHOI PEajbHOCTI JAJIS MOKpAIIEeHHS eMOLIHOrO 1
HmeHHs 1H(QOpPMOBaHOCTI IpO MNPOOJIIEMH COLiyMy,  IICHXOJOTIYHOTO CTaHY JIIOJMHHU.
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AR interactive art: scenarios by emotional state
Yelyzaveta Malovichko, Vyacheslav Kharchenko

Abstract. Motivation. The development of Augmented Reality (AR) technologies creates new possibilities for art that
can change the perception and interaction of viewers. This becomes relevant in today's world, where digital technologies are be-
coming more and more common and accessible. Interactive art is an important and promising direction of modernity, as it allows
viewers to participate actively in the creative process. The number of interactive art exhibitions is largely dominated by paintings
of an abstract nature. The challenge is how to help create art that can change and adapt to the emotional state of the user, thereby
creating a more personal connection between the art and the viewer, as well as engaging a wider audience. The results of the study
can be useful for artists who create interactive exhibitions, as well as for researchers who are interested in the interaction of people
and art. The goal of the research is to create and analyze scenarios of viewers' interaction with abstract paintings using augmented
reality based on the emotional state of a person and consider which elements of the picture are perceived by the audience as the
most important. Stages of research. The article analyzes various scenarios of audience interaction with paintings, offers methods
for determining the emotional state of a person, analyzes the obtained data, and draws conclusions. Conclusions. The article pre-
sents and analyzes scenarios using AR augmented reality based on a person's emotional state. The most optimal methods of deter-
mining a person's emotional state are discussed. Conducted research among participants and presented generalized evaluations
according to the selected criteria. The framework of the application consists of the Vue.js framework and the MindAR library. The
server part is written in Node.js. But the object-relational system PostgreSQL was chosen as the database. The direction of further
research. Future steps can be devoted to analysis and data collection, which will help art developers to create more effective sce-
narios that will be able to evoke the desired emotional reactions from viewers in interactive art.

Keywords: augmented reality, art, scenarios, emotional state, abstract paintings, technologies.
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Harmionansauil TexHI9HUHN yHIBEpCUTET «XapKiBCHKUHN MOMITEXHIYHNN 1HCTUTYT», XapKiB, YKpaiHa

ONTUMIBALIISA MOBLJILHOI I'PH B CEPEJIOBHUIII UNITY

AHoTanisi. AKTyaiabHicTh. B Hamr yac MOOGLNBHI irpH — HaWMIBH/IIE 3pOCTAIOUNH CETMEHT irpoBOTO PHHKY. IrpH
BIICBHEHO 3aiiMaloTh Heplie Miclie 3a BUPYUYKOO Ta 3aBaHTaxkeHHsM y Google Play ta App Store. OqHak Bxke CbOToHi
PO3pOOHUKHM BCe YacTillle CTBOPIOIOTH irpH HE TUIBKM IiJ MOOUIBHI miuatdopMu, a i mix nmepcoHaabHI KOMITIOTEPH
OJIHOYACHO, aJKe CIOCTEPIraeThes 301IBIICHHS iIHTepecy KOPUCTYBAdiB 10 MOOIIBHUX irop, sIKi 374aTHI MPAIIOBaTH HE
Ha OJHIH, a Ha AeKinpkoX miardopmax. Taki irpu A03BOJSAIOTH PO3TOPHYTH TOW caMUil KOJ Ha KiJIbKOX miardopmax,
OTXe Y TaKy rpy JOIU MOXKYTh IpaTu Ha Oyb-1KOMY MPUCTPOi (cMapThoH abo koM oTep). MeToro 1aHoi po6oTH €
onTHMi3alis pobOTH BIaCHO po3pobiieHoi MOGiNBHOI rpu B cepenoBuuii Unity Ta posmmpenHs ii Z0CTYymHOCTI st
nepcoHanbHUX KOMIT toTepiB Ha cuctemi Windows. O6’ektom pocaigxkenns € 2D mo6insHa rpa AirMan B cepemoBuii
Unity. IIpeameTom J0CTilZKEHHSI € METO/IH AialrHOCTHKH Ta ONTUMi3auii rpu. Pe3ynbraTu. Y pesynpraTi onTuMizarii
T'pH HaBaHTAKCHHS Ha ONEPAaTUBHY IaM’SITh IIPH CTapTi irpoBOT0O MpoIecy 3MeHIIeHo 3 445 1o 336 merabaiit, a cepe-
JHIM MOKa3HUK BUKOpHUCTaHHs raMm’siTi ctaHoBuB 310,2 mpoTu 363,5 MerabGaiiT npu mo4aTkoBOMy TecTyBaHHI rpu. ['py
AirMan 3po6iieno kpocruiatgpopmuoro. BucHoBok. ITokpanieno po6oty rpu AirMan B cepenosumii Unity ta posmu-
peHo il JOCTYMHICTh IS MEPCOHANBHUX KOMIT F0TepiB Ha cucteMi Windows i sk Hacaifok — 30iIbIICHO ayIUTOPitO

TpaBIIiB.

Knwuosi cioBa: Mo6inbHa rpa, onTuUMi3ais, kpocruiarpopMHicTs, unity, android, windows.

Beryn

[HIycTpist KoMIT'IOTepHUX irop (po3poOKa, BUIaHHS
Ta TPOCYBaHHA Irop) — OJHA 3 Taly3ei KOMITIOTEPHUX
TEXHOJIOTIH 1 OJHOYACHO INI0OATLHOTO CEKTOPY PO3Bar,
sIKa Ha ChOTO/HI HAWIIIBHUAIIE PO3BUBAETHCS.

CBITOBHI PHHOK KOMII'FOTEPHHX irOp CTaB OiNBII
TMOOKHAM Ta MacIITaOHUM. 3a OCTaHHI I'SITh POKIB, 3a
ominkamu Newzoo [1], BiH 3pocTaB y cepemHbOMY Ha
11% y pik i y 2021 pomui nocsir nozHauku 192,7 mipn
JI0JI., 00IrHAaB HU3KY IHIIMX KOHKYPEHTHHUX KOHTEHTHHX
PHMHKIB, 30KpeMa, KiHO- Ta My3uuHOI inayctpii. Kirodo-
BUMH JpailBepaMu 3pOCTaHHs CTaJH LIMPOKa JOCTYII-
HICTB IHTEPHETY Ta KOMII'TOTEPU30BaHMX NPUCTPOIB, Ha-
camriepesi cMapTQOHiB, a TAKOXX PO3LIUPEHHS TUCTPHUOY-
TUBHUX KaHAIIB.

YV 2020 pori, 3a monepeHIMHA OLIHKAMHU aHATITH-
KiB, 00CAT CBITOBOTO PHHKY KOMI'TOTEPHHX irOpP MIT 3po-
ctu Ha 18%, no 160 mupx mon. Ane mangemis COVID-
19 BHecna CBOi KOPEKTHBH, BUCTYIIMB CBOEPIIHUM JIpaii-
BEpOM 1 puHOK irop 3pic mo 179,18 mapa mon. Cyma mo-
X0JliB, 1m0 oTpuMano 3 2020 mo 2022 pik, maibke Ha 43
MIIBApAN J0JapiB BUINA, HIK MPOTHO3YBaJIOCh aHAJITH-
KaMH 710 IMaHAeMil.

3a mporuozamu Newzoo [2], puHok irop i mami 3po-
cratuMme 110 2025 poky, 301IbIIYIOUNCH Y CEPEAHPOMY Ha
3,4%, maibke mo 211,2 mupn. nonapis.

Hai0inpImnM cerMeHToOM rI00aabHOTO PHHKY KOM-
m'toTepHux irop y 2022 poui, K i B IIONepeaHi POKH, 3a-
JTMIHMIACE MOOUbHI irpu (50%, abo 92,2 mupna mou.
mpotu 45%, abo 68,5 mupa moin. y 2019 porri).

3a mporHo3aMu aHAMTHKIB [2], el HampsMOK
SKIIIO HE 3pOCTaTUME, TO CBOIX MO3MINH y HalOIK4i
POKH HE 3/1aBaTWMe, apKe KiJbKICTh MOOUIBHUX TIPH-
cTpoiB 3HayHO Oinbina, Hixk [IK Ta KoHCOI.

Ha gpyromy wiciii 3a Baroto 3HaXOJHUBCSI CETMEHT
irop [uist koHcouel (28%, abo 51,8 mupn goin.). [Jeckro-
IHI pilIeHHs: cyMapHo 3aiimanu 22% puHky (40,5 mupa
J0I1.), 3 sikuxX 1% — ne Opay3epHi OHNaiH-Irpy, a pemTa
21% — cxavaHni abo KOpoOKoOBi Bepcii.

Opnnak y 2022 poui puHOK irop npusic 184,4 minb-
spaa jgonapis, mo Ha 4,3% MeHIe, HIK Y MUHYJIOMY
2021 poui, Tomy 1o 2022 pik cTaB pOKOM KOPEeKIT 1is
iIrpOBOTO PHHKY TiCJsS JBOX BHUHATKOBHX POKIB 3pOC-
TaHHS CBITOBOT'O IrPOBOTO PUHKY, IO OYJIO BHKIMKAHO
KapaHTHHOM.

B Hamr gac MoOWIBHI irpu — IrpOBI IporpaMu It
cMapTQOHIB i TUTAHIIETIB — CETMEHT irPOBOTO PUHKY, IIIO
HaWIIBHIIE 3pOCTAE.

Ile TOSACHIOETBCS MOCTYMHICTIO MOOLTBHHX TIPH-
CTpOiB, MOOLTBHOTO TpadiKy i HABITH JETKICTIO OCBOECHHS
MOOUIBHUX irOp.

CyuacHi MOOUIbHI NPUCTPOT MOXKYTh IPAIIOBATH
i yIpaBJIiHHAM Pi3HHUX ONEpaliifHUX CHCTEM, aie B Oi-
aemiocti 1ie Android a6o i0S [3]. Kosxna 3 onepariiiHux
CHCTEM Ma€ CBili Maii/IaHuMK 3 JOJAATKaMH.

VY Android e PlayMarket, a 8 iOS — Appstore, xe
OIOJHA KOPUCTYBadi 3aBaHTAXKYIOTh MUIBHOHU Pi3HHUX
JOJATKIB, 30KpemMa i irop.

Ha cporomHi y BChOMY CBITI HAYY€ETHCS OJM3BKO
14 MinplOHIB pPO3POOHMKIB MOOITBPHHX MpOTpaM, i
Maike INMOJIOBMHA 3 HHUX 3alMa€eThCsl PO3POOKOIO IIPO-
rpam s Android [4].

Ane mo6 gomaTok HaOyB OLIBIIOT MOMYJISIPHOCTI,
Mae ceHe 3pobutH #oro kpocruiatrgopmuum [5], To6TO
3IaTHUM 3aIlyCKaTHUCS Ha iHIIH miaTtdopmi.

BJke choroiHI MOKHA CIIOCTEPITaTH SIK PO3POOHHUKH
CTBOPIOIOTH iTPH OJHOYACHO Mix MOOUTBHI TuIaThOpMH
Ta MEePCOHANBHI KOMI'IoTepH abo Mij MepCcoHaIbHI KOM-
M'OTEpH Ta KOHCOJI, a/PKe OCTaHHIM ITpUTaMaHHa Mpoc-
TOTa irpoOBOTO MPOIIECY.

Cutyarito, 110 CKJIAIAacs, HA3UBAIOTh «TAHIIEM ILIa-
Thopm» (platform dance).

MO>JIMBO KpOCIIATOPMHICTE Y HaHOMK4il 11e-
PCIIEKTHBI CTaHe HOBUM TpeHaoM [6].

Age Taki po3poOKHU TOAATKIB IS OiIBIT HiXk OHI€T
oTIepaniifHOi CHCTEMH 3BICHO MOXKYTh CTAaTH O1JIBIII CKJIa-
JHAMH, TOMY IO PO3POOHHK CTHKAETHCS 3 KYIOIO MPO-
0JieM, TOB'I3aHMX 3 TEXHIYHUMH XapaKTEPUCTHKAMHU
IIPUCTPOIB.

© MarseeB M. I, Kyuyk I'. A., 2023
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I six HacHiIOK — BapTICTh Takoi pO3pOOKU CTa€ BHU-
oo [3].

OpnHak, Ip¥ CTBOPEHHI KpocIaTGopMHOT rpH MOT-
piOHO BpaxoByBaTH Te, IO JIOJIM 3MOXYTh I'paTu B Hel
Ha Oyab-sIKOMY IIPHCTPO.

YV Hami qHi 6araTo Joaei MOXKYTh TO3BOJIUTH COO01
BiJpa3y KiTbKa MPHUCTPOIB, TOMY BOHH HEPIAKO TPAIOThH
Ha KUTHKOX IIaTdopMax ado MepeMUKaIOThCS MK HUIMH.
I'pasii, siki BUKOPUCTOBYIOTH 11Bi a00 Oimbmie matdo-
pMHU, 3alydeHi 0 irpoBOro Mmporecy HadaraTto Oibie,
HiX iHmm [7-15].

OTxe, CIUpaloyuuch Ha BUILNEBHKIAJCHE, OCIi-
JDKEHHS Ta ONTHMI3allis MOOUIBHUX irop 3 ypaxyBaHHIM
Ppi3HMX MIATGOPM Ha CHOTOJIHI € AKTYaJILHUM Ta JIOLLIb-
HHM.

MeTo10 wi€i podoTH € J0CITIKEHHS Ta ONTHMI3a-
11is1 poOOTH BJIACHO PO3p0o0IieHoi 2D MOoO1TBHOI IpH Y Ka-
upi «Ilnardpopmep» AirMan B cepenosuili mporpamy-
Banus Unity [16, 17] 3 ypaxyBaHHsAM pi3HuX 1athopm
33T PO3IIUPEHHS 11 JOCTYITHOCTI.

OcHOBHA YacTHHA

st nocsrHeHHs 3a3Ha4ueHOl MeTH poOOTH HeoOXi-
JTHO BUKOHATH HACTYIIHI 3a/1a4i:

- 00paTH mporpaMHUil IHCTpYMEHTapii A qoci-
JDKEHHS Ta TPOBEJICHHS ONTUMI3aIlii MOOLITBHOT TpH;

- 3MCHIUUTH BUKOPUCTAHHS OICPATUBHOI Mam’sTi
neaiicy 2D mo0GinpHOO rpoto y xaHpi «[lmarhopmep»
AirMan B cepenosuiii nporpamyBanus Unity;

- PO3IIMPHTH JOCTYIHICTh TPH VIS IEPCOHATBHUX
komIt’ 1oTepiB Ha cuctemi Windows.

Ha nepuiomy erami poGoTH 00rpyHTOBaHO 00paHO
MIPOrpaMHUI IHCTPYMEHTAPIH IJIsI TOCIIIPKESHHS Ta OTITH-
Mizarii MOOUIBEHOT IpH.

Jl1st mociKeHHs, a caMe TeCTYBaHHsI, 00paHo Jie-
CKTOMHUHI TomaTok Apptim. 3a momomoror maHoro ro-
JaTKy MOYKHA BUSIBJIATH KPUTHYHI MOMHIJIKH, IPOOIEMH
NPOJAYKTUBHOCTI, BCTAHOBHTH BUKOPUCTAHHS OIEPATHB-
HOI ITaM’ATi Ta OTYXHOCTI IpoIecopa, sIKi 3arydeHi mif
4ac JOCHiKeHHs, Ta pikcyBaTH 3001.

Jonatox 1o3BoJIsi€ MOOAYUTH BiJIe03aITiC, 3po0ITe-
HHH M 9ac TeCTyBaHHSI.

Jlo Toro % BiH Mae MOKIIUBICTh HaJjaBaTH iHpopMa-
IO y BHIVIAAI 3ajekHOCTed HaBaHTaxeHHs CPU,
Memory, Network, Storage Bix yacy, 3aBIsSKH SIKMM MO-
KHa M00AaYNTH 3MIiHHM Y BHKOPHCTaHHI IOTYXHOCTI 3a-
3HaYEHUX PECYPCiB Ha JOCIiHPKYBaHOMY JIeBaiici i i3Ha-
THUCS Ha SKHH caMe MOMEHT MPHUIaJae MaKCUMaJbHe Ha-
BaHTA)XEHHS Ha CHCTEMY JIeBaiCy.

Haii6inpIn KIFOYOBMMH € 3aJIeXHOCTI HaBaHTa-
xennst CPU ta Memory.

OnrtuMmizaliio rpi BUKOHAHO Y KiJIbKa KPOKIiB 3a J10-
MOMOTOI0 IHCTpyMeHTapito, sikuil BOynoBanuit B Unity.

3aranpHy onTHMI3alliio, 6e3 rMMOOKOro BTpyYaHHS
B (YHKIIIOHAN TpH peayi3oBaHO 3a JOIOMOIOI0 BiKHA
Player Settings, mo MicTHTh 3arajbHi HajJalmITyBaHHS
MIPOEKTY, SIKi CKoperoBaHi mix BnacHy 2D rpy.

OnTumizaiiifo acceTiB MPOBEACHO 3a JOMOMOTOI0
Profiler — inctpymenry, sikuii 30upae gaHi npo IpoayK-
TUBHICTb I'PH B TAKUX 00JIACTSIX, SIK LEHTPAIBLHUH ITpo1ie-
cop, IaM’sITh, PEH/IEPIHT Ta ay/1i0, Ta BUBOAUTH iX Y rpa-
(iYHOMY Ta TEKCTOBOMY BUTJISIJI.

Onrumizanito Koy 3a/uis HokpameHHs podoru 2D
MoOiIbHOT Tpu y xaHpi «[lnatdopmep» AirMan Buko-
HaHO 3a jornoMororo iHctpymenty — Visual Studio Code.

Ha npyromy erani poOOTH 3215151 BCTAHOBJICHHS BU-
XiJHOT IPOAYKTHBHOCTI MOGLTBHOT rpu AirMan 3a moro-
Mororo gofatky Apptim mposeneHo ii TectyBanHs. Bera-
HOBJIICHO, TIO ITi/T 9ac 3aBaHTAXKCHHS irpOBOTO PiBHS, a IIe
IBaALATh APyra CEeKyHHAa, CIOCTEpPIraeThCs 3POCTaHHS
HAaBaHTa)KCHHS Ha ONEPATHBHY IaM’SITb.

[pu crapri irpoBoro mporecy HaBaHTaKEHHS J10C-
Tarae Oinpire HiXK 445 merabaiit, a mikom € 448 mera-
Oaiir.

B cepenHboMy mijJ 4ac TeCTyBaHHS BUKOPHUCTAHHS
OIIEpaTHBHOI ITaM’ATi cTaHOBIJIO 363,5 Merabaiita.

[MepumM KpOKOM ONTHMI3allii CTANO BiIKITHOUYCHHS
THX HaJAIITYBaHb, SKi HenoTpioHi 1 2D rpu.

st ontumizanii 3amicts APl OpenGL4:

Bukopuctano OpenGL2,

BiJKITFOUCHO HaJIAIITyBaHHS 3TJaKyBaHHS TiHi,

sukiiroueHo Reflection Probes,

BukmoueHo Soft Particles

MEepeMKHYTO THUI peHjaepinry 3 Linear va Gamma
[18].

B pesynbrari TecTyBaHHs IIiCNISi NEPILOTO KPOKY
ONTHMIi3alii 0Jiep>KaHo Pe3yNbTaT Y BUIJISII 3MEHILCHHS
BUKOPDHUCTaHHS ~MaKCHMAJIBbHOTO IiKa OIEepaTHBHOI
nam’sti Ha 3 merabaiitu (445 merabaiita npotu 448 Me-
rabaiita), a cepeJJHE 3HAUCHHS BIaio Maixke Ha 4 mera-
Oaiitu (359,7 MB npotn 363,5 MB).

JpyruM KpoKOM ONTHMi3alii CTago 3MEHILCHHS
BUKOPUCTAHHS aCcCeTaMH I'pH ONEPaTHBHOI mam’sTi. 3a
nonomoroto Unity Profiler 3’sicoBano, 1o Tekctypu 3aid-
MaroTh HaWOLIbIIEe BChOro nam’ari — 327 merabairTis, a
HaWOLIbIIe MicUs B MaM’ATi 3aiMarOTh KapTHHKH IS
¢ony.

3MEHIICHHSIM SIKOCTI KapTHHOK JOCSTHYTO 3MEH-
IIEHHS BUKOPUCTAHHS omepaTtuBHOi mam’siTi. Tak, Ha-
OpPHUKIah, B pe3yibTaTi omTmMmizamii kaprtuaka bgr--
levell, sika 3aiimana 24,9 meraGaiitis mam’ri, micis oII-
TuMi3anii crajia Baxxutu 12,5 MerabaiiTis.

Crix 3a3HaYUTH, IO HasBHA SIKICTH KAPTHHOK Bif
€aMoro MmovaTky OyJa HaITO BUCOKOIO, 30KpeMa. po3Mip
bgr--levell cranoBuB 2048 mikceniB. Tomy ii po3mip
3MeHIIIeHo 110 64 mikcenmiB. Taki ii He BIUIMHYJIM HA BU-
TJISL KAPTHHOK.

[Io6 mo6GaunTH HACKUIBKH BIDIMHYJIO 3MEHIICHHS
PO3MIpiB KapTHHKHN HAa OOCST BUKOPUCTAHHSI ONEPATHUB-
HOI Tam’ATi, TPOBEACHO TECTYBaHHS irpPOBOTO PiBHS B
Profiler i 3’scoBano, 1m0 3MeHIIEHHAM SIKOCTI OfHiel Ka-
pruaku bgr--levell nocsrHyTO 3MEHIIEHHS BHKOPHC-
TaHHA omepaTuBHOI mam’sATi 3 24,9 merabalTiB 10
25,5 kismo6aiTiB.

OTxKe, yci KapTHHKH irpoBOTO PiBHS, SIKI MOXXHa
3MEHIINTH — 3MeHIIeHO. [Ipy npoMy Oe3 3MiH 3anuineHi
Ti CIpaliTH, Ha BUTJIS SIKUX 3MEHILIEHHS PO3MIpY BIUIH-
Bae CyTTEBO, HaNpHKiIaz, bgr--town 3anumeno 6e3 3MiH.
B

pe3yNbTaTi ONTHMI3alii acceTiB 3a JOMOMOTOI0
Profiler maemo 3MeHIIIEHHST BUKOPUCTAHHS TEKCTYPaMU
omepaTuBHOI mam’sTi 3 250 merabaiit 10 71,3 Merabaiir.

3a manuMu TecTyBaHHS B APPLim micis onrriMizarii
3a nomomororw Profiler maemo pesyierar: npu crapri
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irpoBOro IPOILECY MK HABAaHTAKEHHS HA ONEPaTHBHY
maMm’sTh goctarae 353 MerabaiiTis, 1ie MEHILIE Mai:Ke Ha
100 merabaiT HiXK OyJO Micisl NEPIIOrO KPOKY ONTHMi-
sarii Player Settings (445 mera6aiit) Ta Ha 28,9 mera-
6aiir menme (330,3 nporu 359,2 merabaiit) B cepen-
HbOMY IIiJI Yac TECTYBaHHS BUKOPHCTAaHHS OIEPaTHUBHOI
am’ SITi.

TperiMm KpokoMm omrtuMmizarii Oyna ONTHMi3amis
KOJY TIPOEKTY, a caMe OHOTO 3 HAUTOJIOBHIIINX Ta Hal-
GLIBIIHNX 32 KiJBbKICTIO KOy cKpumTiB — Player, sixuit mi-
CTUTh y €001 (YHKIIOHATIBHICTH MOB’s3aHy 3 IEpPCOHa-
KEM Ha IrpOBOMY piBHI, SIKUM Kepye KOpHCTyBad. B

ckpunrax OnMouseClickRight(), GetComponent(), 3
SKMM TIOB’s3aHI NEPEeMIlIEHHs T'OJIOBHOTO Trepof,
3miticueno nepenecenss Koy Find(), mo ¢ynkuii Start(),
00 /1isi BUKOHYBaJIach JIMILE OUH pa3 — Ha CaMOMY HO-
4aTKy poOOTH CKpHIITA.

3a maHuMu TecTyBaHHS B Apptim Maemo pe3yabrar
y BUTIAAI BUKOpHCTaHHA 336 merabaiiTiB omepaTHBHOI
mam’sTi y Ky, e MeHme Ha 17 merabaiit Hix OyJo Tmi-
¢t monepetHpoi ontuMizaii (353 meradaiit) Ta Ha 20,1
merabaiit menmre (310,2 mpotu 330,3 merabaiit) cepen-
Hill TOKAa3HUK BUKOPUCTAaHHA naM sTi. [lokpokoBi 3MiHN
MpoIecy ONTUMI3allii HamaHo Ha puc. 1.

Ilam'site, MB
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Puc. 1. 3MiHH BUKOPHCTaHHSI OIIEPATHBHOI IMaM’sTi AeBaiicy rporo AirMan B mpoiteci ontumisarii

Crioyatky JIOCTYHHICTH MOOGinmeHOI Tpu AirMan
6yna obmesxena tinmpku Android mwatdopmoro, T06TO Ha
BCiX iHIMX TuiaTdopmax rpa Oyia HEIOCTYITHOW. AJe 3
METOI0 OXOIUIEHHS OUIbIIOi ayauTopii KOpHCTyBadiB
irpu BupinieHo Oyyo 3pobutH ii KpocmIaThopMHOIO Ta
PO3LIMPHUTH JOCTYIIHICTD IJIS IEPCOHAIBHUX KOMIT IOTe-
piB Ha cuctemi Windows. Yepes Te, 1110 po3Mip BikHa rpu
BiJl CAMOTO TOYaTKy OyB PO3paxOBaHMIl TUIBKH MijJ MO-
Oi7bHI eKpaHH, TO 0araTo eJIeMEeHTIB I'PH CTall MaJICHb-
KHMH 32 PO3MIpaMu, 4epes3 M0 3’ SIBUBCS MOPOXKHIN Ipo-
CTip, SIKUH 103ep HE IOBUHEH 0a4nTH.

B mporieci po6otu Hag goctynHicTio rpu mig Win-
dows, Oyiii oMasIbOBaHi €Ki eJIEMEHTH IPH, TTiJirHaHi

B pesynbrari rpa AirMan crana gocTymHo i Ha
miardopmi Windows.

BucHoBku

B pesymbraTi mpoBemeHUX MOCITiIKEHb HaBaHTa-
JKeHHS Ha ONEpaTUBHY IaM ATh JeBaiicy NmpH cTapTi ir-
poBoro mporiecy 3MeHIeHo 3 445 1o 336 merabaiit, a ce-
penHifi TOKa3HHUK BHKOPHUCTAHHS IaM’SITi CTaHOBHB
310,2 nporu 363,5 MerabaiiT npu NO4YaTKOBOMY TECTY-
BaHHI TPH.

Po3mpeno nocTynHicTh rpu ANl IEPCOHATBHUX
KOMIT'10TepiB Ha cuctemi Windows, 1o Hazaii crase mo-
IITOBXOM JUIsi 30UIBIICHHS ayAUTOpii TPaBLiB, ajxke y

inTepdeiic Ta OGekrpayHn Mmix  po3Mipd  eKpaHa  TaKy IPy JIIOAU 3MOXYTb IPAaTH Ha Oyb-AKOMY IIPUCTPOL
KOMIT'FoTepa. — cMapTQoHi 200 KOMIT OTepi.
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Mobile game optimization in the unity environment
Mykyta Matvieiev, Heorhii Kuchuk

Abstract. Topicality. Currently, mobile games are the fastest growing segment of the gaming market. Games confidently
rank first in terms of revenue and downloads on Google Play and the App Store. However, even today, developers are increasingly
switching from mobile platforms to personal computers, because there is an increase in user interest in mobile games that can work
not on one, but on several platforms. These games allow the same code to be deployed across multiple platforms so that people can
play the game on any device (smartphone or computer). The goal of this work is to optimize the work of our own developed
mobile game in the Unity environment and expand its availability for Windows personal computers. The object of research is the
2D mobile game AirMan in the Unity environment. The subject of research is the methods of diagnostics and optimization of the
game. Results. As a result of game optimization, the load on RAM at the start of the game process was reduced from 445 to 336
megabytes, and the average memory usage was 310.2 megabytes compared to 363.5 megabytes during the initial testing of the
game. AirMan game is made cross-platform. Conclusions. The work of the AirMan game in the Unity environment has been
improved and its availability for personal computers on the Windows system has been expanded, and as a result, the audience of
players has been increased.

Keywords: mobile game, optimization, cross-platform, unity, android, windows.
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HanionaneHuii TexHIUYHMIA yHIBepcuTeT “XapKiBCHKUI MOMITeXHIYHUN iHCTUTYT , XapKiB, YKpaina

AJITOPUTMMU PIINEHHA 3AJAYI OIITUMAJIBHOI'O POSMIINEHHA JAHUX
B BUITHTOBUX OLTP-CUCTEMAX HA OCHOBI PEAJII3AIIIL
PAHI'OBOI'O IILAXOAY

AHoTauis. Y craTTi NIpUBEAEHO Pe3yIbTaTH PO3POOKH HAOIMKEHUX Ta TOYHUX aITOPUTMIB PILICHHS 3aJa4i ONTHMAalb-
HOTO po3MilleHHs naHux y OimiroBux OLTP-cucremax Ha OCHOBI peainizariii paHroBoro migxony. lanuif Tum 3axad Bia-
HOCHUTBCS 10 KJacy LiJOYHCENBHOrO JiHiiiHOro nporpamyBanHs (LIUIIT) 3 Gynesumu 3minaumu (B3). ominyroue Micue y
MeToJ[ax pIllIeHHs TaKWX 3ajad y JaHUH dac 3aiiMaroTh KOMOIHATOPHI METOAN Ta €BOJIOLiitHI anroputMu. IIpakTiyne 3a-
CTOCYBaHHS JaHHX METOJIB YCKJIaIHEHO NpH PIlICHHI 3a/a4 BEINKOi po3MipHOCTi. [ ycyHeHHs qaHoi mpobieMu mporo-
HYETHCSI BUKOPHCTOBYBATH i7I€I0 PaHTOBOro Imiaxoxy HaseneHo aHaii3 MiIXoiB O ONTHMAIBHOTO PO3MILIEHHS JaHUX Y
oiriarosux OLTP-cucremax, MOzenb paHTOBOTO MiAXOMY, a TaKOK HaOmmkeHI Ta TouHi anroputMu. O0'€KTOM 10CTi-
JKeHHSl € anropuTMHU (PyHKIIOHYBaHHS 1 pO3MIIIEHHs iH(POPMAIIfHUX PECypCiB y XMapHOMY CEpEIOBHII, KOHICIILIS
XMapHHX OOYHUCIICHb Ta OaraTopiBHEBHX iHpopMariiftHux cucteM. IIpeameToM AOCHiIKeHHS] € TPUHIUIN PO3MIIICHHS
JIaHuX, 110 30epiralThes y posnojainennx 0asax manux (PBJl) Ta HUPKYIIOYUX y XMapHi Mepexi, a Takox crenndika
nporeciB 00CIyroByBaHHs a0OHEHTIB y cydacHuX peamizamisx OLTP-cucrem. MeToro HaykoBoi po6oTH € po3poOka Ha-
OJIIDKEHHNX Ta TOYHHX aJTOPUTMIB onTHMIi3anii po3minieHHs gparmentiB PBJ] mo By3iax Mepexi XMapHOI CTPYKTYpH, SIKi
JIO3BOJIATH 30UTBIIMTH NPOIYKTHBHICTH iH(GOPMAIIIfHOT CHCTEMH 3a PaXyHOK PallioHAIBHOTO PO3IMOALTY JaHHX. BucHOBKH.
3anporoHOBAHO CTpaTerii BiICIKaHHS 0E3MepCIeKTHBHHUX IULXIB Y MHOKHHAX, IO MPU3BOASATH IO HAOMMKEHHX 1 TOUHHX
pimens 3anadi LIJIIT 3 b3 ta nobynoBano edexTHBHI TOYHI 1 HabmmKeHi anropuTMHu. [lokazaHo, M0 BaKIIMBOIO IIEPEBATOI0
PO3pOOIEHHX ANTOPUTMIB Ha OCHOBI PAHTOBOTO MiAXOAY € TOW (akT, Mo 30UTBIICHHS YHciIa OOMEXEHb MPAaKTHYHO HE
BIUIMBA€ HA TOTPIIIHICTH PillIeHb alTOPUTMIB, TOAI K UL METO/IIB PIIICHHS 33/1a4 JUCKPETHOI ONTUMI3alii, 110 3aCHOBaH1
HA i7eIX METOMAY TJIOK Ta KOPJOHIB, 3pOCTaHHs YUCiia OOMEKEHb 10 ACKUIBKOX COTEHb MPHUBOIUTH (PAKTUIHO 0 HEMOX-
JIUBOCTI IXHBOTO MPAKTHYHOTO 3aCTOCYBAHHSI.

Kaw4oBi ciaoBa: paHroBuid miaxin, mijloYncensHE JiHIHHE MporpaMmyBaHHs, OyneBi 3MiHHI, ONTHMI3allis 32 HAIPSIM-

KOM, HaOJIMKeH1 Ta TOUHI alrOPUTMH.

Beryn

OpmHuM i3 eTamiB IPOEKTYBaHHS PO3MOAUICHHX 0a3
naanx (PBJ]) € mmanyBaHHs ¢parmeHTamii Ta po3Mi-
1IeHHs, T00T0 po3ouTTs 6a3 manux (B/I) Ha GpparmenTH
Ta yXBaJEHHs PILICHHS Mpo Te, Jie 30epiraTuMyThes 1ii
¢parmentu. OHAK, IPOSKTYBAaHHs CXeM (parMeHTauii
Ta PO3MIILIEHHS BiJJHOLIEHb IPYHTY€EThCS Ha iHpOpMAIil
mpo crocobu Ta Meroau BukopuctanHs PBJl. Mertonu
BHUKOPHCTAHHS 3ajeXkaTh BiJ cXeMH (pparmeHTamii Ta
PO3MIIICHHS.

OTxe, 3agauy npoekryBanHs PBJ] ciing dopmyimo-
BaTH HaCTYITHUM YMHOM: IJIs 1aHO1 KoH}irypanii 064n-
ciroBanbHOI cuctemu (OC) HEOOXiTHO OMHUCATH CXEeMy
po3MilieHHs1 (parMeHTiB TAKMM YHHOM, 100 ONTHUMI3Y-
BaTH LiJBOBY (PyHKIIiFO.

Jlis mocsSTHEHHSI BUCOKOI MPOAYKTUBHOCTI PO3IO-
nineanx OLTP-cucrem HeoOXigHi epeKTUBHI MeETOIH
YOpaBIiHHS JaHUMH Ta TPaMOTHUIT BUOIip cTparerii 30e-
piranss iadopmarnii y PBZl. OcobmuBo 1e crocyeTscs
TPaH3aKIIHHUX CHCTEM, AKi moOyJoBaHi Ha 6a3i xmap-
HOi IIaTGOPMH, OCKIIBKM KOHLEMIS IUIaTH y Mipy
BUKOPHCTAHHS PECYpCiB 3MYIIy€ IIYKAaTH KOMIIPOMIC
MK IPOJYKTHBHICTIO Ta BUTPATaMH.

ToMy, oZHUM i3 aKTyalbHUX 3aBJIaHb € ONTHMAJIb-
HE PO3MIIICHHS IaHUX Y PO3IOAUICHOMY CEpeIOBHIII
(xmapi) 3a TaKMMHU KPUTEPIsMH, SIK 3arajbHa MiHIMaIb-
Ha BapTicTh Tpadiky, SKUHA MOPOKEHUH (PYHKITIOHY-
BaHHAM OC TpOTATOM OJUHHUII Yacy, 3arajibHa MiHiMa-
7BHA BApTiCTh OPEHIM IUCKOBOTO NMPOCTOPY Ta iH. IX
pIIIEHHS] J03BOJHUTH JOCSITTH 3HAYHOTO CKOPOYEHHSA
BHTpaT Ta TiABWIIEHHS MIBUAKOCTI POOOTH CHCTEMHU.

Jauuii TUO 3a7a4 BiTHOCUTHCS A0 PIlllCHHS 3aaad4i Ii-
JIOUHCEBHOTO JTiHiHOrO nporpamysanns (LJIIT) 3 Oy-
nesumu 3minaumu (b3).

JloMiHyrOUe MicCIle Y MeToJaxX PillleHHS TaKHX 3a-
Jlad y NaHWHA 9ac 3aiMaroTh KoMOiHaTopHi Meromu. o
HUX, Y HEpIy YepTy, MOXKHA BiJHECTH METOJU TIOBHOTO
mepedopy, TUIOK Ta KOPAOHIB, JUHAMIYHOTO MPOTpamy-
BaHHS, a TaKOX JIOKanbHi anroputmu. Ilpaktuune 3a-
CTOCYBaHHS JJaHMX METO/IB YCKJIAJHEHO NpH pilleHHI
3a/1a4 BEJIMKOI pO3MIipHOCTI.

CnipoOu 3MeHIIeHHs Yacy pimenns 3agaq [JIIT 3
B3 3a paxyHOK po3smapaieieHHs 3IITOBXYIOThCS i3 iH-
00 TIPOOJIEMOIO Teopii mapaneTbHUX OOYHCIICHb, SKa
MoJIsITae y TOMY, II0 3 TOYKH 30py HapayielbHUX airo-
PUTMIB JaHWH THUI 3a7a4d BIAHOCUTHCS J0 KJacy CHIIb-
HO3B’s13aHMX 3a/a4. ToMy, OraHo MiJIa€ThCs po3napa-
JIeJIEHHIO.

OTmxe, npu po3poOui mNapaneqbHUX aITOPUTMIB
quist pimenss 3agaqi LJITT 3 B3, xpim nportupivus Mix
TOYHICTIO PilIEHHS 3a/adi Ta 4acoM ii pillleHHs, BHHU-
Ka€ e OIHE MPOTHUPIYYS — MK CHIBHOIO 3B’SI3HICTIO
BJIACTUBOCTEH NaHOi 3ajadi Ta HEOOXimHICTIO 11 po3ma-
paJieseHHsl.

Takum 9rHOM, PO3pOOKa aNTOPUTMIB PIIICHHS 3a-
Jladi ONMTHMAaJIbHOTO PO3MIIIEHHS AAaHUX B OUTIHTOBHX
OLTP-cucremax Ha ocHOBI panrosoro migxomay (PI1) —e
aKTyaJIbHOIO HayKOBOIO 33aJ1a4er0.

AHani3 my0Jikaniii 3a TeMOI0 J0CaiTKeHHs. Y
poborti [1] chopmynboBanuii Habip MaTeEMaTHYHUX 11OC-
TaHOBOK 3a/1a4 ONTHUMI3allii po3MillleHHs JaHUX Ha pi3-
HUX eTarax poOOTH TPEHaKEPHO-MOIEIIIOI0UNX KOM-
miekciB (TMK) ta po3pobneni Moaeni po3MilieHHs

© Pubamsuecnko A. O., 2023

135



Control, Navigation and Communication Systems. 2023. No. 2

ISSN 2073-7394

JIaHUX Ha OCHOBI XMapHUX OOYHUCIEHb 1 iHpOpMaiifHUX
KJIaCTEePiB.

Kpim TOro, aBTOpOM 3amlpONOHOBAHO AJITOPUTMHU
onrtuMizanii po3mimieHHs: MozenbHoro cBity TMK Ha
OCHOBI KOMOIHYBaHHsI MHiJIXO/IB TOYATKOBOi CTparerii
PO3MOALTY i EBOJIOIIHUX METONIB T€HETHYHUX ajro-
purmiB (CA). OnHak, pe3ynbTaTH JOCIIHKEHHS 3aCTO-
coBHi Tinbku 10 TMK pizHOTO mpH3HAYEHHS, OCKINBKH
3allpONOHOBAaHI MOZEJI 3aCHOBaHI Ha CIEMU(PITHNX
0COOJMBOCTSX MOOYIOBU Ta PYHKIIIOHYBaHHS MOJIOHNX
CHCTEM.

Ha nanwmit gac, yce Oinbmioi 3Hauymocti HaOyBae
npouec npoekryBaHHs PBJl. Y Oinbmocti mpxepen y
SIKOCTI OKPEMOro erary npoektyBaHHs PBJl BUIIAIOTH
¢parmenranito i posmimenns BbJ] (po3dutrs BJ] Ha
(dparMeHTH 1 NPUHHATTA PiLICHHS MPO Te, ¢ BOHU OY-
nyTh 30epiratucsi) [2]. OnHak, 3aBaaHHs MoOYyIOBH ca-
M€ ontuManbHoi cTpykTypu PBJl dacto 3amumaerscs
11032 yBarolo, 10 3HAYHO BIUIMBA€ HA MPOIYKTHUBHICTH
iHpOpMaLiHHOT CHCTEMH Y IIITOMY .

Y po6oTi [3] KOPOTKO BHKIAJAIOTHCS METOIU OII-
TUMAIBHOTO po3MimieHHs ¢gparmenTiB PBJ[ mo By3max
00unCITIOBAILHOT Mepexki. Y SKOCTI LUIbOBUX (YHKIIH
B JaHii 3ama4i MOXYTh BHCTYNATH IIBHIKICTh BHKO-
HaHHS 3allUTIB y CHUCTEMI 1 3arajibHa BapTicTh Tpadiky.

VY pobori [4] po3MISAarOThCS MigXOAU 0 ONTHMI-
3alil CTPYKTYpHY CXOBHINA JaHHUX Y By3Jax iHpOKOMyHi-
KalliiHOT Mepeki XMapHOT0 CepPeIOBHIIIA.

TakuMm 49uHOM, HpoOJIEMa ONTHMAIBHOTO PO3Mi-
meHHs ¢parmenTiB BJ] ommcyerbcs MaTeMaTH4HO Y
BHTJISAI iTbOBOI QYHKIIT OJHI€T 3MiHHOI, IO € OGiHap-
HOIO MaTPHIEIO, SIKa XapaKTepH3ye PO3TaIIyBaHHsS KOH-
KpPETHOTO (hparMeHTa Ha KOHKPETHOMY BY3JIi.

Crparerist BUKOHaHHS 3allUTIiB MPEACTAaBISIETbCS Y
BUTJISIII MaTpHIlb IHTEHCHBHOCTEH 3allUTiB 3 IEBHOTO
By3Ja JI0 EBHOrO ()parMeHTy, MaTpullb JTOBXHH 3allu-
TiB, @ TAKOXX MaTpHIb JOBXHH BiJNOBiNEH Ha 3aruTH.
[Momryk rino6asbHOrO ONTUMYMY LiTbOBOT (yHKLIT mpo-
BOJIUTHLCS 32 JOTMOMOror ['A, 10 BUKOPHCTOBYE aBTO-
MaTH4Hy ieHTH(IKaLli0 TapaMeTpiB.

3acTocyBaHHS OTPUMaHUX pe3yJbTaTiB 10 Oyxb-
po3moxineHol iHQOPMAIifHOI CHUCTEMH ITiIBUIIUTH
MIPOJYKTUBHICTB 11 poOOTH 3a paxyHOK 3MEHIIEHHS 4acy
BHUKOHAHHS 3allUTiB Ta 0OPOOKH OHOBJIIEHB IUISIXOM OII-
TUMAJBHOT'O PO3IOALTY IaHHX I10 BY3J1aX KOMII'FOTEPHOT
Mepexi.

OnHak, y pO3IJISIHYTHX TpalsX HE PO3KPHUTO IH-
TaHHS 100 PO3POOKH e(EeKTUBHHX HAOMIDKEHHX Ta
TOYHHUX AITOPUTMIB PIIEHHS 3aJadi ONTUMI3alii cTpy-
ktypu PBJ] Ha ocHoBi panroBoro migxomay (PIT).

Mertoro cTaTTi € po3poOka eheKTUBHHX HAOIH-
KEHUX Ta TOYHHMX JITOPUTMIB pIllIEHHS 3a/1a4i ONTHMI-
3anii ctpykrypu PB/] Ha ocHoBi PII.

OcHOBHA YacTHHA

1. Anaji3 migxoaiB 10 ONTUMAJIBLHOIO PO3Mi-
menHss aanux y Oiminropux OLTP-cucremax. 3a-
BIIaHHS ONTHMAJIBLHOTO PO3MIIEHHS JaHWX y OiTiHTO-
Bux OLTP-cucremax, MOXyTh OyTH BHpillIeHi KOMOiHa-
TOPHUMH METOAAaMH, & CaMe — METOAAMH TiIOK Ta KOp-
JIOHIB, METOJIaMH BiJICIKaHHS, IO SKHX HaJIe)KaTh aJiro-
purmu ['omopi ta banama. I1pore, Taki 3aBganHs € NP-

MOBHUMH, TOOTO 31 3pOCTaHHSM PO3MIPHOCTI 3aB/aHb
iXHS OOYHCIIOBAJIbHA CKJIAMHICTh 3POCTa€ CKCIIOHCH-
uifiHo. Tomy, y 6araTboX MOCHTIIKCHHSIX 3a3HAYAETHC,
10 JIJIs1 BUPILICHHS MOIOHUX 3aBJaHb KJacTepu3alii Ta
KOMITOHYBaHHsS HAHOULIBII YCHIIIHO 3aCTOCOBYIOTBHCS
A, axi HanekaTh 0 KJIACy €BONIOUIHHUX alTrOPUTMIB
(EA).

EBodromiiiai anropuTMH ONTHMI3amii — Ie Kiac
METO/IiB, SIKi 3aCHOBaHi Ha iMiTalii IPUPOAHOTO BimOO-
Py, TCHETHYHUX MYTaIlliii Ta KPOCOBEPIB, IO BHKOPHC-
TOBYIOTBCSI UL BUPILIICHHS ONITUMI3aIlifHAX 3a/1ad.

Cytaicts EA monsrae y Tomy, 0 BOHH TpaIfto-
FOTh 3 TIOMYJISIIEI0 MOXJIMBUX PIllIcHb, & HE 3 OKPEMHU-
MH TOYKaMHU TNPOCTOPY MapameTpiB, K Ie POOUTHCH,
HATIpUKJIAJZ, Y TpaJi€eHTHUX Meronmax. llouymHaroum 3
JesKol o4aTKOBOI momyJisiiii pinieHb, EA BUKOHYIOTH
iTeparlii, mig vac SKUX 3IIHCHIOEThCS BIOIp Kpaliux
ocobuH (iHIUBIAIB), HA OCHOBI SKUX CTBOPIOIOTHCS HOBI
MMOTOMKH IUIIXOM 3MiHH T€HETHYHOTO Matepiany (Kpo-
COBEpiB Ta MyTamiil), TOOTO TPOBOAMUTHCS EBOIIOLIS
momryianii. JlaHuii mporec MOBTOPIOETHCS HOTH, TOKH
He Oyne MOCATHYTa 3aJ0BiIbHA TOYHICTH abo He Oyze
BUYEPIIaHA BUAMMA MPOTPECHUBHICTb.

OcHoBHa nepeBara EA momsirae y Tomy, 1110 BOHH
MOXYTb €(EKTUBHO BHpILIyBaTH 3ajadi ontumizauii 3
BEJIMKOIO KUJIbKICTIO BapiaHTiB BXiTHUX MapaMeTpiB abo
CKJIQ/IHOIO HEOoOXi/HICTIO 3a1aTn TouHy (opmy (yHKii
Butpar. Takox, EA MOXyTh npanoBaTi y 0OMeXEHOMY
MPOCTOPI TOUIYKY, J€ iHIII METOAW MOXYTh BTPATUTH
CBOIO e(DeKTHUBHICTE.

Jo venomnikiB EA MoxHa BiTHECTH HACTYIIHI:

— EBpPHUCTHYHA NPHUPOJA aITOPUTMY HE TapaHTye
OTpPUMaHHS a0COFOTHO PaliOHAJIHFHOTO PillICHHS;

— CBOJIIOLISA MO 3yIUHUTHCS Ha HEMPOITYKTHB-
HIM Tl (Ueid HenoJiK MOXKHa 3armo0irTé 3a JOIoMO-
TOI0 BUKOPUCTAHHS MapaieIbHUX O0UYKCIICHB);

— HeBHCOKa edekTuBHICTH EA Ha OCTaHHIX cTa-
JSIX TIONIYKY JIOKAJTBHOTO ONTHMYMY.

Ha ocHoOBIi BHKJIaJieHUX nepeBar Ta HelonikiB EA
MO’KHa 3pOOMTH BHCHOBOK IIPO Te, IO JaHWUU Kiac 00-
YUCIIOBAIILHUX METOIB HAWOIIbIIE IMIIXOIUTh IS BU-
pimmeHHs 3a7a4 0araTOBUMIPHOI ONTUMI3AIii, U SKUX
HEMa€ aJIeKBaTHUX HECBOJIOIIMHUX METOJIB pilICHHS
Ta CKJIaJHHUX 3aBJaHb KOMOIHATOPHOI ONTUMI3allii Be-
JIMKOT PO3MIipHOCTI.

Po3rnsmatoTeCcsl HACTYIHI anTOPUTMH BHPIIIEHHS
TpeAcTaBIeHol 3aadi: kanioauii anroputm (OKA), an-
TOPHUTM iMiTalii Biamaxy Ta Kijmpka Mogudikamii I'A.

KaniOHWiA aXropuT™M — € MPOCTHM AaJITOPUTMOM
OTTUMI3aIlil, IKH BUKOPUCTOBYETHCS JIJISI 3HAXO/KEH-
HS JIOKJIBHUX ONTUMAJIbHUX PillleHb Y 33a4axX ONTHMI-
3amii. CytHicTh KA monsrae y Tomy, 10 Ha KOXXHOMY
KpOIli AITOPUTMY BHOMPAETHCS HAWKpammid 3 JOCTYII-
HUX BapiaHTiB, IO NPU3BOAUTH IO 3HAXOJDKCHHS JIO-
KaJIbHO ONTHMAJIBHOTO PIillICHHS.

VY 6inpmocti BunankiB JKA He rapaHTye 3Haxo-
JOKCHHS TJI00aJbHO ONTHMAJIBHOTO PIIlICHHS, a JIHIIE
JO3BOJISIE OTPHIMATH JIOKAJFHO ONTHMANbHE DIillCHHS.
Ile moB'sA3aHO 3 TUM, IO HA KO)KHOMY KPOIIi allTOPUTMY
BUKOHYETHCS JIOKAJIBbHO ONTHMAJILHUN BUOip, HE 3Ba-
JKal0YM Ha MOXIIMBI BapiaHTH PO3BUTKY ITOMATBIIHX
KpPOKIB aJrOpPUTMY.
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Onnak, XXKA mae cBoi nepesaru. Bin € npoctim y
peaizarii i MOXe MPaIoBaTH AYKE IIBUIKO HABITH JJISL
Benukux 00'eMiB nanux. Kpim Toro, KA Mosxe BHUKOpH-
CTOBYBaTHCh SIK €BPUCTHKA JIsl OUIBII CKJIIHUX aJro-
pUTMIB onTuMi3aii, sIKi BpaxoByIOTh II00AIBHY ONTH-
MaJIbHICTb.

Mertox imitamii Bimgmamy (MIB, amrm simulated
annealing) — e cTOXacCTUYHHMI aITOPUTM ONTHMI3aIlil,
SIKHHA 0a3y€eThcA Ha aHAJOTII 3 MPOIIECOM OXOJIOKECHHS
MetaniB. OCHOBHA ifesl MoiATae y TOMY, IO MeETal,
SIKMHA HaTrpiBA€THCSA, MOTPAILISIE Y CTAaH 3 BUCOKOIO €HEp-
ri€lo, 10 A03BOJISIE METAy PyXaTHCs W MpUHMaTH HOBI
¢dopmu. Ilicnsg 1poro, MeTan NOCTYIIOBO OXOJIOJKY€ETh-
csi, Ooro eHeprist 3MEHLIYEThCS, L0 IPU3BOJIUTH JIO
3HW)KEHHSI PyXOMOCTI aTOMIB Ta, y KiHI[l KiHIB, MeTal
3aCTHIa€ y HOBIM CTPYKTYpi 3 MEHILIOIO €HEPTi€lO.

Takum xe unHoM, MIB mounHa€eThCs 31 CTaHy CH-
CTeMH 3 BHCOKOIO CHEpri€lo (HampUKIal, MOYaTKOBOTO
PO3B'I3KYy) Ta, HOCTYNOBO, 3MEHIIIYE EHEPTif0 CUCTEMHU
[UITXOM 3HIDKCHHS TeMIeparypu. Y el dac MOXyTh
BiOyBaTHCS BHIIAAKOBI 3MIiHH CTaHy CHCTEMH (HAIpH-
KJIaJl, 3a OTIOMOTOI0 TIepeMillleHb, JogaBaHHI abo BU-
JIaJICHHS] eJIEMEHTIB TOIO), SIKI MOXYTh 30UIbLIYBaTH
CHEpril0 CHCTeMH, ab0 3MCHINYBATH ii, 3aJCKHO BiX
TOTO, SIK BOHH BIUIMBAIOTh Ha (DYHKIIII0 METPUKH.

Y MIB, Ha BiiMiHYy Bij rpalli€HTHUX METOJIB, 3Mi-
Ha CTaHy CHCTEMH MOe OyTH He TUIbKH y HaIpsSMKY
3MEHILCHHS 3Ha4eHHs (QYHKIIT METPHKH, a il y 3BOpOT-
HOMY HamIpsIMKY, 3aJI©KHO BiJ TeMIIEpaTypH Ta IHIIAX
mapaMeTpiB.

Mertop imiTamii BiAmaxy Mae KilbKa IepeBar mopi-
BHSHO 3 1HIIUMY METOAAMH OITHUMI3allii:

— 3/aTHICTh YHUKHYTH 3aCTPSTaHHS Y JIOKAJIHHO-
My ontumymi: MIB 3maTHU mepeckakyBaTH depes Jio-
KaJIbHI MIHIMyMH 1 IIyKaTH riiodaibHui MiHiMyMm. Lle
JIOCSITAEThCS  3aBJSIKM BHUKOPUCTAHHIO CTOXaCTHYHOTO
npotiecy;

— MOXIHBICTH POOOTH 3 (yHKUIIMH CKIaIHOT
¢dopmu: MIB 3naTHui npairoBaTé 3 QyHKIISIMHU CKIaJ-
HOT popMH, SKI MaIOTh OaraTo JOKaJbHUX MIHIMYyMIB Ta
MakcuMyMiB. L{e mocsraeTbes 3aBASKH TOMY, IO METOX
BHKOPHCTOBY€E BUMAIKOBI 3MIIICHHS,

— MmBUAKICTE poboTn: MIB 3a3Buyail mBuamImi
3a TeHETUYHI aJTOPUTMH Ta IHII METOAW ONTHMIi3allil,
OCKIJIbKM BiH HE BHMara€ CTBOPEHHSI Ta 30epeXeHHS
TIOBHOT MOTYJISAII;

— He BuMarae noxigaux: MIB He BuMarae Bupa-
XyBaHHS MOXITHUX (PyHKIIII, 0 pOOUTH HOTO KOPUCHUM
JUTST ONITUMI3aIii QYHKIIH, ki BaKKO ab0 HEMOMIJIMBO
nudepeHmioBary,

— 3JaTHICTH J0 mapalenbHoi oO0pobku: MIB 31a-
THHUH JI0 TapayiesbHOi 00poOKH, 110 T03BOJISIE BUKOPHC-
TOBYBAaTH 0ararosZiepHi INpPOLECOPH Ta KOMII'IOTEPHI
KJIaCTEepH AJIs IPUCKOPEHHS IIPOLECy ONTHUMi3arii.

Jlo HemomikiB METOy iMiTallii BiAmaay MOXHa Bi-
JTHECTH HaCTYIIHI:

—  3aNeXKHICTH Bi napamerpiB: MIB Mae nekinbpka
rapaMmeTpiB, TaKUX SK TeMIepaTypa, po3Mip Imary To-
10, 1 MPaBUILHUI BUOIp MHUX MapaMeTPiB MOXKE CHIIHBHO
BIUTUBATH Ha €(DEKTUBHICTh METOY;

—  MOXJIMBICTh 3aCTpSTAaHHS Yy JIOKAIBHOMY MiHi-
myMi: MIB Moe 3aCTpATHYTH y JIOKQTbHOMY MiHIMyMi,

SK 1 OUTBINICT, METOMIB ONTHMIi3amii. Xodya iCHYIOTh
pi3HIi cTpaTerii Uil yHUKHEHHS 1IbOTO, TaKi sSIK J10/1aBaH-
HSl BUNAAKOBHUX ckiianoBuxX. OjHaK, 1e BCe e MOXKe
OyTH POOIEMOIO;

— oOuncmoBanbHi BuTpati: MIB Moxe Oytu no-
CHUTh OOYHCITIOBAJIBHO BUTPATHUM, OCOOIHMBO ISl CKIIa-
THUX ONTUMi3amiifanx 3axad. Lle Moxxe cratu mpobie-
MOIO TIPH BHKOPHCTAaHHI METOIY ISl BEJMKUX JaHHX
a0o0 y pealpHOMY Haci;

— He TapaHTye robaipHAN onTHMyM: Xo4a MIB
3a3BUYail 3HAXOMUTH TapHi pIllICHHSA, BiH HE TapaHTye
3HAXOJUKEHHSI TJI00aNbHOTO ONTUMYMY, OCOOJIHBO Y
BUNAJKYy CKJIQJHUX ONTHMIi3aliifHUX 3amad 3 OaraTtbma
JOKAJIbHUMH MiHIMyMaMH.

Takum ymHOM, MIB — € moTyxHUM Ta e(peKTuB-
HHUM METOJIOM ONTHUMI3allii, SKUi MOXKe OyTH BUKOPHC-
TaHU# JJIs1 pIIICHHS PI3HOMaHITHHUX 33Ja4 ONTUMI3aLil.

Ha pmanmit wac HaOynaM IIMPOKOTO IOUIMPEHHS
agantuBHi ['A. Ile noB's13aHo 3 THM, 10 KiIacuuHuii ['A
MOJKe OyTH YCIIITHO 3aCTOCOBAaHUH JajeKo He 0 YCiX
3aBJaHb, a JUIA OTPUMAHHS ONTHMAJIBHOTO DIMICHHA Y
KOHKpeTHI o6nacTi 4acTo moTpiOHa 3MiHa OyAb-SIKHX
napamMeTpiB alrOpUTMY, 3aCTOCYBAaHHS HOBHX ITiJXOJIiB
JI0 KOHCTPYIOBaHHS XPOMOCOMH Ta ToOAaHHsS (iTHec-
¢GyHKIii. Y 3B'SI3Ky 3 UM, JOIUIBHHUM € BUKOPHCTAHHS
aIalITUBHUX QJITOPUTMIB — TOOTO aJITOPUTMIB, SKi 3/1aT-
Hi 3MIHIOBATH CBOI ApaMeTPH y Mpoiieci podoTH.

IMig wac mocmimxenus ['A as BUpIilICHHS 3aaadi
ONTHMIi3amii y pO3NOIUICHHX CHCTEMaX BHKOPHCTOBY-
BaJjach HW3Ka MIIXOMAIB Ta MOAUQIKAIiil KIACHIHOTO
I'A. B xnacuunomy I'A, sikuii € OAHUM 3 OCHOBHHUX BHU-
niB EA, koxeH iHIUBII Mae cBOO (iTHEC-PYHKIITO, sIKa
BH3HAa4Ya€ HOro MPUCTOCOBAHICTB 10 cepenoBuIna. [nan-
BiJU 3 OLTBIN BHCOKOKO (hiTHEC-(PYHKITI€I0 MArOTh OLTBIII
HIAaHCH Ha BiAOIp JUIs PernpoayKiii Ta HACTYIHHUX MOKO-
miHe. Y T'A 3 BigHOCHOIO (iTHEC-(DYHKIIIE€I0, TAKOXK Bi-
JIOMOMY SIK TIPOTOPINHKUN Big0ip, MPUCTOCOBAHICTH
IHIMBIJa BU3HAYAETHCS HE MOro aOCOJIIOTHUM 3HAY€H-
HIM (iTHeC-(YHKIIT, @ BIJHOCHOIO BEJIMYMNHOIO Y MOpi-
BHSIHHI 3 IHIIMMH IHAMBIAaMU y nomyisiuii. [HauBiau 3
BHIIIMM 3HAYCHHsM (iTHECY y TMOPIBHSAHHI 3 PEIITOO
MO JIAMT OTPUMYIOTH OIBITY HMOBIPHICTH Ha BimOip
JUISL HACTYTTHOTO TTOKOJTiHHSL.

Otke, B OCHOBI 000X BuAiB ['A neXuTh ijes Bif-
0opy HaWKpalmux pilleHb 3a JOMOMOTOK MEeBHOI (iT-
Hec-yHKIil. BigMiHHICTE monfrae y Tomy, K came
BHUMIPIOETHCS IPUCTOCOBAHICTH IHAMBIA Ta SK II€ BiIO-
OpakaeTbCs Ha TIPOIieCi BiAOOPY Ta pempoayKILii.

VY crarmaptHOoMy ['A MyTariisi mpoOBOAUTHCS LUISA-
XOM 3MiHH BHTIAIKOBO 00paHoro 0iTy y TeHOMi (TOOTO y
pAAKy OiHApHHX YHCeN, SIKi MPEACTABIIOTh PILICHHS).
Taka MyTamis MOXe HE BIUIMHYTH Ha KOHKPETHY 3MiH-
Hy, SIKa TIOBMHHA OyTH 3MiHEHA, 8 TAKOK MOXE BILUIMHY-
TH Ha 3MiHHY, sika He notpedye 3Mminu. Lle Moxe npus-
BECTH JO BTpaTH LiHHOI iHQopMmauii mpo onTHMab-
HICTB pillICHHS.

VY I'A 3 po3aibHOI0 MYTAIi€I0 KOXKHA 3MiHHA MY-
TYETbCS OKpeMo. ToMy, MO>KHA JTOCSATTH OibII TOYHOL
onTUMi3allii KOXHOI 3MiHHOI. JlaHUH METOX HO03BOJISIE
30UTBIIATH MIBUAKICTH 301KHOCTI aITOPUTMY, OCKUTBKH
OKpeMa MyTallisl He BIUIMBAE HA yCi 3MiHHI opasy, a
JIMIIIE Ha Ti, K1 MOTPeOyIOTh 3MiHH.
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Onnak, HeoOXiJTHO MaTu Ha yBas3i, IO PO3JiIbHA
MyTallisi MOKe IPUBECTH JI0 TOTO, L0 Pi3HI 3MIHHI He
B32€EMOJIIIOTH MiIX 00010 y onTUMaibHUH croci6. Tomy
JIOLIIbHO BUKOPHCTOBYBATH i Y MOEIHAHHI 3 IHIIUMH
METOJaMH ONTHMIi3allil, HAIPHUKIIAJA, 3 MYTALI€l0 3MiHH
TOYKH NIEpETHHY a00 31 3MIHOIO PO3MipY HOMYJIAIII.

T'A Vitni (Whitley) — € ogauMm 3 BapiaHTIiB CTaH-
nmaptaoro 'A 1 Bkirodae y cebe JOOAaTKOBY OIEparliio,
0 Ha3WBacThes "NMOKalpHOKO onrtumizamicro”. Taka
omepamis A03BOJISIE 3MEHIIUTH KUTBKICTh iTepamiii T'A,
HEOOXITHUX [UIs 3HAXO/KCHHS ONTUMAJIGHOTO PillICHHS.

OcHoBHa cyth ['A Virni nonsrae y Tomy, o Ha
KOXKHIH iTepalii anropuTMy 3aCTOCOBYETHCS J10JJaTKOBA
orepariis, sKa MoJsirac y BUOOpi JeKUIbKOX HalKpaIinux
0COOMH 3 TONepeHbOT MOMyJIsALii 1 MoJaIbIIOMy 3ammy-
CKy Ha HMX JIOKQJBHOIO INOIIYKY. JIOKaJbHUHN MOIIYK
Moxe OyTH OyIb-KUM €()EKTHBHHM alrOPUTMOM MO-
LIyKy ONTHMYMY, HalpHKJIal, METOJOM HaHIIBUIIIOTO
cnycky, meronoM HproToHa abo METOIOM 30J0TOTO
nepetuHy. [licis MOKanbHOTO MONIYKY OTPHMaHi PO3B'-
SI3KM BHOCATBHCSA y HOBY MOMYJIALIIO pa3oM 3 HalKpa-
OIMMH PO3B'SI3KaMH 3 ToTepenHboi iteparii. [lotim, Ha
HOBIM TOMyJAIi{ BHUKOHYIOTHCS CTaHIApTHI omepaii
I'A, Taki 5K CENeKIlis,, KPOCHHIOBEp Ta MyTallisl, i Tak
JaJi 710 3HaXO/KEHHSI ONTHMaJIbHOTO PO3B'S3KY.

T'onoBHoto nepeBaroro ['A VYitni € Te, 110 BiH J0-
3BOJIsSIE 30UIBIIMTH MBUAKICTH 301KHOCTI aIrOPUTMY 3a
paxyHOK BUKOPHCTaHHs JIOKallbHOTO moryky. I[Iporte,
Horo HemoJikoM Moxe OyTH Te, IO JOKIBHUN MONIYK
MOXE 3aCTPSATTH y JIOKaJIbHOMY ONTHMYMi, IO MOXe
TIPU3BECTH JI0 TIOTiPIICHHS PE3YJIbTATIB aJrOPUTMY .

I'A FEmensmana (anrm.  Eshelman's  genetic
algorithm) — e Bug T'A, sikuii OyB 3ampOIOHOBAHUIA
KenneroMm Emensmanom y 1991 poui. Moro ocHoBHa
iziest moyArae y Tomy, o0 BHKOPHUCTOBYBATH "TYpHIp-
Hy" CeNIeKIi1o, Y SIKii KOXKeH 1HAMBIAYYM KOHKYPYE 3
IHIIMMH 32 [IPABO HA HACTYITHE MMOKOJIIHHS, a HE 3BaXy-
€TbCs1 HOro abCOIOTHA IPUCTOCOBAHICTS.

I'onoBHa oco6nuBicTe I'A Emensmana — 1€ BUKO-
puctaHHs Metoay "Oe3 3aMilleHHs" NpU NPOBEACHHI
TYpHIpiB, IO O3HaYae, MO0 KOXEH IHIUBIAYYM MOXKE
OyTu BimiOpaHUWil NuIIe OAWH pa3 Ui y4acTi y TYpHIpi,
110 YHEMOXJIMBIIIOE BinOip 1yOmikaTiB.

Hpyroro ocobmusicTio ['A Emensmana € BUKOpHC-
TaHHs oIleparopa '"TOJIOBHOrO reHa", SKUH TrapaHTye
30epeXeHHsI KpalluX I{HAWBIAYYMIB 3 MONEPEIHBOTO
MOKOJIHHSA y HAaCTymHOMY 0e3 SKMX-HeOyab 3MiH, IO
JI03BOJISIE YHUKHYTH MOJKJIMBOI BTPaTH KOPHCHOI iH(poO-
pMarii Ta 3SMEHIIIEHHS Pi3HOMAHITHOCT] Y TOIMYJISIii.

Takum uymaOM, ['A Emensmana — € eheKTHBHUM
METOZOM OINTHMI3AIll, SKUH O3BOJISE JOCIITH OLIBIIOT
PI3HOMaHITHOCTI y momyJisiuii Ta 3a0e3neunuTn HalaiiiHy
30epEeKEeHICTh KpaInuX pillleHb Bijl IIOKOJIHHS JI0 MTOKO-
JIHHS.

2. MopeJab paHroBoro miAXoay A0 pilleHHS 3a-
Ja4i ONTUMAJBLHOIO PO3MillleHHs AaHUX Yy OLIiHro-
Bux OLTP-cucremax. Onrumizanis crpykrypu PBJ]
3aCHOBAaHA Ha MOJEI, sKa Ma€ Takuil Buris [5-11]:

f(X)=D cj-x; = max, €))

n

L=chxj—>min, (2)
j=1
n
Zaij 'Xj Sbi, (3)
j=1
n —
Zainj >1, i=1m; (4)
j=1

Xje{04ic;20i=(Im); j=(1n). ()

Ines PII ocHOBaHa Ha MpencTaBICHHI N-MIpHOTO
oqMHUYHOTO KyOa y BuIl rpada GA, reomerpuuHui
3MICT SIKOTO Toyisirae y HactymHomy [5-11]. Teomerpu-
4yHO BepumHa K rpada GA paHry r — 1ie MHOXXHHA BEK-
TOPIB (X1, X2, «. y Xky -+ » Xn), Y AKHX Xk=1, a Ha O3HIIIX
Bix 1 mo k 3HaxoauThesl I oqMHMIB. PeOpy, 110 BXOIUTH
y BepuinHy K rpady GA, BiAnoBizgae oJMHUYHUNA BeEK-
top (0,0, ...,0, 1,0, ..., 0) N— MIpHOTO OJHHUIHOTO
Ky6a By 3 ogunuumero y K- mosurii. Toxi, nuisxy ,usrj

panry ¢y rpadi GA Bianosigae Bektop X, KU AOpiB-
HIOE CyMi OJWHHYHHX BEKTOpPiB pebep, MO SKAM BiH
JIOCSAT BEpINHHY ] paHry I, MOYMHAIOYM 3 BEPUIMHH S.
MuoxuHy nuUisixiB y rpadgi GA mo BepuivH j, po3raiio-
BaHMM Ha sipycax BiJl BEpIIMHU S, MOXKHA IPEICTABUTH
HAaCTYITHUM YHHOM:

m{(j)=m§tUmi2U.UmG™, j=(1n), ()

ne Mg (j) — MHOXHMHA mAXiB Y Tpadi GA Bin BepuruHK
S JI0 BEPLIMH |, pO3TAIIOBAHUX Ha I-X sipycax rpada G4,
(paur nwixy ysrj € m'srj BH3HAYAETHCS YHCIIOM pebep,

10 YTBOPIOIOTH 1EH MIJISIX).
Bapto mMatu Ha yBasi Te, 1[0 MHOXHHI IUIXiB

msrj:k y rpadi GA BinnoBizac MHOXHHI BEKTOPIB, IO

. r r=k
Mmictare K omuanns. OTke, ‘msj‘:Cn , TOOTO KOX-

HOMY HUTAXYy y MHOXMHI M (]) Binmomimae mesxwuii
BEKTOD (Xl,xz, ...,Xn). Buxopucrapimm (6) MOXIHBO

3amMcaT HaCTYITHE!
m{()|=cit+Ci? o aCh " =2"-1 (@)

Takum unHoM, rpad GA € ynopsakoBaHuii 1o pa-
Hrax eKBIBaJIeHT N-MipHOTO OJWHUYHOTO Kyba Bn, y

SAKOMY HUIAXH /J;’J S m;] BiIll'IOBi,HaIOTI) BEpHIMHAM

Bn. [ pimenns 3agad y [1-4] 3ampomnoHoBaHa cucTeMa
KaliOpoBaHWX BEKTOPIB, MO J03BOJISIE 3BECTH PIlICHHS
mux 3aJda49 A0 BU3HAYCHHSA CKCTPEMaJIbHUX LISX1B y
rpadi GA. ChopMyabOBaHO HTaKe:

— TIPWHIIMIT OTITHMI3allii 3a HampsIMKOM, 00yMOB-
JICHWUH CITIBBIIHOIIEHHIM:

v {4y e mf )[ﬂsfpz”l = Lu {45 UG, p)}];

p=(r+in); j=(rn),

®)
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— NMPUHIMI BUIUICHHS KOPHIOPY Y MiAMHOXHHAX:
=r+1 R
mi"™ =L (VG U (3, P} ©)

ne {Lw} — npaBuna BimCiKaHHS IIISAXiB ,usrj Yy MHOXH-

Hax msrj ; ,usrj U(j, p) — musax 3 Bepumnu S rpadgy GA

UUIAX y BEPIIMHY P, IO HPOXOJHUTH Yepe3 MPOMiKHY
BepIIMHY | Ta 3amoBosbHsi€e mpaBmiam {Lw}, T06TO

J1IRIE:D. ¢ ,usrp OTpHUMAaHO 3a paxyHOK NpUEAHAHHA 10 HLJIA-

Xy ,u;j pebpa (j, p), AKIIO Take 3'€HAHHS HE CyIepe-

guTh paBuam {Lw}.

3. Po3podka Ha0IMKeHHUX ANTrOPUTMIB onTHMA-
JBHOT0 po3MimleHHs JaHux y Oininrosux OLTP-
cucremax. Jlns pimenns 3agad tumy (1-5), mpomoHy-
€TbCS BUKOPHUCTOBYBAaTH Yy3araJlbHeHy mpouenypy Ao,
sIKa J03BOJISI€ BU3HAYMTH JIOKaIBHI ekcTtpemymu y W-
obmactsax rpadgy GA 1mopas i, MOTIM, BUALISATH Ti00a-
JBHUM ekcTpemyM 3 N(N+1)/2 ToKanbHUX, 10 OTpUMAaHI
Ha OCHOBI NPHHIMITY ONTHMI3alil 32 HANPSMKOM 3 BHU-
KOpHUCTaHHAM MpaBui BifacikanHs {LW} nuisixis y MHO-
KHMHAaXx, 10 BBOAATHCS.

VY3aranbHeHa nponexypa AO

KPOK 1. 3 BepmwmHH S OYyIOYIOTBCS MHOXHHHU

r=1 1 )

msxis Mg, j=(LN), mo 3a10BOMBHAIOTH BACTH-

*

. . r=1
BOCT1 V. BUIINSIOTBECA NIISXH Hgj ~, IO BM3HAYAIOTH

JIOKabHI eKcTpeMyMu obmacteit (2.

KPOK 2. ®opMyrOTbCS MHOKUHH TLISAXIB msrp: r+l

p= (r +1, n) HACTYITHOTO DPaHTy, IO 3aJ0BOJBHSIOTH

BJIACTUBOCTI V, Ha 0a3l MHOXKHHU HIIAXIB msrj nomepe-

JIHBOTO PaHry BiAMOBiAHO a0 cmiBBigHOMmEHHs (8). B

r=r+

1 .. ..
YTBOPECHHX MHOXHHAX Mgy 3I1MCHIOETHCS B1JICIBaH-

HS IUISXIB BiAMIOBIIHO IO OOpaHOTO MpaBHMiIa BiICiKaH-

*r=r+l

ust {Lw} Ta BUAUIAIOTECS MUIAXK gy , IO BU3HAYa-

IOTh JIOKAITbHI eKCTpeMyMHu o0xacTeit (.

KPOK 3. TlepeBipsieMo, 9d yCi MHOKHHH msrp: r+l
HACTYITHOTO PaHTry IMOPOKHi. 3a YMOBH, SIKIIO II€ TaK, TO
MEPEeXoauMO 0 KpOoKy 4, SKIIO Hi, TO THepeBipseMo
r=(n-1).VY Bunaaxy BUKOHAHHS PiBHOCTI IIEPEXOIUMO
70 KpoKy 4, iHakme 30ii1p1ryemMo I Ha 1 Ta BUKOHYEMO
KpOK 2.

KPOK 4. BupinseMo cepell MHOXHH JIOKaJIbHUX

eKcTpeMyMiB (& | = (1, n? / 2) rio0aibHUil 1 Tpole-

nypa Ao 3akiHUy€e poOoTy.

Y3arasibHeHa npoueaypa Ao 103BOJII€E BU3HAYUTH
JIOKaJIbHI eKCTpeMyMH y (2-obnactsx rpada DA mopa3
Ha Kpomi 2 i MOTIM Ha KpoIli 4 BUIUIUTH TIIOOATbHUN

2 .
eKCTpeMyM 3 N /2 JOKaJbHUX, AKi OTPUMYIOThCS Ha
OCHOBI IIPHHIUITY ONTHMI3awii 3a HanpsiMKoM (8) 3 BH-
KOPHCTAaHHSAM MpaBWII BifCIKaHHA, IO BBOIATH, {Lw}

: r
UUIAXIB y Mgj MHOKMHAX.

ITpn noOyxoBi HaOIMKEHUX AITOPUTMIB i3 MHO-
xuuu npasun {Lw}, posrnsuytux y [1-6], Gymemo
PO3TIISIATH TaKe!

& = max{ug U (j, p)},
L1: fej} (10)
p=r+.n; jzr; j=p;
ul ™ = min{u§ UG P}
L2: it (11)
p=r+1n, j=?, j=p;
#%J%l=nmx{#§LKJ.pﬁ,
&
L3: ) ! (12)
" =min{u§, U(i p)}
aj

3 MHOXWH msrj Oy/eMO BUKIIIOYATH SK HE TIEPCIIEKTH-

. r . . ..
BH1 IUIAXY ,Llsp , K1 3a1I0BOJIbHAIOTH HCPIBHOCTI.

d. (uf max {d. (o), 13
op) +7p < max | (s (13)
ae ’Yp:Cp+1+cp+2+ ....... +Cn (14)

(s BepiIMHU j+N Bara ) — MPUIMAETHCS PIBHOO
Hymo); dg (ysrp) — JIOBXMHA LUISIXY JI0 BEPLIMHU P
paHry r o Barax (pyHKI[IOHaJy.

ITpu 115OMyY, TTOKPOKOBHUH ONHUC HAOMIKEHUX all-

roputMmiB, no3HaunMo ix MAX ta MIN, Oyne maru
HaCTy[HUMN BUTJIS

Aaroputm MAX

Kpoxk 1. BukoHaHHS cOpTyBaHHS 3HaUYeHb PYHK-
ioHATY 1 0OMEXEeHb BUTILNY:

o <apL..Zay; (15)
€ =Cy>..2Cp, (16)
a,%25 0 (17)

o o n
Kpox 2. 3
LIIAXiB {,usrjzl}, j=(,n), mepimoro panry r, o 3axo-

BEpIIMHA S OyIyIOThCS MHOXKHHH

BOJIBHSIFOTH BJIACTHBOCTI Y, i BU3HAYAIOTHCS B MHOXKH-
Hax msrjzl LUISXA MaKCHMalbHOI JIOBKHHH {,u:jr} o
Barax ¢ynkitionany {C}. s KOKHOI BEpIIUHH | BHU-
3HAYa€eTHCS Bara yj BiamosigHo g0 (14). ns BepmmHH
j=n Bary ) mnpuiimaemo pisuoro 0.

Kpok 3. Buxmouatotscst {ug}, p=(r,n) y
MHOXHHaX Mg IOTOYHOTO PAaHTy I, JOBKHHH SIKHX

de( ,usrp) 3aJI0BOJIbHSIIOTH HepiBHOCTI (13).

Kpox 4. NUIAXIB

msrj:”l, j=(r+1n) Takoro paHry, IO 3aJZ0BOJIbHS-

DOopMYIOTbCSI  MHOXKHHU

FOTh BJIACTHBOCTI ¥, Ha 0a3i MHOXHH NUISAXIB IOMEpe-

r . .
AHBOTO PAHTy Mgy HA OCHOBI PEKYPCHTHOIO CIIBBiJ-

r=r+1

nomenns (10). ¥ mMuO)uHax Mg~ ™, Mo yTBOpHIHKCS,
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*r=r+l

BUILIAEMO caMi IOBI1 {,usj } wwtsxu. 3a ymoBw,

SKIIO BUSIBUTBCS JICKUIbKA IIUIAXIB MaKCHMAalbHOI
JOBXXHHH, TO Cepell HUX BUOMPAETHCS HIIIX 13 MEH-
LM 3HaYE€HHSM JIOBKHHU 110 Barax 0OMeKeHb.

Kpoxk 5. IlepeBipserbes, Uu yci MHOKHUHU HLIS-
XiB Takoro (r+1)-ro paHry mopoxxHi. 3a YMOBH, SIKIIO
Lle Tak, TO MEePeXOJUMO JI0 KPOKY 5, SIKIIO Hi, TO IIe-
peBipsieMo 1=(n-1). YV Bumaaxky BHKOHAHHs DPiBHSHHS
MEPEeXOaUMO TI0 KPOKy 5, iHakmre 30impmryemo I Ha 1
Ta BUKOHYEMO KPOK 2.

. *| *r=2 *p—
Kpok 6. Buninstemo y { ,usjr , ﬂs;; R 7/ }
HIIAX MAKCHUMAaJIbHOI IOBXKHHH, KiHeLlb POOOTH.
Aaroputv MIN

Kpok 1. BukoHaHHs1 cOpTyBaHHs 3HaYCHb (PyHK-
ioHany i oomexens Burisiay (15-17).
Kpox 2. 3 BepmmHH S OyIyrOThCS MHOXHHU

NIUISAX1B {ySrJ-:l}, j=(,n), mepmroro panry r, 1o 3axo-
BOJIBHSIOTh BJIACTHUBOCTI Y Ta BHU3HAYAIOTHCS Y MHO-

r=1 .. . *r
KHHAX ms- UUISXK MiHiManbHOT oBxkubn {4 }

J
mo Barax oOMekeHHs {aj}. i KOKHOI BEpIIMHH j
BHU3HAYA€ThCS Bara yj BimmoBimHo mo (14). Jlns Bep-
IIMHY j=n Bary yj npuiMaeMo piBHOO 0.

Kpok 3. Bukirouarorscs {,usrp}, p=(r,n) B
MHOKHHAX m'srj MOTOYHOTO PAHTY I, MOBXKHHH SIKHX

d¢ (1) 3anmoBOMBHsIOTE HepiBHOCTI (13).

Kpox 4.

m;j:rﬂ: j=(r+1n) Ttakoro panry, mo 3a10BOJbHs-

@opMyIOTbCST MHOXHHHM — HIISAXIB

IOTh BJIIACTHBOCTI Y, Ha 0a3i MHOXWH NUIAXIB TOIMEpe-
r . .
JIHBOTO paHry Mg, HA OCHOBI PEKYPEHTHOTO CIIBBiJ-

r=r+l

Homenns (11). V MHOoXuHaX Mg~ ™, MO yTBOPHIN-

*r=r+l

Cs1, BUAUIAEMO NMUISXU MiHIMaJIbHOT {,usj } noBxu-

HHU. 32 YMOBH, SKIIO BUSBUTHCA JCKUIbKA MUISXIiB Mi-
HIMaJIbHOI JOBXXKHHM IO Barax OOMEXeHb, TO Cepej
HUX BUOMPAETHCS NUIX 13 OLIBIINM 3HAYEHHSIM JIOB-
JKUHHM 110 Barax QyHKI[IOHAITY.

Kpox 5. IlepeBipsieTbes, 9 yCi MHOXHHH IIUIS-
xiB Takoro (r+1)-ro paHry mopoxkHi. 3a yMOBH, SIKIIIO
L[e Tak, TO MepexXOJUMO JI0 KPOKY 5, SIKIIO Hi, TO Iie-
peBipsemo r=(n-1). YV BUMaaKy BUKOHAHHS PiBHSIHHS
TIepexoJUMO JI0 KPOKy 5, iHakmie 30ibpiryemo r Ha 1 i
BUKOHY€EMO KpPOK 2.

Kpok 6. Buginsemo y {,u;-r,,u:g:z, ------- u;'f”}

IIJIAX MIHIMaIbHOI JOBKHMHH IT0 Barax OOMEXKEHH 1
QITOPUTM 3aKiHUy€E PoOOTY.

KpiM mporo craHoBuUTH iHTEpec Moaudikarlis nmux
QITOPHUTMIB, Ky Ho3HaunMo anroputMoM MAX-MIN,
y SIKOMY Ha KpoIli 3 BHIUSIETHCS MIOpa3y JBa MUIIXH
BIJIMOBiIHO /10 criBBigHOIIEHHS (12).

4. Po3poOka TOYHHMX ANTOPUTMIB ONTHMAJIbLHO-
ro posMimenHs fanux y 0ininrosux OLTP-cucremax

[MoOymyeMo TOYHMIA aJrOPUTM PIIICHHS OIHOBU-
MipHoi 3azxaui LUJIIT 3 B3.

KPOK 1. 3 BepiuHHu S OyAy€ThCSI MHOKHHA LIS

XiB m;jzl, j=(,n) meprmoro panry r, 0 3aI0BOJBHSIE
BJIACTHUBOCTI Ta BU3HAYAIOTHCS Y MHOXKHUHI msrj:1 HUIAXY

*
o r .
MaKCHUMaJIbHO1 JOBXHHHA qu] 3a Baroro ('I)yHKLIlOHaIIa

¢j. J1a xoxHOT BepIInHU j GopMyIOThCS KaliOpyBabHi
sekropu Y (18) ta Zj (19):

Yik =qjk T Yjk-1)

— p— (18)
k=(1n-j); Yi0=0; Yyno =by; j=(1,n-1).

56 56 .
Zik = Cjrk Zj(k-1)

_ Q9
k=(1nj); 25 =0; 20 =0; j=(Ln-1).

KPOK 2. BUKITIO9arOTHCS IIUBSIXH Y MHOKHHI msrj

. r
IIOTOYHOTO PaHry I, JOBXHHH skoi d ( ysp) 3aJJ0BOJIb-

HAIOTH HepiBHOCTI (14).
KPOK 3. 1 KOXKHOTO HUIAXY {,ugj } j= (ﬁ)

MOTOYHOI'O PAHTy I' BU3HAYAETHCS 3a mpaBuiioM Ki 3Ha-
genHs f, [11]. BukmouaioTbCs IUISIXH, TOBXKUHU SKHX

3a[I0BOJIGHSIOTH HEPIBHOCTI:
r 58 r *r
d (,Usp ) + prg (,Usp ) < ”g?x{dc (,Usp )} . (20)

KPOK 4. ®opmyetbes mgp: 1 p :(1,_n) Ha-

CTYITHOT'O PaHry, 110 3aJI0BOJIbHSIE BIACTHBOCTI, Ha 0asi
MHOXHHH IUTSXiB msrj HOIEPEIHHOTO PAHTy HAa OCHOBI

MIPUHITUITY OINTHMi3allii 3a HaNpsIMKOM 3 BHILUICHHIM
KOPUAOpPY MO crpaterii L Ta BHKIIOYCHHSIM BEKTODIB
ycepeauHi KOpuIopy BianoBiaHo 10 crpaterii Lg Hmsax

r=r+1

Y MHOXHHI Mgy Moxke OyTH chopMOBaHUH, SKIIO

BiH 3a/I0BOJIBHAE BIIACTHUBOCTI. 3a YMOBH, SKIIO BJIACTHU-

BICTb V HE BUKOHY€E€TBCS, TO IUIAX BUKIIHOYA€THCA 3 I10-

JAIBIIOTO aHaTizy. Y OCBiYEHHMX MHOMKMHAX msrp: r+l

BHUIITISIEMO TIOHAMTOBII MIJISTXH { ,u:pr:Hl} .

KPOK 5. TlepeBipsieTbes, 9M ycsi MHOXKMHA HIJISIXIB
(r+1)-ro paHry mopokHs. 3a YMOBH, SKIIO LE TaK, TO
MEePEXOAUMO 110 KPOKY 6, SIKIIO Hi, nepeBipsemo I = (N —
1). V pa3i BUKOHaHHS PiBHOCTI MEPEXOIUMO J0 KPOKY O,
iHaKIIe 301IBITY€EMO T Ha 1 1 BHKOHYEMO KPOK 2.

KPOK 6. Buainsgemo y MHOXHHI HIIAX MaKCAMa-
JLHOI TOBXKWHU 1 QJITOPUTM 3aKiHYy€ POOOTY.

BucnoBxku

Takum yMHOM, 3aIIPOIIOHOBAHO CTpaTerii BifICIKaHHS
{Lw} Ge3nepcneKTHBHUX MUISXIB Y MHOXKHHAX, IO TPH-
3BOJISTH JI0 HAOIKEHUX 1 TOYHHX pimeHb 3amaui [JITT
3 B3. IloOynoBano edexTuBHI TOYHI Ta HaOIMXKEHI al-
roputMu pimenHs 3agad [JIIT 3 B3. Sk nokazanu pe-
3yJIbTaTH EKCHEPUMEHTAIBHOTO JIOCHIKEHHS, BaXKIIH-
BOIO TEPEBaroi0 po3poOJeHUX aJIrOPUTMIB Ha OCHOBI
PII € Toit daxr, mo 36ipmeHHs Yrcia 00MeXeHb pak-
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TUYHO HE BIUIMBAE HA MOTPINIHICTH PIllICHh ATOPUTMIB,  JIOHIB, 3pOCTaHHS YHUCIa OOMEKEHb 10 JIEKUIBKOX CO-
TOJI K JJI1 METOJIIB PINICHHS 3a]a4 AUCKPETHOI ONTH-  TEHb MPHUBOAWUTH (PAKTHYHO IO HEMOXKIMBOCTI iXHBOTO
Mi3amii, Mo 3aCHOBaHi Ha imesX METOMy TiOK Ta KOp-  MPaKTHYHOTrO 3acTocyBaHHs [12].
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Algorithms for solving the problem of optimal placement of data in billing OLTP systems
based on the implementation of the ranked approach

Alina Rybalchenko

Abstract. The article presents the results of the development of approximate and exact algorithms for solving the prob-
lem of optimal data placement in billing OLTP systems based on the implementation of the rank approach. This type of problem
belongs to the class of integer linear programming (ILP) with Boolean variables. Combinatorial methods and evolutionary algo-
rithms currently occupy a dominant place in the methods of solving such problems. The practical application of these methods is
complicated when solving large-scale problems. To eliminate this problem, it is suggested to use the idea of the rank approach.
The analysis of approaches to the optimal placement of data in billing OLTP systems, the model of the rank approach, as well as
approximate and exact algorithms are given. The object of research is the algorithms of functioning and placement of infor-
mation resources in the cloud environment, the concept of cloud computing and multi-level information systems. The subject of
the study is the principles of data placement stored in distributed databases and circulating in the cloud network, as well as the
specifics of subscriber service processes in modern implementations of OLTP systems. The purpose of the research work is to
develop approximate and accurate algorithms for optimizing the placement of RDB fragments on network nodes of the cloud
structure, which will allow to increase the productivity of the information system due to the rational distribution of data. Conclu-
sions. Strategies for cutting off unpromising paths in sets are proposed, leading to approximate and exact solutions of the prob-
lem of integer linear programming with Boolean variables, and efficient exact and approximate algorithms are constructed. It is
shown that an important advantage of the developed algorithms based on the rank approach is the fact that an increase in the
number of constraints practically does not affect the error of algorithm solutions, while for methods of solving discrete optimiza-
tion problems based on the ideas of the branch-and-bound method, an increase in the number of constraints to several hundreds
actually leads to the impossibility of their practical application.

Keywords: rank approach, integer linear programming, boolean variables, optimization by direction, approximate and
exact algorithms.
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XapKiBChKHIA HAIllOHATBHUN TEXHIYHUN YHIBEPCUTET PalioeNeKTPOHIKH, XapKiB, YKpaiHa

OIITUMI3ALIA 350PY ONIEPATUBHUX JIAHUX B IITPUHI OBIV MEPEXKI
MEJINYHOI YCTAHOBHA

AHoTanisi. AKTyaJbHicTb. B cydyacHNX MenuuHHX iHQOpMaLifHUX cucTeMax OOCAT NaHMX, (HampuKiIam, (i3i0J0riuHIX
MOKAa3HHKIB, 310paHMX BiJl MALIEHTIB), € BEIMYE3HAM, OCKIIbKH aHOMAITbHI Ta HOpMaJIbHi JaHi 30MparoThest pasoM. Lle mpus-
BOJUTH JI0 3aTPUMKHU HAJaHHA JOIIOMOTH HeBiAKIaaHuUM nauieHTaM. 11106 BupimuTu 1o mpobiaeMy, noTpiOHI onTHMaNbHI
cXeMH 300py ONEpPaTHBHUX JAHHUX JUI KOPOTKO- i JOBFOCTPOKOBOTO MPOTHO3YBaHHS. IIpH IbOMY NOLIIBHO BUKOPHCTOBY-
BaTH NpiOpHUTE3aMilo 1 GUIBTPAIlFO JaHHX, SIKi Oe3repepBHO 30MPAIOTHCS 3 HEPEHOCHUX JAaTYHKIB Ha MAIli€HTax 1 HAAXOIATh
10 iHpopManiifHoi cucteMn Menu4YHOI ycTaHOBH. MeTolo 1anoi po6oTH € po3poOka Moseri iHhopMamiitHOT CHCTeMH MeIH-
YHO{ yCTAaHOBU Ha OCHOBI ITIPHHTOBOI MEPE3Ki 3 BAKOPUCTaHHIM e(eKTHBHUX METO/IB 300py onepaTuBHUX HaHUX. 06’ €KTOM
JoCTiIKeHHsI € aBTOMaTH30BaHMH 1porec 300py i 00poOKH MacHBIB JaHUX, IO BiJOOpaXaTh CTaH 30pPOB’s MAIliEHTa Me-
nmgHOi ycraHoBd. [lpenMerom AocaiTxeHHsl € METOIU Ta AITOPUTMH 300py 1 0OpOOKH OTMEpaTUBHUX JaHUX, IO XapaKTe-
PH3YIOTh CTaH Malli€HTa MEJUYHOI YCTaHOBH, U1 pOpPMYBaHHS KOPOTKOCTPOKOBOTO MPOTHO3Y. Pe3yiabTaTH. 3anponoHo-
BaHi HOBI alITOPUTMH AJIS ONITUMI3awii mporecis 300py 1 00poOKK TaHUX MUIIXOM BBEICHHS KPUTEPis TEPMiHOBOCTI MAIli€H-
TiB, 1[0 CHPUATAME 3MEHILICHHIO 00CATY JaHUX, AKi HEOOXiIHO IepenaTu, CKOPOUCHHIO Yacy OYiKyBaHHS B ITOCTAHOBII Jia-
THO3Y. JIJIsl OiIHKYM TepMIHOBOCTI MAIli€HTIB IPUHHATI 3arajbHi KIiHIYHI KpuTepil. BucHOBOK. 3anpornoHoBaHO MOJIENb iH-
(opManiiiHOT cHCTEMH MeTUYHOT YCTAaHOBH, sIka epeKTHBHA IIPH 300pi TaHUX 1 ONTHUMI3ye TOPSIOK IXHBOI 0OPOOKHU B Ipo-
rHO3yBaHHi. JIOCATHYTO 3MEHIIICHHS 00CSTIB METUYHUX JaHUX, SIKi HAJXOATh BiJl MAIlIEHTIB, 1 HAJAIITYBaHHS Yacy OYiKy-
BaHHS JUIS JAHUX, I1I0 NOTPiOHI B IPOTHO3yBaHHI, Ha OCHOBI Pi3HUX NPIOPHUTETIB.

KawuoBi croBa: meauuna iHopmaniiiHa crcTeMa, BEKTOpP O3HAK, KiIacH(iKalis 4acOBUX PAMIiB, HIPUHTOBA MEpexa,

HpiopUTe3allis JaHHX.

Beryn

VYnockoHaneHHs iHGOpPMAIifHUX cHcTeM B cdepi
OXOPOHH 3[I0pOB’Sl TOB’sI3aHE 3 MiABUIICHHIM €(EeKTHB-
HOCTI 300py JaHUX 1 ONTHUMI3AIi€I0 TIOTOKIB IXHBOT 00pO-
6ku [1, 2]. OcHOBHOIO 3a/1a4€I0 CTAa€ BIPOBAHKEHHS MPio-
pute3anii JaHMX Ha OCHOBI TEPMIHOBOCTI CTaHy Malli€H-
TiB, IO HA/IACTh MOKIIUBICTD PEryJIFOBATH Yac O4iKyBaHHS
JIaHUX Tiepe]] MporHo3yBaHHIM. OTxe 3aBJIaHHIMHU € Olli-
HKa NPIOPUTETY HA OCHOBI MOCIIIIOBHOCTEH IaHMX Y Yaci.
Pa3om 3 TuM, BUHHKAE iHIIA 33/1a4a, SIKA TTOJISITae B IPHUILI-
BUJILICHHI MepeIavi ONepaTUBHUX JaHHX, 110 XapaKTepH-
3YIOTh IIOTOYHUI CTaH MaIi€HTiB. Po3B’13aHHA 1i€l 3a1a4i
MOXJIMBE 32 PaXyHOK 3MEHIICHHS 00csATy AaHHX, 10 301-
parotecs. [IpoTe, Hamararouuch 3i0paTH MEHITY KiJTbKICTh
JTAHUX, JJIsI TOYHOTO JiarHO3y HEOOX1THO HAAaTH KIiHIIH-
CTaM JIOCTATHIO iHpopMaltito. B pizHux pocmimkeHnsx [3-
6] [T IPOrHO3yBaHHS AHOMAJTii BpAaXOBYIOThCS YUCIIEHH]
¢bi3ioNorivHi NOKa3HUKH (HANPUKIIA], apTepialbHUN THUCK,
4acToTa CeplEeBUX CKOPOUEHb, YaCTOTA JUXaHHS, PIBEHb
caTypaiiii, Toro). Ane GUTBIICTE 3 IIUX JOCHIHKEHb 1 10Ci
3HAXOJATHCS HAa TEOPETHYHOMY PiBHI 1 HENPHUIATHI IS
LIMPOKOTO BUKOpUCTaHHSI. [IJ1sl BU3HAYECHHS TOTO, SIKi J]aHi
NOTpiOHO mepenaTH, OKpeMi aBTopH [7] mpomoHyoTh 10
BUKOPUCTaHHS PHUXOBaHy MapKOBChKy Mojens (HMM),
(OKyCyIOUHCh, B OCHOBHOMY, Ha OIIHI[I OCOOHCTOTO
CTaHy Ha OCHOBI clieIianbHUX npaBwi. s Toro, mob Bu-
pimmTH npobiemy 30epiraHHs Ta OOpPOOKM JlaHUX,
MIOB’13aHy 3 IXHBOIO BEJIMYE3HOIO KUIBKICTIO, NPOINOHY-
eTbest [8] BUKopucToBYBaTH XMapHy iHdpacTpykrypy. Li-
KaBOKO € mporo3utiist [3, 7] BUKOpPHUCTOBYBaTH MOOITBHUIT
TIPUCTPIi Ayt 6e3mepepBHOTO 30MpaHHs Ta TIepeaadi Heo-
OpobneHnx (Qi3ionoriyHNX MOKa3HWKIB Ha cepsep. llle
OJIMH MpPaKTHYHUM TpUKIan — amapaTr BioSign [9], sxuii
MO’KE€ MiHIMI3yBaTH iMOBIpHICTh BUHUKHEHHS KPUTHIHOL
KJIIHIYHOT CUTYaIlil, aJie He 31aTeH POpMyBaTH POTHO3.

HenonikoM HaBeIEHHMX BMILE CHCTEM € Te, IO BCi
BOHHM OOpOOJIAIOTP MEAWYHI TOKa3HUKU MAIiEHTIB 3a
npunnunoM FIFO. Ongnak y peanbHUX KITiHIYHUX BHIA-
JIKax, 00 BU3HAYUTH ONTHMAaIbHUH MOPSAOK HaZaHHS
MEIWYHHX ITOCIYT, TSPMIHOBICTh MAIli€HTA 3a3BHYAN PO-
3MIAAAEThCS HA TodaTky. IcHye npukian [10] edexrus-
HOI CHCTEMH COPTYBaHHS, KA BUKOPUCTOBYETHCS Y BiJl-
IUTEHHSIX HEBINKIATHOI JONOMOTH i 9ac MPHHHSATTS
PpIIIeHHS PO CKEepYyBaHHS MaIi€HTIB 110 BiIIiICHHS iHTE-
HCHBHOI Teparii. OTxke, miJ yac 00poOKH MEJUYHHX Ja-
HHX Mali€eHTIB B iHQOPMAILiiHIi MeANYHII cUCTeMI MOT-
PpiOHO, 11100 4eproBiCTh HAIXOKEHHS ITaHUX Ha 00pOOKY
BijloOpakaja TepMiHOBICTh CTaHy MAalli€HTIB.

[HIIMM acneKToM JOCIIKEHHS € peanizalis KOH-
Henuii MaIMHHOTO HaBYaHHS 3 BUKOPHCTAHHSIM MOJENI
B3aemoii Tuny “Peer-to-Peer” (P2P) [11]. Bizomo, 110
BHKOPHCTAHHS IICHTPATi30BaHUX MOJIENEH TIOB’sI3aHe i3
3HaYHHMH BUTPATaAMH Ha 3B 30K Yepe3 OOMiH BeImdes-
HUMH 00CSITaMHi OCOOUCTHX YKUTTEBO BAXKIIMBUX MEHY-
HUX MOKa3HUKIB 3 METOK HaBUaHHA. BukopucraHHs Jie-
LeHTpatizoBaHoi Mozeni P2P cTBoproe ocHOBY Juist po3-
MOIUIEHOTO OOMiHY 3HAHHSMH MK MEUYHUMU YCTaHO-
BaMH 1 JI03BOJIsIE PO3POOUTH ILBUJIKY CUCTEMY MalllHH-
HOT'O HaBYaHHS, 32 JIOTIOMOTOIO SIKOT KO)KHA MeJIUYHa yC-
TaHOBA MOJKE MIiABUILMTH TOYHICTh JIarHOCTHUKHU, BUBYA-
FOYM 3HAHHS, OTPUMaHi BiJ] IHIINX yCTaHOB, i MOXeE OII-
TUMI3yBaTH MOTIK 0OPOOKU JaHUX MAIi€HTIB HA OCHOBI
Pi3HMX 3HAUYEHb TEPMIHOBOCTI.

3BaXkalouM Ha CTaH 1 Pe3yJIbTaTH JOCIHIIKEHb Pi3-
HUX aBTOPIB, MOKHA 3pOOMTH BHUCHOBOK IIPO aKTyallb-
HICTh IUTaHHSA MiJBUIICHHS e()eKTUBHOCTI epenayi Ja-
HUX 1 ONITHMI3alii HOTOKY IaHUX Ha OCHOBI IPIOPUTETIB.

MeTo10 po60oTH € po3pobdka Mojiem iHPopMaIlitHOT
CUCTEMH MEJINYHOI YCTAaHOBH Ha OCHOBI MIPHHTOBOI Me-
PEXi 3 BUKOPHCTAHHAM €()EKTUBHUX METOIIB 300py OTIe-
PATUBHUX JaHUX.
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OcCHOBHA YacTHHA

Mogpens iHpOpMamiHHOI CHCTEMH MEAMYHOI ycTa-
HOBH Ha OCHOBI TIPHHTOBOI MEPEXi MPOIEMOHCTPOBAHO
Ha puc. 1. Mo)XHa BUIUIATH ABi 9aCTHHU CUCTEMH: KITi-
€HT U1 300py IaHUX 1 cepBep I aHAII3Y TaHUX.

KitienT BUKOpHCTOBYE MOOITBHI MpHCTPOi (cMapT-
(oH, cMapT-TOAWHHHUK, TOIIO) IS TIOCTIHHOTO 30UpaHHA
JIAHWX, [0 BiZ0OpakarTh (i3i0JIOTIUHI MOKA3HHUKH Ia-
uienTiB. i maHi HAAXOIATH BiJ] PI3HOMAHITHUX JTaTYUKIB
Ha TuTi mariedra. KimeHT Takox 3IifCHIOE OIIHKY Ipio-
pHUTETY JaHMX Ha OCHOBI IIEBHOTO YacOBOTO BiKHa (Ha-
npukiazn, 5 xsunun). [IpiopuTer nanux BiAmosinae tep-
MIHOBOCTI CTaHy Mali€HTa: OTBII «BaKKHID) MAli€HT
Mae BHIMHU TpiopureT maHux. Kpim Toro, mi MeawdHi
JlaHi B Me)Xax 9acoOBOTO BiKHA 3 IXHIMH HpiopUTETaMHU
cTaHoBIsATh (peiimu mokasuukis (PII). 3amauero Kiie-
HTa € BiOip PpeiimiB, sKi moTpiOHO mepesaTu Ha cepBep,
BHUXOZSYH 3 IXHIX MPiOPUTETIB.

L0 0 gfe

Knacuoikatop dinbTp
npiopuTeTis

BUAANEHHS
3aliBUX JaHWX

R AjarHos

OHOBJ/IEHHA
npiopuTteTis -~

__
s

npuBaTHa xmapa M
=
I'TIE'-
2 & 8 85
cnp 6asa

MeguyYHa nikap
cecrpa

Puc. 1. Mozens indopmariitHoi cucremu
MeJMYHOI yCTaHOBU

CepBep npuzHadeHUH 17151 JOpMyBaHHS TOYHOTO KO-
POTKOYACHOT'0 IIPOTHO3Y CTaHY 3/I0pOB’ s MAIIEHTIB Ha OC-
HOBI IXHIX ()i310JIOTIYHUX ITOKA3HUKIB, OTPHMAHHUX BiJ
kiienTa. ITopsnok oOpoOkM JaHMX TMaLi€HTIB ONTHMI3Y-
€TBCSI 32 JIOTIOMOTO0 IIPIOPUTETIB, IO T'apaHTYE OTPH-
MaHHsI pillIeHHs I110JI0 AiarHo3y y BiATIOBIAHUIA Yac 3aje-
JKHO Bijl TEpMiHOBOCTI martieHTiB. Kpim Toro, 3aBIsku Ha-
KOIIMYEHHIO JaHWX PO MAIi€HTIB, CepBEp MOXKE HAIaTH
0171 TOYHE TPOTHO3YBAHHS Pi3HUX MEIWIHUX CTAHIB 3a
JIOTIOMOT'OF0 HAaBYaHHS HAa OCHOBI BUKOPHUCTAHHS MIPHUHTO-
Boi Mepexxi. OCHOBHUM KOMITOHEHTOM KJII€HTa € aHai3a-
Top (peiimiB nokazHUKiB (ADII), kKl MiCTHTH 1Ba OCHO-
BHI KOMITOHEHTH: KJIaCH(iKaTop MPIOPHUTETIB IS OLIHKH
JaHuX 1 QLIBTP AJs BiZOOPY MaHUX.

Krnacugikarop npiopuTeTiB BHKOPHUCTOBYE METO[
MatmHHOro Hapyauus (MH) mis aBromati4HOT Kinacudi-
kauii ®II 3a pisHnmu npiopureramu. [piopureTn Bigirpa-
[0Th BXKJIMBY pOJIb B omnTuMisarii: kmacudikarop MH

HaBYAETHCS 32 JOIIOMOTOI0 3pa3KiB 3 4 (i3i0J0TiYHUX MO-
Ka3HHUKIB, a MITKH HaBYAJIbHUX JAHUX 1ICHTH(DIKYIOTHCSI
ITOPUTMOM OLIIHKH JaHHX B PEUIbHUX YMOBAX.

®inbTp momnomarae cucreMi eeKTHBHIIE 30MpaTH
MEeIMYHI JaH1 NaIli€HTIiB 3 ypaxyBaHH;IM Pi3HUX NpiopuTe-
TiB. CIiji 3a3HAYNTH, 10 AHOMATBHI J1aHi € OUIBII 3HAYY-
[IMMH, HDK HOPMaJbHi, OCKUTBKH BiJIOBIIHI IiarHOCTH-
YHI pilICHHS MOBHHHI (OPMYBATHCS i 9ac BUABICHHS
agomanii. Takum 4rHOM, (QINBTp HALLICHHWH HA aHOMa-
TbHI 1aHi, SIKi MaroTh BUIIUH npioputeT. [Ipu ipomy moT-
piOHa TapaHTis MOBHOTH MEAMYHOI iH(pOpMAIIii, ska mepe-
JIAETHCS Ha CepBep IS IIarHOCTUKHU KITTHIIUCTAMUL.

CepBep MICTHTh TPH KOMIIOHEHTH: 0a3y JTaHuX Ui
30epiranHs qaHux, nporecop npioputetis (I111) st kepy-
BaHHS YE€Proio NPOrHO3yBaHHS Ta CUCTEMY NPUHHSATTS pi-
mens (CIIP) nist nporno3yBanHs. ba3a faHuX BUKOPHCTO-
ByeThCst JUtsl 30epiranns 3anuciB OII Bix pi3HUX NaiieH-
tiB. Lli 3amucn MOXKHAa BHKOPHCTOBYBATH JUIS BCTaHOB-
JICHHS JOBTOCTPOKOBUX JIarHO3IB MaIli€HTaM i BUIOOYTKY
TIEBHUX KOPHCHUX MEMIHUX 3HAHb.

[IT BcTaHOBIIOE TOPSIIOK IPOTHO3YBAHHS Ha OCHOBI
MIPIOPUTETY AaHMX, IO CIPHsIE CKOPOUCHHIO Yacy OUiKy-
BaHHsS TEPMIHOBUX [AHMX TMAIi€HTIB. JOBrOCTPOKOBI
NPIOPUTETH AaHUX BU3HAYAIOTHCS HA OCHOBI MPIOPUTETIB
@I1. Hampuxkinan, sSKIo NOTPiOHO OOYUCIUTH MPIOPUTET
JIaHKX 32 TOJIMHY, MOTPiOHI npioputeTn 12 yacoBUX psiiB
@I1 i3 BUKOpHCTaHHAM S5-XBUIIMHHOTO BiKHA.

CIIP € MamHHKUM Kinacu(piKaTopoM, SIKHIA MOXe TO-
YHO MPOTHO3YBATH CTaH 3/I0POB’S MAIi€HTIB, BUKOPUCTO-
BYIOUH ME/IMYHI [1aHi, 310paHi Bifl MALI€HTIB Y pEKUMI pe-
ATFHOTO Yacy. 3 METOF0 3a0€3IeUeHHS BiIOBITHOCTI 3Mi-
HaM y KIIHIYHOMY CepeAOBHIi (HAIPHUKIIA[, TIOSBI HOBHX
3axBoproBaub), st CIIP nependaueno P2P-naByanHs.

PoOora kitieHTa pealizoBaHa y TPH €TaIlu.

1. Mo0insHuit nprcTpiii ocTiiHO 30upae 1aHi 3 aa-
TYMKIB Ha T manieHTa. BOHU BigoOpakar0Th 3HAYCHHS
TaKUX (Pi310JIOTIYHUX TTOKA3HHKIB, SIK 4aCTOTA TUXATBHUX
pyxiB (UP), piBens catypauii kucuem (SPOy), yactora
cepueBux ckopouenb (UCC) Ta cucromniyHuii aprepiaib-
Huit Tuck (CAT).

2. A®II y mpuctpoi oO6pobisie naHi B MeXKax daco-
BUX BiKOH (Hanpukiaxa, 10 xmwinH). JlaHi y BiKHI BH3Ha-
qaroteest gk OI1. ADII BukoHye Kiacudikamito mpiopu-
tery ®I1 i pimprpaniro OII.

3. IMicns ¢pinprpanii ADII mepemae ppeiimu OI1 3 iH-
JUKATOPaMH TIPIOPUTETIB Ha CEpBEP MEAMYHOTO 3aKIIaTy.

Ha cepBepi 00poOKa JaHUX BUKOHYETHCS B 3 CTaIIH.

1. [Ticnsa oTpuManHs gocTaTHBOI KinbkocTi PIT mpo-
TATOM TIEBHOTO BiKHA CIHOCTepekKeHHs (Hampukian, 60
XBHJIMH) CEpBEpP TPYIyE iX pa3oM i 0OUUCIIOE 3arajJbHUH
npioputeT, BpaxoByrouu Bci @I B iHTepBai crocTepe-
xeHHs. [lani cepBep po3Milllye 1 3rpyIoBaHi JaHi B CIH-
CKy O4iKyBaHHs Ha OCHOBI IpiopureTy. Bumwmii npiopurer
Mae BUIIUH 1HAEKC, 1110 03HAYa€ MEHIIE Jyacy Ha 0OpoOKy.

2. CIIP nporuo3ye MeAW4YHi CTaHM 3a JOTIOMOTOIO
srpymoBanux ®I1 i HaxcwIae naHi KIiHIECTaM ITicIs BU-
SIBIICHHS aHOMAJIbHOI KJIiHI9HOT roi1. [ToTim marieHTy Ha-
JAIOTHCS MPABWIBHI JIarHOCTHYHI PIlIEHHS.

3. @IT 30epiraroThcst B 0a3i JaHUX IJISI PE3CPBHOTO
KOTIIOBaHHS Ta MOJANBIIOr0 BUIOOYTKY 3HaHb. JlaHi Ta-
KO BHUKOPHCTOBYIOTHCS JIJISI OHOBJICHHSI KJIacHdikaTopa
TIPIOPHUTETIB.
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Sk mokazano B Tadu. 1, 6anu QizionoriyHUM HoKas-
HUKaM MPU3HAYAIOTHCS HA OCHOBI TXHiX IMOPOTOBHX 3HA-
4yeHb. Hanpukiian, sikio 3Hauenns YJIP ctanoButs Bijg 9
1o 11, To fiomy HamaeThes omiHka 1. BaxknuBo 3ayBakuTH,
110 BCi 3HaueHHd € inuMu. Ominka 0 o3Hayae, 110 3Ha-
YEeHHS 3HAXOIUTHCS B MEKaX HOPMH.

Tabruysa I — Ouinka ¢i3iooriYyHuX NOKa3HUKIB

Ouin- 3HayeHHA MOKA3HUKA
Ka YIp, SPO2;, | 4CC, CAT,
1/xB. % 1/xB. MM PT./CT.
-3 <8 <91 <40 <90
-2 - 91-92 - 91-100
-1 9-11 94-95 41-50 101-110
0 12-20 > 96 51-90 110-120
+1 - - 91-110 121-170
+2 21-24 - 111-130 171-219
+3 > 25 - > 131 > 220

3aranpHUi 0an ycixX MoKa3HUKIB KIacH(PiKyeThCs 3a
4 mpiopureramu (tabmn. 2). Kpurepii xnacudikarmii 6azy-
IOTBCSl HA 4Yaci oyiKyBaHHS. 30KpeMa, sSKIIO 3arajbHa
omiHka nopiBHIOe 0, cucTeMa po3IJIsiIac MOYKIIUBICTD Bi-
JXHICHHS TaHHUX, OCKIJILKH BCl JKUTTEBO BaXKIMBI [TOKA3-
HUKH 3HaXOAAThCS B MeKax HOpMH. Jliana3oH KOKHOTO
MPIOPUTETY BUKOPUCTOBYETHCS AJISl OLIIHKH TTOCIITOBHOT
IPYITY NPIOPHUTETIB, IO HOSCHIOETHCS Al

Tabnuysa 2 — Bu3HAYeHHS] NPiOPUTETY AAHNUX 32 OL[IHKOIO
(iziosoriynnx nokazHuKiB

Ipio- Mirtka Yac ouiky- Tianason 3araabHmii
pUTEeT BaHHS paxyHoK
1 HOpMa - 0 0
2 yBara <1 rop. (0,1] 1-3
3 | PRI co5ton | (1,2] 4-6
J(Ha
> 7 abo oui-
4 eKCTpeHa 0 (2,3] HKa +3/-3

OcHoBHa poJb Kinacudikaropa npiopuretiB y ADIT
moJsirae B mmo3HadeHHi @I BiIMOBiTHIM TPiOPUTETOM
nanux. [Ipumyctumo, 1o TUCKpeTHA MOCIiIOBHICTD J1a-
nux (D) tpuBanocri yacy (T) po3duBaeThesi Ha L BikoH
OJTHAKOBOTO po3mipy. Y koxxkHomy BikHi € N = D/L 3pas-
kiB. ToJi taHi 4acOBOTO Psily MOXKHA PO3IIISAATH SIK TIO-
cmigoBaicte ®IT Di(t), Do(t), ..., Di(t). Hanpuknan,
SKIIO B CHCTEMi BUKOPHCTOBYETHCA 10-XBUIMHHE BiKHO,
60-XBHIMHHY Cepiro JaHUX MO>KHA PO3JUTUTH Ha MOCHTi-
JoBHICTH 13 6 DII. 11{06 Bu3HaunTH npiopurer OII, pos-
PaxoBYIOTh CEpeJHE 3HAUCHHS KOXXHOTO IOKa3HHUKa i3
3pasKiB y BIKHI:

t=Y N Dm/N. )

Cepenni 3HaYeHHS yCiX (i310JIOTIYHUX MOKa3HUKIB
rpymnytothes y Bektop o3Hak (fi, 2, f, ..., fc), ne C — 3a-
rajibHa KUIBKICTh MOKa3HHKIB. OCKUIBKH TependadeHo
00poOKy JuIIe MiNnX Yuce, yci ApoOOoBi 3HAUEHHS KOM-
MIOHEHT BEKTOpa 03HAK OKPYTIIFOIOTHCS 10 HAHOIMKIOTO
uitoro 3HaueHHs. [licns BuminenHs o3Hak OII xnacudi-
KaTop INpPIOPUTETIB MOXKE BU3HAYUTH HOrO IPiOPUTET,
BUKOPHUCTOBYIOUH OyIb-Ki BHIHM JITOPUTMIB MallIHH-
HOT'O HaBYaHHSI.

VY zanpononoBaiii cucremi Gpinstp y ADII Buninse
3HAYyILIl JaHi Ha OCHOBI NMPIOPHUTETY, IO CHPHSIE 3MCH-
eHHo oocary nanux. [Ipiopurer 0 o3Hauae, 110 BCi Ho-
Ka3HUKH HaJleXKaTh 10 HOPMaJIBHOTO Jliarna3ony. SIKio B
Oydepi mpucytHiii anomansHui OI1, yci HactymHi OI1
MaioTh OyTH B3ATi 10 yBaru (puc. 2). Komn HoBmit ®I1
Hagxomuth y A®II xoxHOrO mepioxy dacy, BIKHO Oy-
(epa mepemadi 3cyBaeThCA JIIBOPYY Ha KPOK, IO BifIIO-
Bizmae yacoBoMy iHTepBany {. MonBi TpHu ineHTH}iIKa-
TOpH, SKUMHU To3HadaeTbcs OII: HaacWIaHHS, OUIKY-
BaHHA Ta BigxwmieHHA. ko npiopuret Iy 6ydepi me-
pesumuye 0, Bei i 6 DIT HapcunaroThes Ha cepBep. SIKIo
npiopuretn HoBoro PII ta pemTn 5 HacTynHUX AOpiB-
HIOIOTH (), BiH MO3HAYAETHCS K OviKyBaHuid. Konu Oydep
3MilLyeThes Bin odikyrouoro ®I1, Toii Binkunaerscs. Ta-
KHM YHHOM, aJITOPHTM KOPHUTY€ Ipolec 300py JaHHX,
¢dokycyrounch Ha aHoManbHIX OII.

t-s [ZJ ol o o] o[ o o]0 o [o] o [o NI 0]

HaACUNAHHA

t=10 [2JJl ol o] o]0 0] 0[0[ 0] 0]0[0]0

HafCUNaHHA

o[o[o[o[ofofo[ofofo[o |l o
| ————

OYiKyBaHHA

t=18 (ol o[ o[ o] o[ of8J o o] ofo] o |l o]

v BiAXMNEHHA

=13 I

HaACWNaHHA

Puc. 2. [Ipuknan nepenadi gaHux

Jns Bu3HaveHHs 3aranpHOro mpioputery @I1 Buko-
PHCTOBYIOTHCSI BCHOTO L mpiopuTeTiB (hparMeHTiB MOCiI0-
BHOCTEl JIaHUX. 3aMICTh yCEpEIHEHHs BCIX IPIOPHUTETIB,
BUKOPHCTOBYIOTHCSI BaroBi KOeil[ieHTH Yacy:

W :Tiz/ZiL:lTiz 'TI =ixW . (2)

[NozHaurMo MHOXUHY Beix mpioputeTiB sk P. Tomi
P =(py, P2...., P) - Saransuuit npiopurer p' Ge3nepeps-

HUX OIT 00UYHCITIOETHCS HACTYTTHUM YHHOM:
, L
P =PxW :Zi:lpiXWi. (3)

Cucrema nominrae Bci BUEoOYTI (yHKILi MOCIITOB-
nux @I1 y crimcok ovikyBaHHS Ha OCHOBI IXHBOTO HpiopH-
tery. s 06poOKky BUOHpPAIOThCs AaHi 3 HAHBUIIMM IIpio-
puteroM. Y koxkHoMy PII BuAiIseThCS 5 O3HAK, SIKUMHU €
CEepeIIHE 3HAUCHHS, CTAHIAPTHE BiIXVJICHHS, ME/IiaHa, Kilb-
KiCTh TEHJCHITIN 3pOCTaHHS Ta TEHIEHIIIN /IO 3MEHITICHHSI.

Kpurepismu e(eKTHBHOCTI 3aIIPONIOHOBAHKX PillIeHb
MOKYTh OYTH: TOUHICTb KIacu]ikaliii mpiopuTeTiB; Mpoy-
KTHBHICTB 300py JTaHUX; CEpe/IHil 9ac OUiKyBaHHSL.

Tabruysa 3 — MaTpuus NOMUWIOK Kiaacupikamii

Ipiopurer 1 2 3 4
1 445 136 10 1
2 4 248 18 8
3 1 66 380 63
4 0 0 42 378
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Bukopucrano peanbhi MeanyHi qaui 3 MIMIC-11 [11].
1106 30amancyBaTi HaOIp JaHWUX, BUMAIKOBUM YHHOM BH-
6upatotbest 1500 3paskiB koxkHOrO TIpioputery. Habip na-
HHUX HOPMAJI3y€ThCS 32 JOIIOMOIOI0 JHIHHOIO MeperBo-
PEHH# Z-TIOKa3HHKa. byna oTprMaHa OlliHKa TOYHOCTI KJla-
cucikarii npiopureris. [y HaB4aHHS BUKOpucTaHo 70%
BUOIPOK, permTa — 1yt TecTyBanH: (Tabi. 3). Kpim 3arams-
HOI MaTpHIIi IOMUJIOK, MOKYTh 3aCTOCOBYBATHCSI 1HIIII TT0-
Ka3HUKW TOYHOCTI VI KOKHOTO TIPiOpHUTETY.

BucHoBku

JocripkeHo aBTOMaTH30BaHUM Tporiec 300py i 06po-
OKM MacHBIB JJaHHX, III0 BiOOpaXkae CTaH 370POB’S Hallie-
HTa MEIWYHOI YCTAaHOBH. 3aIpOIIOHOBAHA MOJETb €PEeKTH-
BHa TIpH 300pi JaHKX, ONITHMI3ye€ TTOPSI0K 0OpOOKH TaHMX
B [IPOTHO3YBaHHI. BoHa cripusie 3MEHIIEHHIO 00CATIB MeIH-
YHUX JaHWX, 310paHMX BiI MAI€HTIB, (QUIBTPYIOUN 3BU-
YaifHi 1aHi, 1 MOJKe HaJAIITOBYBATH Yac OYiKyBaHHS TaHUX
Tiepesi IPOTrHO3yBaHHIM Ha OCHOBI Pi3HUX IpiopuTeTiB. Bu-
KOPHCTaHHS AelieHTpasi30BaHoi mozei P2P nanae moxim-

BICTh PO3NOJIIEHOr0 OOMiHy 3HaHHSIMU MIX PI3HUMH Me-
JMYHUMH YCTaHOBaMH 1 JIO3BOJISIE PO3POOUTH ILIBUKY CHC-
TEMy MAIlIMHHOTO HaBYaHHSI, 32 JIOTIOMOTOI0 SIKOi KOXKHa
MeJMYHa YCTAaHOBa MOJKE IIJBHIIUTH TOYHICTbH JiarHOC-
TUKH, BUBYAFOUM 3HAHHS, OTPUMaHI Bifl IHIIMX YCTAHOB, 1
MOY€ OIITUMI3yBaTH ITOTIK 0OpOOKH TaHWX TIAITi€HTIB.
OTxe, OTPIMAaHO MOJENb CHCTEMH 3 OIIHKOIO Tpio-
PHUTETY NaHUX, IO ONTHMI3ye 30ip JaHHX i MPOTHO3Y-
BaHHS IOJI0 PO3MIpy JaHHX i 9acy odiKyBaHHA. Po3po6-
JICHO HOBWH aJTOPUTM OLIHKHU MPIOPUTETY MaHUX, STKUH
MOJKE TIPENICTABISATH TEPMIHOBICTh MAIIEHTIB. 3aBIAKH
npiopuresanii JaHWX, y 3alpolloHOBaHId CHCTEMi He
TUIBKU 30MPAETHCSI MEHILIE JaHKUX BiJ MAlli€HTIB, ajie Ta-
KOXX HaJla€ThCs [TOBHA MEAMYHA iHpopMalis, HeoOXiqHa
JUISL TOBFOCTPOKOBOT'O BCTAHOBJIEHHSI TOYHOTO JiarHO3Y.
Posrsnatoun pi3Hi pO3MOALIM MPIOPUTETY TAHUX Y
peajJbHOMY BUIAAKY, EKCIEPHUMEHTAIbHI pPe3yJbTaTH
CBiAYaTh PO T€, IO 3AIPOTIOHOBAHI PIIICHHS ITiIBUIITY-
FOTh €(PEKTUBHICTh 300py MaHUX i ONTUMI3YIOTh Yac Odi-
KyBaHHSI BiJIIOBiTHO 10 TEPMiHOBOCTI MAIli€HTIB.
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Optimizing operational data collection in a medical institution's peer-to-peer network
Dmytro Rosinskiy, Kyryl Svirshchevskyi

Abstract. Topicality. In modern medical information systems, the volume of data (for example, physiological parameters
collected from patients) is enormous, as abnormal and normal data are collected together. This leads to delays in providing care to
emergency patients. To solve this problem, optimal operational data collection schemes for short- and long-term forecasting are needed.
At the same time, it is advisable to use prioritization and filtering of data that are continuously collected from portable sensors on
patients and sent to the information system of the medical institution. The goal of this work is to develop a model of the information
system of a medical institution based on a peering network using effective methods of collecting operational data. The object of
research is the automated process of collecting and processing data arrays, which will reflect the state of health of a patient of a medical
institution. The subject of research is methods and algorithms for collecting and processing operational data characterizing the con-
dition of a patient in a medical institution, for the formation of a short-term prognosis. Results. New algorithms are proposed to
optimize the processes of data collection and processing by introducing a criterion of urgency for patients, which will contribute to
reducing the amount of data that must be transferred, reducing the waiting time for making a diagnosis. Common clinical criteria are
used to assess the urgency of patients. Conclusions. A model of the information system of a medical institution is proposed, which is
effective in collecting data and optimizes the order of their processing in forecasting. Achieved a reduction in the amount of medical
data received from patients and the setting of the waiting time for the data required for forecasting.

Keywords: medical information system, feature vector, time series classification, peering network, data prioritization.
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ALGORITHM FOR AUTOMATIC RECOGNITION OF CARDIAC ARRHYTHMIAS

Abstract. Problem statement: Cardiovascular diseases currently remain one of the leading causes of death. It is im-
portant to monitor the state of the cardiovascular system in early stages of pathology in order to diagnose these diseases in a
timely manner. A special place is occupied by various arrhythmias among diseases of the cardiovascular system. The most
common ones of various arrhythmias are extrasystoles. Ventricular extrasystoles are considered the most life-threatening
among extrasystoles. In order to diagnose ventricular extrasystoles at an early stage of their development, it is necessary to
process and analyze large amounts of electrocardiographic data. In this regard, the development and software implementa-
tion of algorithms for automatic recognition of ventricular arrhythmias based on electrocardiographic data through modern
computer technologies is an urgent task. Work objective is developing an algorithm for automatic recognition of ventricular
arrhythmias and its software implementation. Results: An algorithm for automatic recognition of ventricular extrasystoles,
which is characterized by simplicity of implementation and minimal requirements for computing resources, has been de-
veloped. At the same time, high values of sensitivity and specificity are maintained for ECG signals with single ventricular
extrasystoles. The algorithm is implemented in the LabVVIEW software environment and tested using ECG files taken from
international databases on cardiac arrhythmias, as well as using stimulated ECG signal models. Practical significance: The
developed algorithm can be used in automatic processing and analysis of long-term ECG recordings and recognition of
ventricular arrhythmias.

Keywords: Electrocardiographic signal, arrhythmia, ventricular extrasystole, phase space, phase portrait, RR intervals,

LabVIEW software, heart rate.

Introduction

Currently, cardiovascular disease ranks first among
all diseases in terms of danger to human life. The most
common symptoms, precursors of cardiovascular dis-
eases are cardiac arrhythmias - heart rhythm disturb-
ances. Characteristic features of arrhythmias are deter-
mined based on the results of the analysis of heart rate
variability (HRV). Heart rhythm disturbances that occur
abnormally related to the main heart rhythm and mani-
fest as excitation of the heart as a whole or its individual
parts are called extrasystoles.

The cause of extrasystole is explained by the pres-
ence of active heterotopic foci that generate electrical
impulses of sufficient power that disrupt the main sinus
rhythm. Depending on the localization in the heart, there
are supraventricular extrasystoles: sinus, atrial, atrioven-
tricular and ventricular extrasystoles. The distinction
between ventricular extrasystoles and supraventricular
extrasystoles should be considered very important, since
some medications for the treatment of supraventricular
extrasystoles can worsen the clinical condition if the
rhythm is ventricular.

Ventricular extrasystole is the most common car-
diac arrhythmia.

The prevalence of arrhythmias directly depends on
age and the presence of heart pathology. Ventricular
extrasystole is an alarm signal in patients with cardio-
myopathies, valvular heart disease, severe myocardial
ischemia, as well as with cases of sudden death in a
family history [1].

Timely diagnosis of cardiac arrhythmias can help
reduce the risk of adverse outcomes for patients with
cardiovascular disease. One of the main directions in the
development of modern electrocardiography is the
expansion in the use of automated analysis of ECG
signals. Automated ECG analysis enables cardiologists
to more accurately determine the parameters of

electrocardiographic signals, objectively and quickly
assess the state of the heart, and increases the
probability of making a right decision about the patient
and recommendations for his treatment in the future.
Recently, there has been a significant increase in the
number of algorithms assigned for automated ECG
analysis, and at the same time, the expansion in the
scope of their application. This is due to two main
factors.  First, unfortunately, the number of
cardiovascular diseases is increasing, most of which are
caused by arrhythmias. Secondly, a significant increase
in the capabilities, power and speed of computer
technologies, which makes it possible to implement
even mathematically complex signal processing
algorithms without fundamental difficulties, including
in real time.

Goal setting and research objectives

Cardiac arrhythmias are usually diagnosed by elec-
trocardiogram (more reliably by Holter ECG monitor-
ing) based on P, QRS, and T wave characteristics of
ECG. Reliable recognition of these complex ECG char-
acteristics, which are specifically associated with cardi-
ac arrhythmias, requires considerable competence and
training of medical specialists. However, processing
such a large amount of information and making a cor-
rect diagnosis in the limited time allotted to the patient
is a difficult task even for experienced doctors. The
problem of detection and recognition of arrhythmias can
be effectively solved using computer algorithms for
automatic diagnosis of arrhythmias. Based on these con-
siderations, the objective of this work is to develop an
algorithm for automatic recognition of ventricular ar-
rhythmias and software implementation of this algo-
rithm.

The question of accurately determining the bound-
aries of QRS complexes and the allocation of R peaks in
ECG signals is of fundamental importance in the diag-
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nosis of arrhythmias and in the recognition of signals in
clinical manifestations in general.

Existing methods for detecting QRS complexes
can be divided into two large groups: the first group
includes high-precision methods designed for basic clin-
ical examinations using several divisions; the second
group includes methods used in mobile electrocardio-
graphic devices allowing real-time analysis and are in-
tended for patients with cardiac failure. Automating the
classification of arrhythmias by ECG is very important
for making a quick and objective decision about the
class of arrhythmia.

The main requirements for an automated system
are not the complexity of the algorithm, making a quick
decision and less memory.

Research methods and materials

Generally, the algorithm used to automatically
classify arrhythmias consists of three steps: preliminary
processing, extraction and classification of feature. Pre-
liminary processing of recorded ECG signals is per-
formed to remove noise that degrades classifier perfor-
mance, such as baseline deviation, motion artifact, pow-
er line interference, and high frequency noise.

Preliminary processing was carried out on the ba-
sis of wavelet transform. Wavelet analysis remains a
popular technique for both filtering and extraction of
feature.

Extractable features of ECG include:

a) temporal features of palpitation, such as P-Q in-
terval, QRS interval, S-T interval, Q-R interval, R-S
interval, and R-R interval between adjacent cardiac con-
tractions,

b) amplitude characteristics, such as ampli-
tudespeak of P, Q, R, S and T characteristics based on
wavelet transform, at different levels of decomposition.

A comparative analysis of the main technological
methods for constructing algorithms to detect QRS
complexes in ECG signals was considered at different
times in numerous studies, for example, in [2-5].

A number of approaches have been proposed for
the detection of QRS complexes, such as:

wavelet transforms [5, 7],

algorithms from the field of artificial neural net-
works [8, 9],

genetic algorithms [10],

filter banks [11],
as well as heuristic methods based on non-linear trans-
formations of ECG elements [12].

Experimental results

Today, there are many methods for detecting nor-
mal and pathological QRS complexes [5,13-18], which
practically represent improvement of previously known
methods.

These improvements are aimed at eliminating var-
ious interferences, applying various transformations for
reliable detection and recognition of arrhythmias. How-
ever, the problem associated with unpredictability of the
rhythm behavior even in one patient still remains open
and raises the question of improving the algorithms for
identifying QRS complexes and creating algorithms that

are weakly dependent on a particular patient. For that
purpose, in contrast to the existing algorithms, which
are mainly based on a comparative analysis of differ-
ences in RR intervals with their averaged values, we
have proposed an algorithm based on the analysis of the
ratios of these intervals for the recognition of arrhyth-
mias.

When interpreting the results of Holter monitoring,
the followings are realized under the general name
“high-grade ventricular arrhythmias” [1]:

1) single extrasystoles;

2) polytopic extrasystoles;

3) extrasystoles of type <R to T>;

4) > 2 consecutive ventricular extrasystoles.

The article proposes an algorithm for recognizing
single ventricular extrasystoles.

As it is known, at the time of rhythm disturbances,
the change in RR interval is >10%.

Based on this, it can be said that in the case of a
normal rhythm, the ratio of two adjacent intervals 4R;.1
and 4R; should satisfy the condition:

0,9<¢, <10, 1)
AR;
where ap=—".
ARi 4

In the case of a normal rhythm, regardless of the
absolute lengths of adjacent intervals, condition (1)
should be preserved (weakly depends on a specific
healthy rhythm). So, the essence of the algorithm pro-
posed by us is as follows:

1) the investigated file of ECG data is loaded (or
registered online);

2) amplitudes and localizations of R peaks are dis-
tinguished;

3) the sequence of lengths of RR intervals is de-
termined

{ARl ZARi _ARifl} X

4) according to the obtained series of sequences of
RR interval lengths, a new sequence of such a; ele-
ments, which are defined as the ratio of adjacent RR
intervals, is determined:

L _ R
"OARL

5) according to the number of a; values satisfying
conditions a; <0,9 or a; > 1, the number of extrasystoles
or arrhythmias is calculated.

These conditions correspond to the appearance of
pathological intervals, i.e., change in the frequency of
contractions is not less than 10%.

If the number of ax values corresponding to patho-
logical intervals is exactly ny, then the number of ar-
rhythmias (extrasystoles) ne, will be determined by for-
mula

n
n =
3

As it is seen from Fig. 1, this ratio follows from
ECG with a single ventricular extrasystole.
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6) according to the number of rhythm disturb-
ances, diagnostic parameters (sensitivity, specificity)
and temporal localization of extrasystoles are deter-
mined. This algorithm was implemented in LabVIEW
2014 software environment.

Fig. 2 shows the front panel of the program. The
program consists of three subroutines:

reading a file,

generating cardiointervalogram (CIG),

signal analysis.

__AJ/LJV/\_HJL/\J L.____N

R Rr

IL/L»JLAWMLA

Fig. 1. Single ventricular extrasystole (indicated by an arrow).
CCP is a complete compensatory pause. 2RR - two normal cardiac cycles.
(Holter monitoring ECG recording) [19]
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r||r|f ||0.63106|| 2.42564| 0.71458|| 0.99408|| 0.95232 || 1.00937|| 0.60371 || 2.30487 || 0.73018| 0 D

Fig. 2. Program for detecting arrhythmias in the environment of LabVIEW

The file is read using the function of Read Biosig-
nal Express VI.

Configuration virtual instrument of Read Biosignal
Express VI allows to access the folder where the file
under study is available, cut the desired part from the
file, select the desired lead, present the file as a se-
quence of reports (Waveform Values).

CIG formation subroutine was implemented using
the function of WA Online Multiscale Peak Detection
VI, which allows to identify the peaks of R and their
localization in real time based on wavelet analysis.

Using the obtained CIG, an analysis of HRV and
recognition of arrhythmias was carried out.

Discussion of the results

In order to test the performance of the proposed
algorithm, real signals were used from the annotated

international databases of Physio net site [20] - from the
database of Massachusetts Institute of Technology
(MIT-BIH), in accordance with the recommendations of
AAMI. EC57:2012 [21].

Electrocardiography signals from this database are
considered today as a generally recognized standard for
testing software tools designed for cardiology applica-
tions.

MIT-BIH Arrhythmia Database contains 48 half-
hour extracts from dual-channel ambulatory ECG re-
cordings.

Characteristics of the signals of this base are:

the number of leads - 2 (I1 standard, V1),

sampling frequency - 360 Hz;

ADC resolution - 11 bits.

In addition, stimulated models of ECG signals
were also used to test the program.
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Table 1 presents the results of testing the program
using fragments of various lengths of 119.hea file, taken
from MIT-BIH database.

The results of testing the program, as it is seen
from tables 1 and 2, gives satisfactory results.

However, further research showed that the pro-
gram for signals with sinus rhythm and single ventricu-
lar extrasystoles gives high results, the reliability of

Table 1 — Results of testing the program

detecting pathological QRS complexes in which is 97-
98%.

In order to recognize more complex extrasystoles,
this algorithm should be improved, taking into account
the structural features of extrasystoles.

Table 2 shows the results of testing the program
for fragment:

00.00.00-00.00.10 sec of file 119.hea.

The number of
Lenath of sianal fragment Number of Real number of extrasystoles Detection
g g g complexes extrasystoles detected by the of error
program
00.00. 00- 00.00.10 sec 10 2 2 0
00.00.00- 00.00.20 sec 21 3 4 +1
00.00.00- 00.00.50 sec 55 14 12 -2
00.00.00- 00.00.100 sec 108 25 21 -4
Table 2 — The results of testing the program for fragment 00.00.00- 00.00.10 sec of file 119.hea
N Ratio . Number
Localization Le_ngth of adjacent Belongmg of rhythm
of observed peaks of RR intervals - . to pathological :
of R. sec {4Ri= Ri-Ri1} RR intervals: interval disturbances
: =R {ai= AR/ ARi-1} (extrasystoles)
0.858333 0.858333
14 0.541667 0.631068 yes
2.71389 1.31389 2.42564 no
3.65278 0.938889 0.714588 yes
4.58611 0.933333 0.994083 no
2
5.475 0.888889 0.952381 no
6.37222 0.897222 1.00937 no
6.91389 0.541667 0.603715 yes
8.21111 1.29722 2.39487 yes
9.15833 0.947222 0.730193 yes
Conclusions computing resources, while maintaining high values of

An algorithm was developed to perform ECG sig-
nal processing procedures and detect QRS complex in
accordance with the requirements of AAMI EC57:2012
documents [21] for reliable identification of arrhythmi-
as. The proposed algorithm for recognition of arrhyth-
mias (ventricular extrasystoles) is characterized by sim-
plicity of implementation and minimal requirements for

sensitivity and specificity for ECG signals with sinus
rhythm and single ventricular extrasystoles.

The developed program was tested using ECG sig-
nal of 119.hea from MIT BIH database [20] as well as
models of stimulated ECG signals in LabVIEW envi-
ronment.

The results obtained during the processing and
analysis of ECG files taken from databases [20, 22] (di-
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agnostic features of which were known in advance) with  space” and “HRV analysis system”) implemented in
both systems (“ECG signal analysis system in phase LabVIEW environment confirm their adequacy.
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AJITOPUTM aBTOMATHYHOTO PO3Mi3HABAHHS MOPYIIEHb PUTMY CePIIst
Camenoga [1ladar

AnoTtanisi. IocranoBka mpodaemu: CeplieBo-CyANHHI 3aXBOPIOBaHHS HUHI 3aJIUIIAIOTHCS OAHIEIO 3 MPOBIIHHUX MPHU-
YUH CMEPTHOCTI. Ba)XKIIMBO CTEXUTH 3a CTAHOM CEpILIEBO-CYIMHHOT CHCTEMH Ha PaHHIX CTajisX MaToJyorii, 100 CBOEYacHO miar-
HOCTYBAaTH 1ii 3axBoproBaHHsA. Oco0imBe MicIe cepell 3aXBOPIOBaHb CEPIIEBO-CYANHHOI CHCTEMH MOCIIAOTh pi3Hi apuTmii. Haii-
OLTBII YacTUMH 3 PI3HHX apuUTMiil € exctpacuctoii. [IITyHOUYKOBI €KCTPACUCTONN BBAKAIOTHCS HAHOLIBII HEOS3MCYHUMH IS
KHUTTS €KCTPAcHCTONaMU. [IJIs TIarHOCTHKY HMITYyHKOBHX €KCTPACHCTON Ha paHHIN cTamii X po3BHUTKy moTpibHa 00poOKa Ta aHa-
JTi3 BEIMKUX 00CSTIB eleKTpoKkapaiorpagiyHuX TaHuX. Y 3B'3KY 3 IIMM PO3pOOKa Ta MporpamMHa pealtizallist afropuTMiB aBTOMa-
THUYHOT'O PO3Ii3HABAHHS IIUTyHOYKOBHX apUTMiil Ha OCHOBI IaHUX eJIeKTpokapaiorpadii 3a JOMoMOror Cy4acHUX KOMI'FOTEPHUX
TEXHOJIOTIH € aKTyaqbHUM 3aBAaHHAM. MeTa poboTH — po3pobKa alropuT™My aBTOMATHYHOTO PO3Mi3HABAHHS IIUTYHOYKOBHX apH-
TMiif Ta Horo mporpamna peaiizaris. PeynbraTn: Po3po0ieHo anroput™ aBTOMaTHYHOTO PO3IMi3HABAHHS HITyHOYKOBUX €KCTpa-
CHCTOJI, 110 BiJPI3HAETHCS MPOCTOTOIO peatizalil Ta MiHIMaJIbHUMU BUMOTaMH /10 OOYMCIIOBAIBHHUX pecypciB. Y TOH ke yac
BHCOKI 3HaUeHHs YyTJIMBOCTI Ta crienndivHocti 36epiratotbes s curHaiis EKI 3 oIMHNYHUME IUTYHOYKOBHMH €KCTPACHCTO-
namMu. AJITOPUTM pealti3oBaHuil y mporpamHii cepenopuii LabVIEW ta nporecroBanuii 3 BukopuctanusaM daiinis EKT, B3sTux
13 MDKHapoJHHX 0a3 JaHHX 3a CepJCYHHMHU apUTMIisIMH, a TaKOX i3 BUKOPUCTaHHSIM Mojeliel cTuMmyiboBaHux curHaiis EKT.
[pakTryna 3HadymicTs: Po3pobiennit anroputm Moxe OyTH BHKOPHCTAHHH [UIS aBTOMAaTHYHOI 0OpOOKHM Ta aHAJIi3y TPHBAIIMX
3amucie EKIT Ta po3ni3HaBaHHs OUTYHOYKOBUX apUTMIM.

KawuoBi ciaoBa: enexrpokapaiorpadiqHuii CHTHAJ, apUTMis, IUTyHOYKOBA €KCTPACHCTONIIs, (a3oBHil IpocTip, da3o-
Buif noptper, RR-intepBaii, nporpama LabVIEW, wactoTa ceprieBux CKOpO4eHb.
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METO/ OIITUMI3AIIIT SQL 3AIIUTIB CUCTEMM YIIPABJIIHHA BAZAMM JAHUX

AHoTanisi. AkTyansHicTh. Po3Mip 0a3 naHuX, SIKHI BIZHOCHTBCS 10 00CSTY 30epexeHnX JaHHX, MOXKEe 3HAUYHO Bapilo-
BaTUCSL. 3pO3yMLNIO, 10 YMM OiIbIIMIT po3Mip 6a3M JaHHX, TUM OiIblIe Yacy MOTpiOHO Ha IOUTyK HeoOXixHOI iHdopmarii,
110 NIPU3BOJIMUTH 10 30LIBIICHHS Yacy 0OpOOKH 3amuTiB cepBepoM. 3 OTHOTO OOKY, ITf0 MpoOJIeMy BUPIIIYIOTH IMIITXOM IiJI-
BUIIEHHS NTPOTYKTHBHOCTI KOMITTOTEPIB, Ha SKUX PO3TAIIOBaHi cucTeMH ynpasiiHag 6azamu nanux (CYB/). Onnax, mpo-
CTO Mi/IBUIIEHHSA MPOAYKTUBHOCTI KOMI'IOTEpPIB HEOCTATHRO; YaCTO 3HAYHO KpaIlli Pe3yJIbTaTH MOXKHA JOCATTH IUIIXOM
3MiHU anroputMiB 00poOku SQL-3anuTiB. TakuM YMHOM, HE3BAXKAIOUM Ha Te, 0 poOoTH 3 onTuMizamii SQL-3anuTiB Be-
JOyThCsl ACCATHIITTSMH, Yepe3 3pOCTaHHs TEMIIiB HaKOMMYeHHs iHpopMallil Ta HaBaHTa)KEHHsI Ha cepBepu 0a3 JaHHX, Taka
pobora crana me 6iabl akTyansHow. Meta. OCHOBHOIO METOIO I1i€l poOOTH € MOKpAILIeHHS UIBUAKOCTI BUKOHAHHS BXiA-
HUX 3alUTIB y pesNiiiHii 0a3i qaHuX, 3a0e3MeuyroUyr BUCOKY MPOAYKTHBHICTD Ta 3pY4YHY peaji3allito JJisi KOPHCTyBaya.
Ie Oyne MOCATHYTO MUITXOM PO3POOKH BIOCKOHAICHOTO METOJY ONTHUMI3allii, IKHii cuHTe3ye ckinamHi SQL-3amutu 3 Be-
JIUKOT KUIBKOCTI NMPOCTIIINX 3aIMTIB, THM CaMHM IIiIBUIIYIOUH 3arajbHy e(eKTUBHICTh Ta 3pYYHICTh BUKOpHCTaHHA. Me-
TOA. Y CTaTTi MPENCTAaBICHO METO ONTHMI3allil CHHTE3y CKIaaHuX SQL—3amuTiB 3 6e3midi MPOCTUX, IO JO3BOJISIE MiIBU-
[IUTH MIBUAKICTE BUKOHAHHS BXIZHOTO 3alUTy PEJLAliiHOI 0a3010 [JaHWX OpU OJHOYACHOMY 3a0e3MeyYeHHI BUCOKOI
MIPOAYKTHBHOCTI Ta JIETKOCTI 3acTocyBaHHs. Pe3yabraTH. Po3pobneno merox ontumizanii SQL-3anuTiB criemianbHO A
CUTYyalild, KO MIBUIKICTH BUOIPKU JaHUX MOTIpUIYEThes 3 yacoM. Lleit Mmeton BkiIrouae 3aminy omepaTtopa IN Ha TmM4a-
COBY TaOJHIIO Ta BUKOPUCTAHHS HE KIACTEPU30BAHOTO iHIEKCY. TaKUM YHHOM, BiH NPHUCKOPIOE MpPOIEC BHOIPKH JaHUX,
3MEHIIYIOYH JIOTi4Hi 3BepHEeHHA. BucHOBKHM. OCHOBHI ITiJTi JOCHIIKEHHS OYJIM BU3HAUEHI Ta YCIIIIHO JTOCATHYTI: poaHa-
JII30BaHO ICHYIOUI MiAX0M 10 ontuMizaiii SQL-3anuTiB Ta OCHOBHUX 3acaj] pOOOTH ONTHUMi3aTopa 3aITiB K KOMIIOHCHTA
CVYB]; po3poGiieno meron ontumizanii SQL-3amuTiB; OIiHEHO e(pEeKTHBHICTh 3aIIPONOHOBAHOTO YIOCKOHAJIEHOTO METOTY.

KawuoBi ciaoBa: 6a3u nanux, ontuMisauis SQL—3amuris, ingekcu, oneparopu IN.

AGOpeBiaTypu

SQL - Structured Query Language;
B/1 — 6a3a nanux;
CYB]] — cucrema ympaBiiHHA 0a3aMu JTaHUX.

Beryn

O0po6ka 3amutie SQL BK/IIOUaE B ceOe CHHTAKCH-
YHUW aHaji3, ONTHMI3aIlif0, TeHEePaIlif0 KOIy Ta BHKO-
HanHs SQL 3anwutiB. YV cdepi aBTOMAaTHUHOIO Hajaml-
TyBaHHs SQL icHye BelMKa KiJIbKiCTh IHCTPYMEHTIB, SIKi
JIOTIOMArarTh mporpamicram 0a3 JaHUX BHSIBIIATH 3a-
IIUTH, SIKI NPU3BOJATH JI0 MPOOJEM, i MPOIOHYIOTh Pi-
WeHHs IS iX BunpasieHHs [1]. OgHak HalamTyBaHHS
SQL Bce me motpeOye 3HAYHOI yBaru JIIOAWHU, HE3Ba-
’Kal04YM Ha HAasIBHICTh TAaKUX 1HCTPYMEHTIB.

[epeniunmo TUTIOBI POOIIEMH, IO BIUIMBAIOTH HA
poxyKTUBHICTH SQL-3anuTiB:

1. HenmocratHs ontumizamis  3anuTiB:  SQL-
3aMUTH TOBWHHI OyTH ONTHUMIi30BaHi JUIsl IIBHIKOTO
BUKOHAHHA. SIKIIIO 3amUTH HE ONTHMI30BaHi, BOHU MO-
KYTh BHMAaraTé BeJHKY KiIBbKICTh OOYHCIIOBAaJIbHUX
pecypciB 1 "acy mis oOpoOku manux. lle moxe Oytm
BUKJIMKAHO HETPaBHIILHUMH 200 Hee(EKTHBHUMH BHpa-
3aMH, BIZICYTHICTIO HEOOXiTHUX iHJCKCIB a00 HelToCTaT-
HBOIO KUIBKICTIO (DUNBTPIB JUIS 3MEHIIEHHsT o0csry na-
HHUX, 5IKI TTOTPiOHO 0OpOOHTH.

2. BigcyTHicTe HeoOXimHHMX iHzAekciB: [Hmekcu
BHUKOPUCTOBYIOTBCS U IIBHUIKOTO TOIIYKY NAHHUX Y
TabnmuIpsIx. BincyTHICTE HEOOXiMHUX iHICKCIB abo He-
MIpaBUJIIbHE BUKOPUCTAHHS iHAEKCIB MOKE TPU3BECTH 110
MOBUTPHUX 3amuTiB. Hampukmaz, SKIO0 9acTo BUKOHY-
foTbes 3anute 3 ymoBoto WHERE Ha meBHOMY cTOBIIII,
TO BapTO PO3MISHYTH CTBOPEHHS I1HIACKCY A IIHOTO
CTOBIIIIS.

3. Tlorana crpykrypa 0a3m manmx: Skmo 0Oaza
JAHUX HE Ma€ ONTHUMAIBHOI CTPYKTYPH, IIe MOKE TIPH3-
BOJIWTH IO TOBUTbHUX 3amuTiB. Hampuknax, skmo Tab-
JWII MaloTh 3aHAATO Oarato 3B's3KiB a00 HEMpaBIIIHHI
THUIU JIAHUX, TO [[e MOXKE BIUIMBATH HA TPOAYKTHBHICTb
3aIuUTIB.

4. Benukuii o0csr ganux: SIkmio 6a3a naHux Mic-
TUTh BEJIHMKHH OOCST JaHMX, 16 MOXE INPHU3BECTH IO
MOBUIHHKX 3aMUTIB, OCKIIBKH CHCTEMi MOTPiOHO Oararo
yacy muist 00poOKku Takoi KijbkocTi iHdopmaii. ¥ Takux
BHITAIKaX MOXKHA PO3TIIIHYTH BHKOPHUCTAHHS IiIXOIIB,
TaKUX SK PO3MOAiJcHa 0O0poOka MaHWX abo0 BHKOpPHC-
TaHHA TAPTUIIN U1 PO3ALICHHS TaONHIP Ha MEHIII
CETMEHTH.

5. HemoctatHst onTuMiszamisi cepBepa 0a3u TaHUX:
HemnpaBuibHa koHQIryparis cepsepa 6a3u J1aHUX, HEJO-
CTaTHi# po3Mip OydepiB, TOraHO HANAIITOBAHI MapameT-
pu mam'sati abo HEeIOCTAaTHA KUIBKICTh PEeCcypciB MOXKYTh
BIUIMBAaTH Ha TNpoayKTHBHICTE SQL-3amutiB. Baxkimso
BUKOHATH HAJIOKHE HAJNAINTYBaHHS cepBepa 0a3u AaHHX
JUtsl 3a0€3MeUeHHs ONTHMAITLHOT TIPO/IyKTUBHOCTI.

6. Hecnpasni anaparsi 3acobu: Skimo cepsep 0a-
3M JaHuX abo Mepeka MaroTh MPOOJIEMH 31 IIBHUIKICTIO
abo cTabiIbHICTIO, 116 MOXKE IPHU3BECTH 10 MOBIIBHUX
BimnoBige#t Ha SQL-3ammutu. HeoOximHO mepeBipuTH
armapaTHe 3a0e3neveHHs, 3a0e3NeUnTH AOCTATHIO IPO-
MMyCKHY 3JaTHICTh 1 3HM3UTH BiJICOTOK HelepeadavdyBa-
HUX 1epeboiB y pobOTi cepepa Ta Mepexi.

7. Koudmiktn mapanensHoro BHKOHaHHA: Ilpnm
OJIHOYaCHOMY BHUKOHaHHI 0ararboxX 3alUTIiB MOXYTh
BUHHUKATH KOHQIIKTH, SKi 3HIKYIOTh MPOJTYKTUBHICTb.
Ile MoxyTh OyTH OJOKYBaHHs, KOJi3ii 800 KOHKYpEHIIis
3a pecypcu. BapTo po3miIsHyTH BHKOPWCTAHHS TpaH-
3aKLiii, OJIOKyBaHHS Ha piBHI psAAKIB abo i30JALiiHI
PiBHI JJ1s1 yHUKHEHHS TAKUX IPOOJIEM.
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Haiikpamwmii criocié miAroToOBKU HA0OPY 3alHTIB 3
ONTHMAJBEHOIO TPOAYKTUBHICTIO - HAaIKMCaTH 3aluTH
KiJIbKOMa Pi3HUMH CIOCO0aMH Ta TOPIBHATH iX IUIaHY-
BaHHS Ta BUKOHAHHS, 1[0 Ha3WBA€ThCS METOJOM Mol i
MOMUIIOK. JIJIsl MIITOTOBKHM Ta TECTyBaHHsI ONTHMi3amii
MPOAYKTUBHOCTI 3amUTiB, IOCIIAHUKHA TIPOIIOHYIOTH
6e3Ji4 MEeTO/IB Ta Mopaj, SKi MO)KHA BUKOPHUCTOBYBAaTH
[1-6]. Icuye Gararo pi3HHX CIOCOOIB BH3HAYMTH Haii-
Kpallli MO>KJIMBOCTI HATIMICAHHS 3aITUTIB, IIPOTE JBa Hai-
OUTBII YaCTO BHKOPHCTOBYBAaHMX METOIH - II€ aHAIi3
KUTBKOCTI JIOTIYHUX JaHWX, CTBOPEHHX 3allUTaMH, Ta
niepersi rpadiyHuX TUIAHIB.

00’extom gocmimpxeHds € SQL-3amutu 1o 6a3u
JIaHUX, 3 METOIO BIOCKOHAJICHHS IX IIBUAKOCTI Ta eek-
tuBHOCTI. [IpeMeToM BHBYEHHS € METOJHM BJIOCKOHA-
JICHHS LIBHJIKOCTI 3aIUTIiB Ta €()eKTHBHOCTI.

MeTow po6oTH € 30UIBIINTH IIBUAKICTH BHKO-
HaHHA SQL-3amuTy 0a3010 [MaHWX NIPH  OJHAYACHIH
MIATPUMIII BUCOKOI MPOIXYKTHBHOCTI Ta JIETKOCTI 3aCTO-
CYBaHHS DIlICHHS IUISXOM PO3POOKU MOKPAIIEHOTO
METOJy ONTHMIi3amii CHHTEe3y cKiIamHux SQL—3amuriB 3
MPOCTHX.

1 ITocTranoBka 3agaui

3apa3 pessiniiiHi 0a3u JaHUX HIMPOKO BUKOPHCTO-
BYIOTBCA IS 30epiranHs Ta 00poOKH JaHWX, IPH IIHOMY
po3mip 06a3 MOXke KOJIHMBaTHUCS BiX KiTOOAHMTIB Mo Tepa-
OaiTiB. 30UTBIICHHS PO3Mipy 0a3W JaHWX TPH3BOJUTH
JI0 30UIBIICHHS Yacy, MOTPIOHOTO JUIs MOIITYKY HOTpio-
HOi iH(popMamii Ta 00poOku 3amuTiB cepBepoM. bazm
JIAHUX TaKO>X BUKOPHUCTOBYIOTBCS JJIs Iy OuTiKarii TaHnx
B IHTepHeTi, 110 MOXe NPU3BOJMTH JI0 3HAYHOTO 3pOC-
TaHHS KUJIBKOCTI KOPUCTYBAYiB, 1110 3BEPTAIOTHCS JI0 0a3u
JIaHUX B PEXKHMMI peabHOr0 4acy. 30UIbILIEHHS MPOJIyK-
TUBHOCTI KOMIT'IOTEPIB, Ha SKHX INPALIOIOTh CHUCTEMH
yIpaBIIiHHS 0a3aMy JIAHUX, HE 3aBXKIH MOXE BHPILIMTH
i mpobiemu. [HOmi 3miHa amroputmiB 00poOku SQL-
3aIMTIB, HANPHUKIIAJ, BUKOPUCTaHHS OJHOPIBHEBHX iHIe-
KCIB 3aMICTh CKaHyBaHHs TaOJHIl, MOXKE JaTH 3HAYHO
Kpamuil pe3yipTar. Y BHNAIKy BHKOPHCTAHHS 30alaH-
COBaHMX JIEpeB IHAEKCIB, BUTpAll Yy IPOAYKTHBHOCTI
Moske OyTH mie OumbimnuM. OIHAK TMiIBUIICHHS IIBUIKO-
CTi poOOTH 30BHIIIHKOT MaM'sITi MPU3BOAUTH JIO JIiHIN-
HOTO 301JIBIIIEHHS MPOTYKTUBHOCTI 0OpOOKM 3aMuTiB.

IcHye HM3Ka KpUTEpiiB, 3a AKUMH MOXKHA ONTHMI-
3yBaTh BHUKOHAaHHA SQL-3amuTiB, Taki SK IIBHUIKICTh
BHUKOHAHHSI, 3aBAHTAXXEHHS MTPOIIECOpPa Ta BUKOPUCTAH-
Hs Tam'sTi. 3a3BUYaid, TOJJOBHOIO METOO TIPH ONTHUMIi3a-
1ii € MiHiMi3aIlisl Yacy BHKOHAHHS 3aIUTY, IPOTE 3BEp-
HEHHS 70 AMCKa MOXe OyTH HalJopOosK4or0 onepatiero,
TOMY KiJIbKICTh 3BEPHEHb JI0 IUCKA € OJTHUM 3 OCHOBHHX
KpuTepiiB ontumizauii. IHmuWA BaknuBui Kpurepid -
IIPOLIECOPHUI Uac.

Jns 301NbIICHHS IIBUAKOCTI BUKOHAHHS 3aIUTIB
MOJKHa BHKOPHCTOBYBATH Pi3HI METOIM, TaKi SIK BHKO-
pHUCTaHHS iHAEKCIB, XemI-(QyHKIiH, MaTepiani30BaHUX i
CEKIIIOHOBAaHMX YSBJICHb, aITOPUTMIB BHKOHAHHS OIIe-
pariii 3'eqHaHHS Ta OOMEKEHHS, BEICHHS CTATUCTHKH
naHux Ta iHmi. Hanpukman:

1. Onrumizauis 3anwuriB. IlepeBiputn  SQL-
3amMTH Ta cupoOyBaTH ix onrumiszyBaTh. Ciiji BUKOPH-
CTOBYBaTH e()eKTHBHI BHpa3H, YHUKATH 3aiiBUX 004mC-

JeHb 1 QyHKUIH, sIKI MOXYTh 3aTpUMYBaTH BHKOHaHHS
3aITUTIB.

2. CrBopeHHs iHIEKciB. BimmosigHo mo morpebd
JIOLILHO CTBOPHUTH 1HJEKCH JJIsl CTOBIIIIB, IIO YacTo
BUKOpHCTOBYIOThCS B omepatopax WHERE at6o JOIN.
[Hmexcn 1O3BONAIOTH IIBUAIIE 3HAXOAWUTH Ta (iNbTPY-
BaTH JIaHi, MOKPAIIyIOYH IIPOTYyKTHBHICTH 3aIIATY.

3. Ileperman cTpykrypu 6a3um maHux. JOmiisHO
MEPEeBIPUTH UM TPABUIBHO CIPOCKTOBAaHAa CTPYKTypa
BJI. Tabmumi MOBMHHI MaTH HaJIeXKHi MIEPBUHHI Ta 30B-
HIIIHI KJIFOYl, 1 ONTHMAajbHI 3B'SI3KM MK TaOIHIIIMHU.
Takox cimiJy BUKOPHCTOBYBAaTH HOpMalli3aliio, 1e Iie
HEOoOXiHO, 100 3a0e3meunTd e)eKTUBHY OpPTaHi3alliio
JaHUX.

4. KemyBanHs 3anuTiB. MexaHi3MHU KelIyBaHHS
JIO3BOJISIFOTH 30epiraTé pe3ysbTaTH 3aluTIB y Tam'sTi
JUIsL IBHJKOTO jgoctymy. Lle ocoOmuBO KOpHCHO s
3aIUTIB, SIKi BUKOHYIOTBHCS 9aCTO Ta IOBTOPIOIOTHCS.

5. Tlopin 3amuTy Ha MEHII YacTHHU. SKIIO 3amuT
CcKIagHui a60 mMae Oarato 00'€IHaHbB, MOKIIMBO € CEHC
po30uTti Horo Ha MeHmI 3amuTH abo mimzamutH. Lle
MOJKE 3HM3UTH HABAHTA)KCHHS 1 MOKPAIIUTH MPOIYKTHU-
BHICTb.

6. HanamryBanus cepepa 0azu nanux. Ilepesi-
pUTH HaNaIITyBaHHS cepBepa 0a3u JaHuX, Taki K po3-
Mip OydepiB, mapamerpyu mam'siti, KUIBKICTh OJTHOYAC-
HUX 3'eqHaHb 1 T. A. [IpaBuibHa KOHDIryparis Moxe
BIUIMHYTH Ha MIBUIKICTh BUKOHaHHA SQL-3amuTiB.

7. BUKOpUCTaHHS TONEPEIHBOTO 3aBAHTAKCHHS
JMaHUX. SIKIIo BiZOMO, IIO MEBHI AaHi OyIOyTh MOTPiOHI
JUII BUKOHAHHS 3allUTiB, IOUIFHO 3aBaHTAXKUTH iX 3a-
3[aNerifp y naMm'ate abo tumuacosi Tabmmmi. le momo-
MOJKE YHUKHYTH 3aiiBHX 3aIIUTiB 10 0a3W JaHWX 1 mpuc-
KOPHUTHU BUKOHAHHS 3aITUTIB.

8. TlapanenbHe BHKOHaHHA. BukopucTOBYBaTH
MOJKJIMBOCTI TAapaJIe]IbHOTO BUKOHAHHS 3aIIMTIB, J€ II¢
MOJKJINBO. PO3MIIAHYTH PO3/IJICHHS BEJIUKUX 3alUTIB Ha
MEHIIII YaCTHHH, SKi MOXYTh OyTH BUKOHAHI Hapajeib-
HO.

i MeToau MOXYTh OYTH BUKOPHCTaHI OKpeMo abo
B TOE€NHAHHI OJWH 3 OJHUM [UISI TOCATHEHHS KpaIoi
mpoAyKTUBHOCTI SQL-3amuTiB cucTeMu.

Onrumizarop - cneuianbHuii komroneHT CYB/I,
o 3aiiMaeThes MO0y J0BOIO TUIAHY 3aIUTy, TOOTO iOTo
Kommirniero. OnTuMi3aTop po3rIIsAaEe pi3Hi KpUTepii
Ta HAsIBHICTH JOMOMDXHHX CTPYKTYD, BCTAHOBIIIOE KiJlb-
Ka IJIaHIB BHKOHAHHA, OIIHIOE BapTiCTh BUKOHAHHSI
KOXKHOTO 3 HUX 1 BuOMpae Halkpammii. OmHaK, cKIaaa-
TH BCi MOKIIMBI TIJIaHH Ta OI[IHIOBATH iX OyJ0 0 3aHAITO
JIOPOTO Ta YacOBO 3aTPATHO, TOMY CKJIJAETHCS TUIbKH
MiIMHOKWHA MOMKJIUBUX TUIAHIB, 3 SIKOT BHOUPAETHCS
HaWKpammi.

3apa3 mpoOBOIATECS POOOTH MO PO3pOOIi HOBHX
CTPYKTYp, IO JO3BOJIAIOTH 3MEHIIMTH KiJIBKICTh 3BEp-
HEHb JI0 JUCKA Ta MiJBUIICHHIO €(PEKTHBHOCTI ONTHUMI-
3aTopa 3aIuTiB, TOOTO AITOPUTMY BHOOPY MOXIIMBHX
IUTaHIB BUKOHAHHSI.

He3Bakaroun Ha TPUBATICTH POOIT 3 onTuMizamii
SQL-3amuTiB mMPOTATOM 0aratb0X POKIB, BOHHU 3aJIHIla-
FOThCS BKIIMBUMU 1 choroani. Cripaai, i3 3pOCTaHHAM
obcsary iHdopmamii 1 HaBaHTaXEHHS Ha 0a3W JaHMX,
TaKi 3aBAaHHS HAOYJIH 1Ie O1TbII0T aKTyaTbHOCTI.
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2 Orusig Jiitepatypu

O0pobka SQL ckimamaeTbes 3 KiNBKOX €TaIliB, SKi
BKJIIOYAIOTh CHHTAKCUYHHUI po30ip, ONTHMI3alliio, reHe-
patiiro psAKiB JKepena Ta BUKOHaHHA omeparopa SQL.
Puc. 1 mokasye 3arampHi eramu o0pooku SQL 3amuTy.
IcHye mmpoxuit acOPTUMEHT IHCTPYMEHTIB JJISi aBTOMa-
TUYHOTO HajamTyBaHHA SQL, sKi JomomMararTh po3po-
OHnkam 0a3 nmaHWX BUSABIATH mpobmemu B SQL-
omeparopax. Ta IpOTOHYIOTh iX BHUIpasieHHS [1]. Xoua
Taki IHCTPYMEHTH MOXYTh 3HH3UTH HaBaHTAXXEHHsS Ha
po3poOHUKIB 0a3 maHux, HamamTyBanHs SQL Bce x
BUMarae 3Ha4HO{ y4acTi JIIOANHH.

SQL 3amur

- - - -
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Puc. 1. 3aranpHi eranu 06pobku SQL 3anuty

[[{o06 3abe3neyuTH ONTHMANBHY TPOTYKTHBHICTH,
HalKpammii croci0 ckilacTu HaOip 3amMTIB - L€ Harca-
TH iX KUJIBKOMa pi3HHMMH CHOCOOaMU Ta ITOPIBHATH ILIa-
HU TUIaHYBaHHS T4 BUKOHAHHS, BHKOPUCTOBYIOYH METOJ
mpo6 i mommiok. IcHye 6e3miy MeTomiB Ta mopajn A
MiITOTOBKU Ta TECTYBaHHS ONTHUMI3aIlii MPOIyKTHBHOC-
Ti 3anuTiB [1-6]. /IBa HalOLIBII YaCTO BUKOPHCTOBYBA-
HMX METOAM - II€ aHami3 KUIBKOCTI JIOTIYHMX JaHUX,
CTBOPEHUX 3allUTaMH, Ta TIEPETIIs TpadiYHUX TUIaHIB.

B [3] P. Karthik ta cniBaBTOpu BHUCBITJIIOIOTH BaX-
JIUBICTh HANAINTYBaHHs 3amuTiB SQL 11 MOCSATHEHHS
BUCOKOI MPOJYKTUBHOCTI CHUCTEM YIPaBIiHHA 0a3aMu
naHux. [lepir Hix 3aIpOMOHYBAaTH METOJM HAJAlITyBaH-
Hs1 SQL-3anuTiB, BOHU JOCIIIKYIOTh HAWKPAIIl MiIX0IU

JI0 OJHOYACHOTO HaNAIITYBaHHS KIUIBKOX OIEpaTopiB
SQL. BoHr nponoHyIOTh IUPOKUHA MiAX1M, KA 103BO-
Js€ TapajensHo HanmamroByBaTH SQL-omepatopu Ta
MOXE€ 3HaYHO 3CKOHOMHUTH Yac Ha HaIAIUTyBaHHS Ha
Mi3HIMMX eTanax. ABTOpPU He HaJalOTh JKOIHUX KOHKpe-
THHUX METOJIB HajamrtyBaHHS SQL, aje miarBepKyoTh,
0 BUKOpHCTaHHS KitogoBoro ciuoBa DISTINCT y 3amnu-
tax SQL He € NOIiTbHIM, KOJIH MOUTYK 3IHCHIOETHCS Ha
OCHOBI aTpuOyTy MEPBUHHOTO KITIOYA.

V crarri [2] R. Bhajipale Ta i#mi npoBenn moxia-
JTHE JTOCTI/KeHHST HeoOXiTHOCTI HaJlaIITYBaHHS 3alUTiB
y BeNMKHUX 0a3ax JaHWX 3 METOIO ITiABMIIEHHS HPOIyK-
THUBHOCTI. BOoHM 3ampornoHyBanm KiibKa TEXHIK HaJjaml-
TYBaHHSI 3alMTIiB, IO € YacCTHHOIO X pPEKOMEHJamil.
JIOCTIAHMKY 3a3HAYMIIM, IO ONTHMI3aIlisl 3alMTiB - IIe
riboka Tema, i IX Mopaju € JMIle 3araJbHUMH HacTa-
HOBAaMH, SIKI OXOIUTIOIOTh HAWBaXXITMBIiIIi acrekTh. Pe-
KOMEH[IAIlii, 3aIpOIIOHOBAHI Y CTaTTi, HE € BHUSPITHUM
CIFCKOM TEXHIK a00 THIIIB CKJIQJIHUX 3aIHTiB, TOMY IIIE
€ 6araTo poOOTH AJIS IHITNX JOCIIAHUKIB y il TaIys3i.

V crarri S. S. Srinivas [7] Oymo npeacraBieHo Ki-
JbKa METOJIB HaNamTyBaHHA Ta omrtumizamii SQL-
3anuTiB. He3Bakarouu Ha Te, MO I[i METOAU € BayKJIH-
BUMH, CITUCOK X HE € IOBHUM 1 HE OXOILIIOE BCI JIOCTY-
nHi Meronu. Lle mae MOXIUBICTh MTOCTITHHAKAM MPOJIO-
BXKYBaTH PO3pPOOKY CBOIX MPOMO3UILIN 3 HANAIITYBaHHS
SQL y maiidyTHhOMY. Y CTaTTI HE OyJIO HAJAHO OI[IHOK
e(EKTHUBHOCTI OyIlb-SIKOTO 3 3aIPOMOHOBAHMX METOJIIB,
mo € HenoJikoM. ToMy HE MOXXHa TapaHTyBaTH, IO
3aIpOINIOHOBAHI y JOCIIKEHHI METOAN Yy peaJbHUX CH-
Tyanisx OyayTh e(peKTHBHUMH.

V cBoiii crarti D. Patel Ta P. Patel [8] 3anmponony-
BaJIM METOJ| ONTHMIi3alii 3almuTiB, MO0 TPYHTYETHCA Ha
mepernsaai 6a3oBoro o0'ekra Schema s Benukux 6a3
JaHux. BoHM BBaxkaroTh, IO IX CX€Ma MPUBOJUTH 0
CKOPOYEHHsI 4acy BHMKOHaHHs 3allUTy Ta 3MEHIIEHHS
00CSTy 3amuTy, MOPIBHSHO 3 IHIIUMH METOJaMH, TaKH-
mu sk Query Graph, Tableaus a6o Optimization of
Queries with Aggregates. Ilpore, y crarti He Oyio
HPEJICTABICHO YKOIHOTO METOMY JJIsl OKPAICHHS CHUH-
takcucy SQL 3 MeTOI0 miIBUIIEHHS MPOIYKTUBHOCTI.

VY crarti S. Patil ta igmi [9], 6ymo po3risHyTO 9
PI3HUX METOJiB, SKi MOKHAa BHKOPHCTOBYBATH /ISl Ha-
nmamtyBaHHs SQL-3amuTiB, mpote, CTaTTS HE MICTUTH
KOHKPETHHX IPOINO3HLiK a00 Mopaj o0 TOro, SIK M-
catu edexTHBHI oreparopu SQL.

Hocmimxernns D. Colley Ta C. Stanier 3ocepemkeHi
Ha HOBUX METOJaX, siki OyJM 3alporOHOBaHI HEIABHO
JUTsT 30UTBIIIEHHS] IPOXYKTHBHOCTI 6a3 manux [20]. Bouu
JOCHIAWIA TPH KIIOYOBi (pakTopw, sIKi BIUIMBAIOTH Ha
MPOAYKTHBHICT 3anuTiB 70 BJI, BKiIt04Yar04u BIUIMB OIle-
paropa JOIN Ha nposyKTHBHICTb, alie iXHIH aHall3 He €
TIOBHHUM, OCKUIBKM BOHH HE PO3IIISAAIOTH Pi3HI CIIOCOOH
Bukopucranns oneparopa JOIN B oneparopi SQL.

Harowmicts, crarTs [6] npornoHye ontuMizarito 3a-
IMUTIB 3 BUKOPHCTaHHAM meperBopeHb SQL, sika € on-
HHM 3 YOTHPbOX KpPOKiB omTuMizatopa 3amutiB Oracle.
ITepetBopenns SQL BHKOHYETBCS ONTHMi3aTOpOM 0a3u
JaHuX, mo06 3aMiHUTH AaHui omepaTop SQL Ha iHIIMA,
SKUI MOXe OyTH BUKOHAHWH Oiibill e€()EeKTHBHO, aye
TmoBepTae Ti Xk pe3yabTaTd. CTaTTs po3risagac pi3Hi Me-
toau niepetBopeHHs SQL, siki peamizoani B Oracle, aie
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HE HaJmae mopaj Imoao HamucanHs edexktuBHUX SQL-
3aIUTIB I KOHKPETHOI cHUTYyallii a0o BUMOTH.

VY po6orti [10] C. G. Corlatan ta i gocmimkysa-
JIU METOJM ONTHUMI3allil 3anuTiB 1t cepepa Microsoft
SQL i 3'scyBanm, mo nexiibka (pakTopiB MOXKYTb BILIH-
Bati Ha mpoxykTtuBHiCTE CYBJI, Taki sSK BiICYTHICTBH
IHJIEKCIB, HETOYHA CTATHCTHKA, ITOraHO HAIKMCaHI 3aIu-
TH, B3a€MOOIIOKYBaHHS, BUKOPHUCTAHHS KypCOPiB B OIIe-
pamisix TransactSQL, ¢parmenrarmis iHgekciB i dacrta
MIEPEKOMITUIAIIS 3amuTiB. X04a JOCIITHUKH 3aIpoIIo-
HyBaJM KiJbKa MOpax IIOJ0 ONTHUMi3amii 3amuTiB
SELECT, BoHM He Oyiu nepeBipeHi B pealbHUX eKCIIe-
pUMEHTaX, TOMY IX MOJKHa PO3IJISIATH JIMIIE SIK 3ara-
JIbHI peKOMeHarii.

V crarrax [11, 12] po3risiHyTO BUKOPHCTAHHSI MijI-
Ka30K mpu ontumizaiii BriuageHux SQL-3amuris.
OCKUJTbKH KOPHUCTYBadi HE MAIOTh HPSMOI0 JOCTYIY J0O
ormrumizatopa 3amutiB CYBJI, migka3ku, BCTaBieHI y
BUTJISIII KOMEHTapiB B oneparop SQL, MOXKyTh OaTH OII-
TUMI3aTOpy BKa3iBKy BHKOHATH IIeBHI  omepamii
BIITIOBITHO 10 MOTped KOPHCTyBada, HE BJAIOYHCH JIO
aBTOMATHUYHOI onTUMi3awii. JlocniAHIKH BKa3ylOTh Ha T€,
L0 BUKOPUCTAHHS MiJIKA30K MOXE 30ULIBIIUTH MPOIYK-
TUBHICTh 3alUTIB Ta L0 METOJA € MPOCTUM y BHKOPH-
CTaHHI Ta 3pPO3YMIJINM, Yepe3 Te IO MiZKa3KU MHIIYTHCS
MpOCTO MOBOI. OJHAK TOJIOBHUM HEIOJIKOM I[HOTO
METOJly € Te, WO MiJIKa3Kh CHUHTAKCUCY 3aJIeKaTh Bif
neBHOi peanizanii CYB/] i He MOxkyTh OyTH THITI30BaHi,
TOMY MIO MiAKA3KH He € YacTHHOI0 SQL-cTaHmapTis.

VY po6ori J. Habimana [4] nagaB nopaau 10 Hamu-
caHHs e(eKTHUBHHUX Ta mBUAKHX SQL-3amwmriB. Jnsa mo-
CIIJKeHHST €(PEeKTHBHOCTI METOJIB, IO MPOTOHYIOTHCS,
OyJ10 IpOBENICHO MOPIBHAIBHUI aHATi3 IPOIyKTHBHOCTI
HaJlaIITOBAaHWX Ta HE HAJAIITOBAaHMX 3amuTiB. Pe3yib-
TaTH CBiJ4aTh NPO Te, 10 HAJAIITOBaHI 3allUTH MaIOTh
neski nepesard. OHak, B poO0Ti OyJI0 BUSBIICHO HEJO-
JIIKK, 30KpeMa, BCi MOpaJM CTOCYIOThCS 3aIlUTIB, SIKI
OTPUMYIOTh JaHi 3 OJHi€i TaOJHIN Ta HE BKIOYAIOTH B
cebe BriazeHi 3anutd. Kpim Toro, BiACYTHsS OIliHKa
e(eKTUBHOCTI 3alpPONOHOBAaHHUX MOpPaj, TOMYy iXx edek-
THUBHICTh HE MOXe OyTH BH3HaueHa. ABTOpP HE HaJaB
KOJHHUX aTpUOYTiB MPOIYKTHBHOCTI, SIKi MOXHa Oyio O
BUKOPHCTOBYBATH ISl TIEPEBIpPKU €(hEeKTHBHOCTI 3aI1po-
IIOHOBAHMUX METO/IIB IHIIMMU JOCHIAHUKAMH.

3 MarepiaJu i MmeToau

Omneparop y SQL - e crmoBo abo cUMBOII, sIKe 3a-
CTOCOBYeThCsl nepeBakHO y peueHHi WHERE nns Bu-
KOHaHHS Ollepallili, TakuX SK MOPIBHSHHA Ta apudme-
TnuHi omnepauii. L{i onepaTopu momomararoTh BCTaHOB-
JIIOBaTH YMOBH B 3aITUTI Ta IOEJHYBAaTH JEKiJIbKa yMOB
B OJIHOMY 3anHTi. X04a OIEpaTOpH € Jy’ke KOPUCHUMHU
y SQL, mesiki 3 HUIX MOXYTh BUMaraTy 3Ha4Hy KUIBKiCTh
pecypciB /Ui BUKOHAHHS.

Jani 3anporoHoBaHo Tokpamienuii  merton [13],
0 HaMaraeTbcs yHUKaTH omepatop IN B pedeHHi
WHERE.

Xio po3eé’asKy:

3po06iTh TMMYacoBy TaONHMIO, BCTaBTE IMOTPiOHI
nai ta pukoHaite JOIN 10 OCHOBHOTO 3amuTy.

VY BUNaJKYy SIKIIO CKJIAJCHHH 3alMT MICTUTbH OIle-
parop IN, Horo cinij BUIyYUTH, a JUIS CTBOPEHHSI THM-

yacoBoI TabiuLi Ta JoJaBaHHs Ii B 3alIMT CIif 341HCHU-
TH HaCTyITHE:

1. Busnauutu
SELECT *.

Skmio Tabmuis MICTUTH OaraTto aTpuOyTiB Ta KOP-
TeXiB, BUGIpKa ycix momis (3a momomororo SELECT * )
MIEPEBUKOPUCTOBYE peCypcH 0a3W OaHWUX Ui 3alHTy
BEIIMKOT0 00’eMy 3aiBux naHmx. OTHOYACHO 3 IIHM,
3a3HauyeHHs croBmuiB y omeparopi SELECT Oyne Buna-
BaTH TIILKY BaKJIMBI IaHI.

2. Oomumuatu SELECT DISTINCT mpu Moxiu-
BOCTI.

SELECT DISTINCT rpynye Bci monst B 3amwri,
JUIL CTBOPEHHsS 4iTKOI Bimmosinmi. [Ipore mo0 mocsrtu
IO 1iJIb Tpeba 3HauYHUKH 00’€M OOYHCIIIOBAIBHOI MOTY-
JKHOCTI.

3. 3acrocoByBatt WHERE 3amicte HAVING
Ut GinbTpanii JaHuX.

3rinHo 3 mopsakoM ormepamiii SQL, omepatop
HAVING Bukonyetscs micna omepartopy WHERE.
SAxmo x Tpeba BiadimpTpyBaTH 3amuT Ha 0a3i MEBHUX
yMmoB, oniepatop WHERE € epexTuBHImmmmM.

4. 3acrocoByBatu omepatop LIMIT mms cxopo-
YEeHHsI pe3yJIbTaTiB 3aluTy.

3acrocoByrouu LIMIT mo mepmoro 3amycky 3amnu-
Ty, CIIiJi IEPEKOHATHCS, 1O OyAyTh OTPUMaHi 3Hauymi i
6axani pesynbrati. [Ipu npomy skmo y CYB/] onepa-
top LIMIT BincyTHiii, To MOXHa BUKOPHCTAaTH HACTYII-
HUN CUHTAKCHC:

SELECT TOP 3 * FROM Table;

5. 3MIHMTH MiA3alIHT Ha OIepaTrop 3’ €IHAHHA
JOIN.

[lig3anuT MOXXHA 3aMIHUTH 3 €IHAHHIM, sSKe Oy-
Jie BUKOHyBaTHCs mBume. Hanpuknan:

SELECT authors.id, (SELECT MAX(created)

FROM posts

WHERE author_id = authors.id)

AS latest_post FROM authors

Ileii 3anuT MOXIIMBO MEPENUCATH 3 BUKOPUCTAHHSAM
JOIN:

SELECT
latest_post

FROM authors

INNER JOIN posts

ON (authors.id = posts.author_id)

GROUP BY authors.id

6. IIpubparu omneparop IN, cTBopuTH TabIHIIIO
#temp i BCTaBUTH B Hei MOTPiOHI JaHi.

7. Busnaumty iHACKC A TabmUI #temp.

8. 3'emHaTu #temp 3 OCHOBHHM BiTHOIICHHSM.

arpubytn  SELECT  3amicth

authors.id, MAX(posts.created) AS

4 ExcriepMMeHTH

Iepen mouarkoM BHKOHaHHs 3amuTiB [13] Oyro
o0paHO Mally Ta CepelHI0 Mo po3Mmipy 0a3y HaHHX 3
[4], nns maninymroBands B Oyno o6pano Microsoft
SQL Server Management Studio.

Cxema BJl mpencraBneHa Ha pwuc. 2, a OIMUC — B
Tabm. 1.

Po3mip manoi 6asu manux ckiamae 6ims 10 I'b, a
cepenuboi 50 I'b.

XapakTepuCTUKH KOMIT'I0Tepa, Ha SKOMY IIPOBO-
JSITHCS €KCIIEPUMEHTH ONMYaHi y Tabi. 2.
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Tabruys I — Onuc 6a3 JaHUX, IO BUKOPUCTOBYIOTHCS

Tabauys 2 — Onue KOMI’10Tepa, 10 BUKOPHUCTOBYIOTHCSI

Hassa KinbkicTph psakis Kinb- XapakTepucTHKA 3HayeHHs
Ta6Hui Mauenska B | Cepenns BT wiers TIpoueccop Intel Pentium N3542 2.16 GHz
3B’A3KiB -
T 5 5 1 Orep. cucrema Windows 10
n es
PoslLik 161519 1421208 2 Taw’ss HDD suurysaris - 90 MBJs, sa-
Posts 3729195 17142169 2 At o MR
0SIS s
Omnep. nam’sth 4 Tb DDR3-1333 MHz
PostTypes 8 8 1
\Votes 10143364 52928720 3 .
Ominky Meroay OyJIO MPOBEACHO NUISXOM CTBO-
VoteTypes 15 15 1 . S .
Comments 3875183 54534730 > penss kinbkox SQL-3amwurtiB 3 omepatopom IN Ta BHKO-
puctranas Temp Tables 3amicte omeparopa IN, sk 3a-
Users 299398 2465713 3 TIPOMIOHOBAHO Y IbOMY JOCTikeHHi. IIpomec 3acTocy-
Badges 1102019 8042005 1 BaHHS METOJ[y MOKA3aHO Ha JICTIHTy 1.
[EF Users
1% 1d
ase AboutMe FF Badges
P Posts E® Comments 123 Age 135 1d
1% d 1% 1d #) CreationDate | pec Name
123 AcceptedAnswerld ) CreationDate rBC DisplayName - 123 Userld
123 AnswerCount 123 Postld s o173 Downliotes ¢ @ Date
FBE Body 123 Score REC EmailHash
& ClosedDate ) e et @ LastAccessDate
123 CommentCount " |1z3 Userld fBC Location
& CommunityOwnedDate o 123 Reputation
& CreationDate 123 UpVotes
123 FavoriteCount 123 Views
&) LastActivityDate ABC Websitelrl
) LastEditDate 123 Accountld
aec LastEditorDisplayName <'>
»,O 123 LastEditorUserld o B9 votes
- 125 OwnerUserld h B VoteTypes
BB PostLinks I N 123 Parentld . 14 d Y
1% 1d 123 PostTypeld . “|123 Postid e -0
0O
CreationD. 123 Score 123 Userld nec Name
BB LinkTypes R % p::‘t;on e ABC Tags BB Postlypes 123 BountyAmount
13514 153 RelatedPostld fpc Title 1 1d 123 VoteTypeld
fec ype 123 LinkTypeld 123 ViewCount REC Type &) CreationDate
Puc. 2. Cxema BJ]

5 O0roBopenHs

PesynbraTu 3anutiB 1 Ta 2 mokaszaHi Ha puc. 3, pe-
3yJbTaTH 3amuTiB 3 Ta 4 — Ha puc. 4, pe3yNbTaTH 3aIUTIB
5 Tta 6 — Ha puc. 5.

SIKIIO JUBUTHUCH HA IUTAHW BUKOHAHHS 3aIIUTIB, BH-
JTHO, IO TPH BHUKOPHCTAHHI 3alpPONOHOBAHOIO YIOCKO-
HAJICHOTO METOJY KIBKICTh JIOTIYHHX 3BEpPHEHb 3MCH-
[IMJIach, IO B PE3yJbTaTi JTO3BOJMIO CKOPOTHTS Yac
BUKOHAHHS 3aIIHTY.

Tomy, Ha mijncTaBi OTPUMaHHMX PE3yJIbTAaTiB BHKO-
HaHHS, MOKHA 3pOOHTH BHCHOBOK, III0 B Maiid 0a3i jaa-
HUX 3allUT BUKOHaBcsA Ha 15% wiBuame, a B cepemHiit
0a3i JaHMX 3aIUT BUKOHABCS Ha 17% miBuIe.

W Hanawroeanmii saut Bl 3enuaiinui sanur

500

400

300

200

Yac BUKOHaHHA (c)

100

Mana 61 CepeanA Bl

Puc. 3. Yac BukoHaHHs 3anuTiB 1 Ta 2

W Hanawroganuitzanur [l 3ewalinuii sanut

500

400

300

200

Yac BMKOHaHHA (C)

100

Mana B CepegHa B

Puc. 4. Yac BukoHaHHs 3anuTiB 3 Ta 4

W Hanawrosanuiizanu [l 3enuaithni 3anut

Mana B

CepegHa B

Puc. 5. Yac BuKoHaHHs 3anuTiB 5 Ta 6
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[3anMT 1 3 BukopwucTanHam IN:

*subupaemo cToenui Ta obegHyemo Taki Tabnuui Ak: Users, Posts,
PostTypes,Comments,Votes
select U.DisplayName,u.AboutMe,p.Body,pt.type,c.text from Usersu
join Posts p on u.ld = p.OwnerUserld
join PostTypes pt on p.PostTypeld = pt.Id
join Comments c on c.Postld = p.Id
join Votes v on u.ld =v.Userld

*3343EMO YMOBY BMKOPUCTOBYHOUM onepatopu between Ta in;
where u.Views between 5000 and 50000
and Location in ("El Cerrito, CA','Corvallis, OR")
and v.Userld in (select Userld from Votes where VoteTypeld in(5,8))

*Tpu BMKOHaHHI 3anuTy iHAeKcie gogaHo He Byno.

[3anMT 2 3 BuKopucTaHHam Temp Tables:

* CTEOPHOEMO TUMUYACOBY TabanLo
create table #itemptable (UserlD int)
* BcTaBAAEMO BignosigHi aadi B Tumuacosy Tabauuio
insert into #temptable (UserlD) select Userld from Votes where VoteTypeld in(5,8)
*cTBOpEHHA iHAekKcy Ha Tabauuo #temptable
create INDEX INX_temp on #temptable (UserlD)
*subupaemo cToenui 1a obegHyemo Taki Tabnuui Ak: Users, Posts,
PostTypes,Comments Ta #temptable

select U.DisplayName,u.AboutMe,p.Body,pt.type,c.text from Users u join Posts p on u.ld = p.OwnerUserld

join PostTypes pt on p.PostTypeld =pt.Id
join Comments c on c.Postld = p.Id
join #temptable t on t.UserlD = u.ld
*3313EMO YMOBY BMHOPUCTOBYIOUM onepatopu between Ta in;
where u.Views between 5000 and 50000
and Location in ("El Cerrito, CA','Corvallis, OR")
*BMAANAEMO TUMYACOBY Tabanw0o
drop table #temptable

[3anMT 3 3 BuKopucTaHHAM IN:

*—- Bubupaemo croenuiTa o6'egHyemo Tabnuui Usersta Badges
select DisplayName,Location,B.name from Users U
join Badges B on U.ld = B.Userld

*--3313EMO YMOBY BMHOPMCTOBYIOUM onepatopw IN Ta between
where Location in ('Israel’,'United States’,"Germany’)
and Reputation between 50 and 200

[3anMT 4 3 BuKkopucTaHHam Temp Tables:

* cTROpIOEMO TUAMUacoey Tabauuio
create table #itemptable (UserlD int,DisplayName varchar(255),Location varchar(255))

* BCTaBAAEMO BignosigHi aadi 8 Tumuacosy Tabauuo

insert into #temptable (UserlD,DisplayName,Location) select Id, DisplayName,Location from Users where Location in

{"Israel’,'United States','Germany') and Reputation between 50 and 200

* cTBOpeHHA iHgekcy Ha Tabnuuo #temptable
create index INDx on #temptable (Location,UserlD)
*subupaemo croenui Ta obegHyemo Taki Tabnuui Ak:#temptable ta Badges

select t.DisplayName,t.Location,B.name from #temptable t join Badges B on t.UserlD = B.Userld

*BUAANAEMO TUMUACOBY Tabauuo
drop table #temptable

[3anMT 5 3 BukopucTanHam IN:

*B HacTynHomy sanuti Oyno eupilleHo focAiguT MeTod, nNpu BMHOpMCTaHHI Nig sanuTy

*subupanemo croenui Ta sagaemo ymosy 3a gomororo IN ta WHERE
select Votes.Postld,Votes.Userld from Votes
where Userld in
select Users.ld from Users
where Users.DisplayName in ("Jeff Atwood',"Nick','Gaius"))

[3anMT 6 3 BMKopucTaHHam Temp Tables:

#CTBOPIOEMO TUMuacoBy TabNULLO BCTABNAEMO NaHiTa CTBODHOEMO WHAEKC
create table #temptable (UserlD int)

insert into #temptable (UserlD) select Users.ld from Users where Users.DisplayName in ('Jeff Atwood','Nick’,'Gaius')

create index INdx on #temptable{UserID)
*subupaemo cToenuiTa BukopucToByemo temptable B nigzanuti
select Votes.Postld,Votes.Userld from Votes
where Userld in (select Userld from #temptable)
drop table #temptable

Jlictinr 1. [Iponec 3acTocyBaHHS 3alIpOIIOHOBAHOTO YAOCKOHAJICHOTO METOLY
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BucHoBkH

Bymno mpoBeneHo orisa Ta aHANI3 iCHYIOUHX METO-
niB ornrumizamii SQL-3anmmTiB Ta OCHOBHHX MPUHIIHIIIB
pobotn ontuMmizaTopa 3amuTiB Ak kommnoHeHTa CYB/I.
Byno o0paHOo HampsMOK 3MEHIIEHHS JIOTIYHHX Olepa-
miff Ta BHUpimeHo mpobiemy onmrtuMizamii SQL-3amuTiB
110 persmiiHol 6a3u JaHuX.

Po3pobneno meron ontumizanii SQL 3amuTiB y BH-
MaJIKax, KOJW INBUAKICTh BHOIPKM JIaHUX MOYHHATA
MOTIPIYBAaTHCh, SIKUH ToJisirae y 3amiHi omeparopa IN
Ha TUMYacOBY TAOJIMIIO Ta BUKOPUCTaHHI HEKJIACTEPH-

30BaHOrO 1HJEKCY, IO JO3BOJISIE IUBHUIIIC BHOUpPATH
JlaHi 32 paXyHOK 3MEHIIIEHHS JIOTTYHUX Omepariil mopis-
HSTHO 3 ICHYIOUMMH METOJaMHU.

Bynu BUKOHaHI 3amuTH, 10 BUKOPHCTOBYBAJIU 3a-
MPOMOHOBAHUN METOJ HAa OCHOBI THMYacOBOi TaOJHIl
Ta HEKJIACTePH30BAHOTO IHAEKCY, MI0 MiATBEPIKYE
KUTTE3AATHICTH 3aIIPOIIOHOBAHOTO pirreHHs. byma mpo-
BE/ICHA CKCIepPUMEHTalbHa OLIHKa, sKa I0Ka3ana, II0
BUBE/ICHHS JaHUX Oyno Ha 15% mBuAIIe pU BUKOPHC-
TaHHI Maiol 0a3u ma"ux 3aragsHuM oocsroM 10 I'b 1 Ha
17% mBuAIIe IPH BUKOPHUCTaHHI CEPeaHbOI 0a3n JaHMX
ob6csrom 50 I'b.
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The method of optimizing sql queries of the database management system
S. Sulima, O. lermolaiev

Abstract. Context. The size of a database, which refers to the volume of stored data, can vary significantly. It is clear
that the larger the size of the database, the more time is required to search for the necessary information, resulting in increased
query processing time for the server. On one hand, this problem can be addressed by improving the performance of the
computers hosting the database management systems (DBMS). However, simply enhancing computer performance is
insufficient; often, much better results can be achieved by changing the algorithms for processing SQL queries. Therefore,
despite the fact that optimization of SQL queries has been conducted for decades, due to the rapid accumulation of information
and the workload on database servers, such work has become even more relevant. Objective. The main objective of this work is
to improve the speed of executing incoming queries in a relational database, ensuring high performance and user convenience.
This will be accomplished by developing an enhanced optimization method that synthesizes complex SQL queries from a large
number of simpler queries, thereby increasing overall efficiency and usability. Method. This article presents a method for
optimizing the synthesis of complex SQL queries from numerous simple queries, which enhances the speed of executing the
incoming query by a relational database while simultaneously ensuring high performance and ease of use. Results. A method for
optimizing SQL queries specifically for situations where data retrieval speed deteriorates over time has been developed. This
method involves replacing the IN operator with a temporary table and utilizing a non-clustered index. Consequently, it
accelerates the data retrieval process by reducing logical references. Conclusions. The main research objectives were identified
and successfully achieved: the analysis of existing approaches to SQL query optimization and the fundamental principles of
query optimizers as components of DBMS were conducted, a method for optimizing SQL queries was developed, and the
effectiveness of the proposed enhanced method was evaluated.

Keywords: databases, SQL query optimization, indexes, IN operators.
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NOCJILKEHHSI IMYHHHUX OIIEPATOPIB
B MOJIEJII HITYYHOI IMYHHOI MEPEXKI

AHoTanisi. AKTyaJbHicTh. 3HAYHOIO aKTYaJbHICTIO B 00JacTi iHGOPMAiHHUX TEXHOJIOTiH KOPHUCTYIOTHCS MOZEINI Ta
METOJH, SKi J03BOJISIOTH MIPOBOJUTH IHTEIEKTyaldbHy 0OpOoOKy Ta cucTeMaTH3auilo naHux. Cepen Takux MoJenei MOoKHa
BUAUTHTH MOZEMI, SKi IPAIIOI0Th Ha OCHOBI 010JIOTTYHUX MPUHIMIIB OpraHi3amii 00YNCcIeHb, TaKi K MITyYH1 HEHPOHHI Me-
PeXi, TEHEeTUYHI aNTOPUTMH Ta ITYYHI iIMyHHI cucTeMu. Ha choroaHimmHii AeHb iCHy€e JeKinbKa BHIIB MOJEICH MTYIHUX
IMyHHHX CHCTEM, SIKi BUKOPUCTOBYIOTh clieli(ivdHi iMyHHI ONEpaTOpH, IO BIUIMBAIOTH Ha LIBHIKICTH POOOTH MOAeN Ta
SIKICTh BHPIIMIEHHS NPaKTUYHHX 3a1ad. MeToro 1anoi podoTH € IOCIiKeHHS BIUIMBY OpraHizamii poOoTH HaiOuIbII Ho-
IIMPEeHHUX IMyHHHUX OIIepaTopiB Ha MIBUIKICTH POOOTH IMyHHUX QJITOPUTMIB Ta TOUYHICTh NPUHAHATTS PIIICHHS IOAO KIIacH-
¢ikanii 00’€KTiB 3 KOHTPOIEOBAaHNM HaBdaHHSIM. O0’€KTOM MOCITiIZKeHHsI € IMyHHI OIepaTopy KIOHYBaHHS, MyTamii Ta
cympecii, a TAKOX OIiHKa IIBUIKOCTI Mpouecy GpopMyBaHHS iIMyHHOI BiJIIIOBIJI MepeXi aHTUTLN HA TIOIYJISLII0 AHTUTCHIB.
IpeameToM A0CTiKeHHS € MOJIEIb IITYYHO iMyHHOT Mepeski Ta anroput™ aiNET, iMyHHI omepatopu Ta iX BIUIMB H IIpo-
nec popMyBaHHs IMyHHOI BIIHOBil Ut KiIacudikaiii 00’€KTiB 3 KOHTPOJIbOBAaHUM HaBYaHHAM. PedyiabTaTu. YV maniii po-
0OTi 3aIPOIIOHOBAHO ONTHMAJIFHE HANAIITYBaHHS IMyHHHX OIEpaTopiB Ui 3a0e3MeveHHs BUCOKOI MIBUIKOCTI OpMyBaH-
HsI IMyHHOT Biamosiai anropurmom aiNET mix yac BupinieHHst 3aaui kinacugikarii. OKpiM TOro 3arpornoHOBaHO BUKOPHC-
TaHHS [MITBOBUX IMYHHHX 00’€KTiB JUI NPHUINBUANICHHS KiacH]ikaiii aHTUTLI, 10 HE HAOYNIH CTaHy crenuiqHOCTI 10
AHTHTCHIB HaBYAIIbHOI BUOIpKH. BucHoBok. Moaudikoanuit meron aiNET kiacudikaiii 3 KOHTPOILOBAHMM HABYAHHIM
[UIAHYETHCS] BUKOPHCTOBYBATH Yy TIOJANIBIIOMY IS KepyBaHH OBEAIHKOO MIEPCOHAXKIB B iIrpOBUX J0AaTKaX THITy action.

Kaw4oBi caroBa: mrTyyHi iMyHHI CHCTEMH, aHTUTUIO, aHTUTeH, apiHHOCTh, KIOHYBAaHHS, CyNpecii, MOBHA crenudid-

HICTb, YMOBHA CIIeNM(IYHICTb, CYNpecis IMyHHOI Mepexi

Beryn

OpHi€r0 3 aKTyalIbHUX 33/1a4 B 00JIACTi 1HTEIEKTY-
abHO1 0OpPOOKM MaHWX Ta MPUHHATTS PIOICHb € 3a/1a4a
knacudikamii 00’eKTiB. 3aans BHpIMICHHS i€l 3amadi
MOXYTh BUKOPHCTOBYBATHCS Pi3HI BUJM HaBYaHHS: KO-
HTPOJIbOBaHE HABYaHHS], HEKOHTPOJbOBAHE HABYAHHS,
Ta HaBuaHHs 3 miakpimenHsaM. [Tin yac knacudikamii 3
KOHTPOJIbOBAaHMM HAaBYAaHHSM INepea0davacThCsi BUKOPHU-
CTaHHs HaBYAJIbHOT BUOIPKH KJIacU(IKOBaHUX 00’ €KTIB,
SIKI TIPEJICTABIISIOTh CYKYIHICTh KJIACiB, JI0 SIKUX HE0O-
XiJIHO BHU3HAYMATH HAICKHICTH 00’€KTiB, MO Kiacudi-
kytotbesi [1-3]. ¥V Bumagky knacudikaiii 3 HEKOHTPO-
JFOBAaHUM HABYAHHSAM iH(OpMAIIS PO KJIACH BiICYTHSI
a0o TOBHICTIO, a00 TpeACTaBIeHA y BUTIANI KITBKOCTI
KJIaciB, sIKi HEOOXiTHO chopmyBaTh 3 HAOOPY 00’ €KTIB.

Knacudikartisi 3 KOHTPOJIBOBAHUM Ta HEKOHTPOJIBO-
BaHUM HABYAaHHSM MOJKE BiJOYBATHCS 32 JIOIIOMOIOI0 OC-
HOBHMX TPHUHIMWIIB (DyHKIIIOHYBaHHSA IITyYHHX IMyHHHX
CHCTEM, TOJIOBHUMH POOOYHMH €IIEMEHTAMH SIKHX € aHTH-
Tiya, 5Kl (HOPMYIOTh MOMYJIALi Ha Pi3HUX eTamax poOoTH
MeToay Knacudikarii. Y Bunaaky kinacudikaiii 3 KOHTpO-
JIbOBaHUM HABYaHHSIM HaBuYaJbHAa BHOIpKa NPEACTABII-
€ThCSl TIOMYJIILIEI0 AHTHTEHIB, JI0 SKUX INTy4YHA IMyHHa
cucteMa (opMye amanTHBHY iMyHHY BigmoBinp [2-4]. V
BUMAJIKy KiacuQikallii 3 HEKOHTPOJIbOBAHUM HABYAHHSIM
IITYyYHa IMyHHAa CHCTEMa OpTaHi30BY€ B3aEMOJII0 MiX
CBOIMH aHTUTLJIAMH 32 BIICYTHOCTI aHTUTCHIB HABYAJIBHOI
BubOipku. Citii 3a3HaYMTH, IO Cepell ICHYIOUNX MOJIeIeH
IITYYHUX IMyHHHX CHCTEM HaHOLTBII MOMIMPEHUMH € MO-
JIeTTb KJIOHAIBHOTO BiZ0OpY Ta MOJENb INTYYHO!I iMyHHOI
Mepexi [2-13]. T'00BHOO BIAMIHHICTIO MiXK [IUMH MOJIe-
JISIMH € TIPUHITUTIOBA HEMOXKITBICTH B3a€MOJIil MK aHTH-
TiIaMi B MOJENI KIOHAILHOTrO Binoopy [2-4]. AnbrepHa-
THBOIO TAKOMY IIJIXO/y € MOJENb INTY4YHOI IMyHHOI Me-
Pexi, I aHTUTIJIA MOXKYTh B3aEMOJISITH HE TIJIBKU 3 aHTH-

reHamu, a i Mik coboro [3-5]. Takum UuHOM, MOIETH
IITYy4yHOI IMyHHOI Mepexi Mae OUIbIIMH HayKOBO-
JOCTIAHAIBKUH TOTEHIIIaN, HIXK MOJEITb KJIOHAJIBHOTO Bi-
n0Oopy TP BUpIIICHHI 3a1a4i Kiacupikarii.

Mogenp mTy49HOT IMyHHOI MEpeXi peali3oBaHa HH-
3kor0 mMetoiB: aiNET, opt-aiNET ta RLAIS [3-12]. He-
3BaKAIOYH HA TE, IO I[i METOIU 3HAYHO BiIPI3HAOTHCS
MDK 0000, BCl BOHH BUKOPHCTOBYIOTH IIEPENiK YHIBEp-
CaJIbHUX IMyHHHX OIEpaTOpiB, KOXKEH 3 SKUX BiAINOBIIAE
3a IesIKMi eTart poOoTHu WTy4yHol iMyHHOI Mepexi. Cepen
TaKMX OIEpaTOpiB MOXKHA BWJAUIUTH OIEpaTop KIOHY-
BaHHs, OIEPAaTOpP MyTallil KIOHIB, OIEPaTOp CeJICKIl
KJIOHIB, ornieparop cymnpecii mepexi. Ciif 3a3HaYUTH, 1110
BCI TmeperiueHi MeToH, o (YHKIIOHYIOTh 3a IPHHIIU-
maM# POOOTH MITYYHOI IMYHHOI Mepexi, MaroTh BEJHKY
KUTBKICTh 3aliBUX OOYHCIIEHb, OCOOJHBO B OIEpaTropax
ceJiekiii KIoHIB Ta cynpecii mepexi [12]. Ha xinbkicTh
TaKUX 0OYMCIIEHb TAKOX 3HAYHO BIUIMBAIOTH OCOOJIMBOC-
Ti poOOTH omepaTopiB KIOHYBaHHS, MyTallii, Ta TPe3cH-
Tanii iIMyHHHX 00’€KTiB. OKpiM TOT0, BRXKJIMBOIO YacTH-
HOIO0 OyAB-SIKOTO IMyHHOTO METOIy € CIIOCiO MPHHHSATTS
pilleHHs Tpo 3YNHWHKY Iporecy (GOpMyBaHHS iMyHHOT
BIMIOBIIi 200 TpoIiecy iMyHHOTO HaBYaHHSI.

MeTtolo ni€i podoTH € IOCTiHKEHHS BIUIMBY iMy-
HHUX OIEpaTOpiB HA MIBUAKICTH Ta SKICTh POOOTH Hal-
6inpm nommpeHoro merony aiNET, skuit Oyne 3acto-
COBYBATHCS JUIS BUPIIICHHS 3ajadi kinacudikaiii 3 KOH-
TPOJIbOBAaHMM HaBYAaHHSIM. 3MiHH NPHHIUITY POOOTH
OIEepaToOpiB CTOCYIOTHCS HPUHIIMITY CEJCKINi aHTHUTLN,
0cOOJIMBOCTEH KIIOHYBAHHS, CIIOCO0Y MyTarlii, IPHHIH-
Iy CeJIeKIii KJIOHIB MicCIsl MyTalii, a TaKoX IPHHIHITY
cympecii aHTUTII Tpu (HOpMyBaHHI HOBMX HOMYJIAIIN
iMyHHHUX 00’€KTiB. OKpiM TOTO, MPOMOHYETHCSI BUKOPH-
CTaHHs HaNpaBIeHOI MyTallii KJIIOHIB, a TAKOX BUKOPHC-
TaHHS IITBOBUX IMYHHHX O0’€KTIB, SIKi OOMpArOThCS 3
TIOMYJISIi AaHTUTIN Ta aHTUTCHIB.
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OcCHOBHA YacTHHA

Knacudikamis 00’€KTiB 3 KOHTPOJILOBAHHM Ha-
BYAHHSAM Ha OCHOBI IITYYHHX IMyHHHX CHCTEM IIPOBO-
JUTBHCS JJIsI MHOKMHM aHTHTLL, IO (OPMYIOThH IOYar-
KOBY INOIYJISILII0 00’ €KTIB IMyHHOT Mepexi, Ta 3a omo-
MOTOI0 MHOYKHHU KJ1acu(iKOBaHUX 00’ €KTIB HABYAIBHOT
BUOIPKH, PO3MOJUICHUX CEpell ASSKOI KUIBKICTIO Kila-
ciB. 3 00’eKTiB HaBYANBHOI BUOIPKU (POPMYETHCS TOITY-
qamis agturedis. Cinij 3a3HauyuTH, 110 3a1)Id 3a0esIie-
YeHHs (YHKIIOHYBaHHS IMyHHOTO METOHy Kiacudika-
Iii, aHTHUTIJIa Ta aHTHTCHH MAlOTh MPEACTABIIATHUCS Ol
HaKOBHM YMHOM, TOOTO MaTH CITiBCTAaBHUH Ha0ip O3HAK.
VY sKocTi Mipu ONMH3BKOCTI MiK 00’€KTaMH BHKOPHCTO-
BYETBHCS KpUTEPiil adiHHOCTI, KM 0a3yeThCS HA EBKIIi-
JIOBOMY IPOCTOPi Mik HUMH [2-12]:

affi; = (1+dy) ", 1)

dii = \[Z%=1(pim - pjm)zx (2)

e dij — eBKJIIOBa IWCTAHIlIA MK [ Ta j 00 €KTamH,
Sim — M O3HAaKa BIMOBIIHOTO 00 €KTY.

Cnipn 3a3Haunry, mo meton aAiINET [4-7] e yniep-
CaJIbHUM METOJIOM, 1[0 MOJIEIIIOE MEPEKEBY B3AEMO/IIIO
AHTUTIJ Ta HE MOXe 0e3 3MiH 3aCTOCOBYBATHCS JIsl BU-
pienHs 3a1a4 knacudikanii. Tomy 1eit anroputm He-
00ximHO MOauM(DiKyBaTH NUIAXOM JOJaBaHHS HHU3KH
cnenudivyHUX OnepaTopiB BHOOPY KiaciB, IO MpejcTa-
BIISIFOTHCS TIOMYJISAIIEI0 aHTUTCHIB.

Poboty MomudikoBaHOTO IMYHHOTO alTrOPUTMY
aiNET nns knacudikaiii MOXHA YMOBHO PO3IUIATH Ha
nBa ocHoBHuX eramu [12]: 1) eranm ¢opmyBaHHS
crenuigHOT iIMyHHOI BIAMOBiMI HUISXOM BiATBOPEHHS
AHTHUTCHIB aHTUTIIAMH B TIPOIECi IMyHHOTO HABYaHHS;
2) BU3HAuCHHS KJIAaciB IUIA AQHTHUTLI, SKI HE JIOCSIJIH
BHUCOKOTO  piBHA  chenu@idHOCTI /10  aHTHIEHIB
HaByaJIbHOT BUOIpKH. BinnoBigHO 10 1IBOTO, aJIrOPUTM
kiacudikaii 00’€KTiB 3 KOHTPOJILOBAHNM HaBUAHHSM Ha
OCHOBI MoOjieNi INTY4HOI IMyHHOI Mepexi Ha piBHI
IMYHHHUX OIEPATOPIB BU3HAYAETHCS HACTYITHUM YHHOM:

class-aiNET =

Presentation(AB,AG) — AINET
Cloning(AB,CL) —
= Mutation(CL) -
Supression(AB,CL) —
Termination(AB,AG) (3)
Class

Division(AB,AB',AB"") -
— |Specification(AB', AG) —
Selection(AB'"',AB’, AG)

ne Presentation(AB, AG) — omeparop IpeACTaBIeHHS
TIOITYJIAI] aHTUTIJI MEPEeXi 0 aHTUTEHIB, 3 AKUX Chop-
MOBaHa HaBYaJbHa BUOIpKa, a TAKOX AHTHUTLI MiX CO-
60t0; Cloning(AB,CL) — omepatop KJIOHYBaHHsI TIOITY-
il amterin; Mutation(CL) — omeparop wyTtaii
chopmoBanux KkioHiB, Supression(AB,CL) — omepa-
TOp  Cympecii  aHTUTII Ta  KIOHIB  MeEpexi;
Termination(AB, AG) — oneparop IepeBipKy 3yTHHKH
nporiecy ¢GopMyBaHHS IMYHHOI BIINOBIMI Mepexi;
Division(AB,AB',AB'") — omnepatop po3aijeHHs ITO-

MyJISIIIT AHTUTLT Ha crienudivHi Ta HecnenuivHi aHTH-
reHam; Specification(AB',AG) — omeparop BHU3HAa-
YeHHsI KJIaciB JUIsl aHTHTLN, 0 HaOyiu ctaHy crenndi-
gHocTi anturenam; Selection(AB'',AB’, AG) — onepa-
TOp BU3HAUEHHS KJIACy JUISA aHTHUTLN, sIKi He HaOyiH cTa-
Hy cnenu(igHOCTI aHTUTeHaM HaBYaJIbHOI BHOIpKH.

Ha mBuakicts pob0oTH iIMyHHOTO aJITOPUTMY KIIa-
cudikarii BrumBae croci6 oprasizamii KOKHOTO 3 HaBe-
JIeHUX IMyHHHX omepaTtopiB. CiiJ 3a3HAYNTH, IO €Tl
¢dopmyBaHHs crierdivHol IMyHHOI BiINOBiAL 3a paxy-
HOK CBO€1 IMKJIIYHOCTI 3aliMae OUIbIy YacTHHY 4Yacy
pobotu anroputmy [2-13]. Yac ¢dopmyBaHHS iMyHHOI
BIJINIOBI/II Mae€ JiHIHHY 3aJeXHICTh BiJl pO3Mipy Homy-
JSIIT aHTUTUT Ta TMOMYJALNii aHTUIEHIB, SIKi MpPEICTaB-
JSIOTH KJIaCH Ta JOPMYIOTh HaBUAIBHY BHOIPKY .

3HayHMN BIUIMB Ha HIBUIKICTE POOOTH IMyHHOTO
QITOPUTMY Ma€ BH3HAYECHHS MOHATTS crHenudigyHOCTI
AaHTHUTLIA 10 aHTUTEHY. 3a3BHYall miJ crenudidHicTIO
PO3YMIIOTh TaKMH CTaH O3HAaK aHTHTiNA, IPH SIKOMY BO-
HO TIOBHICTIO BIATBOPIOE O3HAKHM JIESIKOTO aHTUreHy. Lle
MIPU3BOJUTH IO TOTO, IO a(iHHOCTh MiX aHTUTCHOM Ta
crenuiYHUM 70 HHOTO AHTUTLIOM MPHAMAaE MaKCHMa-
nbHe 3HaueHHs 3 miamasony (0,0; 1.0]. Coix 3asHaunTy,
110 HAOYTTS CTaHy CICIU(IUHOCTI aHTHUTINA 0 AHTHUIC-
Hy BiJOyBa€ThCs 32 paXyHOK HOTO HOCIIJOBHOTO KIIO-
HyBaHHs, MyTalii Ta cynpecii, 10 XapaKTepU3yeTbCs
BEJIMKOI0 KUTBKICTIO OOYHCIIIOBAaJbHUAX OIepamiii Ta
YIOBiNIbHIOE mpoliec kinacudikaiii 06’ exris [2-12].

3aisd MIBUIICHHS IIBUAKOCTI Tporecy (opmy-
BaHHS IMYHHOI BiIIIOBii MPOMOHY€ETHCS BUKOPHCTAHHS
JIBOX BHIIB CHENU(IYHOCTI aHTHTLI, a caMe MOBHY Ta
YMOBHY crierigHoCcTi. Y BHUITAJKy ITOBHOI crierudid-
HOCTI aHTHUTIJIO B TIpolieci GopMyBaHHs IMyHHOI Bifro-
BiJli MOBHICTIO BIJATBOPIOE O3HAKU JEIKOTO AHTHUICHY,
OTKE€ MOBHA CrelHU(IYHICTh aHTHUTLIA MOXIIMBA TIIBKU
JI0 OZIHOTO aHTHI'CHY 1 HE MOXKJIMBA JI0 TPYITH AHTUTEHIB.
CraH yMOBHOI crieiupiuHOCTI mepeadavae Te, 0 aHTHU-
TUJIO YaCTKOBO aJaNTYETHCS 1]l O3HAKK OJHOTO abo Jie-
KIJIBKOX aHTHTeHiB. BifMOBIIHO 10 I[bOI0, O3HAKOIO I10-
BHOI crienuigHOCTI aHTHUTINIA O aHTUTeHYy Oyzae 3Ha-
yenns adinnocri y miamasoni (0,9; 1.0], a mns BusHa-
YEeHHsI 03HAaKH YMOBHOI cIenn(iqHOCTI MOXE BUKOPHC-
TOBYBaTHCs a00 KpUTEPii aBiAHOCTI aHTHUTLNIA JI0 TPYIIH
AQHTUTeHIB, a00 3HAa4YeHHs JOCTaTHBOI a)iHHOCTI aHTH-
TiJIa JI0 A€SKOTO OKPEMOTO aHTHIEeHY, 1[0 BU3HAYAETHCS
y miamasoni (0,75;0,9). Cnix 3a3Ha4uTH, 10 HAOYTTS
CTaHy YMOBHOi cHenmu(igHOCTI aHTHUTIIAa JI0 AESIKOTO
AQHTUTEHY y BKa3aHUX Mexax aiHHOCTI MOXe CYIIpo-
BOJUKYBATHCS 3MEHIIEHHAM adiHHOCTI IIbOTO aHTHTINA
JI0 HIIMX aHTHUIEHIB, 1[0 3HAYHO CIPOIIy€e HOro moja-
apiry knacugikanito. TakuM 4nHOM, y BUINAAKY HaOyT-
TSl aHTUTLIOM CTaHy IOBHOI 200 yMOBHO{ crienmgivyHOC-
Ti BOHO TNPHIMHSE KJIOHYBATHCS MiJ 4ac (OpMyBaHHS
iMyHHO{ BiZIOBii, 10 3MEHIIY€ KiINbKICTh OOUNCIIEHb.
[IpuckopeHHs: IMyHHOTO anrOpUTMy Kiacugikarii
TaKOXX MOKe BiZOyBaTHCS 3a PaxXyHOK 3MEHIICHHS KiJlb-
KOCT1 aHTUTCHIB, 3 AKHMMH B3a€MOJIE aHTHUTIJIO Ta HOro
KJIOHH B TIpolieci HaOyTTs cTaHy MOBHOi abo yMOBHOI
creruQiqHOCTI 0 oHOTO 3 HUX. I1i B3aEMOJi€0 Mix
AQHTUTIJIOM Ta AHTUTEHOM pO3YyMIIOTH OOYHCIICHHS
adinHocTeld MiX HUMH. OTKe, 3MEHLIEHHS KiTBKOCTI
AQHTUTCHIB, JI0 SIKMX aHTUTLJIO BU3Haudae adiHHOCTI npH-
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3BOJIUTH 10 3MEHIIECHHS OOYMCIICHb, IO MO3UTHBHO
BIUIMBA€ Ha IIBUJAKICTH alroputMmy kKiacudikaii. Bin-
MIOBIZIHO JI0 1IOTO, MiJl Yac MepIIoro BUKOHAHHS ollepa-
topy Presentation(AB,AG) s KOXHOTO AHTHTiNA
BiIOyBa€THCS BU3HAUCHHS TEPEIiKy aHTHTCHIB, 3 IKUMH
BOHO B IOAAJBIIOMY OyZe B3a€MOIISTH B TpOIECi Ha-
OyTTa cTany cnenudigHoCcTi. [ BU3HAYEHHS KiNBKOC-
Ti IIepeNiKy TaKUX MiTbOBUX aHTUTEHIB MOKHA BUKOPH-
cratu 3HadeHHs Natural Affinity Threshold (NAT) [2-
7], sixe BU3HAYAETHCS MiXK BCiMa aHTHTLIAMH MEPEXi Ha
no4yarky podoru anropurMmy. 3HaueHHs: NAT BuzHauath
SIK cepe/iHIo aiHHOCTI MiXK BCiMa aHTUTIJIAaMU MEPEeXi:

NATys = -1, af fy, (4)

ne af fij — 3naveHHs aGiHHOCTI MiX [ Ta j aHTUTLIAMH,
n — 3arajbHa KiJTbKICTb aHTHTIN y MEpexKi.

BignoBigHo g0 1mporo, pobota  omeparopy
Presentation(AB,AG) [2-13] BinGyBaeTbcst HacTyTI-
HUM YMHOM: CIIOYATKYy BiJI0OYBa€ThCS BH3HAYEHHS KpH-
tepito NAT, moTiM Ijist KOYKHOTO aHTHTIIa BiOyBa€eTh-
csl BUSHAUYCHHS aiHHOCTEH 3 KO)KHMM aHTUTCHOM HaB-
YampHOI BHOIPKH, 1 SKIMO [ adiHHOCTH TEPEBHUIIYE
3HadeHHA NAT — anTuren Oyne oOpaHO y TMeperik Ii-
JILOBHX AHTHUTEHIB JUIs Takoro anrurina [12]. Cruix 3a-
3HAYMTH, IO SKIIO aHTHTINIA NPEACTABICHI B OaraTroBu-
MIpHOMY MPOCTOPI O3HAK 32 CEpPEeJHIM 3aKOHOM PO3IIO0-
ninendst NAT Baxko e()eKTHBHO BUKOPHUCTOBYBATH IS
BU3HAYCHHS IJILOBUX 00’€kTiB. ToMy 3aaisl miJIBu-
mieHHs 3HadeHHs NAT npomnoHyeTbcs BHKOPHCTOBYBa-
TH Koe(illieHT 3BY)KEHHSI MPOCTOPY MOIIYKY LIIBOBUX
06’ckTiB L, saxuii Bu3Hauvaethca B miamasoni (0,1; 1.0],
Ta BHKOPHCTOBYETHCS Yy SKOCTI BXIIHOTO MapameTpy
iIMyHHOTO anroputMy kiacudikamii. Takum dYHHOM
YMOBOIO TOTO, OO0 aHTUTEH OYB OOpaHW y Teperik
UTBOBUX 00’€KTIB AEIKOTO aHTUTLNIA, € BUKOHAHHS Ha-
CTYITHOTO TIpaBuIIa:

affiy > NATp, (5)

ne af fi; — 3HaueHHA aQiHHOCTI MiX [ AHTHTIIOM Ta j
aaTureHoM, NAT,p — 3Ha4YCHHs cepeqHbOi apiHHOCTI B
MO JIAMIT aHTHUTIN, a L — KoeillieHT 3BY>KEHHS MPOC-
TOpY TOIIYKY LITLOBHUX 00’ €KTIB.

[lig gac mpe3eHTAaIii MOMYJISIii AHTUTCHIB aHTUTI-
JaM iCHY€ IMOBIpPHICTh BH3HAUCHHS CTaHy IOBHOI a0o0
YMOBHOI cienu(iyHOCTI A5t aHTUTIJIA JI0 OJHOTO 3 HOTo
LUIBOBUX AHTUTEHIB. Y TakOMy BHIAJKy L€ aHTHUTLIO
Oyne knacudikoBaHo o/pa3y 1 He Oyzae npuiiMaTH yuac-
Ti y nojansmoMy (GopMyBaHHI IMyHHOI BiJIIOBiI, OCKi-
JIbKA BOHO BXK€ € CHEenu(iYHUM 0 aHTUTeHiB. Takox
iCHy€ IMOBIpHICTh TOTO, IIO BCi LIJTBOBI AaHTUTEHU IS
JIESTKOTO aHTHUTLIA OyIyTh HAJIEKATH IO OIHOTO KJacy.
VY TakoMy BUMAJIKy aHTHUTLIO Takox Oyne kiacudikoBa-
HO ofpa3y i He Oyzae mpuiiMaTH y4acTb y (GOpMyBaHHI
iMyHHOI BiMOBizi yepe3 HAOyTTA CBO€I crienn(ivHOCTI
JI0 TOTO YM 1HIIOTO KJlacy aHTUreHiB. Uepes BeslnKy Ki-
JIBKICTh OOYHCITIOBAIFHUX OIEpAaIliil omepaTop Mpe3eH-
TaIil BCi€l MOMmyJAlii aHTUTEHIB aHTUTIJIaM BUKOPHUCTO-
BY€EThCS TUIBKU OJIMH pa3 3a BeCh 4ac poOOTH iIMyHHOTO
anropurmy kiacudikauii. Ilin vac BusHauenHs NAT
JUISL KOXKHOTO aHTHTiNA (OPMYETHCS IEpeNiK yMOBHO
crienupiYHNX aHTUTUI, 10 BiZOYBa€THCSA BiIIMOBIIHO

1o (5). Lleit meperik aHTUTIN Oyne BUKOPUCTOBYBATHCS
micnst 3aKkiH4eHHS (OpMyBaHHS IMyHHOI BIIIOBiAI Ha
eTarni BU3HAYEHHS KJIACIB 3111 IIPUCKOPEHHS IPOLECy
knacudikanii. Takum unHom Bukopucranus NAT no-
roMara€e BU3HAYMTH HE TUIBKU LIIbOBI aHTUTCHH 3215
MIPUIIBUIIICHHS Tporecy GpopMyBaHHA iMyHHOI BiAIIoO-
Bimi, ame W KimacudikyBaTH aHTUTNA, AKi HE HaOyIH
CTaHy IMOBHOI 200 yMOBHO{ cIenn()iTHOCTI.

Oneparop xnonysauust Cloning(AB,CL) [2-13]
BHUKOPHCTOBYETHCS 331011 (POpMYBaHHS HAOOpY KIOHIB JUIS
KOYKHOTO Hecnelu(piyHoro abo Hek1ach()iKoBaHOTO aHTH-
Tina. [yt IMyHHUX aJropuTMiB HaiOUIbII OIIMPEHUMH €
CTaTUYHE Ta MPONOpLiiiHEe KJIOHYBaHHS. Y BHIAJAKYy CTa-
THYHOT'O KJIOHYBaHHS — KUIBKICTh KJIOHIB, sIKa (hOPMY€ETHCS
JUTSL KOXKHOTO aHTHTIIA, HE 3aJICXKUTh BiJ #oro adinHoCTEH
JI0 aHTUTEHIB 1 € BXIIHUM TapaMeTpoM IMyHHOT'O aJrOpH-
TMY. Y BHIIQJKy BHUKOPHUCTAHHS MPONOPLIHHOTO KIIOHY-
BaHHS KUIBKICTh KJIOHIB aHTHTLIA TPOMOPINHHO 3aJIeXKITh
Bif Horo adiHHOCTEH 3 0OJHUM ab0 JEeKiTbKOMa UTHOBUMHU
anTureHamu. Ciix 3a3HAYMTH, BUKOPHCTaHHS HaJMIipHO
BEJIMKOI @00 MaJIOi KUIBKOCTI KJIOHIB MOYKE MAaTH OJHAKOBO
HEraTHBHUH BIUIMB HAa IIBHAKICTH Hpouecy (OpMyBaHHS
crienivyHOT IMyHHOT BiATIOBI/II.

Omepatop wmyrtamii Mutation(CL) [2-13] wmae
BENIMKMI BIUIMB Ha LIBHAKICTH POOOTH IMYHHOTO
AITOPUTMY Yepe3 Te, M0 caMe BiH 3a0e3rmelrye HaOyTTs
CTaHy MOBHOI a00 YMOBHOI CrienM(iyHOCTI MiX KJIIOHAMH
aHTUTIIA Ta aHTureHaMu. lle BinOyBaeThCs 3aBIOSAKH
TOMy, IO poOOTa JAHOTO OnepaTopa NPU3BOIHUTH IO
3MiHH 03HaK KJIOHIB, III0 MOKE HAOIU3H iX IO O3HAK TOTO
Yd  IHIDOrO AaHTUTeHy. 3a NPUHIOUIOM pPOOOTH
BIIPI3HAIOTH JeKilbKa BHIIB Olleparopa MyTauil:
CTaTH4Ha, MMPOTOPLiHA Ta 3BOPOTHHO-IIPOIIOPLIiitHA MY-
tauis. [Ipy BUKOpHCTaHHI OlepaTopy CTaTUYHOI MyTalil
3MIHH O3HAK KJIOHY aHTHTLIA BiZIOYBAIOTHCS y MEXKaX OJI-
HOTO YiTKO BKa3aHOTO Jiana3oHy 3Ha4YeHb, SIKU BUKOPH-
CTOBYETBCSl Y SIKOCTI BXIJJHOT'O apryMeHTy. Y BUIAJKy
BUKOPHUCTAaHHS MPOIOPLIHHOI MyTalii 3MiHH O3HaK KJIO-
Hy BiIOYBarOTHCS IPOIOPIHHO ¥oro adiHHOCTI A0 OJ-
HOTO 200 TPYIH IiJIbOBUX aHTHTCHIB!

u = rand(0,0; afﬁ-j], (6)

ne Y — xoedimient MyTarii, a af f;; — 3Ha9eHHs adinHo-
CTi MIX { aHTUTLIIOM, BiJl IKOTO OyN0 c(hOPMOBAHO KIIOH
JUTs IOITBINOT MyTalil, Ta j aHTUTCHOM.

OcoOnMBICTIO  3BOPOTHO-TIPOTIOPINIMHOT ~ MyTa-
1ii [12] e Te, 1110 3MiHM O3HAK KJIOHIB 36GUTBIIYIOTECS Yy
BUIAJKy HU3BKOTO PiBHS HOro crienngiyHOCTI 10 OJIHO-
ro abo Tpymnu LiIBOBUX AHTUTEHIB, Ta 3MEHIIYIOThCS Y
BUIAJKy BHCOKOTo piBHA crienu¢iynocTi. BinnosigHo
JI0 IIbOTO BU3HAUEHHS Koe(illieHTy MyTallii BiiOyBa€eTh-
Csl HACTYITHUM YHHOM:

u=rand(0,0; 1 — afﬂj]. (7)

3a/uIs MiABHINEHHS MBHIKOCTI (OPMYBaHHS iMy-
HHOI BIJIIOBiJli NPOIIOHYETHCSI BUKOPUCTAHHS HAIpaB-
neHoi MyTariii. ¥ OUIBIIOCTI ICHYIOUMX IMyHHHX aJIro-
pUTMax BHKOPHCTOBYETHCS BHIIAJIKOBA MYTallisi, TOOTO
MCIA BHW3HAYCHHSA Koe]ilieHTy MyTamii mapamerpu
KIJIOHY 200 30UTBIIYIOTHCS, 00 3MEHITYIOThCSI BUTIAIKO-
BUM 4uHOM. OCOONHMBICTIO HAmpaBIIEHOI MyTallii € Te,
0 pilmeHHS Mpo 30UTbIIeHHS a00 3MEHIIICHHS O3HAKH
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KJIOHY MpPUHMAETHCS MICHs HOPIBHSHHSA O3HAK IHOTO
KJIOHY Ta O3HAK OJHOTO 3 I[IIbOBHUX aHTHIreHiB [12].

Omeparop cympecii mepexi Supression(AB,CL)
JI03BOJISIE CKOPOTHTH KUIBKICTH AHTUTIT Ta 3MiHEHHX
mix gyac MyTarii KIOHIB 70 IOYaTKOBOTO piBHsA [2-7].
I'010BHOIO YMOBOIO BHCOKOI IIBUAKOCTI KiIacuikamii €
3MEHIIICHHS KiJIbKOCTI IMyHHHX OO0’ €KTIiB IUIA SKUX He-
00XiHO TPOBOAWTH KIIOHYBAHHS, MYTAIlil0 Ta IpE3eH-
TaIlifo, ajie 3a paxyHoK (OpMyBaHHS HOBHX aHTHTLI ITiJ{
yac KJIOHYBaHHS BiIOyBaeThCs 3HaYHE 30UTBIICHHS Ki-
JIBKOCTI IMYHHHX 00’€KTiB y Mepexi. OTxe poOoTa 1bo-
ro OIepaTopy MO3BOJSE CKOPOTHTH KINBKICTh AHTHTILI
J0 Tiel KUIBKOCTI, sika Oyna O MOYaTKy KJIOHYBaHHS.
BiamnoBinHO 10 1bOTO, AJIs1 KOXKHOI IPYIIH, SIKY YTBOPIOE
KJIOHOBaHE aHTHUTIJIO Ta HOTO KJIOHH, BiIOYyBa€ThCs BU-
6ip ofHOTO IMYyHHOTO O0’€KTYy, SKHHl B MOAAJBLIOMY
Oyze BUKOPHCTOBYBATHCS aJTOPUTMOM. TakuM UHMHOM,
3 KOJKHOI Takoi rpymnu Oyae oOpaHO 1Mo OTHOMY aHTHTI-
Ty, 10 Ma€ HalOUIpIIUIl piBeHb aiHHOCTI MO aHTHTe-
HiB. 3a IPUHOUIIOM POOOTH BiNPi3HIIOTH IEKiJbKa BHU-
IiB omepaTopa CyIpecii: HOMyJIAIIHHNHT Ta iTEOBHIA.

VY Bumanky momyJsmiiHOI cymnpecii KOKHOMY aH-
TUTLTy 200 KJIOHY, O3HAKH SIKOTO OYJI0 3MIHEHO Mif Yac
MyTauii, NpeACTaBIsI€TbCS BCS MOMYJISALIS AHTUTEHIB,
TOOTO IO KOXKHOTO 3 iICHYIOUMX aHTHICHIB IICH KJIOH BH-
3Hauvae apiHaocTh [3-5. 3 nux adinHoCTEN MOTIB BU3HA-
YaeThCsl aBIJHICTD SIK cepeqHsl apiHHOCTh aHTHTINA YH
KJIOHY 10 Bciei momynsrii anTureHiB. Ilicis cmiBcras-
JICHHSA aBIMHOCTEH B KOXHIA Tpymli aHTHUTLIA Ta HOTO
KJIOHIB 00Mpa€eThCs OOMH IMyHHUH 00’ €KT, M0 Ma€ Hal-
OUTBIIMI piBEHHb aBiTHOCTI, KWW 1 3aMiHIOE aHTHUTIIIO,
BiJl SIKOTO BiH OyB KIIOHOBaHHU.

VY BHIAAKY IITBOBOI Cympecii aHTHTLIAM Ta KJIO-
HaM MPEACTABISETHCS HE BCSI MOMYJISALIs, a TUIBKK iX
inboBi anturenn [12], To6T0 BOHM BU3HAYAIOTH adiH-
HOCTI HE 10 BCiX aHTUTEHIB, a 0 1X HEBEIMKOI KiJIbKOC-
Ti, 1[0 BU3HAYAETHCS HA MMOYATKY POOOTH IMyHHOTO aj-
roput™My. [OlOBHOIO YMOBOW OOpaHHS IMYyHHOTO
00’€KTY, SIKHA 3aMIHUTh KIIOHOBaHE AHTHTIIO € MaKCH-
ManbHa aiHHOCTH O OJHOTO 3 HITHOBUX AHTHUICHIB,
a00 HaOyTTs cTaHy CIEU(ITHOCTI O OJHOTO 3 HUX.

Omneparop Termination(AB,AG) [2-12] suxopu-
CTOBYETHCS ISl TIEPEBIPKM MOXIIMBOCTI 3yHMHHKH IIPO-
necy (opMyBaHHS IMYHHOI BiJIIIOBiZli MepeXi HA aHTHU-
reHd (IMyHHOTO HaBYaHHs). 3a IPUHIUIIOM POOOTH Bi-
JPI3HAIOTH JEKiTbKa BUIB ONEPaTOpy 3YMUHKH GOpMy-
BaHHS IMyHHOI BIATIOBiAi: CTAaTHYHHMN, KpUTEpiaIbHUH,
ITOBHHH Ta KOMOIHOBaHMIA.

BuKOpHCTaHHSI CTATUYHOTO OMNEPaToOpy 3yNUHKH
¢opMyBaHHS IMYHHOI BigNOBiZi BUKOPHUCTOBYETHCS
3HAYCHHS MaKCUMAaJIbHOI KUTBKOCTI MOKOJIHb aHTHUTLI,
sKi (POPMYIOTBCSI 32 PaxXyHOK KJIOHYBaHHS, MyTalii Ta
cympecii. LI KiJbKICTh IMOKOJIHb BH3HAYAETHCS IIEPE]
MOYaTKOM POOOTH IMYHHOTO aJTOPUTMY Ta BHKOPUCTO-
BYETBCS Y SIKOCT] HOTO BX1IHOTO apryMEHTY.

BukopHcTaHHSI KpUTEPIAIbHOTO ONEpaTopy 3yIu-
HKH Tiependadae JOCATHEHHS KOXHUM aHTHUTIIIOM Me-
peXi CTaHy YMOBHOI CIIeITU(IIHOCTI A0 TPYIH HiJILOBHUX
AHTHTEHIB a00 10 OKPEMOTro aHTHUTeHy. Lle yHeMOoXXImB-
JIIO€ BIUIMB Ha 3YMHHKY MPOLECY IMyHHOTO HaBYaHHS,
10 MOKE MPHU3BECTH JI0 30UIBIIECHHS Yacy Ha Kiacudi-
Kallito 00’ €KTiB.

Oco0IMBICTIO TIOBHOTO ONEPaTOpy 3YMHUHKH IMyH-
HOT'O HaBYaHHs € JOCSTHEHHS CTaHy MOBHOI crienudiy-
HOCTI MK KOXKHMM aHTHUTIJIOM IMyHHOI Mepexi Ta oJ-
HUM 3 aHTUreHiB. Lle TakoX YHEMOXIMBIIOE BIUIUB Ha
3YIMHKY Ipoluecy (GopMyBaHHS IMyHHOI BiINOBiAi, 110
TIPU3BOINTH J0 30UTbIIEHHS Yacy Kiacudikariii.

KombinoBanunii onepaTop 3ynHMHKH iIMyHHOTO HaB-
YaHHA Tiependadae ITOCATHEHHS IMOBHOI ab0 YMOBHOI
cnenn(iYHOCTI MiXK KOXXHHM aHTUTLIIOM MEpexi Ta of-
HUM a00 TPYIOI0 aHTUTEHIB, Ta BUKOPUCTAHHSI MaKCH-
MaJIbHOI KUTBKOCTI ITOKOJIIHB IMyHHHAX 00’ €KTIB Y SKOCTI
BXIJTHOTO apryMeHTy JuIs anroputMy knacudikarii. Lei
apryMEHT BUKOPUCTOBYETBCS Y SIKOCTI 3aII00DKHUKA BiX
HECKIHYEHHOTO ()OpMYBaHHS MOMYJISALIH aHTHTUI Ta
301IbIIeHHS Yacy Kiacuikamii 00’ ekTiB.

[Ipouec BU3HAYEHHS KJIACIB AJISI aHTUTLI MiCHs 3y-
NHMHKYU TpoLiecy iIMyHHOTO HaBYaHHS repeadadae posi-
JICHHs BCi€l MOMyJsmii aHTHTIN Ha cnenudigHi abo
YMOBHO crnenu@ivyai Ta Hecnennudiuai 00’ €KTH 3aBIIKH
BUKOPHUCTaHHIO oneparopy Division(AB,AB',AB").
BusnadueHHs KiaciB ais crenugivHAX Ta YMOBHO CIie-
OUQIYHAX aHTHUTIT BiIOYBAaeThCS 32 PaXyHOK POOOTH
omneparopy Specification(AB’, AG). Ilpu uboMy y BH-
najgKy poOoTH 3i cnenudiYHUMH aHTUTIIAaMU — iX Ha-
JISKHOCTI 10 KJIaciB BH3HAYAETHCS KiacCaMH aHTHICHIB,
JI0 SIKHX BOHM HaOynu crienugivHoCcTi. Y BUMAIKy po-
00TH 3 YMOBHO crienM(iYHUMH aHTHUTLIAMH, KJIac JUis
AHTUTINIA BU3HAYAETHCS KJIACOM AHTHIEHY, JI0 SIKOTO IIe
aHTHUTLIO Mae HaiOuTpmy acdinHocTh. Hecmeumgivni
aHTHUTLTA KIAacH(DIKYIOTBCS IIiJ Yac BHKOHAHHS OIepa-
topy Selection(AB",AB’,AG). Tlpu upoMy ISl KOX-
HOTO aHTHTINA, sSKe He Ha0yJno MOBHOI abo yMOBHOI
crenuigYHOCTI 70 OJHOTO 3 AHTHICHIB BHU3HAYAETHCS
HepesiK HiJbOBUX 00’€KTIB cepel SKMX BHKOPHCTOBY-
I0ThCSl HE TUIBKM aHTHI'€HH, ajie i Kiacu(ikoBaHi aHTH-
Tia, 10 HaOyJIM CTaHy MOBHOI a00 YMOBHOI crierudiy-
HOCTi 70 aHTureHiB. CIiJ 3a3HAYUTH, M0 HA JAHOMY
eTari HeMae HeOOXiTHOCTI Y JOAaTKOBOMY OOYHMCIICHHI
apiHHOCTEW MiX IMyHHHUMH O0’€KTaMH dYepe3 Te, IO
apiHHOCTI MiX aHTHTUIaMu OyITM BHU3HAYCHI Ha eTari
Bm3HaueHHs 3HadeHHs NAT mie mo 3amycky mporecy
(¢opMyBaHHI IMyHHOI BiIIOBIZi MEpEKEI AaHTHUTLI, a
BHU3HA4YCHHS a()iHHOCTEH MK aHTHTLIaMM Ta aHTHI€Ha-
MU BiZIOYJIOCS i 4ac Mpe3eHTallii aHTHUIeHIB aHTHUTI-
JIaM Ha I0YaTKy poOOTH IMyHHOTO aJlTOPUTMY.

Ha erani Selection(AB'',AB’, AG) nnsi KOXHOro
HEKITacu(piKOBAaHOTO AaHTHUTIIA BIAOYBAa€ThCA MOIIYK
KJIacy 1o HahOUIbIIi# cepenHiii ahiHHOCTI 0 MITBOBHUX
AQHTUTEHIB Ta Kiacu(piKOBaHUX AaHTHUTUI, WO HaOyH
CTaHM YMOBHOI a0o roBHOi cnenudivyHocTi. BifmosinHo
JI0 TIBOTO JJISl KOXKHOTO Hecneluu]piyHOro aHTHTINA Bin-
OyBaeThbcsl TOIIYK 3HAYCHHS cepeqHboi aiHHOCTI 10
KO)XKHOTO 3 KJIACiB, SKi TPEICTaBICHI UIbOBUMHU
00’extamMu. TakuM 4YMHOM HEKJIACHU(]IKOBaHE AHTHUTIIO
Oy/ie HajekaTH J10 TOro KJiacy, 10 SIKOr0 BOHO Ma€e Mak-
CHUMaJIbHy CepefHi0 a(iHHOCTh, MPH HIBOMY Ll Kiac
MPEICTaBISAETHCS EPETIKOM IITbOBUX 00’ €KTIB aHTHTI-
na, mo He HaOyJio CTaHy crenudigHOCTI i Yac mporie-
cy ¢hopMyBaHHS IMyHHOT BiIMOBIII.

BunpoOyBanns meroniB wiacudikaiii Ha OCHOBI
imynHoro anroputMmy aiNET Ta pmocmipkeHHS IMyHHHX
OIEPATOPIB MPOBOMUIIOCS JIJIsI MEPEXi 3 MOMYJISIIEI0 B
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1000 aHTHTII PIBHOMIPHO PO3NOAUICHUX Y TPUBUMIPHO-
My mpoctopi o3Hak 1000 X 1000 X 1000 Ta HaB4AIH-
HOIO BHOiIpKOIO B 250 aHTHIeHiB, 110 OyJIM po3NoAileHi
MK 4 Kiacamu. 3aJuisl NepeBipKH SIKOCTI Kilachikarii
BUKOPHCTOBY€EThCSA HPOpPMAIIiS MIOA0 BiTHOIICHHS ITHX
AHTUTLT O MOYATKOBUX KJIACIB, 5IKA BHKOPUCTOBYETHCS
BUKJIFOYHO Ha eTari (hopMyBaHHS BUCHOBKIB PO TTOMUJI-
k1 Kiracudikarii imyrHoro anroputMmy. CItif 3a3HaduTH,
0 00’ €KTOM OCHTiKeHHs OyJH iIMyHHI OnepaTopH, sKi
BUKOPHCTOBYIOTBCSl ITOPUTMOM KJacHdikamii mig dac
(opMyBaHHs IMyHHOI BiIOBiJl Ha aHTUreHH. ToMy Yac-
THHA aJanToBaHOro i Kiacudikamii meroqy aiNET 3
orepaTtopamMH BU3HA4YEHHs KJIAciB JUIsl aHTUTIN Oyna He-
3MiHHOIO. /Iy OILIiHIOBaHHS BIUIMBY IMyHHHUX OIEpaTo-
piB Ha poOOTY anropurMy kiacudikarii BUKOPUCTOBY-
BaJIMCSI HACTYITHI MOKA3HUKH: KiJBbKICTh MOIYJISALIH, 1110
HEOOXigHa IS JOCATHEHHS YMOBU HPUIMHEHHS (op-
MyBaHHs iMyHHOI Biamosini — Populations (P), uac Bu-
TpadeHW Ha OIPALIOBAHHS IIOMYJIAIA aHTUTLN, SAKi
CTBOPIOIOThCST TPH (OPMYBaHHI IMyHHOI BiIMOBimi —
Time (T), BiZCOTOK aHTUTLI, sIKi HAOYJU CTaHy MOBHOL
ab0 yMOBHOI crienndiuHOCTI 10 aHTUreHiB — Specificity
(S), Ta mommiku knacudikarii Errors (E) — Bigcorok
QHTUTI, 110 OYJIO HOMHJIKOBO KJIacU(iKOBaHO.

Oco0nuBOCTI IMyHHUX OIEPaTOpPiB  KIACHYHOTO
anropurmy aiNET HaBeneni y Tabi. 1.

Tabnuys 1 — ImynHi onepatopu aaropurmy aiNET

Omnepatop Oco0/uBicTH
Presentation(AB, AG)

Cloning(AB, CL)

[apametp L BixcyTHi#
CraTtudHe KIOHYBaHHSI,
100 xmoHIB

CraTnyHa MyTaIlis,
koedimient y =0,1

Mutation(CL)

Supression(AB, CL) IMonynsuiiiHa cynpecist

Craruunuii, popmysanns 100

Termination(AB, AG) " .
NONYJISLiH aHTUTI

BimmoBigHO 10 ocoOimBOCTEl IMyHHHX OIIeparo-
piB, HaBeJeHUX y Tabja. 1 Ta OCHOBHMX ITOKa3HUKIB, 3a
SIKUMU OL[iHIOIOTECsE Moaudikamii aiNET mist xnacudi-
Kaiii, OyJ0 npoaHayi30BaHO Pe3yJbTaTH (OPMyBaHHS
IMyHHOT BiJIOBi/I Ta Kiacudikamii HOMysLil aHTHTI,
sIKI HaBeZIeHi y Ta0II. 2.

Tabnuys 2 — Ouinka edexruBHocti anropurmy aiNET

AJroputm P T S E
aiNET 100 100% 28% 32%

Cunij 3a3HaYMTH, IO OCKUIBKN HE MOAN(IKOBaHUH
armroput™ aiNET BuTpauae, mopiBHsIHO 3 MoAnbiKaILis-
MH, SKi HaBeIeHi HWX4e, Haiibinpmie yacy Ha Gopmy-
BaHHS IMyHHOI BiAMOBi/i #oro 3HaueHHs Time BUKOpH-
croByeTbes K 100%. Takum ymHOM, yac GOpMyBaHHS
iMyHHOT BigmoBiai BciMa iHmmMu Momudikamii aiNET
OyJe MOPiBHIOBATHUCS 13 IUM 3HAYEHHSIM.

3au1s MpUIIBHMIEHHS POpPMYBaHHS IMyHHOI BiJl-
MOBiJIi, CIiJT 3MIHUTH pOOOTY OIepaTropy Cympecii 3 mo-
MyJISIIHOT HA BUKOPUCTAHHS IUIbOBUX aHTHICHIB. Pa-
30M 3 IIMM MOJKHA JIOCJIJIUTH BIUIMB mapamerpy L Ha
SKICTb pOOOTH IMYHHOTO anropurMmy. Monudikauii ai-

roputmy aiNET, siki BHKOPHCTOBYIOTH IIiJl 4ac cympecii
LJIbOBI aHTUI'€HU Ta Pi3HI 3Ha4eHHs mapamerpy L Ha-
BezieHi y Tabu. 3.

Tabnuys 3 — Monudikauii aaropurmy aiNET i3 cynpeciero
JI0 HLJILOBMX AHTHUI€HiB

AJroputm 3navenns L
aiNET-ts1 L=10
aiNET-ts2 L=10,75
aiNET-ts3 L=205
aiNET-ts4 L=10,35
aiNET-ts5 L=102
aiNET-ts6 L=01
aiNET-ts7 L= 0,05

3a pesympTatamMu (OpMyBaHHS IMYHHOI BiATIOBii
Ta Kiacu(ikamii MOMyNALii aHTUTIT MOTU(IKAIiIMH
aiNET i3 cynpeciero 10 IiIbOBUX aHTHUICHIB Ta Pi3HUM
3Ha4YCHHAM napamerpy L, HaBexeHuX y Tabu. 4, MOXHA
3pOOUTH BHCHOBOK, III0 BUKOPHCTAHHS ONEPATOpy CYII-
pecii Ha OCHOBI LIJTbOBUX aHTHUICHIB, 3aMiCTh OMEPATO-
py HOMyJIALiiHOI cynpecii, MPU3BOIUTH 1O 3HAYHOTO
NPULIBUIIIEHHS. POOOTH aIrOPUTMY.

Tabnuys 2 — Ouinka edexruBHocti aaroputmis aiNET i3
cynpeni€ero 10 HiiIbOBUX AHTHIeHiB

Aaroputm P T S E

aiNET-ts1 100 100% 28% 32%
aiNET-ts2 100 70% 29% 32%
aiNET-ts3 100 40% 28% 31%
aiNET-ts4 100 23% 29% 32%
aiNET-ts5 100 11% 22% 36%
aiNET-ts6 100 4% 18% 39%
aiNET-ts7 100 0,1% 16% 39%

Kpim Toro, 3 Tabn. 4 BUAHO, IO 3MEHIICHHS Ia-
pametpy L npH3BOANTH 10 CYTTEBOIO 3HW)KEHHS BilICO-
TKa (OPMYBaHHS CHEIU(BIYHAX AHTHTII Ta 3POCTAHHS
noMuiku kinacudikanii. Tomy B iHmmMX Momudikarisx
aiNET Oyme BUKOPHCTOBYBATHCS CyNpecii 10 IIJIbOBUX
aHTHIeHiB i3 3HaueHHsaM L B miamasoni (0,35; 0,5).

3a/uis  IOCHI/DKEHHST BIUTHBY OIeparopa KIOHY-
BaHHS Ha SKICTh KJIAcH]iKaIii OyIo CTBOPEHO NEeKiTbKa
mouikariit aiINET, HaBenenux y tadi. 5.

Tabauys 5 — Moaudikauii anropurmy aiNET i3 pisunmu
onepaTopamMu KJIOHYBaHHS

AJroputm L KaonyBanus
aiNET-ts3-sc100 | L= 0,5 Craruune, 100 x10HIB
aiNET-ts3-sc200 | L= 0,5 Crartuune, 200 KJI0HIB
aiNET-ts3-sc300 | L= 0,5 Craruune, 300 KI0HIB
aiNET-ts3-sc400 L=205 Craruune, 400 x10HiB

aiNET-ts3-scp L=105 [Ipornopiiiiine
aiNET-ts4-sc100 L= 0,35 Craruune, 100 xnoHiB
aiNET-ts4-sc200 L= 0,35 Craruune, 200 x10HIB
aiNET-ts4-sc300 L= 0,35 Craruune, 300 KI0HIB
aiNET-ts4-sc400 | L= 0,35 Crartuune, 400 KI0HIB

aiNET-ts4-scp L=035 IIpomnopuiitae
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BinnoBigHo 10 pe3ynbraTiB Kiacugikanii BA3HA-
YCHUMU alNTOPUTMAMH, HABEJCHHUMHU Yy TaOl. 6 MOXXHA
3pOOUTH BHCHOBOK, III0 BUKOPHCTAHHS MPOMOPIIIHHOTO
KJIOHYBaHHS MPU3BOAMTH 10 3HMW)KEHHS TOYHOCTI KIia-
cudikamii Ta MOCTYMAEThCS ONEPATOpPaM CTATUYHOTO
KJIOHYBaHHSM, sKi ¢opmytoTs Big 100 mo 200 xmoHiB
JUI KO)KHOTO aHTHUTiNA, sIKe He HaOyJo cTaHy YMOBHOI
a00 MOBHOI cTIeN(iTHOCTI IO OJHOTO 3 AHTUTEHIB.

Tabnuys 6 — Ouinka epexTuBHocti aaropurmis aiNET
i3 pi3HMMHU BHIaMU KJIOHYBAHHS

AJaroputm P T S E
aiNET-ts3-sc100 100 40% 28% 31%
aiNET-ts3-sc200 100 45% 29% 31%
aiNET-ts3-sc300 100 52% 31% 30%
aiNET-ts3-sc400 100 60% 33% 30%

aiNET-ts3-scp 100 26% 17% 46%
aiNET-ts4-sc100 100 23% 29% 32%
aiNET-ts4-sc200 100 29% 30% 30%
aiNET-ts4-sc300 100 34% 32% 30%
aiNET-ts4-sc400 100 46% 34% 29%

aiNET-ts4-scp 100 14% 19% 41%

3a1y1s DOCIIIKSHHS BIUTHBY OllepaTtopa MyTallii Ha
IIBUIKICTh Tporecy (opMyBaHHS IMyHHOI BiAIIOBii
i gac kiacugikamii 0yjao CTBOPEHO AEKibKa MOIUdi-
kaniit aiINET, naBenenux y tabm. 7.

Cuizx 3a3Ha4nTH, IO BCi MOAN(IKOBaHI aNTOPUTMHU
BUKOPHCTOBYIOTh CYIPECII0 [0 IJIbOBUX AHTUIECHIB,
MaloTh MapameTp 3BY)KEHHs MOUIYKY LITbOBHX 00’€KTIB
L = 0,35 Ta BHKOpPHCTOBYIOTh CTaTH4YHE KJIOHYBaHHS,
i 9ac SIKOrO ISl KOKHOTO aHTUTLIA (POPMYETHCS IO
100 ksoHiB.

Takox Bci Moau¢ikoBaHI anroputMu (GOpMyOTh
mo 100 momyIAmii iMyHHHX 00’€KTIB mepel TOYaTKOM
MpoIlecy BH3HAYCHHS KIJIACIB JUIS BCIX AHTHTLN, IO HE
HaOyJIK cTaHy MTOBHOI 200 YMOBHOI CIICITU(ITHOCTI.

Tabnuys 7 — Moaudikauii anropurmy aiNET i3 pisunmn
omeparopaMu myTamii

AJIroputm MyTrauis
aiNET-ts4-sc100-sm1
aiNET-ts4-sc100-sm2

aiNET-ts4-sc100-sm3

Crarnuna, 4 = 0,1

Crarnuna, i = 0,2

[ponopuiitaa

aiNET-ts4-sc100-sm4 3BOpPOTHO-NIPOIIOPIiiiHA

Oysio cTBOpeHo nexinbka moaudikaniii aiNET, naene-
HUX y Tabn. 9, ki BUKOPUCTOBYIOTH CYHNpECiio 10 Li-
JHOBUX aHTHI'€HIB, MAIOTh ITapaMeTp 3BYKEHHS ITOLTYKY
uiboBux 00’exriB L = 0,35 Ta BUKOPHUCTOBYIOTH CTaTH-
yHe kioHyBaHHS (100 KJIOHIB) Ta 3BOPOTHO-NPOIOP-
LiffHy MyTaItiro.

Tabnuys 8 — Ouinka epexruBHocti anropurmis aiNET i3
Pi3HHMH BHIAMHU MYyTaLii

AJroputm P T S E
aiNET-ts4-sc100-sm1 100 23% 29% 32%
aiNET-ts4-sc100-sm2 100 23% 31% 31%
aiNET-ts4-sc100-sm3 100 23% 28% 32%
aiNET-ts4-sc100-sm4 100 24% 39% 26%

Tabnuys 9 — Monudikauii anropurmy aiNET i3 pisHumu
onepaTopamu 3yNHHKH Npoiecy
(opmyBannsa imyHHoI Bignosini

AJiroputm
aiNET-ts4-sc100-sm4-st100
aiNET-ts4-sc100-sm4-tt

YMOBH 3yNUHKHU

O06poodka 100 momyJsmiit

IToBHa crierudivHicTh
Crenndivnicts 75%
AHTUTILI
Crnenudivnicts 75%
aHTUTIN 260 00poOKa
250 momyJisiiin

aiNET-ts4-sc100-sm4-ct

aiNET-ts4-sc100-sm4-kt250

3rigHo 3 pe3yibTaTaMy BKa3aHHUX aITOPUTMIB Kia-
cudikarii, mo HaemeHi y Tabm. 10, MoxkHa 3po0OUTH
BHCHOBOK, 1110 BUKOPHCTAaHHSI YMOBH MOBHOI crierugiu-
HOCTI JUIA 3yITUHKH Tponecy (GopMyBaHHs iIMyHHOT Bij-
MOBI/Ii PU3BOIUTH O HEOOXIAHOCTI (hOPMYBAHHS HaJ-
BEJIMKOI KUIBKOCTI TOMYJISILiH IMYHHMX 00’€KTiB, IO
HETaTUBHO BIUIMBA€ HA MIBHAKICTh Kiacugikamii. Buko-
PHUCTaHHS YMOBH JOCSTHEHHS YMOBHOI CrielU(piqHOCTI
BCIMa aHTHTIIAMH MEpEXi TaKO)X HETaTHBHO BIUTHBAE
HA MIBUIKICTH POOOTH IMYHHOTO aJTOPUTMY, alie 3a0e3-
Ievye BHCOKY TOYHICTh Kiacuikamii. HaitOimem 30a-
JaHCOBaHMM BapiaHTOM OIEpaTopy 3yMUHKH (GopMmy-
BaHHS IMyHHOI BIAINOBiJl € KOMOIHOBaHHM BapiaHT, KO-
JIM yMOBA JIOCSITHEHHsI YMOBHOI Crielu(i4HOCTI MOEHY-
€THCS 13 BUKOPUCTAHHSIM MAaKCUMAaJbHOI KIIBKOCTI IO-
MyJISIIiA QHTHUTLIL.

Tabauys 10 — Oninka egeKTUBHOCTI aIrOPUTMIB i3 pi3HM-
MH ONlepaTOpaMM 3yNMHKH npouecy Gpopmy-
BaHH#A iMYHHOI BinmoBiai

BinmoBigHO 10 pe3ynbTaTiB KiIacu(pikaIii anropu-
TMaMH, HABEJICHUMHU Y Ta0J. 7, MOXKHA 3pDOOHUTH BHCHO-
BOK, II[0 BUKOPUCTAHHS MPOIOPIIIHOT MyTamii mpu3Bo-
JUTH 10 3HWKEHHS SKOCTI KiIacupikalii, MOpPiBHIHO 3
pe3yipTaTaMy, OTPHMaHUMHE [IPH BUKOPUCTAHHI Omepa-
TOpIB MyTAIlil iHIITNX BHUIIB.

Tako CITiJ 3a3HAYMTH, 110 BUKOPHUCTAHHS 3BOPO-
THO-TIPOTIOPIIIHOT MyTaIlii MPU3BOIUTH A0 MiBUIICHHS
AKOCTi pe3ynbTaTiB poOOTH IMyHHOTO aJTOPUTMY Maii-
K€ 3a BCiMa MOKa3HUKAMHU.

3ams AOCHiDKEHHS BIUIMBY HaJAIITyBaHb OIepa-
TOPY 3YNUHKH mporiecy (GopMyBaHHS iIMyHHOI BiATIOBi i

AJroputm P T S E
aiNET-ts4-sc100-sm4-st100 | 100 | 24% | 39% | 26%
aiNET-ts4-sc100-sm4-tt | 1875 | 443% | 100% | 1%
aiNET-ts4-sc100-sm4-ct | 1053 | 251% | 100% | 4%
aiNET-ts4-sc100-sm4-kt250 | 250 | 59% | 73% | 11%

BucHoBku

B pesynpraTi mpoBeneHUX TOCTIIKEHb BHSABICHO
ONTUMAaNIbHy KOMOiHAIiI0 IMyHHHX OTIEpPaTopiB, sSKa 3a-
Oe3reuye BUCOKY IIBHIKICTH (popMyBaHHS iIMyHHOI Bij-
OBl AJISL AITOPUTMIB, 10 (YyHKLIIOHYIOTH HA OCHOBI
MoJiei IITYy4HOI IMYHHOT Mepexi Ta peajli3yloThcs Ha
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ocHOBi moumpenoro amroputmy aiNET. 3rizHo 3 pe-
3yJIbTaTaMyd BHUIPOOYBaHb, HaOUIbIIYy e(EeKTUBHICTH
nokaszaB anroput™ aiNET-ts4-sc100-sm4-kt250, skuii
BUKOPHCTOBY€E CYIPELil0 A0 LiTbOBUX AHTHICHIB, Mae
rapameTp 3BY)KEHHs OaraToBUMipHOTO mpoctopy L mms
MOINYKY IWiILOBUX 06’ekTiB B amiamasoni (0,35;0,5),
BUKOPUCTOBYE CTaTUYHE KIOHYBAaHHS Ta 3BOPOTHO-
MPONOPLIHHY MYyTalifo, a TaKOX Mae KOMOIHOBaHHIA
oreparop 3yNHHKU Tporecy (GopMyBaHHS iIMyHHOI Bif-
TIOBiZIi HA OCHOBI YMOBHOI crielu(igHOCTI Ta MaKcHMa-
JIBHOT KITBKOCTI MOMYJISIINA aHTUTIIL.

VY wiit po0OoOTi 3ampONOHOBAHO BHUKOPUCTAHHS Ili-
JOBUX IMYHHHMX 00’€KTIB JUIsi BU3HAYEHHS KJAciB aH-

THUTIJI, BAKOPUCTAHHS MOHATTS YMOBHOI crienugiyHOCTi
MDXK aHTHUTIJIaMHU Ta aHTUTEHAMH, a TaKOX BUKOPHUCTaH-
HSl KPUTEPII0 3BY)KEHHS NPOCTOPY MOLIYKY LIILOBUX
00’€eKTiB Jy1s Kinacugikarrii.

Januii MeTox Moxe OyTH BHKOPHCTaHWH Ui BHU-
pimreHHs 3amau kinacudikamii 3 HEKOHTPOJIHOBAaHNM Ha-
BYaHHAM, a TaKOXX 3a1a4 IIPOTHO3YBaHH:I, PO3Ii3HABaH-
H1 o00pa3iB Ta KepyBaHHA TIEpPCOHAXaMH B
KOMI ' FOTePHHX Ta MOOUIHHHX irpax.

Po3pobienniit Mmoudikosanuit mertox aiNET-ts4-
5¢100-sm4-kt250 miaHyeThCs BUKOPHCTOBYBATH y IO-
JanblIoMy  Jis  KEepyBaHHsS  IEPCOHa)XkaMH B
KOMIT'FOTEPHHUX irpax »aHpy action.
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The research of immune operators in the artificial immune network model
Oleksandr Fomichov, Vladyslav Burtsev

Abstract. Topicality. Models and methods that allow intelligent processing and systematization of data are of consider-
able relevance in the field of information technologies. Among such models, one can single out models that work on the basis of
biological principles of computing organization, such as artificial neural networks, genetic algorithms, and artificial immune sys-
tems. Today, there are several types of models of artificial immune systems that use specific immune operators that affect the
speed of the model and the quality of solving practical problems. The goal of this work is a study of the influence of the organi-
zation of the work of the most common immune operators on the speed of work of immune algorithms and the accuracy of deci-
sion-making regarding the classification of objects with supervised learning. The object of research are epy immune operators
of cloning, mutation and suppression, as well as an assessment of the speed of the process of forming an immune response of a
network of antibodies to a population of antigens. The subject of research is the model of an artificial immune network and the
aiNET algorithm, immune operators and their influence on the process of forming an immune response for the classification of
objects with supervised learning. Results. In this paper, the optimal setting of immune operators is proposed to ensure a high
speed of immune response formation by the aiNET algorithm when solving the classification problem. In addition, it is proposed
to use target immune objects to speed up the classification of antibodies that have not acquired the state of specificity to the anti-
gens of the training sample. Conclusions. The modified aiNET method of classification with supervised learning is planned to be
used in the future to control the behavior of characters in action game applications.

Keywords: artificial immune systems, antibody, antigen, affinity, cloning, suppression, complete specificity, conditional
specificity, immune network suppression.
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XapKiBChKHI HAIllOHATBHUN YHIBEPCUTET PaIioeNeKTPOHIKH, XapKiB, YKpaina

OLIIHKA YYTJIMBOCTI NOSICHEHBb
B IHTEJIEKTYAJIBHIV THOOPMAIIMHINA CUCTEMI

AnoTtanis. [IpeameroM BUBYECHHS B CTATTI € MPOLIECH TOOYIOBH MOSICHEHD I[0JI0 OTPUMAHUX PIllIeHb B iHTENEKTyalbHIl
iHpopMmaiitHiii cucremi. MeToI0 € OI[iHKa YyTIUBOCTI MOSICHEHb HA OCHOBI aHAJIi3y BIACTUBOCTEH BXIAHUX JaHHUX Ta BiIIO-
BIHUX pillleHb B IHTENEKTyalbHil iHGOpManiliHiil cucTeMi A MiATPUMKH BUOOPY HAHKPALIOro MOsICHEHHS 3 TO3UIIIN 3a-
JIOBOJICHHS 1HTEpeCiB KOpUCTyBaya. 3aBAaHHA: CTPYKTYpHU3aLlisl KpUTEPiiB KUTbKICHOT OLIIHKY MOSICHEHb NIPH IPEACTaBICHH]
IHTENIEKTyanbHOI CHCTEMH Y BHIIISAI YOPHOTO SIIHUKY; pO3po0Ka METOMY OILIHKH YyTIHMBOCTI ITOSCHEHb B IHTEJEKTyaIbHIN
indopmariiiHiif cuctemi. BukopucToByBaHNMHI MiAX0JAaMH €: MITXOAU 10 NOOYIOBH IOSCHEHb, ITiIXOIH OLIHKH NOSICHEHb
B iHTeJeKTyaIbHNX iH(pOpMamiiHuX cucreMax. OTpuMaHi HacTynHi pe3yabTaTi. CTPYKTYpOBaHO KpHUTEpii OLIHKH IT0sIC-
HEHb IS IHTEJISKTyalbHUX CHCTEM, IPEICTaBICHHUX 3TiHO IPHHIHUIYY YOPHOTO SIIIMKY. BkazaHi kpurepii BpaxoBYIOTh
BIUIMB Ha MOSCHEHHS BX1THUX Ta BUX1JHUX JaHUX IHTEIEKTYaIbHOI CHCTEMH, BiAMOBIJHICTh NOSCHEHHS NPOLIECY MPUAHSITTS
PIIICHHS B iHTENEKTYyalbHii CHCTEM], a TAKOXK BiAMOBIIHICTH MOSCHEHHS 1 pO3yMiHHS pe3yIbTaTIiB iHTEIEKTYaIbHOI CHCTEMHU
KopuctyBaueM. Ha 6a3i BUKOHaHOI CTPYKTypH3aLlii 3aponoHOBaHO METO/] OLIHKU Yy TJIMBOCTI MOSICHEHB [UIS iHTEIEKTYalb-
HOT CHCTEMH, MPEJICTABICHOI 3TiIHO NPUHIKITY YOPHOTO suirKa. BucHoBKH. HaykoBa HOBH3HA OTPUMaHHX PE3yJbTATIB 110~
Jsira€ B HACTYITHOMY. 3alpOIIOHOBAHO METO/] OLIIHKY YYTJIMBOCTI ITOSCHEHb JUIS IHTEIEKTYaJIbHOI CHCTEMH, PEICTAaBICHOT
3TiTHO MPUHIUITY YOPHOTO SIIMKa. MeTox MICTHTh eTally, ITOB's3aHi i3 IepeBipKOIo Ta BU3HAYCHHSIM CX0XKOCTI BXITHHX Ja-
HUX 1 pe3yNbTaTiB [yl AIbTEPHATHBHUX MOJENEH IHTENEKTYyaIbHUX CUCTEM 3a KUIBKICHUMH Ta SIKICHUMH ITIOKa3HUKaMH, a
TAKOX KUTBKICHOT OLIHKM BXIHUX JAaHUX Ta BU3HAYECHHS Yy TJIMBOCTI HOSICHEHH. 3alIpOIIOHOBAHUH METOJ 1a€ MOKIIUBICTD
MIOPIBHATH Ta BUOpATH MOSCHEHHS 3 YpaxXyBaHHSIM BJIACTUBOCTEH Ta BaYKJIMBOCTI BXIJHHMX JaHUX 3 THM, OO BU3HAYUTH
MOJKJIMBOCT] 3aCTOCYBaHHS albTEPHATUBHHUX MIIXOAiB 10 MOOYIOBH MOSCHEHB OO0 Pe3yJIbTaTiB iHTENEKTyaIbHOI iH(Op-
MariifHoi cuctemu. [loganbmmii po3BUTOK 3alIPOIIOHOBAHOTO MiIXOMy Opi€HTOBaHMI Ha BH3HAYCHHS 1 peati3alilo METPHK
OIIIHKY TOYHOCTI 1 PO30POCTi HOSICHEHD.

Knwuogi ciaoBa: iHTeJ’IeKTyaJ'IBHa CHUCTEMA, TOSICHEHHS, ITPOLEC HpHﬁHﬂTTH piHIeHHH, TIPUYUHHO -HaCJ'Ii}:[KOBI/Iﬁ 3B'${3OK,

OI[IHKA [TOSICHEHb.

Beryn

BaknuBicTh BUKOPUCTAHHSI TTOSICHEHD MO0 OTPHU-
MaHUX B IHTENEKTyaJbHUX CHCTEMax pillleHb IOB's3aHa
i3 CyTTEBUM MiJBUIIECHHIM CKIIQJHOCTI TaKUX CHUCTEM i
BUKOPHUCTAHHSIM CKJIAJIHHX, HEIPO30PHUX Ul KOPHUCTY-
Baya aJITOPUTMIB IIPH OTPHMAHHI PE3yJIbTATIB B IIUX CH-
cTeMax.

He3po3yMinticTh anroputMiB MpUHHATTS PIlICHb IS
KOPHCTYBa4a MOXe MPUBECTH J0 HEAOBIPH LIOJI0 OTPUMA-
HUX Pe3yJIbTATIB i, IK HACHIJIOK, IO HEBUKOPUCTAaHHSI a00
3aTPUMOK BHKOPHCTAHHS 3aIPOIIOHOBAHOTO IHTEJIEKTYa-
JIHOIO CHCTEMOIO pimieHHs. Taka HEBIAMOBIIHICTH Ha
MPaKTHUL MOKE TIPUBOJIUTH JI0 CYTTEBUX 30UTKIB. Hanpu-
KJajl, HelIoBipa KOPUCTYBaya J0 pe3yJbTaTiB poO3Ii3Ha-
BaHHS 00'€KTIB B OXOPOHHIN CHCTeMi 3HIKY€e Oe3IeKOBi
MOXKITUBCTI BiJIIIOBITHOTO ITiIIIPHEMCTBA, HEJIOBIpa JI0 pe-
KOMEH/IAlliil B CHCTEMI eNIEKTPOHHOT KOMEpIIii 3HIDKYE Ki-
JBKICTh Ta CyMy TOKYIIOK TOBapiB abo mochyr, Toruo [1-
3]. s BupilieHHs Li€l mpoOieMu BUKOPHCTOBYEThCS Me-
XaHI3M TOSICHEHHS OTPUMAaHMX B IHTEJEKTyallbHill cHc-
TeMi pesyinbratis [4]. TTosicHeHHS 1a€ MOKITMBICTH KOpHC-
TyBa4deBi BU3HAYUTH IMPUYNHHO-HACIIIKOBI 3aJ€XKHOCTI
MDK BXiTHAME JaHUMH 1 pe3yJIbTaTOM pOOOTH iHTEJICKTY-
IBHOI CHUCTEMH, a00 K MK OKPEMUMH JiIMH 1 OTpHMa-
HUMH TIPOMIKHAMH pe3ysibratamu [5].

B nepmomy Bunaaky mnpu noOy/0Bi MOSCHEHb PO-
60Ta IHTEIEeKTYaIbHOI CUCTEMH NPEACTABISIEThCA K 3a-
Jlada, BUPIMICHHS SKOT Ma€e BXiJHI aHi i pe3ybTaT, i He
MIPEACTABICHO IPOMIKHIMU cTaHaMHu. ToOTo iHTeneKTy-
aJIbHA CHCTEMa PO3IJISIIAEThCS 3TiHO NPUHLMITY YOp-
HOT'O SIIHKY.

B npyromy Bumanky ¢yHKI[IOHYBaHHS CHCTEMH PO-
3MIISAETHCS SIK TIPOLIEC, SIKWM MICTHTh IPOMIXKHI CTaHH.
KosxeH craH € pe3yJIbTaToM BUKOHAHHSI OJIHI€T 3 JTiit po-
Hecy HpUUHATTA pimeHHs. ToOTo B JApyromMy BHIAIKy
(GYHKIIOHYBaHHS 1HTEJEKTyalbHOI iHPOpMAaLiiHOI cuc-
TEMH PO3TJIIIAETHCS HA PI3HUX PIBHAX IeTai3allil, y Bij-
MOBITHOCTI 10 IPUHITUITY O17I0TO SIIUKY.

3rigHO IPUHIMIIIB O1JIOTO Ta YOPHOTO SIIUKIB MO-
YKHA BUJUTUTH JIBa HAIIPSIMKH MOOY/I0BH TIOSICHEHb.

3a MpHUHIUIIOM OLTOTO SIIUKY, HOSCHEHHS € 0e310-
CepeIHBO OJHIEIO 13 QPYHKINH IHTEIEKTYaIbHOI CHCTEMH.
B nanomy Bumnanky anst QyHKOii HOSICHEHHS € JOCTYII-
HMMH BCl BHYTpIILHI JIaHI CHCTEMH, IO 3a0e3NedyrTh
(dopmyBanHs piteHHs. [lepeBara niaxoay nosisrae y Mo-
JKITUBOCTI ()OPMYBAHHS TOYHHX MOSCHEHb Ha OCHOBI TO-
BHOTO Ha0Opy BHYTpimHIX gaHuX. CyTT€BUM 0OMEKEH-
HSIM JTaHOTO MiJXOAY € HeOOXiTHICTh BKIIIOUEHHS (PyHK-
IOHATBHOCTI MOSICHEHHSI Oe3MmocepeIHhO Ha eTarli mpoe-
KTyBaHHS iHTEJIEKTYaIbHOI cHCcTeMH. JlONOBHEHHS iCHY-
10901 CHCTEMH BKa3aHOIO (YHKIIOHAJIBHICTIO MOTpedye
3HAYHUX BUTPAT Ha ii IepernpoeKTyBaHHS.

[loOynoBa TmoOsSICHEHb 3a MNPHHIMIIOM YOPHOTO
SIUKY TIependadae po3poOKy OKpeMoi IiJICHCTEMH, sIKa
BHUKOPHCTOBY€ BXiJHI JJaHHI, pe3ysbTar i, MOXKJIMBO, J0-
CTYIIHI TIPOMDXHI JIaHi 1711 popMyBaHHS MosicHeHb. Ha
6a3i nux JaHWuX U1 KOPUCTyBada (POpMYIOTHCS BiAIOBI-
JTHI Kay3aJIbHi 3aJIEKHOCTI.

OcHOBHI MeTOJM TOOYAOBU TOSCHEHb PO3POOIs-
smcs 3riguao nporpamu XAl (Explainable Artificial intelli-
gence), 3anponoroBanoi DARPA [6]. KirrouoBa yBara 3a
LI€I0 MPOrpaMoI0 MPHUALIAIACH BUSHAUYCHHIO 3pO3YMUIHX
JUIsl KOPHUCTyBaua NPUYMHHO-HACHIIAKOBHX 3B'S3KiB, IO
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BiZIOOpaXKArOTh 3AJICKHOCTI MiXK BXOJaMH Ta BUXOZIOM iH-
TenekTyansHoi cucteMu. OHaK Ipo0sIeMi OPIBHSHHS Ta
OOIPYHTOBAHOTO BHOOPY METOAY MOOYIOBH MOSCHEHBb
TIPH [IPE/ICTABJICHH] IHTENEKTya bHOI CUCTEMU Y BUTJISII
YOPHOTO SIIUKY HE NPHUALIIOCH AOCTaTHBO yBaru. Jlis
MPaKTUYHOTO 3aCTOCYBAaHHS METOIiB TOOYIOBH TTOSCHEHb
Ba)KJIBO MAaTH KPHUTEpiil X MOpiBHAHHSA. Takuii Kputepiit
Ma€ IaBaTH MOKJIUBICTD TIOPiBHATH albTePHATUBHUX ITiJI-
XOMIB Ta BHU3HAYMTH, SIKMH METOJ TOYHIIIIE BU3HAYAE 3a-
JIEKHOCTI TSI HOSICHEHDb MK XapaKTepHCTUKAMU BX1THUX
JAaHUX Ta OTPUMAaHMM B iHTEJIEKTyaJIbHIN CHCTEMI KiHIle-
BUM a00 NMPOMDXKHUMH pe3yJIbTaTaMU.

TaxkuMm 4MHOM, aKTyabHOIO 3a1a4€elo pY Mo0y10Bi
MOSICHEHb € (pOpMyBaHHS Ta BUKOPHUCTAHHS KpPUTEPIiB
JUTSL TIOPIBHSAHHS X ¢(EKTUBHOCTI MPH OJJHAKOBUX BXiJI-
HUX JJaHUX, @ TAKOXK OTPUMaHMX B IHTENEKTyaJbHIH iH-
(dbopMariiiHiii cucTeMi pilleHHSIX.

OpHak iCHYIOYi TMiAXOIHU 10 OLIHKK e()eKTUBHOCTI
MOSICHEHb B IHTEJIEKTYyaJbHUX CHUCTEMax OPIEHTOBaHI B
TIepIly Yepry Ha SKiCHE IX MOPIBHAHHS 3 TOUKH 30Dy JIIO-
neii-kopuctyBadiB [ 7]. Takox, 3 BUKOPUCTAHHIM TIPHH-
Iy O1710TO SIIMKY, BUKOPHCTOBYIOTHCSI OKpPEMI, JIOKa-
JIbHI MIAXO0/M JI0 MEPEBIPKHU 3aJIe)KHOCTEN MiXK BIIACTHUBO-
CTSIMH BX1THUX JaHUX Ta OTPUMAHHUM B IHTEJICKTYaIbHIH
cucTeMi pimeHHsIM [8], BpaxoBYyIOTBCsI 0COOIMBOCTI MO-
JeTTl TIPUUHSATTS PillleHb Ta BiMOBIIHI BIACTUBOCTI BXi-
JHUAX JQHWUX iHTeNeKTyansHoi [9].

Takum yrHOM, OOIPYHTYBaHHS BUOOPY METO/1Y MO-
OyZOBU MOSICHEHb Ha OCHOBI KUTBKICHOTO KPHTEPIFO OIIi-
HKH X e()eKTHBHOCTI € aKTyaJIbHOIO 33/1auelo.

Taxwuii KpuTepiit Mae BpaxOBYBATH y3arajbHEHi Bila-
CTHBOCTI ITOSICHEHB, 5IKi 3a0€3MeUyI0Th MPO30PiCTh OCTaH-
HIX 711 KoprcTyBada. Li BmacTiBOCTI B Iepmry 4epry ma-
IOTh BPaXxOBYBaTH BiJIIOBIIHICTh MOSCHEHHS Ha0Opy BXi-
JIHUX JIAHUX, TOOTO YyTJIMBICTh MOSCHEHHS JI0 MOMHJIOK 1
3MiHaxX B TAKKUX JaHUX. Takox HEOOXiIHO BpaxyBaTH 3po-
3yMIJTICTh OTPUMAHOTO MOSICHEHHSI [UIsi KOPUCTYBaya, Ta
BIZIMIOBITHICTh MMOSICHEHHS OTPUMAaHUM pPe3yJIbTaTam.

Tabauys 1 — BinMiHHOCTi 6230BHX BJIACTHBOCTEN NMOSICHEHb

MeTo10 €TaTTi € OI[IHKa YYTJINBOCTI NOSCHEHb Ha
OCHOBI aHaJIi3y BIIACTHUBOCTCH BXiTHHUX JAHWUX Ta BIAIO-
BiJIHUX pillleHb B IHTEJEKTyalbHiil iHpopManiiHii cuc-
TeMi A1 MIATPUMKH BHOOPY HaMKpamoro MmosiCHEHH 3
TIO3HUIIi# 3310BOJIEHHS IHTEPECiB KOPUCTYBaya.

Jst TOCSTHEHHS ITOCTAaBJICHOT METH BUPILIYIOTHCS
Taki 3agayi:

— CTPYKTypH3aIlisi KpUTEPiiB KiNbKICHOT OIIHKH TI0-
SICHEHb IIPH NPEACTABICHH] IHTEJIEKTYaIbHOI CHCTEMH Y
BUIJIAI YOPHOTO AIIUKY;

— po3po0Ka METOIY OI[HKH YyTIHUBOCTI MOSICHEHBb
B IHTENEKTyaJbHIN iHQOpMaLilHIi cuctemi, sika mpen-
CTaBJIeHa SIK YOPHHH SIIIHK.

Kpurepii oninkn nosicHeHb

s peamizanii KiTbKiCHOT OIIHKY MOSCHEHb JOITi-
JHHO BpaxXyBaTH TaKi 1X 3arajibHi BIaCTHBOCTI:

— YyTIUBICTH 10 3MiH;

— TOYHICTB;

— MPO30PICTh MPEJCTABICHHS KOPUCTYBaYECBI.

OOrpyHTyBaHHs BHOOPY BKa3aHHX BIIACTHBOCTEH
HOJISITae B HACTYITHOMY. BilmoBinHO /10 mepioi BiacTu-
BOCTI, MIOSICHEHHS Ma€, 3 OJTHOTO OOKY, 3MIHIOBATHCH ITPH
3MiHI TIpoliecy (YHKIIIOHYBaHHS IHTEIEKTyalbHOI CHC-
TEMH, a 3 IHIIOTO -0y TH HEUy TIIMBUM /10 BHIIAIKOBHX a00
panToBUX 3MiH y BXiJHUX JaHHX, 10 HE BIUIMBAIOTH Ha
KiHIEBHH pe3ynbTat pobotu cuctemu [10].

3rimHO Apyroi BIACTHBOCTI, MOSCHEHHS Ma€ Mak-
CHUMaJIbHO TOYHO BimoOpakaTh mporec poOOTH iHTEIeK-
TyalbHOI CHCTEMH, y 3arajJbHOMY BUIJIAJI MpeacCTaBlie-
HOI SIK YOpHHUH SIIYK.

Tperst BIacTHBICTH BpaxoBYE BiIOMi OOMEKEHHs
OIEPATUBHOI MaM'sIT1 JIFOIMHH, KA y OLIBIIOCTI BUIIA IKIB
3a0e3nedye e(eKTHBHE OIepyBaHHS CiMOMa IpeaMe-
TaMH OZHOYACHO. ToMy MosiICHEHHS Ma€ OyTH MiHIMalTb-
HUM 3 TO3UIIH KiTBKOCTI 00'€KTIB, 3 SKUMHU BOHO OTIEPYE.

[epenix ocoOmuBoCTEl HABEACHUX BIACTUBOCTEH
TIOSICHEHb MTPEACTaBIICHO B Ta0I. 1.

BiaacTuBicTh OcobamBoCTi

SIkicHa/kinbKicHa omiHka

UyTIuBiCTh 10 3MiH

YTO4YHEHHS MOSCHEHHS BiATIOBIIHO O PO3BUTKY iHTE-
JeKTYallbHOI CHCTEMH, HEYYTIHBICTh IO BHIIAJKOBUX
3MiH Y BXITHUX JaHUX BHACTIJIOK 30BHIIIHIX BIUTMBIB

SlxicHa Ta KimbKicHa (3 ypaxyBaHHSIM
BJIACTHBOCTEH TAaHWUX Ta PE3yJIbTaTiB)

TounicTh

BianoBigHICTh MOSICHEHHS pealbHOMY TIpoliecy (QYHKIIi-
OHYBaHHS IHTEJIEKTYaJIbHOI CHCTEMH: Kay3albHi 3aJIeK-
HOCTI MTOSICHEHHS MalOTh BiJIIIOBIJATH Kay3aJbHUM 3ajIe-
JKHOCTSIM MPOLIECY NPUHHSTTS PillIeHHS

Kinekicua

IIpo3opicTs npexncTas-
JICHHSI KOPHCTYBa4eBi

IIpencraieHHs 3 MiHIMATBHOIO CKIIAHICTIO, 3 Ypaxy-
BaHHAM OOMEKECHb CIIPUHHSTTS JIOANHU-KOPUCTYBa4a

KiJ’IbKiCHa, 3a MpeACTaBJIICHUMHU €JIEMEH-
TaMH

3rifiHO I IXOLY «HOPHOTO AMIKKa», mosichenHs EXpl

B IHTEJIEKTyaJbHIi CHCTeMI MPEeICTaBIAETCS K (DYHKIS,
AKa 337a€ Kay3aJbHI 3aJIeKHOCTI MDK 3aJaHUM HabopoMm

BXimHux mammx V = {Vi} Ta BIANOBIIIIO cHcTeMH R 3a

YMOBH, IIIO Ii TaHi XapaKTepU3YIOTHCS iX SIKICHUMH BJIaCTH-
BOCTSIMU @ Ta KUIbKICHUMH BIIACTUBOCTAMH W; :

Expl = f (V,R). @)

vi =(8,w). (2

Take BU3HAUCHHS MOSCHEHHs SK (DYHKINI IMOKA3ye,
110 MMOSICHEHHS MOXe OyTH MPEICTaBIICHO Y BUTIISII 3aj1e-
YKHOCTI MIJK BJIACTHBOCTSMH €JIEMEHTIB HAOOpy BXIIHHX
JaHUX Vi Ta OTPUMAHUM B IHTENIEKTyaJbHIA CHCTEMI pe-
3yJipTaTOM. BXimHI 1aHI MOXXYTh MaTH SIK SIKICHI, TaK 1 Ki-
JIBKICHI BIAacTUBOCTI. Hanmpuknan, mpy SKiCHIN OLIHIT MU
MOXKEMO BWIUTUTH MiIMHOXHUHY BXiHUX JaHUX, KA BU-
3Ha4Ya€ pe3ysabTaT pobOTH IHTENeKTyalbHOI cuctemH. Ki-
JBKiCHA OIIiHKA 3a/1a€ BIUTMB [IMX JAaHHUX Ha pe3yibTar de-
pe3 ix Bary. [HIIMMU clOBaMu, KUTBKICHA OIIHKA MOXE
OyTH TOB's3aHa 3 SKICHOIO 4Yepe3 ampiopHO 3aJaHe
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MOPOroBe 3HAYCHHsI Baru. Hampukian, BIUTUB HA Pe3yJib-
TaT CIEMEHTA BX1THUX JaHUX BBAKAETHCS CYTTEBUM Yy BH-
MaJIKy, SKIIO HOTO Bara MepeBHUIIy€ 3aJaHe MOPOroBe 3Ha-
4yeHHs1 W*. TakuM 4MHOM, sIKiCHA OI[IHKa MO>Ke Oy TH OTpH-
MaHa Ha OCHOBI KIJIbKICHOI OLIIHKH BJIACTUBOCTEN BXIIHUX
naHux. /i1 BuObopy MOsSICHEHbP HaM HEOOXiTHO OLIHUTH
iX KimpkicHO ¥ sikicHO. Ilpm Takifi omiHII HE0OXimHO

Tabnuys 2 — SIkicHa oniHKA MOsICHEHb

BpPaxoBYBaTH Cy0 €KTHBHHH Ta 00 €KTHBHHUH acCIEKTH
nosicieHb. Cy0'eKTUBHUMN aCIICKT MOSICHCHHS MTOB'13aHU I
i3 sIKicHOIO owiHKolo. Ilo-mepiie, HeOOXiIHO OTpUMaTH
OLIIHKY 3aJI0BOJICHOCTI KOPUCTYBaiB IIMM IOSCHEHHSIM.
A 110 ipyTe - CTYIIHb PO3YMIHHS IOSICHEHHSI KOPHCTYBA-
gyamu. CTpyKTypH3amlil0 SKICHOTO AaCHeKTy MOSCHEHb
MPEICTaBICHO B Ta0I. 2.

XapaKTepucTHKA Oco0/uBocTi

Mo:xuBicTh nepexoay 10 KijibKicHOT OliHKH

3a710BOJICHICTh
KOpHCTYBadiB
LIMHOI CHCTEMU

®DakTU4HO BiIOOpaXkae CTYMiHb TOBIPH KOPUCTY-
BauiB JI0 pe3yNbTATIB IHTEIEKTyaIbHOI iH(OpMa-

UYepes miATBepIKEHHS BHOOPY 3alIpOIOHOBAHOTO
CHCTEMOIO DIIIeHHS, HaNpHKIAJ PEeKOMEHJIOBa-
HOTO TOBapy abo IMociIyTH

Po3yminHs

YUHHO-HACIIIIKOBHX 3B'SI3KiB

Bino6paxeHHs porecy NPUHHATTI pillleHHS B iH-
TEeNEKTyalbHill CUCTeM1 Y BUTJISLII MHOKUHH MIPU-

Uepe3 aHaIi3 TEKCTIiB BIATYKIB HA pe3yJIbTaTH BH-
KOPHCTAHHS CUCTEMH (32 HasIBHOCTI), Yyepe3 aHKe-
TYBaHHs

OpHak sSKiCHAa XapaKTepUCTHKA HE Ja€ MOMKIIUBOCTI
MTOPIBHIOBATH MOSICHEHHS MiXK CO00F0, OCKIIBKU TIPU BU-
00pi Kpaile MosICHEHHS IOBUHHO MaTH Kpally KUTBKICHY
OIIHKY. MOXJIMBICTE BHOOpY 3a0e3ledye yAOCKOHA-
JICHHS TIXOJIB 10 MOOYJOBU MOSCHEHb. TaKUM YHHOM,
00’€KTHBHA XapaKTCPUCTUKA MOSICHCHHS 0a3yeThCs Ha
Horo KibKicHI omiHIll. HasBHICTh TaKoi OI[IHKH JTa€ MO-
JKIIUBICTh ICPEBIPUTH, YU BiIIOBIIAE TPOIIEC MOSICHEHHS
3aJaHAM 3HAYCHHSM Yy3arajJbHEHUX BIACTHBOCTEH UYT-
JUBOCTI IO 3MiH, TOYHOCTI Ta IPO30POCTi MpPEICTaB-
JICHHA KOPUCTYBadeBi. BIacTHBICTh TOYHOCTI Ta€ MOX-
JUBICT TPHU MOOYIOBI MOSCHEHHS BU3HAYUTHU ITiMHO-
KIHY BXiTHHUX JaHUX, SKi 3HAYHOIO MipOI0 BILTHBAIOTH
Ha OTpUMaHHU B iHTEJEKTyallbHIll CHCTEMi pe3yibTaT.
Toai BCTaHOBICHHS 3aJ€KHOCTI MK II€I0 IiAMHOXH-
HOIO BJIACTUBOCTEH Ta PILICHHSIM CHCTEMH 3abe3redye
YMOBH JUIsl BCTAHOBJICHHS! IPUYMHHO-HACIIIIKOBOT'O 3B'sl-
3Ky SIK OCHOBH TOSICHCHHS. AJIbTePHATUBHUI MiXi]] 10~
Jsirae y BU3HA4€HHI 3B'A3KYy MK 3B2)KEHOIO CyMOIO BJIa-
CTUBOCTEU Ta OTPUMAHUM pe3yJIbTaToM. B nojgansmomy,
Ha OCHOBI YTOYHEHHS Bar, MOXXHa BHIUIATH ITiIMHO-
KUHY JAHWX, [0 MAlOTh BIACTHBOCTI 3 HAHOLTBITUMHU
3HAYCHHSAMMU Bar. Taki JaHi € BU3SHAYabHUMH IS OTPH-
MaHHS pillIeHHS B IHTENEKTYyalbHil cucteMi. Takum uu-
HOM, 3 BUKOPUCTAHHSIM pe3yIbTaTiB JaHOTO IiJXOIy Ta-
KOXX MOXKHA OTPUMATH MiIMHOXXUHY BXIJIHUX JaHHX, IO
CYTTEBO BILUIMBAIOTH Ha PE3YJIbTaT CUCTEMH.

MeToa OWiHKY YYTJIUBOCTI MOSICHEHD

BuzHaunMMo KiJIbKICHY OLIHKY YyTJIMBOCTI IOsIC-
HEHHS Ha OCHOBI TaKOTO MiIXO1Y.

Hexaii Mmaemo 1Bi cX03i MoJiesi poOOTH 1HTEIEKTY-
anpHOT cucteMu My ta My, siki BUpIIIYIOTh OZHY i TY
kK 3a/1a4y. [Ipy BUKOpUCTaHHI LIUMU MOJEIISIMUA CXOXKHX
BXiJHUX AaHuX Vi Ta V, i oTpuMaHHI cX0xux ado o-
HAaKOBHX pe3ynbTaTiB Ry Ta R, moscHeHHs misa kopuc-

tyBaua Exply ta Expl, marors Oyt cxoxumu:
Expl ~ Exply V; *V, = Ry =R, =R. (3)

Toai KUIbKiCHA Yy TJIUBICTh NOSICHEHHS S BH3HAYa-
€ThCS Yepe3 NOPIBHIHHSA IBOX CXOXKHX (200 OJTHAKOBHX)
nosiciens S (Exply, Exply), it skux BuKOHYeTbCs

yMmoBa (3), 3 BUKOpUCTAaHHSIM MeTpukHu D :

S (Exply, Exply) = D(My (V,R), M5 (V5,R)).  (4)

CxO0XicTh MiXk BXiJTHIAMHU JaHUMH BU3HAYAMO depe3
BpaxyBaHHS BiIMIHHOCTI Mi)XK HOPMOBAaHUMH 3HAuYCH-

HSIMH Bar Wyj Ta W, BIATIOBIJHMX BIACTHBOCTEH BXil-

HUX JaHUX Vl,l Ta V2’|
AWi :‘\leiy —Wzii‘,o ka,i <1. (5)

BigmosigHo 1o (5), moka3sHuk AV CXO0XOCTI/Bif-
MIiHHOCTI BXiZTHUX JAQHUX JJISL IBOX CXOXKHX Mojeneit My

ta M, npuHHSTTS pillleHb B iHTENEKTYyalbHIH cUcTeMi

MOYKHa BH3HAYUTH SIK YCEPEAHEHY PI3HHIIIO MK Baramu
BIIACTUBOCTEH BXiMHUX NaHWX 32 YMOBH, IIO Ii JaHi €
CX0’KUMHU B KICHOMY 1 KIJIbKICHOMY BHMipax:

|
AV , = %ZAWi |(i)3ay;,3a,;. (6)
i=1
CXOXICTb y SIKICHOMY BUMIpi IOJISATae B TOMY, IO
B 000X BHIIaJKaX BUKOPHCTOBYIOTHCS OIHAKOBI HaOOpH
BXIJTHUX JaHUX:

(Vi)agj =ay;. )
3rigHo Bupasy (7), BIaCTUBOCTI Vi MOXYTb, HaIlpH-
KJIaJ], MaTH OIHaKOBI Ha3BH @; . CXOXICTh Y KiJIbKICHOMY

BHMIpi MOJIAITa€ y HE3HAYHIH, B MEXKaxX 3aJJaHOTO IIOPOTY
& , BIIMIHHOCTI M)XK BaraMu BX1JHUX JaHUX:

(Vi)Aw, <. ®)

Hampukian, B peKOMeHAAIIHIA CUCTEMI B SIKOCTI
BXIIHUX JaHUX MOXXe OyTH BHKOpPHCTaHa iH(popMaris
PO MOKYTIKK TOBApiB, PO X PEHTHUHTH, IIPO JIaTy MOKY-
TIOK Ta BUCTABJICHHS PEHTHHTY TOBapiB, PO TPYyIH TOBa-
piB, mpo ix momyJsipHicTb, JeMorpadiuHa iHpOopMaIlis
0/10 KopHucTyBaya, Tomo. O4eBUHO, 0 MU HE MO-
JKEMO IIOPIBHIOBATH MOSCHEHHs VIS CHCTEM, Iepiia 3
SIKMX BUKOPHUCTOBYE TSI TOOY0BH PEKOMEH Al iH(O-
pMarito Ipo MOKYIIKH, a iHIa — Ipo pedTHHru. Taka cu-
Tyallisl CBiTYHUTH ITPO HEBUKOHAHHS yMOBH (7) 1100 CXO-
JKOCTI BXITHUX JaHUX Y SIKICHOMY BHMIpi.

Takox BaKKO HOPIBHIOBATH TMOSICHEHHS y CHCTe-
Max, Mepia 3 SKHX BPaxOBY€ B HEPIIy Yepry JaHi mpo
TOBapH, a Jpyra — JlaHi Ipo KOPHCTYBadiB (3 BiAMOBix-
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HOIO Barolo), OCKUIbKM MOXX€ HE BHKOHYBaTHCh yMOBa
(8). Tobro B mepuiit cuctemi OyayTh MiHIMAJbHI Baru
JIAHUX MO0 KOPUCTYBAYiB 1 MAKCUMAaJIbHI — 010 TOBA-
piB, a B apyrii — HaBmaku. CXOXICTh pe3yJbTaTiB

R= {r j } , OTPUMaHHX B IHTEJIEKTYyalIbHIH cuctemi, 004u-

CITFOETHCS JIUIIE Y SIKICHOMY BHMIipi aHaNOTidHO (7):
(Rlsz)E(Vi)rlijrzvj. (9)

KinbkicHM BUMip €IEMEHTIB pillleHHS € He00OB's13-
KkoBUM. Hampukian, BiH Moxe OyTH BiICYTHIM IpH BUpi-
mIeHHi 3a1a49i OiHapHO1 Kiacudikamii 300paxeHs. Y BuIia-
JKy, SKIIO PilIEHHs MICTUTh KUIbKICHY CKIAJOBY @), TO

BH3HAYCHHS €KBIBAJICHTHOCTI pillicHb € aHagoriyHuM (8):

R]_: R2|(Vj)r1’i =r2’i,A(0j <ég. (10)
SIK1mI0 X BiAXWICHHS KiJIBKICHOT CKIIaIOBOI IIEPEBH-
LIy€ HOPIr &, TO BIAMIHHICTG pieHs AR € Takoro:
J
AR=Y" Awy. (11)
j=1
VY BignoBiaHocTi 10 Bupasis (4) - (11), BigxuneHHs
BXIJTHUX JIaHHX Ta Pe3yJIbTaTy € HOPMOBAHUMHU i TOMY
YyTJIUBICTh MOSICHEHHSI MOXe OYTH pO3paxoBaHa 4epes
CITIBBIJHOIICHHS BIAXUJICHb PE3yJIbTATy POOOTH iHTEIIE-
KTYyaJIbHOI CUCTEMHU Ta ii BXiJJHUX JaHHUX 32 YMOBH OJHa-
KOBHX ab0 nyske Onu3bKux mosicieHb Exply = Expl, :

s _ |21 _AVe

: 12
AR AR, (12)

[Ipu BiACYTHOCTI KiJBKICHOI CKJIQJOBOi pIIICHHS
srigao (10) Bupas (12) crpouryeTses i mpuitMae BUTIISA:

s =]Av; — AV, (13)

TakuMm 9uHOM, IJI pO3PaxyHKY UYTIMBOCTI IOSIC-
HEHHs HEOOXiJHO BU3HAYUTH BIIMIHHOCTI MiX CKJIAIO0-
BHUMH PIllICHHS Ta MK BX1THUMH JaHUMH 332 YMOBHU €KBi-
BaJICHTHOCTI 200 CXOXOCTi IMOsICHEeHb. [leprni MOXyTb
OyTH OTpHUMaHIi 3 ypaxyBaHHIM JIOCTYITHOT 13 pillIeHHS Ki-
JbKiCHOT ckianioBoi. [lyist Toro, 11100 oTpuMaTH KiJIbKICHY
CKJIaJIOBY JUUIsSI BX1THUX JAaHUX, HEOOXiTHO 3HAWTH JIATCH-
THi (haKTOpH, IO MOB'A3YIOTH BXiJHI JaHi Ta OTPUMaHi
pe3ynbsTatu. [locTaHOBKa M€l 3a1a4i Ma€ TaKUH BUTIISAL.

Hano po3pimkeny marpuito po3Mipy | xJ x N, e

N - KiJIBKICTh 3HaYE€Hb BXiAHUX JaHUX. B iHIIUX BUMI-
pax MaTpuIs 3a7a€ eIEMECHTH BXIHAX JaHUX, Ta eIeMe-
HTH pe3yNbTaTy, OTPUMAHOTO B iHTENEKTyalbHill cuc-
TteMi. OCKITBKH CHCTEMa MpeACTaBIeHa YOPHUM SIIHU-
KOM, TO BiJJOMO JIHIIIC, IKHU Pe3yNbTaT OyB LIS 3aJaHuX
3HAYCHb BXITHHUX JaHHUX.

Inmroctpartiss naHoi 3amadi AJS OJAHOTO EJIEMEHTY
BXIJIHUX JIAHUX 1 OJTHOTO €JIEMEHTY pe3yabTaTy MpecTa-
BieHa Ha puc. 1. CTOBITYMKH MaTPUIIi 33Jal0Th MOKIIHBI
3HAYCHHS PE3yIIbTATY, a PAIKH — MOXKITUBI 3HAYCHHS BXi-
JTHHUX JaHUX. XPECTUKU 3aJal0Th BIAMOBIAHICTH — JIJIS
SIKMX BXITHHUX JTaHUX OyB OTPUMaHHU PE3yJIbTAaT.

[MoTpiOHO 3HA¥TH Baru BIUIMBY BXIJHUX JaHUX Ha
pitieHHs cucteMu. Hampukman, s pekoMeHAAminHo1
CHCTEMH Ha BXOJi MaeMO TepeiK KOpHUCTyBadiB, a HA

BHXOJl — PCEKOMEHMAL0 3 OJHOrO TOBapy. Maemo
3HAMTH 1 IPEACTABUTH Y KiIJIbKICHOMY BUMIpIi 3B'I30K MiX
KOPHUCTYBa4yeM Ta pEKOMEHIIOBaHUM TOBAPOM.

3ajava y MaHii iHTEepIpeTarlii € aHAJOTIYHOI 3a1a4i
NMoOyIOBU PEKOMEHAINN 1 MOXKe OYTH BHpIIIIEHA Bi OB
HUMH MeToaMu. Tak, BUSBJICHHS JIATCHTHHUX (aKTOPiB 3a-
Oe3mnedyeThesl HA OCHOBI BUKOPHUCTAHHS METOIY Komadopa-
THBHOI (pinbTpanii. ToMy st moOyI0BH HOSICHEHb HA OX-
HOMY 13 €TarliB METOy OLIiHKH 9y TIMBOCTI MOSCHEHD JOITi-
JIEHO BUKOPHCTATH KONAOOpaTHBHY (pibTpariiro.

Pesynbtat poboTtu cuctemm
(oaMH enemeHT)
3Ha4yeHHA 3Ha4yeHHA
1 J
1
x X
=
I
m
o
=
=
I
g X
"
o
=
I X
[
T
[}
I
M X
|

Puc. 1. Bxigni 3a1€XHOCTI IS BUSIBJIEHHS Bar
BXIJIHMX JaHMX IS OLIHKH ITOSCHEHHS

3aIrpornoHOBaHUi METOJ OL[IHKH YyTIMBOCTI Mic-
THUTB Y cOOI TaKi eTamnm.

Etan 1. ITepeBipka CX0KOCTI BXIIHUX JIaHHUX 32 SIKi-
cHuM KputepieM (7). Y BUIMAIKy HECXOKOCTI BUKOHAHHS
METOJIy 3aBEpIIy€ETHCS, OCKUIBKH HEBIAMOBITHICTD BXiJI-
HUX JIJaHAX HE Ja€ MOJIMBICTB OIL[IHUTH HOSICHEHHS.

Eram 2. TlepeBipka cX0KOCTI pe3yNbTaTiB 3a sKiC-
HUM KputepieM (9). Y BHIAAKy HECXO0KOCTI BUKOHAHHS
METOJy 3aBEpIIy€EThCS.

Etam 3. BusHaueHHs CXOKOCTI pe3yibTaTiB 3a Ki-
nbKicHuM KpuTepiem (11). Etan BUKOHY€eThCS 32 HasiBHO-
CTi KUTbKICHUX JAHHX II0J0 PE3yJbTaTy poOOT iHTEeK-
TyaJabHOI CUCTEMHU.

Etan 4. ®opmyBaHHS MaTpUlll BXiIHUX AaHUX JUIS
Merony KosabopatuBHol Qinbrpanii. Matpuus dpopmy-
€ThCS AHAJIOTIYHO MPHKIAAY Ha puc. 1, aje Mae aoaart-
KOBI BIMIpH, SKi BiZOOpa)kaloTh MHOXKHHY BXIiTHHX Ja-
HUX Ta CKJIAJIOBUX PE3yJIbTaTY.

Eran 5. BusBienHs Bar BXiJHUX JAaHHAX 3a JIOIIOMO-
TOI0 KOJIabopaTuBHOI (ibTparii.

Etan 6. BusHaueHHS Yy TIMBOCTI TOSICHEHD 3T1THO
(12) y Bunanky KilbKiCHOI CKJIag0BOI pe3ynpTaTry abo
3rigao (13) y BUMaaKy BiZICYTHOCTI TaKoi CKIIaJ0BOI.

ExcriepuMeHTalibHy TEpeBIpKYy METOIY BHKOHAHO
Ha HabOPi JaHUX, 10 MICTUTH iH(OPMAIIIIO PO MPOAAXKI
MMOJTApYHKOBHX TOBapiB y Mepexi cymepmapkeriB JIoH-
noHa. ITosicHenHs Oy copMOBaHi Ha OCHOBI TEMITOpa-
JBHUX 3aJI€KHOCTEH, 110 BiZ0OpakatoTh TUHAMIKY KOPH-
CTYBAIIbKOTO TIOTIMTY Ha BKa3aHi TOBapH.

By BiniOpani ToBapM 3 OJHAaKOBUMHM IOSCHEH-
HSIMHM (PICT NONHUTY Ta NMPOAAXKIB y BU3HAUCHUH Iepion).
BukopucroByBanacek iHpopMmaris Ipo Mpoaaxi ToBapis,
IpyIIOBaHa 1o TYOKHSIM 32 nepiof. Uy TiauBicTh cTaHOBHIIA
Bix 72 10 79 BiACOTKIB B 3aJIe)KHOCTI Bia mepioqy dacy
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MOKYIIOK TOBapiB. AHaji3 Bar Mokasas, 10 KIIOYOBUM
BX1JTHMM I1apaMeTpoM € Nepiof yacy.

TakuMm 4MHOM, eKCllepUMEHTajbHa NepeBipKa Mo-
Kazajia MOXJIUBICTh OOIPYHTOBAHOTO IEPEXO/Y BiJ KiJlb-
KiCHOT JI0 SIKICHO{ OIIHKY YyTJIUBOCTI MOSICHCHHS B 1HTE-
JIEKTyaIbHIN CHCTEMI.

BucHoBkH

CTpyKTYpOBaHO KPHUTEPii OLIIHKK MOSICHEHB IS 1H-
TEJIEKTYJIbHUX CHUCTEM, INPEJCTaBJICHUX 3TiAHO TPHH-
LUITy YOPHOTO AMHUKY. LI KpuTepii BpaxoByIOTh MOKITHU-
BICTh NMOOY/IOBH DEJICBAHTHOTO IOSCHEHHS HAa OCHOBI
BXIIHUX Ta BUXITHHUX JaHUX IHTEICKTYalbHOI CHCTEMH
(9yTnmBiCTB), BIAMIOBIAHICTH MOSCHEHHS 1 TPOIECY po-
00TH IHTENEeKTyalIbHOI CHCTEMH (TOYHICTE), a TAKOXK CTY-
MiHb CIPHHHATTS TIOSICHEHHS KOpPHUCTyBaueM (TIpo30-
pictb). CyKymHICTh IUX KPUTEPIiB Ja€ MOKIHUBICTH KOM-
IUVICKCHO OL[HUTH BECh MPOLEC MOOYIOBU IMOSCHEHHS,
110 CTBOPIOE YMOBH IS palliOHAILHOTO BUOOPY MOsiC-

HEHHS 3 ypaxyBaHHSM BXIJHUX JaHUX, MPOLECY MpUii-
HSTTS PilICHHS B IHTEJIEKTyaJIbHIN CUCTEMI, a TAKOX BU-
MOT KOpUCTYyBaya.

3aIrpornoHoBaHO METO]] OLIHKM YyTJIHMBOCTI IOsIC-
HEHb JJIsI IHTEJIEKTyalbHOI CHCTEMH, NTPECTaBICHOT 3Ti-
JHO TIPHUHIMITY YOPHOTO SIIUKa. METOx MICTUTh €Talu
TIePEeBiPKHU Ta BU3HAYCHHS CX0KOCTI BXiTHUX aHHX i pe-
3yJIBTATIB AJS AIbTEPHATUBHUX MOJAENCH 1HTEIEKTyallb-
HHMX CHCTEM, a TAKOX KIJBKICHOI OIIHKH BXIJHHUX JaHUX
1, Ha I1if OCHOBI, BU3HAYECHHS Iy TIHBOCTI TOSICHEHHS.

B npaktudHOMY IDTaHI 3aIPOTIOHOBAHHUNA METOT 1€
MOJKJIUBICTB ITOPIBHSTHU TOSICHEHHS 3 ypaxyBaHHSIM Blla-
CTHUBOCTEH BXIJHMX JaHUX 1, HA I OCHOBi, BUSHAYUTH
cepy 3acTocyBaHHs aIbTEPHATHBHUX MIIXOJIB /O IO-
Oy/10BM MOSICHEHb 1010 POOOTH 1HTENEKTyalbHOI 1H(pO-
pMatiiiHoi cucTemMu.

[Mopanpuinii po3BUTOK 3alpONOHOBAHOTO MIIXOAY
TIOB'AI3aHUH i3 BU3HAUYCHHSAM METPHUK IS OL[IHKH TOYHO-
CTi 1 IPO30POCTi MOSICHEHB JJISI KOPHCTyBaYa.
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Evaluation of the sensitivity of explanations in the intelligent information system
S. Chalyi, V. Leshchynskyi

Abstract. The article’s subject matter is the process of constructing explanations for the received decisions in the intel-
lectual information system. The goal is to evaluate the sensitivity of the explanations based on the analysis of the properties of the
input data and the corresponding decisions in the intelligent information system to support the selection of the best explanation
from the standpoint of satisfying the user's interests. Task: structuring of criteria for quantitative assessment of explanations when
presenting an intelligent system in the form of a black box; development of a method for assessing the sensitivity of explanations
in an intelligent information system. The used approaches are approaches to constructing explanations and approaches to evaluating
explanations in intelligent information systems. The following results were obtained. Criteria for evaluating explanations for intel-
ligent systems presented according to the black box principle are structured. The specified criteria consider the impact on the
explanation of the input and output data of the intelligent system, the appropriateness of the explanation of the decision-making
process in the intelligent system, as well as the appropriateness of the explanation and understanding of the results of the intelligent
system by the user. On the basis of the performed structuring, a method for assessing the sensitivity of explanations for an intelligent
system presented according to the black box principle is proposed. Conclusions. The scientific novelty of the obtained results is as
follows. A method for assessing the sensitivity of explanations for an intelligent system presented according to the black box
principle is proposed. The method includes steps related to testing and determining the similarity of input data and results for
alternative models of intelligent systems by quantitative and qualitative indicators, as well as quantifying the input data and deter-
mining the sensitivity of the explanation. The proposed method makes it possible to compare and select explanations considering
the properties and importance of input data in order to determine the possibilities of applying alternative approaches to constructing
explanations for the results of an intelligent information system. Further development of the proposed approach is focused on the
definition and implementation of metrics for assessing the accuracy and transparency of explanations.

Keywords: intellectual system, explanation, decision-making process, causal relationship, evaluation of explanations.
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, KponuBHunpkuii, Yxpaina

?[[eHTpaNbHOYKPATHCHKHUI HALIIOHATIBHUN TEXHIYHMI YHiBepcuTeT, KponuBHuIbKHii, YKpaina

JOCIIIKEHHA HOPMATUBHUX JTOKYMEHTIB TA I'AJTY3EBUX CTAHJAPTIB

PO3POBKHU ITPOI'PAMHOTI'O 3ABE3IIEYEHHSA KOMII'IOTEPHUX CUCTEM
YIIPABJITHHA AEC, BA’KJIMBUX JIJISA BE3IIEKHN

AHoTtanisi. Ha croromHimHii 1eHs OHUM 3 OCHOBHHX JDKEpell eJIeKTpHYHOI eHeprii € aromHi enexrpoctanuii (AEC). B
Cy4acHOMY CBITI JUTsl yIIpaBIIiHHS TEXHOJIOTIYHUMHU IIpoLiecaMy Ta 3abe3nedeHHs 6e3neku Ha AEC BukoprcToByroThCs MQpPOBI
CHCTEMH YIPaBIIiHHA 3 IUPOKHM 3aCTOCYBaHHSIM KOMII FOTEPIB Ta KOHTPOJIepiB. Bix sikocTi Ta HamgifHOCTI porpamMHOro 3abes-
TIEYCHHSI TAKUX CUCTEM 3aJIeXKUTh Oe3neuna exciuryaranist AEC. B nasiit poOoTi mpoBeeHO AOCTiIKEHHS HOPMAaTHBHUX JIOKY-
MEHTIB Ta CTaHIAPTiB, SKi MAlOTh BIJHOLICHHS O PO3POOKH NPOrPaMHOTO 3a0e3NeYeHHs KOMIT FOTEPHUX CHCTEM YIPaBIiHHSI
AEC, BaxmBuX 1 Oe3mexn. MeTor poOOTH € BU3HAYEHHS CTAHIAPTIB, IO MOKYTh BUKOPUCTOBYBATHCS PO3POOHHKAMHU
MIPOTPaMHOTO 3a0e3NeYeHHs A1 KOMIT I0TepHUX cucteM ympasiiHasi AEC, BaxmuBux aist 6esnexn. O0’€KToM A0CTiTKeHHs
€ TpolLec Po3poOKH MPOTPaMHOTO 3a0e3nedeHHs Ul KOMIT IoTepHuX cucteM ynpasiiHas AEC. IIpeamerom € nocimimKeHHS
HOPMAaTHBHUX JOKYMEHTIB Ta Faly3€BUX CTaHIAPTIB PO3POOKH IPOTrpaMHOro 3a0e3redeHHs sl KOMIT FOTEPHHX CUCTEM YIIpaB-
ninasg AEC. Y pe3ysbTaTi gocaixKkeHHs1 BU3HAaUSHI KpUTEPil G€3MMeKH KOMIT IOTePHHX CUCTEM YIIPaBJIiHHSA, JOCIIPKEHO CTaH-
naptu IEC 61508 Ta IEC 61513, nocnimkena Hactanosa 3 6e3nekn MAIATE SSG-39, Bu3Haueni kateropii ¢yHKIIN ynpas-
JiHHSA Ta Ki1acy 6e3neku cucteM AEC, mocnipkeHi cTaHIapTH, 0 MIiCTSATh BUMOTH JI0 IPOrPaMHOTro 3a0e3nedeHHs, inTepdeii-
ciB KopucTyBaya Ta koxyBanHsI MISRA C/C++. BUCHOBKH. 3 METOIO CTBOPEHHS BUCOKOHAIMHOTO Ta SKICHOTO MPOTPAaMHOTO
3a0e3neyeHHs KOMI I0TepHIX cucteM kepyBaHHS AEC, BaxHBHX A7 O€3MEKH, B CBITi ICHYIOTh CTAaHIAPTH MPOEKTYBAHHS Ta
rajxy3eBi HOpMAaTHBHI JOKyMEHTH. Pe3ynpraToM OCiKeHHsI CTaHAAPTIB Ta ray3eBUX HOPMATHBHUX TOKYMEHTIB, SIKi MatOTh
BIZIHOLIECHHS 10 PO3POOKU MPOTrPaMHOTO 3a0e3MeUeHHs] KOMIT I0TepHUX cucteM ynpasiiaHsi AEC, BaxmmBux mis Oe3meku €
HACTYITHE: MDKHAPOIHI CTaHIapTH Ta HOPMAaTHBHI JTOKYMEHTH MalOTh Pi3HI PiBHI crieniaiizanii. B JokyMeHTax BHIOTO piBHS
HaBOZATHCS 3araJibHi BUMOTH JI0 BCIX €TalliB )KUTTEBOTO KTy KOMIT' IOTEPHHUX CHCTEM YIIPaBIiHHS Ta MICTATHCS MTOCHIIAHHS
Ha JIOKyMEHTH HACTYIHOTO PiBHS. JJOKyMEHTH HACTYITHOTrO PiBHS € OLIBII CIieliati30BaHUMH i MAIOTh BiTHOLICHHS O OLIHII
BY3bKHX c(ep AiSUTbHOCTI; KOXKHA KpaiHa CBITy MOX<e BU3HAuaTH CBiif Ha0lp CTaHAApTiB Ta HOPMAaTHUBHUX JIOKYMEHTIB, KU
BHUMAra€eThCs BUKOPHUCTOBYBATH IIiJI YaC TIPOSKTYBaHHS Ta pealti3alii KOMIT I0OTEpHUX cucTeM ynpaeiinas mist AEC; B Hopma-
TUBHUX JOKYMEHTAX MiCTATHCS BUMOTH Ta pEKOMEH 1AM SK III0I0 OpraHi3amil mporiecy po3poOKH, Tak 1 3arallbHi peKOMeH Ialii
Ta MPHUKIIAAN HAKMCAHHS KOy MPOTrpaM PisHUMH MOBaMH IPOTPaMyBaHHS; 4epe3 Te, 0 BUMOTH PO3IITHYTHX CTaHIApTiB Ma-
0T OyTH aKTyaJIbHIMH MPOTATOM TPUBAJIOTO Yacy, IIi CTAHAAPTH HE MICTATH (POpMai30BaHIX METOIANK HATIMCAHHS KO MPO-
rpam; He icHye (opMani3oBaHHX METOMK cepTH(iKallii Koay Ha BiIIOBIAHICTH BUMOT PO3IJITHYTUX CTaHIApTIB; KOXKHA Opra-
Hi3allis, siKa 3aiiMaeThCs MPOEKTYBAHHIM, PO3POOKOO Ta BepUDIKaIli€lo MPOrpaMHOro 3a0e3NeueHHs KOMIT I0TEPHHUX CHCTEM
ynpaeiinas 11 AEC, noBuHHA po3poOHUTH BacHI METOJMKH 3 3aCTOCYBAHHS BUMOT Ta OLIHKU KPHUTEPiiB BUKOHAHHS BUMOT
CTaHIAPTIB Ta HOPMATHBIB. TakkM YNHOM, 3pOOJICHO BICHOBOK, 1110 EPCHEKTHBAMH MOAAIBIINX JOCHTIKEHb € NeTaTbHNI aHa-
J1i3 BUMOT MDKHApOJHUX CTaHAAPTIB Ta Taly3eBHX HOPMATHBHHUX JOKYMEHTIB JI0 IPOTPAMHOTO 3a0e3MeYeHHsT KOMIT FOTEPHUX
cucreM ynpapiiaHst AEC ta po3poOka METOAMKH HOTO HAIMMCAHHS ¥ OLIHKY BiJIIOBIJHOCTI BAMOTaM CTaHIApPTiB.

KaouoBi croBa: nporpamHe 3abe3neueHHs, KOMI I0TepHi cucteMu ynpasninasi, AEC.

AHani3 ocTaHHIX AocaizKeHb i myO ikanii. [{u-

Beryn ¢poBi cHCTEMH YyHpaBIiHHSA TOTPEOYIOTh OCOOIMBUX

HocTranoBka mpodaemu. Ha croromHimHINA eHb
OJHUM 3 OCHOBHHUX JDKEpell eJICKTPHUYHOI eHeprii €
aromHi enekrpocranuii (AEC). B OGarateox kpainax
CBITY, 30KkpeMa B CnoBauunHi, ®panuii, Ykpaini [1] 00-
CATH aTOMHOI TreHepallii cTaHoBIATh oHan 50%. Buko-
PHUCTaHHS aTOMHOI €Heprii € eKOJIOT1YHO YHCTHUM Ta €KO-
HOMIYHO BHTiTHHM, IIPOTE MAa€ BHCOKI BUMOTH 10 Oe3-
MIeKH Ta HAJAIHHOCTI AJIs 3a0e3MMeUeHHs 3aXHUCTY JIIOIUHU
Ta HaBKOJIMIIHBOTO CEpPEeJOBHINA BiJ paaiallifHOTO BHU-
MIPOMIHIOBaHHS SIEPHOTO NaiuBa. B cywyacHoMy cCBITi
JUISL YIIPABIIHHS TEXHOJIOTIYHUMH TIPOLIECaMHt Ta 3a0e3-
nedeHHs O0e3nexu Ha AEC BUKOPHCTOBYIOThCS IU(POBI
CHUCTEeMH YNpPaBIiHHA 3 IIMPOKUM 3aCTOCYBAaHHIM
KOMIT FOTEpiB Ta KOHTpoJiepiB. Bix sikocTi Ta HagiHHOCTI
nporpamuaoro 3abesnedenHs ([13) Takux cucrem 3aie-
KUTH Oe3reuna excruryatarnis AEC.

MiAXO0JIIB IO PO3POOKH Ta OILIHIOBAHHS HAIIHHOCTI B TO-
PIBHSHHI 3 aHAJIOTOBUMH CHCTEMaMH, OCKUTBKU B CHITY
CBOTO XapakTepy Ta MPU3HAYCHHS JOMYCKAIOTh OiIBIIY
cBoOoy mix vac npoektyBanHs [11]. i migxoam MaroTh
BIAIIOBiaTH BU3HAYEHMM BHUMOraM. BHUMOTH 10 ITijIxo-
JIiB IPOEKTYBaHHs, peaizanii, Bepudikarii, Bamigamii Ta
IHIIUX €TamiB XUTTEBOTO MUKIY TAKUX CHUCTEM OIHCY-
I0ThCS B MDDKHAPOJAHUX CTaHaaprax [2, 3], myOuikaiisx
MATATE [11] Ta ramy3eBUX HOPMATHBHUX JOKYMEHTaX
pi3Hux Kkpain [16-19].

IIi nokyMeHTH € OO0OB’SI3KOBUMH IS BHKOPHC-
TaHHS BCIMa YYaCHMKAaMH TPOIIECiB MPOEKTyBaHHS, PO3-
POOKH, BIIPOBAKEHHS Ta eKCIUTyaTallii KOMI IOTePHUX
cucreM ynpasninas (KCY).

JlocnmipkeHHsT BUMOT CTaHIAPTIB MPOCKTYBAHHS Ta
po3pobku KCY mposeseHo B podotax [20-23]. Jeranbhi
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Bumoru 10 113 KCY AEC onucyrotbcs B (—— )

N phefica
MDKHAPOIHKX cTaHaaprax [5, 6], a Takox, KopHCTYRa%a

. IEC 61508
HaNpHKJIa, B raimy3eBomy cranaapti CIIIA (bysmmomasma
[7]. Bumoru no inTepdeiiciB KoprcTyBada Beanexa KCY) EC 61772
KCY AEC onucyroThesi B MDXKHApPOIHUX ——
4 Tanyzest
cTaHmap-Tax [7, 8], a Takox, HaNpUKIA:, B 11 ®css46 cranmapra Epais
ranmysesomy craumapti CIIIA [14]. Cxema
- ; _ ASME NQA-1—
B3A€MO3B’3KIB MDKHAPOJIHIX Ta raiyse . 2008 (05 )
BUX CTaHIAPTIB, HA SIKI OCUIIAETHCS JlaHa 0700
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Be3nexa koM’ IOTePHUX CHCTEM YNPABJIiHHS

Kowmm’torepHi cucremu ynpasninast (KCVY) 3rigao
3 cranaapToM [EC 61508 € okpeMuM BHIIAIKOM CHCTEM
koHrtposto ta ynpasiinaa (CKY). CKY —ue cucrema,
LI0 MpuiiMae BXiJHI CHTHAJIM BiJ| mporecy (AaT4uKiB)
Ta/abo omepaTtopa, 00pobsie BXiHI TapaMeTpH 3TiTHO 3
HEOOXiTHUMH TEXHOJIOTIYHUMH aJTOPUTMaMU Ta TeHe-
PY€ BHXIiJJHI CHT'HAJIM, 3yMOBJIIOIOYH POOOTY KEPOBAHOTO
00’exty HeoOximanM unHoM. CKY, mo 6a3yroThscs Ha
KCY Bce B Oimbmnx 00’€MaxX BHKOPHUCTOBYIOTHCS IS
BHKOHaHHA (DYHKIIIH Oe3mekn Ha 00’ €KTaX, IKi MOXYTb
CTBOPIOBATH PU3MKHU JJIsl JIIOJIEH Ta HABKOJHIIHBOTO Ce-
penoBuia (AaTOMHI €JIEKTPOCTAHIII, ra30Ba Ta HAPTOBA
MIPOMUCIIOBICTh, TPAHCIIOPT, XIMiYHE BHPOOHMIITBO).
CKY Ha Takux 00’eKTax MaroTh BiINOBIAaTH IIEBHUM Xa-
pakTepucTukam Oe3neku (pe3epByBaHHs, caMO/iarHoC-
THKA, CTIHKicTh 10 BiqMoB). KCY MaroTh BUCOKUIT piBEHB
MIPOrPaMHOI CKJIaJOBO1, AJIsl IKOT iCHYIOTh, 30KpeMa, BU-
Moru iHpopmaniiiHoi 6e3neku (Security Requirements)
[20]. 3rigHo 3 HUMH, JaHi Ta mporpaMHe 3a0e3meueHHs
MaroTh OyTH 3aXHMIIEHUMH BiJ] HECAHKIIIOHOBAHOT'O JIOC-
TyNy Ta HECAHKIIOHOBaHMX 3MiH. [H(popmariiina Oe3-
neka onmcana B rpymi cranaapti ISO/IEC 27000 [9], Ho-
pmatuBHOMY amokymeHTi NIST SP 800-82 «Guide to
Industrial Control Systems (ICS) Security» [10]. Pasom 3
M, 111 KCY BaXIMBHIMH € BUMOTH (DYHKIIOHAJIBHOT
oesneku (Safety Requirements). dyHkuioHaibHa O€3-
IeKa CHCTeMH 3a0e31edye KOPEeKTHICTh BUKOHAHHSA (QyH-
KIii ynpaBiiHHA 00’€KTOM, y BHIAJKy BiJMOBH CHC-
TEMH — IIepeBeIeHHsT 00’ €KTy KepyBaHHS B O€3MEUHHUIH
cran. i BUMOTM CTOCYIOTBCS He TiNIbKM HpPOTPaMHOI
CKJIaJIOBOI, a 1 anapaTHOTo 3a0e31eYeHHs], eICKTPUIHOTO
Ta EJNEeKTPOHHOTO OOJaJHAaHHS Ta MEXaHIYHUX IpHU-
CTPOIB, a TAKOXK BJIacHe iHpopMariiHoi 6e3mexu [20].

Puc. 1. Cxema B32€MO03B’I3KiB MDKHApPOJHHX Ta TATy3€BUX CTaHIAPTIB

3arayibHi CTaHIAPTH QYHKIIOHATIBHOT OC3MeKH ISt
KCY HaBeZieHO B MDXKHApOJIHHX CTaHIApPTax, TAaKUX SIK
IEC 61508 [2].

CranaapTt 3 pyHKIiOHAJIBLHOI O0e3leKH
KCY IEC 61508

Crangapr IEC 61508 « Functional safety of
electrical/electronic/programmable electronic  safety-
related systems» [2] € cTaHmapTOM BEpXHBOTO PIBHS JJIsI
¢ynkuionansoi 0e3nexu (OB) KCY. Bukonanns Bumor
BOT0 CTAHAAPTY MIJABHIIYE HAMIMHICTh Ta KUTTE3IAT-
HICTh MPOJYKTY, a TAaKOXK (opMai3ye Ta CUCTEMaTU3ye
MIPOIIECH TPOSKTYBaHH:, pO3POOKH, TECTyBaHHS Ta BIIPO-
BapkeHHs. Ctapaapt IEC 61508 cknanaeTbes 3 cemu ya-
ctuH. Yactuna [EC 61508-1 onwmcye 3aranpHi BUMOTH JI0
¢yskmioHansHOI Oe3mekn, yactuHa IEC 61508-2 —nona-
TKOBI BHMOTH JO amapaTHHX 3aco0iB, dYacTWHa
IEC 61508-3 — moaTkoBi BUMOTH IO MPOTPAMHOTO 3a-
Oe3meyeHHs Ta gokymenTaiii, yactuaa |IEC 61508-4 wmi-
CTHTh TEPMIHM Ta BU3HAYCHHS. |HIIN YaCTHHH MAIOTh J10-
BiJKoBHUil xapakrtep. Yactuna cranmapty IEC 61508-1
BH3HAYa€ BUMOTH [0 KepyBaHHA (YHKI[IOHAIBHOIO 0e3-
MIEKOT0 Ta BUMOTH 0 kuTTeBoro mukiry (JKL) cucremu B
KOHTEKCTI MPOMHUCIIOBOTO 00’€KTy aBTOMaTH3alii. BoHa
Br3Havae Taki eranu JKI sk KoHIemis, po3poOka, Be-
pudikamis, Bamifamis, BIPOBAKCHHS, EKCIUTyaTallis,
CYIIPOBOJIKCHHS, 3HSTTS 3 CKCILTyaTallii.

B gactuni crannapty IEC 61508-2 nomarotbcs Bu-
Moru 1o anapaTtHoi cknanoBoi KCVY. IIpore g yactuna
MICTHTB JIOJIaTKH, SIKi MAalOTh BPaXOBYBATH i PO3POOHHUKH
mporpamHoro 3abesneuenss. [logatku A Ta B onmcyroTs
MiIXia 10 peamisallii caMOJiarHOCTUKH Ta 3aXUCTY Bif
onuHUYHKX BigMOB. Jlogatok C MicTUTh peKOMEHAAII1 3
PO3PaxyHKY JTIarHOCTHYHOTO TOKPHUTTS 3 METOI0 3a0e3-
TeYeHHsI MOTPiOHOTO pPiBHSA TOBHOTH Oesneku (Safety
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Integrity Level, SIL). lonarox D MicTuTh BUMOTH 10 Ke-
PIBHMITBA 3 eKcIulyaranii 3 ypaxyBaHHSIM BUMOT Oe3-
neku (Safety Manual).

Yactuna crannapty IEC 61508-3 koHkpeTusye Bu-
Moru Jo mporpamHoro 3abesneueHHs KCY. 3okpema,
po3ain 7 HABOAWTH NETaTi30BaHI BUMOTH [0 KUTTEBOTO
mukory 113.

Y migpo3aisi 7.1 HAaBOAUTHCS MiIXi IO PO3IiINEHHS
mporiecy po3poOKH TPOrpaMHOrO 3a0e3IedYeHHs Ha
eTaIy, ONHCaHi B mapo3ainax 7.2-7.9 cranmapry.

IMigpo3min 7.2 MiCTUTH BUMOTH IIIOJIO €TAITy CIEIH-
¢ikauii BuMor 10 ¢yHKIii 6e31eKy IporpaMHOro 3a0e3-
TIEYCHHs Ta CTIMKOCTI 10 cucTeMaTHYHUX BinmMoB. Crie-
nudikaris BUMOT Ma€ BpaxoBYBaTH CaMOKOHTpouib 13,
MOHITOPHUHT arapaTHOro 3a0e3neyYeHHsl, epioJuyHe Te-
cTyBaHHS (QyHKIIN O€3MEKH TOIIO.

[Minpo3ninu 7.3 Ta 7.7 HAaBOAATH BUMOTH 10 €TaIly
IUTAaHYBaHHS Ta BHKOHAHHS MPOLENYp MiITBEPIKECHHS
BiMIOBiTHOCTI ACTEKTiB MPOTPAMHOTO 3a0E3MEUCHHS 10
BUMOT O€3IEKH CUCTEMH.

MMigpo3xin 7.4 MicTUTH 3araibHi BUMOTH JIO0 €TaITy
MIPOEKTYBAaHHA Ta PO3POOKM NpOorpamMHOro 3abe3me-
yeHHs. Lle Bumoru:

— JI0 TIPOEKTYBaHHS apXiTEeKTypU MPOrpaMHOTro 3a-
Oe3meueHHs;

— 110 BUOOPY IHCTPYMEHTAIBHHX 3aC001B PO3POOKH;

— 1o peanizarii [13 3 ypaxyBaHHsAM BUMOT crierudi-
Kaiii;

— JIO TiJXO/iB TECTyBaHHS IPOTPAMHUX MOIYJIIB.

Migpo3min 7.5 onucye miaxomu 10 eTamy iHTerpamii
MIPOTPaMHOTO 3a0e3MeUeHHs Ta arapaTHUX 3aco0iB. Me-
TOIO BUMOT I[LOTO MiAPO3ALTYy € 00’ eqranus 13 ta ama-
paTHHX 3ac00iB Ta MepeBipKa iX BiAIOBITHOCTI BHMOTaM
TIOBHOTH O€3IeKH.

[Migpo3ain 7.6 onucye MpoLEAypH €TaIiB eKCILTya-
Tauii Ta Moaudikauii mporpaMHoro 3ade3neyeHHs. Mera
LUX TPOIEAYp — BIEBHUTUCS B TOMY, IO (yHKI[iOHa-
JbHA Oe3MeKa CUCcTeMH 30epiraeThes IIiJ] yac eKcIIyara-
1ii Ta MogudiKarii.

[Miapo3ain 7.8 neTaqbHO OMUCYE MPOLEAYPH MOTH-
¢ikarii mporpaMHOTo 3a0€3MeYCHHS.

MMigpo3xin 7.9 geranbHO OMUCYE MPOIEAYPH BEpH-
¢ikarii mporpaMHOTO 3a0€3IeYCHHS.

B monatky A cranmapty IEC 61508-3 npuBenena-
HACTaHOBa 3 BUOOPY METOMIB Ta 3ac00iB MPOCKTYBaHHS
mporpaMHOro 3abesnedeHHs. B momatky B crammapry
IEC 61508-3 mpuBezeHi aeTaibHi BAMOTH 10 METO/IIB Ta
3ac00iB IPOEKTYBaHHS.

Hocaimxenns crangapty IEC 61508 no3BoJisie 3po-
OMTH BUCHOBOK, 110 BiH MICTHUTb Ba)kKJIMBI BAMOTH JI0 BCIX
€TaliB JKUTTEBOTO IMKIYy HPOrPaMHOro 3abe3nedeHHs
KCYV. 3rimHo crangapry IEC 61508 3acrocyBanHs Gara-
TBOX TTJIXOIB, 3AJICKUTH BiJ] KOHKPETHUX TPAKTHK, 3aCO-
6iB Ta MOB IpOrpaMyBaHHs, 1110 BUKOPUCTOBYIOThCS, ajle
Ha OUTBIIOCTI PiBHIB NOBHOTH Oe3neku (SIL) mosxHa Bui-
JIUTH 3arajibHi MiIX01u 10 po3podku I13:

— BHUKOPHUCTaHHS CepTH(IKOBAHMX IHCTPYMEHTa-
JIbHMX 3ac00iB;

— BUKOpPHCTaHHS nHepeBipeHux enementis [13 (3a
iX HAsBHOCTI);

— 3aCTOCYBaHHA MOZYJIBHOCTI Ta CTPYKTYPHOTO
MIPOrpaMyBaHHS;

— BHKOPHCTaHHS CTaHAAPTiB KOAyBaHHs (HAMpH-
knan, MISRA C/C++);

— 3acrocyBaHHsA (OPMAJBHUX Ta HamiB)opMaib-
HUX METOIB PO3POOKH Ta TECTyBaHHS;

— 3aCTOCYBaHHs 3aC0O0IB J1arHOCTYBaHHS;

— CTaTWYHUH aHANI3 KOIY;

— KOHTPOJIb YaCOBHX XapaKTEPUCTHUK BUKOHAHHSI
Iporpamu;

— Bepudikamis I13.

Oco6mmBicTh BepudikaIlii mporpaMHOT0 KOIy MO-
IyJiB moisirae B aHamizi kputudaHOCTi 13, mpm sikomy
BCTaHOBJIFOETHCS CTYIiHb KPUTHYHOCTI MOJTYJIIB JJIsL BHU-
KoHaHHS (QyHKIiH Oe3neku. Lle no3Bosie 3HU3NTH 00’ €M
3axoiB 41 ApyropsiaHoro [13 ta ckoHIeHTpyBaTHCs Ha
HalOLIbII BiAmOBinaneHOMYy I13.

Hacrynuuii eran Bkiroyae B cebe JOCIIKEHHS
CTaHIapTiB po3poOku I13, 1o MarTh Oe3mocepeHe Bij-
HOIICHHS 10 ATOMHHX CTaHLIM.

Cranpapr IEC 61513. IIpoektryBanus KCY
AEC, BaKJIUBHX 1151 0e3MeKH

Bumoru crangapry IEC 61508 [2] He € crieniasizo-
BaHUMH BUKIIIOYHO JJI1 aTOMHOI raiy3i. s pi3Hux o0-
nacTel AisTBHOCTI BUMOTH CTaHIAPTY JIETalli30BaHi B iH-
mmx cragnaprax, Hanpuknag [EC 61511 — st nebesrre-
yanx BupoOHUNTB, [EC 62061 — mms  mamuHOOY Y-
BanHsa. Cranmapr IEC 61513  «Nuclear power
plants — Instrumentation and control important to
safety — General requirements for systems» [3] € roJoB-
HUM B iepapxii ctanaaptiB 1uist KCY, BaknmBux 1is 6e3-
MeKU aTOMHHX CTaHIid. BiH BCTaHOBIIOE 3arajbHi BU-
Moru 11t apxitektypu ta oonanHanHs KCY AEC, Baxk-
JMBHX JUTS O€3IEKH, IO CTBOPIOIOTHCS HA OCHOBI SIK aHa-
JIOTOBUX, TaK 1 nu(poBUX TeXHOIOTIH. B 6araTthox kpai-
Hax BuMaraetbes ceptudikamiss KCY aToMHEX cTaHIIH
srigHo 3 crangapramu IEC 61508/IEC 61513.

3aranbHa Mosienb xkuTTeBOro Hukity KCY AEC, mo
npuBoanuThes B ctanaapTi IEC 61513, 3ano3uyena 3 cra-
Haapty [EC 61508. Craamapt IEC 61513 3a6e3neuye iH-
teprperarito vactua IEC 61508-1, [1EC 61508-2,
IEC 61508-4 no snepnoi ramysi. Bumornm uactuHu
IEC 61508-3, m0 CTOCYIOThCS MpOrpamMHOro 3abesre-
yeHHs KCY AEC BB, iHTepnpeTyoThCcsl B cTaHAapTax
IEC 60880 [5] ta IEC 61238 [6]. Po3ain 5 cranmapry
IEC 61513 npucBs4eHO 3araibHiid CTPYKTYpi )KHTTEBOTO
LUKJTy KOMIT I0TepHUX cucteM yrpaninas AEC, Baxiu-
BHX JUIS Oe3neku. BiH MICTHTh BUMOTH O HACTYITHUX
eramiB Ta rpouecis npoekrysanHs KCY AEC:

— BH3HAueHHS (YHKLI KOHTPOJIO Ta yNpaBIiHHA
AEC (mmiapo3ain 5.2.2);

— KaTeropusamiro (GyHKLIH KOHTPOIIO Ta YIpaB-
ninas AEC B 3aJie)KHOCTI BiJl BIUIMBY Ha Oe3mneky (Tmi-
po3min 5.2.3);

—a"ajily oOMexeHb MpoekTy KoHKpeTHoi AEC
(miapo3min 5.2.4);

— JIEKOMITO3MLiI0 3aranbHoi apxirektypu KCVY 3
PO3MOAUICHHAM ii Ha OKpeMi MiJCHCTEeMH (IiIPO3aia
5.4.2);

— BH3HaueHHs (QyHKLIH Ta iHTepdeliciB miacucreM
KCY (mizpo3nin 5.4.3);

— maHyBaHHs 3a0e3nedeHHs skocTi KCY (mimpos-
min 5.5.2);
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— mnanyBanHs 3axutienocti KCY (miaposnin 5.5.3);

— ITaHyBaHHA 3aranbHoi iHTerpauii KCY ta BBOIY
il B excrutyarartito (miapo3ain 5.5.4).

B pesynbraTi BUKOHaHHS Mae OyTH po3po0iieHa BU-
XiJTHa TOKyMeHTalis 3 npoekty apxitektypu KCY Ta dy-
HKIIH, K1 OyayTh BUKOHYBaTHCS (TiApo3aia 5.6).

B po3gini 6 crangapty IEC 61513 HaBOAsTECS BH-
MOTH IO €TalliB KUTTEBOTO LUKIY OKPEMHX IiJCHCTEM
KCY. Ilepemnik eTamiB BKIIFO9a€ B ceOe Taki MyHKTH:

— cnenundikamis BUMOT 10 QYHKIIH MiACHCTEMH,
oOMexeHs, iHTep(deiiciB KoprcTyBada, yMOB HABKOJIHIII-
HBOT'O CEPEIOBHILA;

— cnenudikallis CHCTEMH, aHalli3 iCHYKUYOoro 00-
JIaTHaHH, PO3pOOKa MPOEKTY apXiTEeKTYpH MiJICHCTEMH,
NIPU3HAYECHHS IPHUKIIaJHUX QYHKIIIH;

— JeTanbHe NPOEKTYBAHHS Ta peaizallis arnapaTt-
HUX 3ac00iB Ta MPOrPaMHOTO 3a0E3MEYCHHs, Baliallis
BHMOT JI0 TIPUKJIATHAX (QYHKIIIH;

— iHTerparis KOMIIOHEHTIB MPOTPaMHOTO Ta ara-
paTHOro 3a0e3NeYeHHs B €IMHY CHCTEMY;

— Baigalis CHCTEMHU;

— MOHTaX Ta BUIIPOOOBYBAaHHS CHCTEMU;

— IUIaHyBaHHS MOJAJbINOI Balifalil, eKcIuryaTa-
1ii Ta MogUdiKaIrii.

Po3ninu 7 Ta 8 MICTSTh BUMOTH JI0 TPOILIECIB 3ara-
JIBHOT 1HTerpanii, ekcIuryaranii Ta TeXHIYHOro 00cIyro-
BYBaHHSI CHCTEMHU.

AmnaJis Bumor crangapry IEC 61513 no3BoJisie 3po-
OUTU BHCHOBOK, [0 BiH HE MICTHTH NPAMHX BHMOT JIO
0cOONMMBOCTEH PO3POOKU MPOrPaMHOTO 3a0e3ICUCHHS.
I[TpoTe BiH BU3HAYa€E MPOLIECH, B SIKUX OEpyTh y4acTh pO3-
POOHHKHM TIpOrpamMHOTO 3a0e3redeHHs. Takox BiH BKa3ye
Ha CTaHJAapT, o Bu3Havae kiuacudikamito KCY AEC 3
¢yHKIIOHATBHOT Oe3mekH [4], a TakoXK Ha CTAHIAPTH, IO
MICTATh KOHKPETHI BHMOTH JIO MPOTPaMHOro 3abesre-
YEHHSI B 3aJICXKHOCTI Bijl KJ1acy (DYHKITIOHAJIBHOT Oe3MeKu
[5, 6]. Mocunanust Ha craugapt IEC 61513 mictsTeest B pi-
3HHUX HOPMaTHBHUX JoKyMeHTax 3 6e3nexu KCY AEC. Ie
myOJiKarii MbkHapoAHUX opraHizarii [11], a Takox ray-
3eBi cTaHAapTH pisHKUX Kpaid [16-19].

Hacranosa 3 0e3zneku MAT'ATE SSG-39

Hacranosa 3 6e3neku MAT'ATE SSG-39 «Design
of Instrumentation and Control Systems for Nuclear
Power Plants, Specific Safety Guide No. 39» [11] € my0-
Jikariero, mo crnupaeTbes Ha craaaapt IEC 61513 Ta Bi-
JNoBiae oro Bumoram. Lleit JTOKyMEeHT TaKoK MiCTUTh
pexkomenaamii moao Bcix eramiB po3podku KCY AEC,
Ba)KJIMBUX JJIs OE3IIEKH.

Po3nin 2 mpucBSUCHWI MEHEIKMEHTY HPOEKTY-
BanHs KCVY. BiH MICTHTB OITHC BCIX €TaIliB >KUTTEBOTO
mukay KCY. B poznini 3 onucyroThCst METoau BH3HA-
yeHHs1 (QyHKIIH KoHTpomo Ta kepyBanHs AEC. Poznin 4
MICTUTh peKOMEHIallii 010 TPOSKTYBaHHS 3aTabHOI ap-
xitektypu KCY Ta po3nineHHs cucTeMH KepyBaHHS Ta KO-
HTPOJIIO HA OKpeMi (YyHKIIIOHAJBHI TiacucTeMu. Po3min 5
onucye knacugikaiito QyHKINH Ta CUCTEM Oe3MeKH.

Po3pin 6 MicTUTh 3arajbHi BAMOTH JJO CUCTEM, Ba-
HIIMBUX [T Oe3nexd. CIoau BXOAATH IyHKTH MO0 Ha-
JIMHOTO IIPOEKTYBaHHS, 3aXHIIEHOCTI, BHUIPOOYBaHb,
3MATHOCTI JJO PEMOHTY, TEXHIYHOTO OOCIIyroByBaHHS,
MapKyBaHHS TOIIO.

Po3znin 7 onyicye MpUHIMIM IPOEKTYBaHHS KOHKpe-
THHUX CHUCTEM.

Po3nin 8 wmictute BUMOTH a0 iHTEepdelcy «ito-
JMHA»-«MalIHHaY.

Po3ain 9 mMicTUTh BUMOTH 100 MPOrPAMHOTO 3a-
6esneuenns KCVY. Le 3araipHi BEMOTH 10 IPOTPAMHOTO
3abe3neueHHs (yHKTH 9.6-9.15), BUMorn 110 #ioro mpoe-
KTyBaHHA (TyHKTH 9.16-9.43), peamizamii (myHKTH 9.44-
9.66), Bepudikanii (myakru 9.64-9.95). B mynkTax 9.96-
9.98 MicTATBCS BUMOTH 10 3aCTOCYBAHHS paHillle po3po-
6nenoro I13.

B pesyasTati gocaimxenns nyomnikanii MAT'ATE
SSG-39 mo:kHa 3pOGUTH BHCHOBOK, 1110 11 JOKYMEHT
MICTUTh BayKJIUBI BUMOTH JI0 MEHEKMEHTY PO3pOOKH,
MPOEKTYBaHHS, alapaTHOro Ta IpOrpamMHOro 3adesre-
yenHd KCVY. BiH MicTUTh OCHJIAHHS HA 1HILI BiAIOBIAHI
MDKHapO/JHI CTaHIApPTH, IO JIa€ MOXJIMBICTh MPOEKTAH-
tam KCVY migibpati HeoOXiaHi U1 BUBUCHHS JOKYMEHTH.

Kareropii ¢pynkuiii ynpasiHHS Ta KJIacu
oe3nexu cucrem AEC

OyHKIIi cucteM KOHTpomio Ta ympasiiHas AEC
KIacu(]iKyIOTBCS B KaTeropii, IO 03HAYAIOTh BaXIIU-
BicTh QyHKIIT as Oe3nexu. BaxumBicTs QyHKIIT mis
0e3IeKH OLIHIOETHCS HACIIAKaMU il BiIMOBH TOJI, KOJIH
HeoOXifHe ii BUKOHAHHS, Ta HACIIIKaMU XHOHOTO CIpa-
mroBauHs (yHKT 5.1 [4], mynkT 3.15 [12]).

Mertoau knacudikallii cucreM Ha kareropii Oe3nexu
BcranoBneHi B cranmapti IEC 61226 (Nuclear power
plants — Instrumentation and control important to
safety — Classification of instrumentation and control
functions) [4], Ha skuii OPSMO MOCHUIAETHCS CTAHAAPT
IEC 61513. Cranmapt IEC 61226 3acToCOBYETBCS ISt
BCIX IH(OPMAIIIHUX Ta YIPABISAIOYNX (YHKIIH, a TAKOK
CHCTeM, IO PealtizyroTh i QYHKIII. 3TiJHO 3 yHKTOM 5.3
cranpapty IEC 61226, icHy1oTh TpU KaTeropii (QyHKIIiH
KCYVY 3a BaxnuBicTiO 11t Oe3meKH — «A», «B» Ta «C».

MertosnKa po3MoIiIeHHs] CUCTEM Ha Kiacu Oe3neKu
TakoK Mictutbess B JokymeHtax MAT'ATE SSG-30
«Safety Classification of Structures, Systems and
Components in Nuclear Power Plantsy [12] ta TECDOC-
1787 «Application of the Safety Classification of
Structures, Systems and Components in Nuclear Power
Plants» [13]. Po3aix 3.16 [12] onmcye kateropii Oe3mexu
1, 2 Ta 3 B 3aNeKHOCTI IX BIDIMBY Ha 0€3IeKy. 3TiIHO po3-
mimy 3.2.7 [13], ms KCY AEC ui kareropii BiIloOBigalOTh
KaTeropisim «A», «B», «C» crannapty IEC 61226.

Kareropist «A» (kmac 1) BHKOPHUCTOBY€ETBCS IS CH-
CTeM, IO TPAIOTh OCHOBHY POJIb B 3a0€31eUeHH] 0e3MeKn
AEC i BimMoOBa sIKuX MOke 0e31mocepeIHbO IPUBECTH JI0
aBapiiHUX YMOB.

Kareropito «B» (kiac 2) MaroTh CUCTEMH, IO Tpa-
IOTh JIOJJATKOBY POJIb B 3a0€3MeUCeHHI O€3MeYHNX YMOB,
30KpeMa y BUNAJIKY, KOJK po0oTa QyHKIIN UX CHCTEM
BUKJIIOYUTH HEOOXIHICTh cHpamfoBaHHs (QYHKIINA KaTe-
ropii «A». Jlo miei kaTeropii Takox BiTHOCATbCS (PyHK-
1ii, BiiMoBa abo XMOHE CIpamOBaHHS SKHX MOXE BH-
KJIMKaTH a0o0 MiJCWINTH aBapiiHUK craH. Yepe3 HasB-
HICTb enreony (yHKIil 6e3rexn kaTeropii «A» BUMOTH
no Oesmnekn cucteM Kateropii «B» MoxyTs OyTH He Ta-
KUMH CTPOTHUMH, 1 (YHKIIOHAIBHICTh TaKWUX CHCTEM
MOXe OyTH PO3IIUPEHOIO.
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Jo kareropii «C» (knac 3) BigHOCATH QyHKIIIT, 110
IparoTh J0ATKOBY YH JIONIOMIXKHY poJib. BoHu MatoTh Bi-
JHOILIEHHS 110 3a0e3neuenHs Oesneku AEC, ane MoxyTb
OesrnocepeIHbO HE BUKOPHCTOBYBATHCS JIsl pearyBaHHs
Ha aBapiliHi cuTyarii.

B cBow wuepry, HopmatuBHMH nokymeHt HII
306.2.141-2008 «3arajbHi noJ1o:keHHs1 Ge3NMeKH aTOM-
HUX cTaHUiin» [17], mo gie B YkpaiHi, Moaiise exeMeHTH
AEC na gotupu knacu 6e3meku. Kmac 1 — e termoBuzi-
JITIOYi €IEMEHTH (TBEJTH) Ta iHII €IEMEHTH, BiZIMOBA SKHX
€ BUXiJHAMH TOZiSMH, 110 TPU3BOIATE O ITOIIKOKEHb
TEIUIOBUAUISAIOUNX EJICMEHTIB 3 IEPEBHIICHHSM BCTAHOB-
JICHUX JUIsl IPOCKTHHX aBapid Mex. Kiac 2 — enemeHTH,
BiJIMOBa SIKMX € BUXIJHUMH MOJISIMH, IO NPU3BOASATH JI0
TMOIIKO/DKEHb  TEIUIOBUJIUISIFOYMX E€JIEMEHTIB B MeXax,
BCTAHOBJICHUX JUISl IPOEKTHUX aBapii, a TAKOX eJIEMEHTH
cUCTeM OE3IEKH, BiIMOBH SKUX MPU3BOJISTH JO0 HEBHKO-
HaHHS UMH CHCTeMaMHu cBoiX QyHkmii. Kiac 3 — me ere-
MEHTH CHUCTEM, BXIMBHUX UI OS3MeKH, 0 He YBIMIITH
1o knaciB 1 ta 2. Kiac 4 — 11e eneMeHTH cucteM HOpMalib-
Hoi excrutyaTanii AEC. Takox 11 Ki1aciB BUKOPHUCTOBY-
I0ThCS KBaJi(iKaliifHi M03HAYEHHA JITEPOro, 0 O3HAYA-
I0Th NPU3HAYEHHs eJeMeHTa: H — HopMmanbHa eKcrutyaTa-
uist, ¥ — ynpasisitoui cucremu, JI — nokaiizyrodi cucteMu
Oe3mekH, 3 — 3aXUCHI CHCTEMH.

Hopmartushuit nokyment Ykpainu HII 306.2.202-
2015 «Bumoru 3 siepHoi Ta paaianiiiHoi 0e3nexun 10
iHpopmaniiiHnX Ta KepyHYHX CHCTEM, BAKJIUBHUX
115 Ge3nexu aTOMHHX cTaHuiii» [18] ta cranpapr nep-
xasHoro mianpuemctBa «HAEK «Eneproatrom» COY
HAEK 100:2022 «Indopmaniiini Ta kepyroui cuc-
TeMH, BAXKJINBI 1J11 0e3leKH aTOMHHUX eJ1eKTPHYHUX
cTaHuiii. 3arajbHi TexHivyni Bumorn» [19] anamoriuno
1o craagapty IEC 61226 monpinstrors dyskii KCY kia-
ciB 6e3nexu 2 ta 3 3a HII 306.2.141-2008 na xareropii
«A», «B» Ta «C» 3a51exHO Bij iX poJi B 3a0e3MeyYeHHI Ta
MIATPUMII OC3MEKH, a TAKOK MOKIUBUM HEBUKOHAHHSIM
a00 MOMMJIKOBUM BHKOHAHHSM CBOIX (DYHKIIIH.

Knacu 6e3nexkn cucrem AEC 3a craHaaprom
IEC 61513. Kpim BH3HaueHHsI KaTeropiil 3a QyHKLisIMH
6esmeku, cranaapt IEC 61513 Bimnocuts KCVY, BaskimBi
JUTs OE3TEeKH, IO OAHOTO 3 TPHOX KiaciB Oesreku (mona-
ToK B. 4). Bumoru no ¢yHkuii 6e3mekn HaiiBUIIOi KaTe-
ropii BU3HA4alOTh KiIac Oe3neKku cucteMu. Tak, 10 Ki1acy
1 BiTHOCSTBCS CHCTEMH aBapiHOTO EIEKTPOTIOCTaYaHHS
Ta aKTUBAIlil 3aXUCTY, a 0 KJIaciB 2 Ta 3 — CUCTEMH aB-
TomaTu3arlii Ta koutpoio AEC.

B pe3yabTaTi pocaiskeHHs1 CTaHAAPTIB 3 KJIacH-
¢ikarii cucteM Ta cTaHAApTiB 3 (QYHKIIOHAJIBEHOI 0e€3-
MeKH MOKHA 3pOOMTH BHMCHOBOK, iCHY€ JEKiIbKa rpa-
naniii posaineras KCVY 3a kinacamu 6e3meku Ta KaTero-
pisiMu BILIMBY Ha Oe3rexy. Bumoru 1o nmpoektyBaHHs Ta
PO3pOOKH NPOrpaMHOro 3a0e3NeueHHs] MOXYTh Biapi3-
HATHCS 3aJIeKHO Bij kiacy 6esnexu KCY. Ilopansie no-
CIIJKeHHsT Oyie CTOCYBaTHCS CTaHAAPTIB, IO MICTAThH
BHUMOTH JI0 TPOTPaMHOTO 3a0e3MeUeHHs 3 ypaxyBaHHIM
Kateropii GyHKIIH Oe3reKu.

CTanaapTH, o MiCTATH BUMOTH
710 MPOrPaMHOr0 3a6e3neYeHHs

Cranpaptu [EC 61508, IEC 61513 He MicTATh BU-
3HaUYEHUX BUMOT 0 TporpamHoro 3abesrnedeHHs KCY

AEC, BaxxmBux s 6esnexu. [Ipore y BeTymi 10 cTan-
napty IEC 61513, a takox Tabmuui 1 mynkry 7.1 cran-
napty IEC 61226 HaBeneHi mOCHIaHHS Ha iHIII CTaHA-
PTH, B SIKUX 11i BUMOTH BBOJsAThCs. st [13 cucrem kare-
ropii ¢yHkuiil Ge3nmekn «A» BHKOPHCTOBYEThCS CTaH-
nmapt IEC 60880, mis cuctem kareropiii QyHKIiH 6e3-
meku «By», «C» — IEC 62138. Lli crangapT Biamosina-
0Th 3aranbHAM BuMoraMm crauaapty IEC 61508-3 mo
nporpamuoro 3abesnedeHds KCVY B saepHiit chepi.

Bumorn no mporpamuoro 3ade3nedennss KCY,
110 BUKOHYIOTH (PYHKIII Oe3nexn kaTeropii «A», mic-
TaTeess B craHaapti IEC 60880 «Nuclear power
plants — Instrumentation and control systems important
to safety — Software aspects for computer-based systems
performing category A functions» [5]. Bumoru cranma-
PTY 3aCTOCOBYIOTHCSI JIO HMPOTPAaMHOr0 3a0e3NeueHHs,
o BukopuctoBytoThesi B KCY AEC st Bukonanss ¢y-
HKIIH Oe3nexn kateropii «Ax. Lle 13, sike BUKOpHCTOBY-
€TBCS TSI (GYHKIIN 3aXUCTY, @ TAKOXK 3aro0iraHHs po3-
BHUTKY NIPOSKTHHX aBapiil i MpUBEICHHS CTaHIIIi B Oe3rre-
YHUHA KOHTPOJBOBAHHUH CTaH IIiJ Yac aBapiifHUX CHUTya-
1iif, Mae OyTH CTBOpPEHE 3 BUCOKUM CTYIIEHEM SIKOCTI Ta
HAJIIHHOCTI, IPOWTH MOBHUN MUK Bepudikamii Ta atec-
tarfii. Meta Bumor cranmapty IEC 60880 — po3pobka
[13, 1o BiAnoBigae KPUTEPIsM SIKOCTI Ta HaAiHOCTI. Bu-
MOTH CTaHJApPTY BIIHOCATHCS J0 BCIX €TalliB KUTTEBOIO
LUKJTY TIPOrPaMHOro 3a0e3eYeHHS, BKIIOYAI0YH CIIELH-
¢ikalio BUMOT, POEKTYyBaHHS, BUOIp 1HCTPYMEHTAJb-
HUX 3aco0iB Ta MOB, PO3pOOKY, BepH]ikaIliro, Bajina-
0, MOAH(DIKALIO TOIIO.

Po3xin 3 cranmapty IEC 60880 onmcye Tepmian Ta
BHU3HAYCHHS. 30KpeMa, BBOAATHCS IOHSATTS yHIBepcallb-
HOi MOBHM NpOrpaMyBaHHS, HIPOOJIEMHO-OPi€EHTOBaHOL
MOBH TIpOTpaMyBaHHS, CHCTEMHOTO Ta IPHKIAJHOTO
IPOTPAMHOTO 3a0e3MeUYeHHs, MPUKIaaHOl (BYHKIIT, CTH-
CHEHHs KOJly, DPI3HOMaHITHOCTI, pe3epByBaHHSI, CTIHKO-
CTi 10 JeeKTiB Ta MOMHUIIOK TOLIO.

Po31ii 4 MICTUTB CITUCOK CKOPOYCHB Ta MO3HAYCHD.

Po3nin 5 micTuTh 3arajbpHi BUMOTH JI0 MPOEKTaM
nporpamMHOro 3abesneueHHs. B po3zaini po3risaaoTbes
HACTYIHI KOHIICITIIil:

— KUTTEBOTO IMKITy Oe3neku [13 B noxaTok 1o 3a-
TaJIbHOTO )KUTTEBOTO IUKITy CUCTEMH KepyBaHHS;

— posmoxiry [13 Ta KOH}IrypamiifHUX naHWX 3a
TUIIaMU (CHCTeMHe abo MPUKIIAIHE);

— HasgBHOCTI MiaxoaiB 0 po3pobku I13 3a momo-
MOTOI0 YHiBepcalbHUX ab0 MPOOIEMHO-O0pPiIEHTOBAHUX
MOB IpOrpaMyBaHHS;

— KepyBaHHs NpoekTyBaHHsaM [13;

— KepyBaHHS 3a0e3nedeHHsIM sAKocTi [13;

— 3axwmmerocti [13.

Po3znin 6 mpucesiueHnit eray cTBOpeHHs crienudi-
Kallil BUMOT JI0 ITporpaMHoro 3adesnedeHHs. Bumoru 1o
[13 maroTh BM3HAYATHCSl BAMOTaMH JI0 CUCTEMH O€3IeKH
i ssBATHCS YacThHOMO crienndikanii KCY. Bonn marots
OIMCYBATH Te, 10 MOBUHHA POOMTH Iporpama, a He Te,
sIK BOHa IOBUHHA 11e pobutu. Jlo ocHOBHUX BUMOT J10 [13
, IO BXOJIATH J0 crerudikarii, BXOIATh:

— uyiTkui ommc mpukiaaaHux ¢yskuii 113, #oro
TOBEAIHKH, iHTEpdeiciB KOpUCcTyBada, 4acy BiII'YKY,
3B’SI3KIB 3 IHIIMMH CHCTeMaMH, (PyHKIIIOHATBHUX 0OMe-
KCHB;

174



ISSN 2073-7394

CucreMu yrpaBiliHHs, HaBirarrii Ta 38's3ky. 2023. Ne 2

— HasBHICTH CAMOKOHTPOJIIO Ta 300py AiarHOCTH-
4yHOT iH(popMaLlii;

— mnepenbayeHHs MEPIOJUYHHUX TECTyBaHb (DyHK-
ii Oe3mexu;

— HasBHICTb YiTKOI IOKyMEHTaLlil.

Po3zin 7 MicTUTH BUMOTH IIOJ0 MPOCKTYBAHHS Ta
peautizarii mporpaMHOTo 3a0e3IeYeHHSI.

B migpo3aini 7.1 ommcani 3aranbHi IPHHIUAIH IIPO-
exTyBaHHSA Ta peanizamii [13. HaBeneni okpemi BuMoru
1o peammizamii 113 3 BUKOpUCTaHHIM YyHIBEpPCATbHHX Ta
MpoOIEMHO-0Pi€EHTOBAaHUX MOB IIpOTrpaMyBaHHA. Takoxk
HaBOJAATHCS BUMOTHY 10 KOH(IrypyBaHHS paHille po3po-
0JICHOTO IPOrPaMHOTo 3a0e3MeYECHHSL.

B nipo3ini 7.2 HaBeeHi [eTaabHi BAMOTH IIOJIO0 BH-
60py MOBHU NPOTrpaMyBaHHs Ta IHCTPyMEHTAILHUX 3aC00IB.

IMigpo3ain 7.3 MICTUTh NOCHJIAHHS Ha JOAATOK B,
110 MICTHUTB JI€TaJIbHI BUMOTH 1 peKOMEH/1allii 3 po3po0KH
[13. 3a3HauaeTbes, MO B MPOIECi PO3POOKH IIi BUMOTH
Ta peKOMEHJalii MaloTh BHKOHYBATHCS, a X HEBHKO-
HaHHS Ma€ OyTH JOKYMEHTAJIbHO OOIPyHTOBaHHM.

Pozgin 8 Bu3zHavae Bumoru no Bepudikamii [13. B
HBOMY HAaBOJATHCS OKPEMi BUMOTH 10 IUTAaHYBaHHS MTPO-
uecy Bepudikauii, Bepudikalii npoekTy Ta ioro peai-
3arii.

VY po3nini 9 3HaXOIUTHCS OIKUC BUMOT JI0 MPOLIECiB
inTerpauii [13 10 TexHiYHOTO 3a0e3NeueHHs Ta HOro Be-
pudikanii mix yac iHTerparii.

Po3nin 10 mictute onuc acnektiB Bajimauii [13 B
CKJIaNi IHTErpoBaHOi CHUCTeMH. Mae OyTH CTBOpEHHIA
IUTaH BaJijanii, skuil OyZe BUKOHYBATHCS 0CO0AaMH, SIKi
He Opay y4acTh B IPOSKTYBaHHI Ta peaji3allii CHCTeMH.
Jis koxHOT QyHKIT Mae OyTH MPOBECHO KOMIUICKCHE
BceOIYHE TECTyBaHHS. 3a pe3ysbTaTaMM TeCTyBaHb Ma-
I0Th OYTH CKIIAJICHI 3BITH Ta BU3HAUCHI POLIEAYPH yCY-
HEHHSI BUSBJICHUX JC(EKTIB.

Po3nin 11 onucye BuMoru 1o poiiecy Moaudikarii
I13. Po3rnanaroTbes BUMOTH 10 HPOLEAYPH 3alMUTy Ha
MoauGIKaIlio Ta MPOLEAYPHU BUKOHAHHS MOaAU(IKaIIii.

Po3gin 12 ¢opmye BUMOTH O YCTaHOBKH Ta €KC-
rutyaranii [13, oro 3axuiieHocTi Ha Micli eKcIuryaTanii
Ta HaBYAHHS OIIEpaTopiB.

Po3min 13 MicTUTP BUMOTH IO 3aXHCTY Bil nedek-
TiB [13, 0 MOXYTh NIPU3BECTH JI0 BiIMOBH 3 3arajbHOL
npuauHA. Po3riisaaioThes miaxoau 10 mpoekTyBaHHs [13
3 BpaxyBaHHSIM KPHUTEPil0 OAMHUYHOI BiZIMOBH, peai3a-
11is pi3HOMAHITHOCTi.

Poznin 14 micTuTh neTanbHI BUMOTH 110 BHOOpY,
aTecramii Ta KOHQIrypamnii iHCTpyMEHTaIbHHUX IIPOTpaMm.

Craagapt [EC 60880 Takox MiCTUTh TOJATKH, SKi
JeTali3yloTh iH(OpMaIlio, HaBeAeHy B po3miiax. 3a
00’€MOM BOHH 3aliMalOTh MIOJIOBHHY PO3Mipy BCHOTO JI0-
KyMEHTY CTaHIapTy i € 000B’I3KOBHMH JIONIOBHEHHSIMH
JI0 BIIOBITHUX pO3/IUIiB. 30KpeMma:

— po3zain A (000B’SI3KOBUIT) MICTUTh IETaTbHY iH-
(dopmariiro mozo xurreBoro mukiy [13 Ta popmysanus
pumMor g0 113;

— posain B (000B’S3K0BHIA) MICTHTH A€TaTi30BaHI
BHMOI'Y Ta PEKOMEHJAII 00 MPOLECY MPOCKTyBaHHS
I13, crpykTypu 113, caMOKOHTPOITIO, JETATHLHOTO MPOEK-
TyBaHHS Ta KOJlyBaHHS;

— po3xain C (10BigKOBUI) MiCTUTh MPUKIIAIH TEX-
HOJIOTiH MPUKIaJHOTO IPOrpaMyBaHHS;

— posain D (1oBiAKOBHI) MICTHTH IETalbHI BH-
MOTH JIO MOB IIPOTpaMyBaHHS Ta IHCTPYMEHTAJILHUX 3a-
c00iB;

—  IHIII PO3/IIIIK € TAKOXK TOBIIKOBUMH.

B pesyasTati nocaimxenns crannapry IEC 60880
MOKHA 3pPOOMTH BHCHOBOK, III0 BiH € OJHUM 3 OCHOB-
HUX CTaHAAPTIB 3 po3poOku Ta mpoekryBaHHs [13 KCY
AEC, BaxxnuBux misg 0e3nexn. HeszanexHo Bix TEXHOJIO-
Tiif Ta MOB IPOTpaMyBaHHS, 1[0 BUKOPUCTOBYIOTHCS, PO-
3pOOHHKH MPOrPaMHOTO 3a0€31EeYeHHS MAIOTh JICTaIBHO
3HATH Ta YiTKO JOTPUMYBATHCH HOTO peKOMEHAALIH.

HesBakaroun Ha Te, 110 BUMOTH L[LOTO CTaHIApTy
BigHOCATHCA 10 113 kareropii ¢pyHKIIOHANBHOT Oe3neKu
«A», BOHH MOXYTb 3aCTOCOBYBaTHUcs 1 nmpu po3po6i I13
HIDKYMX (YHKIIOHAJIBHUX KaTeropii. Lle 103BomauTh mo-
KpAIUTH SKIiCTh Ta HailHICcTh [13 3araiom, a Takox po-
3IIMPHUTH MEXI BUKOPUCTAHHS PO3POOJICHOTO Mporpam-
HOTO 3a0€3MeUYeHHs 0 BUIIOI KaTeropii «A».

CraHgapT He MICTHTh JETATBHUX METOIHK JIOCST-
HEHHS Ta OLIHKHA BiANOBITHOCTI INPOTPaMHOTO KOIYy
cBoiM BuMoram. Tomy B mepcrneKkTHBi MOAATBIIOIO 10-
CJTTAKeHHS [IbOTO CTAH/AAPTY € ACTATBHUH aHai3 BUMOT
Ta CTBOPEHHS METO/IB HANMKCAHHS Ta OI[IHKU MPOrpam-
HOTO KOJIy.

Bumoru 1o nporpamsuoro 3atde3nedennsa KCY, mo
BHKOHYIOTh (pyHKIII Oe3nmexu kaTeropiii «B» Ta «C», Mi-
crarbess B crangapri IEC 62138 «Nuclear power
plants — Instrumentation and control important for
safety — Software aspects for computer- based systems
performing category B or C functions» [6]. Lle#t cranmapt
nonoeaioe craHmapt IEC 60880, sixuii MiCTUTH BUMOTH JIO
nporpamHoro 3abesnedeHns KCY, mo BukoHye (QyHKIIi
Oe3mneku kareropii «A». Takox BiH JOTIOBHIOE 3aTaIBHUI
cranmapt 3 (QyskmionansHOi Oesmexkn KCY  AEC
IEC 61513 B 006’emi BUMOT IO IIPOrPaMHOI0 3a0€3MeUeHHSL.

Mera gaHOro CTaHAapTy — MakCUMaljbHO 3HH3UTH
IMOBIPHICTb IPUXOBAHUX MPOTrPAMHHUX JIEPEKTIB, 1110 MO-
XKYTh NPUBECTH JI0 CUCTEMHHX BiJMOB 4Yepe3 OJWHHYHI
a00 MHOXXHHHI ITPOrpamMHi BiIMOBH (TOOTO BiIMOBH 3 3a-
rajJbHOI IPUYHHH).

Bumorn crapmapry IEC 62138 npus’s3ani He 110
Kareropiil pyHKuiit 6e3nexu, a 1o kinacy 6esnexu KCY
(xmac 2 Ta ximac 3 3a craggaptoM [EC 61513), ockinbku
KCY M0xyTh 0THOYACHO peai3oByBaTH K (YHKIIT Oe3-
meku Kareropid «By», «C», Tak i He kimacudikoBaHi 3a
0e31eKOI0,

Po3xin 3 cranmapty IEC 62138 onncye Tepmian Ta
BU3HAYCHHSI.

Po3xin 4 MiCTHTB CITUCOK CKOPOYEHB Ta TO3HAYECHD.

Po3min 5 MicTHTH 3arajibHi KOHIENIII Ta IOJIO-
»KeHHsI. B HbOMY BUALISIFOTHCS TUITH IPOTPaMHOT0 3a0e3-
TICYCHHS B 3aJIEKHOCTI BiJ] THITY pOOIT, 110 BUKOHYIOThCS
HUM (CHCTEMHE Ta IpuKiIanHe). Po3risgaroTeCst THIH
KoH(irypamiiHux naHux. HaBomuTbcs apxiTekTypa
KMTTEBOTO LMKy NporpamHoro 3a0esmnedeHHs. Bso-
JSITHCSL IPUHIMIM Tpajialii BUMOT 10 MPOTrPaMHOTO 3a-
OesreueHHsl B 3aJeXHOCTI Bix kiacy Oesmeku KCY
(xmacu 6e3mnexu 2 Ta 3 3a IEC 61513 BiamoBiaHo 10 Ka-
teropii ¢pyHkuii Oe3mexn «B» ta «C»).

Pozmin 6 MicTHTh BUMOTH A0 TIPOrpaMHOTO 3a0e3-
nederdst KCY kmaciB 6e3nexn 2 Ta 3. B migposmini 6.1
3a3HAYA€ThCS, OI0 YacTWHA BHMOT IIbOTO PO3ZILTY
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3acTocoByeThest 10 [13 000x kiaciB Oe3neku, a okpemi
BHMOTH CTOCYIOThCA Tinbku 13 kiacy 2 abo kiacy 3.

Minpo3ain 6.2 MICTUTH 3arajibHi BUMOTH JI0 KHUTTE-
Boro 1Ky I13 Ta 3MicTy mporpaMu KOHTPOJIIO HOro KO-
CTi. 3a3HAYAETHCS, 10 KOXKHUI eTam KUTTEBOTO UKy [13
Mae BKJIIOYATH i, IKi HeoOX1IHi U1 JOCSTHEHHS HeoOXi-
HOI SIKOCTI, a TaKOX il 3 Bepudikarlii MOKa3HUKIB HOCAT-
HEHHS 11i€1 SIKoCTi. MaroTs OyTH 3aIUTaHOBaHI 3aXO0IH OO0
KepyBaHHS KOH(irypartiero ta kKoHTpomo Bepciit I13. Ta-
KO’K HaBOJSThCS 3arajibHi PeKOMEHAIlii o010 BUOOpY iH-
CTPYMEHTAIFHHX 32C001B Ta MOB TIPOTPaMyBaHHSL.

IMigpo3ain 6.3 MiCTUTH BUMOTH JI0 BUOOPY Ta aHa-
JIi3y paHille po3podJIeHOro MPOrpaMHOro 3a0e3NeueHHSI.
BuMaraeTbcs HasBHICTh JOKYMEHTalii 3 Oe3leKku, Jo-
Ka3u KOPEKTHOCTI Ta (DYHKI[IOHANBHOI BiJOBIAHOCTI
uporo 13 Bumoram KCY, 1m0 po3po0iseThes.

[Tinpo3xin 6.4 TOMOBHIOE Ta YTOUYHIOE BUMOTH CTa-
Huapty IEC 61513 npo Te, mo Bumoru go [13 moBuHHI
OyTH opopMIICHI JOKYMEHTAIIBHO i cpOpMOBaHa CITCIH-
¢ikaris Bumor a0 I13. BBoaATECS BUMOTH IO TTO9aTKOBOT
iH(popMarii, 3rigHo 3 K010 cTBOproeThes KCY, Ta 3MicTy
cnenmdikamii [13 (HasiBHICTH onHICYy MPUKIATHUX (QYHK-
wiif, pexxumiB poboTH, iHTepdelciB, 0OMEKEHb TOLIO).

[Migpo3ninu 6.5 Ta 6.6 crangapty IEC 61238 mic-
TATH JIETaJbHI BUMOTH JIO0 €TaIly MPOCKTYBaHHS, MOYaT-
KOBHX JIaHUX Ta €Tally peaji3ailii HOBOro mporpaMHoro
3abe3nedenHs. L{i migpo3ninu He MICTATh KOHKPETHHX
BHMOT II[0JI0 HAITUCAHH crieludikaiiii Ta KoLy mporpam,
aye MICTSITh iH(pOpPMAIIifO, SKIM YHHOM Ma€ BUKOHYBa-
THCS TPOCKTYBaHHS Ta peaji3amlisi B 3aJeKHOCTI Bif
Kjacy Oeslekd cHCTeMH. PO3TISIHYTI BUMOTH SK IS
MPOOJIEMHO-OPi€EHTOBAHMUX, TaK 1 YHIBEpPCaJbHUX MOB
MIpOTpaMyBaHHI.

Honanemi mimpo3aimu (6.7-6.11) MicTSTh BUIMOTH 10
MPOLIECIB iIHTErPallii IPOrPaMHOTO Ta aIlapaTHOTro 3a0e3re-
YEHHSsI, MPOBEACHHS POIICAYP BATIAAIll CHCTEMH, BCTAHO-
BJICHHS Ta EKCIUTyaTallif0 MPOrPAMHOI0 3a0e3MeUeHHs Ha
MicIi eKcIuTyararii Ta mojabin Mojudikamil. B migpos-
nimi 6.12 BrasyeThest Ha HeoOXimHiCTh 3 3axucTy KCVY Big
BIZIMOB 3 3araJiHOI MPUYMHMA BHACIIIZIOK POOOTH Mporpam-
HOTO 3a0€3MeUeHHS Ta MICTHTBCS TTOCHIaHHS Ha CTAaHAApT
IEC 61513, ne ue mutaHHS PO3MIIHYTO OUIBIN JIETANTHHO.
Jonmatku 10 CTaHIAPTy € JOBIIKOBOIO iH(OpMAIIIEIO Ta HE
MICTSTB BUMOT JI0 TIPOTPAMHOTO 3a0e3TIeYeHHSI.

3 nocaimxenns crangapry |EC 61238 moxxna
3poOMTH BUCHOBOK, III0 BUMOTH 10 peaiizamii [13 ¢yH-
KIiit 6e3nexu kareropiii «B» ta «C» € MmeHm Gopmaib-
HUMH Ta cyBopumH, HiX 13 ¢yHKIi# Oe3nexn g0 Kare-
ropii «A», a € Ourpn y3aranpHIolOYHMHA. [IpoTe B mepc-
MEKTUBI MOAAJIBIINX TOCIIIKEHD ISl IUX BUMOT € OLJIBII
JeTaTbHUHN 1X aHaJi3 3 METOI0 PO3POOKH METOIWKH Ha-
nvcanHs [I3 Ta OIIHKKA HOro BiAIMOBIAHOCTI BUMOIaM
cranpapry IEC 61238.

Cranpaptu inTepdeiiciB kopucTyBaya

IaTepdeiic kopucTyBadya BU3HAYA€ 3PYUHICTH B3a€E-
MOJil JIIONWHU 3 TPOTpaMHUM 3a0e3nedeHHsM. [Ipu
cTBOpeHHI nporpamuoro 3abesneueHHss KCY AEC iioro
iHTepdeiic KopuctyBaya Mae 3a0e3neuyBaTH OE3MOMMII-
KOBICTb, €()EeKTHBHICTb Ta 3py4HICTH pOOOTH OIIEPATOPIB.

3okpema, B cranaapti |IEC 61772 «Nuclear power
plants — Control rooms — Application of visual display

units (VDUs)» [7] HABOAATHCS BUMOTH JIO MPUCTPOIB Bi-
3yaJIbHOT'O BiI0Opa)KeHHS, sIKi BHKOPHCTOBYIOTBCSI OIle-
paropamu AEC. 1li Bumoru mMaroTb OyTH BpaxoBaHi ITij
yac peaiizanii iHTepdeiciB KopucTyBada mporpaMmHoro
3abe3nedeHHs. BoHM CTOCYIOTBCSI HACTYITHUX aCHEKTIB!

— BinOip iHdopMmarii, sika Mae BiqoOpaKaeThCS;

— KOMIIOHYBaHHS Ta pO3MillleHHs iH(popMarii;

— (opmat, po3mip Ta KOJip €IeMEHTIB BimoOpa-
KEHHS;

— (opma BimoOpaxkeHHs iHpOpMarii: anpaBiTHO-
nudpoBa, 0Opa3Ha Ta CHMBOJBHA;

— 3a0e3meyeHHs 3pYyYHOTO BHOOpY ONEpaTopoM
iHdopmarii, HeoOXiAHOT HA MOTOYHUI MOMEHT.

IHumii  crammapr 1EC 62646 «Nuclear power
plants — Control rooms — Computer-based procedures» [8]
MICTHTD y3arajbHEHI BUMOIM IO MNpPOLEIYp KepyBaHHSI
AEC, B sIKMX 3aCTOCOBYIOTHCS KOMIT I0TepH. 30Kpema, 3ri-
JIHO 3 MMM BMMOTaMH, TP IPOEKTYyBaHHI NPOTPaMHOTO
3abesneueHHs KCY AEC marots OyTu peanizoBasi:

— 3pydYHHH iHTEpGEHC «WI0IHHA-MAIITHAY;

— YiTKa HaBirarmis MK BUaMH iH(QOpMaIii;

— aBTOMAaTH3allisl TPOIENyp, IO BUKOHYIOTHCS
OIIEePaTOPOM;

— JloroMora omneparopy Mifi 4ac NPUUHATTS pi-
IICHb.

lanmyseBuii HopmaruBHHU aokymeHT NUREG-
0700 «Human-System Interface Design Review
Guidelines» po3risaae intepdeticu kopuctyBauiB KCY
3 IEKITBKOX HAIPSMKIB.

B mepmmiit wactuni (po3minu 1-3) po3rismaroThes
3arajibHi BUMOTH JI0 BioOpa)XeHHS iH(pOpMaIIii:

— 10 ¢dopmaTiB BimoOpakeHHS HaHUX: (HAIWCH,
CIFCKH, TaOJIHIIi, TicTOTpaMH, Tpadiku, JiarpaMu TOIIO);

— JI0 eNeMEHTIB iHTepdelicy KOpUCTyBada: CHM-
BOJIH, MITKH, IKOHKH, IIIKAJIH, CTPIJIKH, KOJIHOPOBI CXeMH
TOILO;

— JI0 MIBUIKOCTI OHOBJICHHs iH(opMalii Ta yacy
Biaryky I13;

— 110 3ac00iB iHTepakTUBHOI B3aemoii [13 3 kopu-
cTyBayeM (KOMaH/H, TyHKTH MEHIO, KJIaBillli, KypCOpH);

— 710 3aco0iB BuOOpY HeoOXiaHOT iH(OopMATTiT;

— JI0 IepeBIpKH Hilf Ta 3aXKCTY BiJ] IOMIJIOK OTIe-
paTopa, a TaKoK JI0 JOBiKOBOI iH(pOpMAIIii.

B miif yacTHHI TakoX HaBOAATHCS BUMOTH /IO aHa-
JIOTOBHUX 3ac00iB BiTOOpaXCHHS Ta KOHTPOITO (TIPHIIAIH
BHUMIpIOBaHHSI, IHAMKATOPH, IU(POBI Ta0JIO0), 10 HE Mic-
TATH IPOTPAMHOTO 3a0€3MeYeHHS.

B npyriit wacturi (po3ainu 4-10) HaBOAATHCS BU-
MOTH JI0 peattizaiii inTepdeiciB KopucTyBada sl CHC-
TEM 3 Pi3HOI0 QYHKITIOHAIBHICTIO: CACTEMH 3aXUCTY, CH-
CTeMH BioOpa’keHHS KPUTHIHHUX MapaMeTpiB, CHCTEMH
BiZIOOpaXKCHHSI KOJIEKTUBHOTO KOPHCTYBaHHS, KOMILIE-
KCH aBTOMAaTH3allii, CHCTeMH repenadi iHpopmarii.

Tpers wactuna (po3ainu 11, 12) MicTUTH BUMOTH
JI0 pO3MillleHHsI Ta 0OnagHaHHA POOOYMX MICIb Olepa-
TOPIB.

Yersepra yactuHa (po3nimm 13, 14) mictuth BH-
MOTH 10 Oe3MeKH, HaIifHOCTI Ta 31aTHOCTI 10 PEMOHTY
o0agHaHHSA poOOYMX MicCIb OTIEPaTOpiB.

B pe3yabraTti AochaigkeHb BHMOT CTaHIApPTIB
IEC 61772 ta IEC 62646, a TaK0)X HOPMATHBHOTO IOKY-
meaTy NUREG-0700 moskHa 3p0oGMTH BHCHOBOK, III0
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BOHM BU3HAYalOTh 3arajbHi MiJAXOAU IO MPOEKTYBaHHS
iHTepdeiciB KOpHCTyBaya MPOrpaMHOro 3a0e3ledyeHHs
KCY 5Kk 4YacTMHM CHCTEMH B3a€MOJIl <«JIIOJMHA-Ma-
mHaY. 1 BUMOTH BiTHOCATHCS IO BCIiX €TaIiB JKUTTE-
Boro nukiy [13 KCV: npoekryBaHHs, peanizalii, Bepu-
¢ikarii, Bamimarii, ekcIuryaraiii, HABYaHHS TIEPCOHAITY.
JloTpyMaHHS BHMOT IIMX JOKYMEHTIB JIO3BOJISIE CTBO-
puTH mporpamHe 3a0e3nedeHHs, sSke Oyze BiAmoBimaTh
KpHUTEPisAM HaIITHOCTI, 3aXUIIEHOCTI, 3pyIHOCTI Ta epro-
HOMIYHOCTI.

Cranpaptu konyBanuss MISRA C/C++

Mogu nporpamysantst C Ta C++ MIUPOKO BUKOPHU-
CTOBYIOTBCS IIPU CTBOPEHHI MIPOTPAMHOTO 3a0e3MeueHHS
KCY. Cranmapt I[EC 61508 MicTuTh peKOMEHIAIII] I[010
BiNOBITHOCTI KOy IPOTpaM A0 MPaBWI OE3METHOro Ta
edexTHBHOrO mporpamyBaHHs. [IpHKIagoM Takoro cra-
HAapTy ans uux MoB € crangaptu MISRA C ta MISRA
C++,

Crangaptu xoayBanus MISRA C/C++ po3po6ueni
Motor Industry Software Reliability Association — opra-
HI3aIli€r0, [0 CTBOPIOE CTaHIAPTH PO3POOKH MPOrpam-
HOTO 3a0€3Me4eHHs /Il aBTOMOOIIBHOI IIPOMHCIOBOCTI
[24]. Wi cranmapTu cpsiIMOBaHi Ha IMi IBUIICHHS (YHKIIi-
OHAaJIBHOT Oe3meky, iHhopMaIliitHoT Oe3eKu Ta Ha i HHO-
cti BOynoaroro [13. BoHr BUKOPHCTOBYIOTBCS B Pi3HO-
MaHITHHX cdepax po3pobku KCV — xocMiuna misiib-
HICTh, OOOPOHHI TEXHOJIOTi1, aBTOMAaTH3AaIlisl BUPOOHHII-
TBa Ta MEIMIMHA.

Craagaptn MISRA C/C++ mictute Habip mpaBmiL.
KokHe TpaBHIO Mae IEBHY Kareropiro: OOOB’sS3KOBE
(mandatory), HeobOxinHe (requirement) Ta peKOMEHIOBaHEe
(advisory). Tako)k BOHU PO3IOAUIIIOTHECS 3a (PyHKITIOHA-
JIFHAM TIpU3HA4YEHHSM (BpaxyBaHHsS OCOOIMBOCTEH KOM-
MUISITOPIB, YHUKHEHHS BUKOPUCTAHHS AESKHX (DYHKIIH,
peKoMeH a1 11010 HaHMEHYBaHb 3MIHHHX Ta KOMEHTY-
BaHHA To110). /st BimmoBigHOCTI 13 ctarmapty 00oB’s13-
KOBI Ta HEOOXIiTHI IIpaBUIIa MAIOTh OYTH BIPOBAKCHHI, a
PEKOMEH/IOBaHi MpaBuiia MOXXYTb He BUKOHYBATHCS 3 00-
IPYHTYBaHHSM TaKHUX PIlLICHb B JOKYMEHTAIIIi.

IcHYIOTB IPOrpaMHi IHCTPYMEHTH, IO BHKOPHCTO-
BYIOTBCS JUISl CTATHYHOTO aHaIli3y KOy NMpOrpamMu CTaH-
napty MISRA: Helix QAC, PVS-Studio, Polyspace [25].

3 nocaimkenHs 3micty ctagaaptiB MISRA moxkHa
OTPUMATH BHCHOBOK, IO iX PEKOMEHIAIll MiIBHUIIY-
10Th SIKicTh Ta HagiiHicTs Koxy I13 KCY AEC. Bucoki

3HAaYEHHS MOKAa3HMKAa SIKOCTI Ta HamidHOCTI HeOoOXimHi
JUIs 3a0€311eUeHHS] BUCOKOTO PiBHS (PYHKIIOHAIBHOT Oe3-
nexku KCY AEC.

BucHoBku

3 METO0 CTBOPEHHS BUCOKOHAIIITHOTO Ta SIKiCHOTO
MIPOTPaMHOTO 3a0€3IeUCHHS KOMIT FOTEPHUX CHCTEM Ke-
pyBauHs AEC, BaxmBuX i Oe3MeKH, B CBITI iCHYIOTh
CTaH/apTH IIPOEKTYBaHHs Ta rajly3eBi HOPMaTHBHI JIOKY-
MEHTH. Pe3ynbTaToM IOCHIIKEHHS! CTaHAApTIB Ta raiy-
3eBUX HOPMAaTUBHHMX IOKYMEHTIB, SKi MalOTh BiJHO-
meHHs 1o po3pobku [13 KCY AEC, BaxnuBux ams 0e3-
TIEKH € HACTYITHE:

— MDKHapoOIHi CTaHAAPTH Ta HOPMATHUBHI JOKyMe-
HTH MalOTh pi3Hi PiBHI cueniamizamii. B qokymenrax Bu-
IIOTO PiBHS HABOJASATHCS 3arajibHi BUMOTH JI0 BCiX €TaIliB
xutTeBoro nmukiry KCY Ta MicTAThCS MOCHIAHHSA Ha J0-
KyMEHTH HacTYyITHOTO piBHS. JJOKyMEHTH HaCTYITHOTO pi-
BHS € OLIBII CIIEIiajii30BaHUMHU 1 MArOTh BiTHOIIEHHS 10
O1bLI By3bKHX c(ep AisIBHOCTI;

— KOXHa KpalHa CBITYy MO BH3Ha4aTH CBii Ha-
0ip cTaHAapTiB Ta HOPMATHBHUX JIOKYMEHTIB, SIKUH BH-
MaraeThbcsi BUKOPUCTOBYBATH IIiJl 4ac MPOEKTYBaHHS Ta
peamnizarii KCY mist AEC;

— B HOPMaTHBHUX JJOKyMEHTaX MICTSThCSI BUMOTH
Ta pEeKOMEHJALI] SIK I0J0 OpraHi3alii Iporecy po3po-
OKM, TaK 1 3arajbHi peKOMCHJAMIi Ta MPUKIAINd HaIH-
CaHHS KOy IIPOrpaM pi3HIMH MOBAaMH [IPOrpaMyBaHHS;

— 4epe3 Te, 10 BUMOTH PO3IIIIHYTHX CTaHAAPTIB
MaroTh OyTH aKTyaJbHUMH NIPOTATOM TPHBAJIOTO Yacy, IIi
CTaH/apTH HE MICTATH (POPMali30BaHNX METOJMK HAIlH-
CaHHs KOJly porpam;

— He icHye GopMalli30oBaHHX METO/IUK cepTUdika-
i1 KOy Ha BiJMOBIAHICTS BUMOT PO3IITHYTHX CTaHIap-
TiB;

— KOXKHa Oprasiszaiisi, fika 3aiiMaeTbCsl MPOCKTY-
BaHHSM, pO3pOOKOIO Ta BepHUQiKaIli€ro MPOrpaMHOTo 3a-
oesneuenns KCY mnsa AEC, moBuHHA po3pOOHTH BIIACHI
METOJMKH 3 3aCTOCYBaHHS BUMOI' Ta OLIHKH KpUTEpiiB
BHUKOHAHHS BUMOT CTaHJapTiB Ta HOPMAaTHBIB.

TakuM 4MHOM, BUXOJSIYM 3 BHIIETICPEPaXOBAHOTO,
MIEPCIIEKTUBAMH TOJANIBIIHNX JIOCTIDKEHb € JIeTalbHUH
aHaJli3 BUMOT MIXKHapOJHHMX CTaHIAPTIB Ta Tray3eBUX
HOPMAaTHBHHX JIOKYMEHTIB JI0 TpPOrpaMHOro 3abesre-
yerHs KCY AEC Ta po3poOka mMeToauku iforo Hamu-
CaHHS Ta OIIHKH BiINIOBI1THOCTI BUMOTaM CTaHJapTiB.
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Research of regulatory documents and industry standards
for the development of safety-important computer systems for NPP control systems

Boris Vintenko, Oleksii Smirnov, Oleksandr Kovalenko, Serhii Smirnov, Anna Kovalenko

Abstract. Today, one of the main sources of electrical energy are nuclear power plants (NPP). In today's world, digital
control systems with widespread use of computers and controllers are used to manage technological processes and ensure safety at
nuclear power plants. The safe operation of the NPP depends on the quality and reliability of the software of such systems. In this
work, a study of normative documents and standards related to the development of software for computer control systems of nuclear
power plants, important for safety, was conducted. The purpose of the work is to define standards that can be used by software
developers for computerized NPP control systems important for safety. The object of research is the process of developing soft-
ware for computer control systems of nuclear power plants. The subject is the study of regulatory documents and industry stand-
ards for the development of software for computer control systems of nuclear power plants. As a result of the study, the safety
criteria of computer control systems were determined, the IEC 61508 and IEC 61513 standards were studied, the IAEA SSG-39
safety instruction was studied, the categories of control functions and safety classes of NPP systems were determined, the standards
containing software requirements were studied , user interfaces and MISRA C/C++ coding. Conclusions. In order to create highly
reliable and high-quality software for computer control systems of nuclear power plants, which are important for safety, there are
design standards and industry regulatory documents in the world. The result of the study of standards and industry regulatory
documents relevant to the development of software for NPP computer control systems important for safety is the following: inter-
national standards and regulatory documents have different levels of specialization. The higher-level documents specify the general
requirements for all stages of the life cycle of computer control systems and contain references to the documents of the next level.
Documents of the next level are more specialized and relate to narrower fields of activity; each country of the world can determine
its own set of standards and regulatory documents, which is required to be used during the design and implementation of computer
control systems for nuclear power plants; regulatory documents contain requirements and recommendations both regarding the
organization of the development process, as well as general recommendations and examples of writing program code in various
programming languages; due to the fact that the requirements of the considered standards must be relevant for a long time, these
standards do not contain formalized methods of writing program code; there are no formalized methods of code certification for
compliance with the requirements of the considered standards; each organization that is engaged in the design, development and
verification of software for computer control systems for nuclear power plants must develop its own methods for applying require-
ments and evaluating criteria for meeting the requirements of standards and regulations. Thus, it was concluded that the prospects
for further research are a detailed analysis of the requirements of international standards and industry normative documents for the
software of computer systems of NPP management and the development of a methodology for its writing and assessment of com-
pliance with the requirements of the standards.

Keywords: software, computer control systems, nuclear power plant.
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JTOCJIIIKEHHA BILIUBY EJJEKTPOCTATUYHHUX IMOJIB HA KOHIEHTPAIII
AEPOIOHIB HA KOMII'IOTEPU30BAHUX POBOYUX MICILAX

AHoTanisi. B crarTi HaBe#eHO pe3yNnbTaTH BUMIpIOBAaHb KOHIIEHTPAIIH i0HIB Ta HAPY)KEHOCT] €IeKTPOCTATHIHUX IT0JIB
Ha KOMIT'I0TePH30BaHUX POOOUHX MicILIX. BUsiBI€HO npsiMy 3a/e)KHICTh KOHIIEHTPAIIH 10HIB B/l pIBHIB €JIEKTPOCTATHIHHX
noTiB. Bu3HaueHo 3ame)XHOCTI KOHIIEHTPAILiH 10HIB BiJ] BiICTaHi 1O KOMII IoTepa. Pe3ynbpraTn HaTypHUX BUMIpPIOBaHb CBIiJI-
4aTh, 110, HE 3BaXKAIOYH Ha JOMYCTHUMI PiBHI HAPYKEHOCT] €EKTPOCTATUUHUX IOJIB, ENEKTPOCTATUYHE T10JIE KOMII I0Tepa
Ta iHIIOTOo 00JaJHAaHHA ICTOTHO BIUIMBAE Ha KOHLEHTpauii i0HiB. CyTT€BUM YHHHHUKOM €JIEKTpHU3allil IOBEPXOHb € TaKOX
KpICIIO omepaTopa Ta BHIMAAKOBI TEPTS MOJIMEPHHUX MOBEPXOHB, SKi MEPIOANYHO 3IiHICHIOIOThCS KOPHCTYBAa4YeM 1 € HEBil-
BOPOTHIMH [UTs OYIb-KO1 CUATY0T poOOTH. 3B’SI30K KOHICHTPALII aepOiOHIB 3 €IeKTPOCTATHYHUMH TIOJISIMU EKCTIEPUMEH-
TAJILHO IiATBEPIDKY€ETHCS 3HIKSHHSIM KOHIIEHTPALliH aepOioHIB 3HaKy NMPOTWIISKHOTO 3HAKY EIEeKTPOCTATHYHOTO 3apsay. B
Ppe3yNbTaTi HOCTIIKEHb BCTAHOBJIEHO, 1[0 3HAK €JIEKTPOCTATHYHOTO 3apsay € HenepenodadyBaHUM. BiH BU3HAYa€eThCS TPH-
00eNeKTPUIHNM e()eKTOM BHACITIJOK KOHTAKTy PI3HOPITHMX IOJIMEPHHX MaTepialliB, sKi T€HEpPYIOTh 3HAKU 3apsliB, 11O
00yMOBITIOIOThCS. KOHTAKTHOIO Maporo. ToOTo, y mpolieci MPOeKTYBaHHS 3aX0/1iB Oe3MeKn HeoOXiHO MONepEeIHhO BH3HAYA-

TH MOXKJIMBI CTYIEHI €JIeKTpHU3aLlii HOTIMEPHUX IIOKPUTTIB.

Kaw4oBi ciaoBa: i0HH, EICKTPOCTATHYHE TIOJIE, /ICiOHI3aIlis, OIIepaTop.

Beryn

®Di3uKo-XiMiUHI BJIACTHBOCTI TOBITPS, 30KpeMa,
KOHLIEHTpALlisl 10HIB y TOBITPi, € OJAHMUMHU i3 OCHOBHHX
MOKa3HUKIB SIKOCTI BHPOOHHMYOrO cepemoBHiia SIKIno
KOHIICHTpAIlii HE BIAMOBIAAaIOTH HOpPMaM, TO YMOBHU
mpari BiHOCATH 10 Kiacy 3.1 3a MOKa3sHUKAMHU IIKi[-
JMUBOCTI Ta HeOE3meyHOCTI (PaKTOpiB BUPOOHUYOTO ce-
penoBumma [1]. V cydacHHX BUpOOHMYMX HpoLecax Jo-
CHUTh IIUPOKO BUKOPUCTOBYIOTHCS] KOMIT IOTE€PH, MOBITPS
HABKOJIO SIKHX, 3rigHO maHux [2-10] xapakrepusyerncst
HATHU3bKUMU KOHIICHTPAIISIMA 10HIB, SKi HIDKYI 32 Mi-
HIMaJILHO HEOOXITHHU piBeHb. BiamosimHo, HOpMaITi3a-
Lisi I0HHOTO CKJaay MOBITPS POOOYMX NPUMILIEHb €
aKTyaJIbHUM HAYKOBHMM 3aBJIaHHSIM.

Jlyis BUpIlIEHHS 3aBIaHb 3 HOpMaJIi3ailii KOHIICHT-
patiif ioHIB MOYKHa 3aCTOCYBaTH JiBa miaxonau. [lepuimii —
KJIACHYHU, TI0JISIrae y 3aCTOCYBaHHI 10HI3aTOPIB MOBITPS
ab0  BCTAQHOBIICHHI IPUILIMBHO-BUTSXKHOI CHCTEMH
BEHTWJISILII. AJle 3aCTOCYBaHHS TaKUX 3aXO0JIiB HE 3aBXK/IH
€ MOXJIMBUM Yy BUPOOHMYMX yMOBaxX. A TNOJAEKyAH, Ha-
BiTh, HE Jla€ TMO3UTHBHMX PE3YJIBTATIB JUISl BUPIMICHHS
npo6nemu. Jpyruil miaxin nossrae B MiHiMizanii BIUTUBY
¢axropiB neionizauii nosiTps. [Hdopmariis mpo 3acrocy-
BaHHA IHOTO ITIXOAY MPAKTUYHO BiICYTHS B HAyKOBii
JiTepaTypi, OJHAK MPOTOHYETHCSI ABTOPAMH, OCKIJIBKH
Jla€ MOKJIMBICTh HOPMAJIi3yBaTH KOHIIEHTpAIlil i0HIB 0e3
BUTPAT Ha BCTAHOBJICHHS CIIELIAIbHOTO 00J1aIHAHHS.

s MiHIMI3alii BIDIMBY JICiOHI3YyI0UHX (haKTOPiB,
TOJIOBHOIO 33/1a4€I0 € BUAIJICHHS OCHOBHUX YMHHUKIB
JieioHI3allil Ta BU3HAYESHHS X MUTOMOI Baru y mporecax
neionizamii. /Io BifOMUX YHHHHUKIB JICiOHI3aMii TOBITPs
y NpUMIIIEHH] HajeXaTh BHCOKI KOHIEHTpauii ApiOHO-
JMCIEPCHOTO MHITY, aepO30JIiB Y HOBITPi, pakTopH *KUT-
TENISUIBHOCT] JIIOAMHM Ta €JIEKTPOCTATHYHI 3apsijau.
CyTHICTb 3aBAaHHS MOJISIra€ Y BU3HAYCHHI BHECKY KOXK-
HOTO 3 HUX y TWHAMiKy KOHIICHTpaIliil 10HiB.

AHaJIi3 JiTepaTypHUX JuKepes. Y HusIii pooir [2-
10] HaBexeHO YMCIIEHHI JaHi II0J0 PE3yJIbTaTiB BUMi-

pIOBaHb KOHIIGHTpAIlili 10HIB Y KOMIT FOTEPH30BaHIX
BHPOOHHYMX MPUMIIICHHSX, SKi CBIAYaTh PO HEBIIO-
BiTHICTH KOHIICHTpAMii 10HIB MiHIMaJILHO HEOOXiTHOMY
piBHIO. Y gmeskux poOOTaxX MPUYWHOIO X HEBIAIMOBIMA-
HOCTEH BH3HAYCHE EJICKTPOCTATHYHE IIOJIE MOHITOPIB
KoMIT'1oTepiB [2, 6, 7]. Ane npu 1bOMY HE HABOAMTHCS
BaroMoi apryMmeHTaiii, 0 came i YWHHUKH CTaju
NPUYUHOKO JIeioHI3alll. YV aeskux iHmmx podorax [3-5,
8, 9] HaBOmITHCS BHKIIOYHO [TaHi MOHITOpUHTY 06e3
aHaJIi3y MPUYHH, SKi CTIPUYMHUIIN JIE10HI3a1li 0 TOBITPSL.

Hocmimkenns [10] cBiguars, U0 B A€IKHX BHIAJ-
Kax € BIUIMB 30BHIITHBOTO IOBITPs (0COONHBO IIe CTO-
CYEThCsl ypOaHi30BaHUX TEPUTOPIii), O BHACTIIOK BH-
COKOi KOHIICHTpAIlil aepO30JiB € MOBHICTIO JICiOHI30Ba-
HUM 1 TPHA TOBITPOOOMIHI y TMPHUMIIICHHI (BHACTIIOK
MPOBITPIOBAHHSI) 3HUKY€E KOHIEHTPAIIIT 10HIB 10 HYIIHO-
BUX. BCTaHOBIIEHO, IO BIUIMB KOMIT FOTEPHOI TEXHIKH
Ha JIe10HI3a1lii0 TOBITPS B IPUMIILICHH] 3HAYHO MEHILU
3a BIUIMB 30BHILIHBOTO MOBITPs, K€ € JICIOHI30BAaHUM
[10]. TpuBame mnepebyBaHHsS oOmepaTopa 3a KOMIT FO-
TEPOM TPHU3BOJUTH IO 3HMKCHHS KOHIICHTpAIill 10HIB.
3rigHo kmacudHoi po6otu O. JI. YmKeBChKOTO MpUYH-
HOIO IIhOTO € YTBOPEHHS aepo30JIiB y MOBITpi, SIKE BU-
IUxaeTbest omneparopoM. Ilpore, sk mokasamm JOCHi-
mkeHHs [11], npuyrHOIO € He AMXaHHS ONepaTopiB, a
OCiZIaHHs 1OHIB Ha MOBEpPXHI Oy, MeOiiB abo obian-
HaHHS. TUIA Ta ONATOM JIIOJMHU. APryMEHTOM MIO/0
LIOTO BHUCHOBKY € pPe€3yJbTaTH MOHITOPHHTY KOHIICHT-
pamii 10HIB y 30HI AMXaHHS OIepaTopa Ta y MPOCTOpi
mob6Iu3y oneparopa, y Miclsix, KyJId HaJAXOJIUTh TOBIT-
ps, IO BUAMXAB OMNEparop. 3a pe3yibTaTaMd  JIOCIHi-
JDKEHb BCTAQHOBJICHO BIJICYTHICTh PI3HHUII MiX LIHUMH
KoHIEHTpamisMu. CHCTeMHI JOCHIIKEHHS BIUTUBY KO-
pUCTyBada KOMIT'IOTE€pa Ha KOHIICHTpAIii 10HIB, CBia-
4aTh, MO Pi3HULA MK KOHICHTPALISIMHU MPH HASBHOCTI
Ta 3a BIJICYyTHOCTI oIrepaTopa 3a KOMII'IOTEPOM BiJpi3-
HsUlacsi B MeKaxX IOXMOKM BUMIpDIOBaHb. 3HIKEHHS
KOHLICHTpALiil HeraTHBHHUX 10HIB 32 IPHCYTHOCTI oOIle-
paropa 3a KOMIT'IOT€POM, MOPIBHSHO 3 BUXIJHUMH KOH-
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LEeHTpalisiMu, 1o OyiM 10 rmoyarky ioro poGotu Ha
KOMI'toTepi, Oyio HezHaunuM (10 60 ioHIB/KYG. cM).
binpmr 3HayHuUM OyJI0 3HIDKEHHS KOHIEHTpALiid MO3u-
THBHUX aepoioHis (o 100 ionis/cm®).

BcTaHoBieHO aMHaMiKy 3MIHM KOHIEHTpauiil ae-
POIOHIB P TPAIFOIOYOMY KOMII IOTEpi 3a BiICYTHOCTI
omeparopa Ta 10 yBIMKHEHHS. Pe3ynmpTaTé JOCIiIKeHb
cBimuUaTh, MO PoOOTa KOMIT'IOTEpa IMpH3BENa 110 3HU-
JKCHHS KOHIICHTpANid MO3WTHUBHHUX JIETKUX 1OHIB (IO
200 ionis/cm®. Hapeneni (aktu cBigyaTh IIPO MOYKIIM-
BICTh TPUITYIIEHHS, IO EJIeKTPOCTAaTHYHI 3apsau €
MIPUYMHOIO 3HWKEHHS KOHIEHTpALlil MO3UTHBHUX 10HIB.
SIKMM HaJIS)KUTH TPOBiJHA POJIb Y JAeioHi3alii MOBITPs
IIpY JTOCHI/DKEHHI BIUTUBY omneparopa Ha ioHu. Hasene-
HE BUILE JO3BOJISIE AIWTH BUCHOBKY, IIO €IEKTPOCTAaTH-
YHI 3apsiy SIK YUHHUK JCiOHI3alil MOBITPs MOTPEOYIOThH
JIOaTKOBOTO JIOCII/PKEHHSI 3 METOI0 BH3HAYEHHS HOTO
MMUTOMOI Bard y 3arajbHii AeioHi3amii moBiTps mpu po-
00Ti oneparopa.

Mera Ta 3aBAAaHHA X0CJTiMKeHHA. MeTa — mocii-
JUKEHHS JAWHAMIKH KOHIIGHTpAIlil acpoiOHIB i BIUTH-
BOM CJICKTPOCTATHYHUX 3apsAMiB, SKi BUHUKAIOTH Y MPO-
neci pobotu omepatopa . [l MOCATHEHHS i€l METH
OyJY IOCTaBIIeHI HACTYIHI 3aBJaHHS:

- BUKOHATHM BHMIPIOBaHHS KOHIICHTpAIliii 10HIB
Ha po0OYOMy Micli omeparopa 3a pi3HHMX BUPOOHHUYHX
yMOB (BHMKHEHOTO €JICKTPOOOIaHAHHS B IPHMIIIICHHI,
YBIMKHEHHX CTalliOHAPHUX KOMII IOTEPIB;

- BHMIpATH HaIpPYXEHOCTI €JIEeKTPOCTaTHYHHX
TIOJIB TIOBEPXHEBUX 3apsJIiB IMOTCHIIHHUX JKEpeN Jei-
OHi3awil;

- BHKOHATH BHMIPIOBaHHA KOHIICHTpAIiil 10HIB
Ha Pi3HUX BIJICTaHAX BiJl KOMIT I0Tepa.

BuknageHHsl 0CHOBHOI0 MaTepiajy

JlocikeHHS. IPOBOAMIINCS Y BUPOOHUIOMY IIPH-
MIIIEHHI, PO3TalllOBAHOMY Ha 6-OMy TOBEpCi MPOMHC-
noBoi Oy (8 x 9 x 3,5 m). V npuminieHHi BijcyTHI
CHCTEMaMH NPUIUTUBHOI BEHTHIISILIT Ta KOHAMLIIFOBAHHS.
B nepion BuMiproBaHb MPUPOIHA BEHTWIALIA Oyia BiJ-
CyTHS, TIOBITPSI HAIXOAWJIO Yy TMPHUMIIICHHS BHACIIJIOK

iH}inbTpanii. JocmiKeHHs: TPOBOAMIOCS 32 BiJICYyTHO-
CcTi mojel Ta y HepoOouuii yac. B mpumimenHi Oyiu
MIPUCYTHIHN JIMIIE NOCHIAHUK, SKUH (iKCyBaB pe3yibTa-
TH BUMIPIOBaHb. BUMIpIOBaHHS KOHIEHTpALiil 10HIB
3nilicHIOBasioch 3 BuKopHcTaHHSAM «Camndip-3k» Ta
MIPOBOJIMIIOCS BiTIOBITHO IO IHCTPYKIIi 3 eKCIUTyaTartii
nmpuiaxy. BumiproBaHHS 3iHCHIOBAJIHCH B 30HI TUXaH-
HS oreparopa, Ha BUCOTI 20 cM Hag poOOY0I0 MOBEPX-
Hero. BuMiproBaHHSA Hampy»XEHOCTI €IeKTPOCTATUIHOTO
0711 BUKOHYBAJIM 3 BUKOPHUCTAHHAM BHMIpIOBaya €JIeK-
TpocTaTuaHUX 3apsaniB «M23-I1» BigmoBigHO 10 Macmo-
pry npuiaay. OJHOYAcHO i3 BUMIPIOBAaHHSM KOHILICHT-
pauiii iOHIB NPOBOAMINCH BUMIPIOBAHHS ITOTY>KHOCTI
eKBIBaJICHTHOI J103M Tramma-BunpomintoBansas (0,13
MK3B/TOI) 3a J0MOMOror mo3umMerpa JlocmimKeHHs
HPOBOJIMITUCH YIIPOJIOBXK JBOX JHIB

PesyabTaTi pociaigkens. OQHOYaCHO BUMIipoBa-
T¥CS KOHICHTpAIii 10HIB Ta HAPYKEHOCTI eNeKTPOCTa-
tuaaoro mnois (E) Ha pobouoMy MicIi omeparopa Ta
oOylafiHaHHS, SIKe 3HaXoawnocs mopsia. Pesynbratu Bu-
MipIoBaHb HaBeleHi B Tabmumi 1. BcraHoBieno, mo
HATIPY>KEHICTh €IeKTPOCTATHIHOTO MOJS Ha Kpicii Oyna
PI3HOIO B Pi3HMX TOYKaX Kpicia: Ha CUAIHHI — Bix 4 710
16 xB/M, Ha cnuHmi — Big 2 10 4 xB/M. Posramosani
nopsa MoHitop, npuntep Ta b®II, renepyBanu 3HauHe
eJleKTpocTaTuuHe Tosie. Halibinpmuii BHECOK y hopmy-
BaHHS SIKOTO BHOCUB 0araTo(yHKIIOHAJIbHUI NPUCTPIM.

HampykeHicTh  3arajJbHOTO  €JIEKTPOCTATUYHOTO
TOJIsl Ha BijicTaHi 2 M Bi poboYOoTro MicIs oreparopa 3
00Ky KoMI‘foTepa Ta OaraToyHKIIOHAIEHOTO WpH-
cTporo ckiaana 4 kB/M (3Hak 3apsiy - TO3UTUBHHUIA).

Pesyneratn mocmimkeHh MTUHAMIKH KOHIICHTpAILiit
10HIB Ha KOXHIH cTaii eKCIEpUMEHTY pa3oM i3 Xapak-
TEpUCTUKAMHU €JIEKTPOCTATHYHMUX TIONIB HAaBEICHO Y
TadI. 2.

B pesynbraTi He3aleXHO NPOBEAECHHX BHUMIPIO-
BaHb Ha Binmctani 30 cM Big Kpicia omeparopa Oyiu
OTpUMaHi Taki KOHLEHTpauii ioHIB (HeraTMBHI —
440 ionis/cm®, mosutusHi — 290 ionis/cm®). Beranosie-
HO MpsMY 3aJIeKHICTh MK KOHLEHTpPAIsIMM 10HIB Ta
BiJICTAHHIO J10 KoMI1 1otepa (puc. 1).

Tabnui 1 — Pe3yabTaTu A0CHiKeHb HANIPYKEHOCTell eJIeKTPOCTATHYHUX MOJiB

‘ . HanpyskeHicTb eJ1eKTPOCTATHYHOTO MOJIs, 3nak
O0°‘exT HocaigmxeHHs ! . .
kB/m (BincTaHb Bix 00°€kTy q0CTizKeHHS, CM) | 3apsaay

PoGoua moBepxHsi (6e3 koM’ 1oTepa) 0(1)

Jucrieit 4 (1 +
KnagiaTypa 9(1);4,7(2;413) -
CrirHKa Kpicna (Tmiciast CHIiHHSL Ha Kpicii KOpUCTyBaya) 2-4 (1) -
CuiinHg Kpicia (Imicist CUAIHHS Ha Kpicii KOpUCTyBaya) =6,5(1) -
[punTep (OyB mia‘eqHAHUI 10 MEPEXi €IEKTPOKUBICHHS, aje 4 (1) -
HE BUKOPUCTOBYBABCS; PO3TAIIOBAHHI MOPS/L 3 MOHITOPOM)

MoHiTop KoMn‘wTepa
3ajHs cTiHKa 4 (1) -

BepxHst cTiHKa

60 (1); 50 (3); 28 (5); 18 (7); 12 (10); 10 (15); 8 +
(20); 7,2 (25); 7,2 (30)

BararodyskuionanbHuii npucTpii, (0yB mia‘€AHaHMil 10 Mepe:Ki e1eKTPOKUBJICHHS, aj1¢ He BAKOPUCTOBYBAaBCH;
PO3TalIOBAHMIL HOPS/L 3 MOHITOPOM, aj1e 0JIH:K4Ye 10 P06040ro CToJLy, Hisk caM MOHITOp)

BepxHst KpHIlKa 9,2 (1); 9,2 (3); 12(5); 16,8 (7); 14 (10); 13,6 +
(15); 11,2 (20); 11,2 (25); 10 (30)
biuHa criHka (31 CTOpOHH OrIeparopa) 8,8 (1); 10,4 (3); 10,8 (5); 9,2 (7); 8,4 (10); 6,4 +

(15); 4,4 (20); 4 (25); 4 (30)
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3miHa KOHUeHTpauUil nerkux aepoioHiB 3 BiAcTaHHIO Bif,
HOyTOyKa

700 y = 13,065x + 38,929

600 — R? = 0,8939
33 //

(3]
E g 500 pT—7
QD > -
& W —e— HeratuBHi
_5_ z 400 5 aepoioHu
g g 300 4 —8— MO3UTUBHI
o 5 /;7 aepoioHun
£ 8 200
23
<
100 = y = 9,2705x + 229,82
2 _
0 : : : : R = 0,6932
0 10 20 30 40 50
BiacTaHb Big HOoyTOYyKa, c™m
Puc. 1. JlunaMika KOHIICHTpAIi}l i0HIB TOOIU3Y KOMIT IOTEpa
Buxigni KoHUIeHTpaunii i0HIB y BHPOOHMYOMY  BaJId TPaHUYHO JIOMYCTHMOTO piBHs. Takox Oyno BcTa-

NPUMILICHH], BUMIpSHI 32 BUMKHEHOTO €JIEKTPUYHOTO
00aHaHHsA, OyK OLTBIIUMHM 32 MiHIMaJIbHO HEOOXITHI
3HaueHHs. [loka3HMK MOJSPHOCTI OyB NpUTaMaHHUIA
MIPUPOTHUM KOHICHTPALISIM 10HIB, ajie mi KOHIEHTpamii
Oyl 3HAYHO HIDKYUMH 32 ONTUMAJIbHUN 3HAYCHHS,
BCTAHOBJICHI HOPMAaTHUBHUMH JOKyMeHTamu. Hampyxe-
HOCTI TIOJIiB €JEKTPOCTATUYHUX 3apsi/IiB HE MEPeBHIIY-

Tabnuys 2 — Pe3yJbTaTH A0CHiIKeHb KOHIEHTPAaliii ioHiB Ha

HOBIICHO, [0 MpU YBIMKHEHHI obnmamHaHHs (MOHITOpa
KOMIT'IOTepa, MNpUHTEpa Ta 0araTo(yHKI[IOHAIHHOTO
NPUCTPOIO) B EIIEKTPOMEPEKY, SIKE OYJIO pO3TAIIOBaHE
Ha BigctaHax 2,5-3,0 M Big KOHTPOJIBHOTO POOOYOTO
MICIISI, CTIOCTEpiranocsi 3HIKEHHS KOHIICHTpAIii 10HIB.
[Ipu 1BOMY MEPEBAKHO 3HIKYBAIUCS KOHIECHTpAIT
HETaTHBHMUX 10HIB.

podouomy micui onepaTtopa

KonnenTparis ioHiB (pi3Huns i3 none- | IToka3Huk
. p . KopoTka xapakrepucTika
YMOBU IpOBEAEHHSI JOCIiIKEHb PEIHBOI0 KOHIEHTPAIII€I0), 10H/Ky0. CM | MOJsIpHO- .
- - . eJIEKTPOCTATUYHHX MOJIB
HETaTUBHI MMO3UTHBHI cri, I1

VYci npunaay B NpUMIIIEHHI BUMKHe- 910 1000 0,05 E noniB y npuminenHi = 0
Hi, pe3yJIbTaTH BUMIPIOBAaHHS PEECT-
pyBaJIKCs B IAlIepOBOMY JKypHaJIi, Ha
po6odoMy CTOJIi BCTAHOBJICHHH JINTIIE
JYAIBHUK aepPOioOHIB
Ha Bincrani 3 M Big pobodoro micus 770 890 0,07 Ha sigcrami 2,5-3 M Bifg
BBIMKHEHO B €JIEKTPOMEPEKY po0OYOTO CTOMy — CHIIbHE
KOMIT'I0Tep (pa3oM 3 IPUHTEPOM Ta €JIeKTPOCTaTUUHE noJie
6arato(yHKIIIOHATBHUM [IPOCTPOEM) MoHiTopy Ta b®Il (3Hak
JUTSL PEECTPAIlil MOKa3iB Ha OKPEMOMY 3apsny +)
CTOJIi PO3TAIIIOBAHHH JIUMIBHUK ae-
poioHiB
Ha Bincrani 3 M Big pobodoro micis 520 800 0,2 Ho €JIEKTPOCTATHYHOTO
BBIMKHEHI B EJIEKTPOMEPEKY IoJisi MOHITOPY Ta OaraTto-
KOMIT'1oTep (pa3oM 3 MPUHTEPOM Ta (YHKIIOHAIBHOTO npu-
6araro()yHKIIOHATEHAM TIPUCTPOEM) CTPOIO JIOJIAETHCS  BIUIUB
JUTsL peecTpallii 1aHnX, Ha poboYoMy HoJIsl JIMCIIJIesl Ta KJIaBiaTy-
CTOJII PO3TAIIOBaHI HOYTOYK Ta JIiuu- pH HOYTOYKY
JILHHUK aepOiOHIB
Ha Bincrani 3 M Big po6odoro micts 420 390 -0,04 Jlo BKa3aHHMX BHWIIE EJICKT-
paroe KoM 1oTep (pasoM 3 NpHH- pOCTaTHYHHUX TOJIB JOJa-
TepoM Ta 6araTopyHKI[IOHATBHIM €TBCS TIOJIS, SIKI TEHEPYIOTh-
IPHUCTPOEM), OTIEPATOP MPALIFOE 3a cs Ha Kpichni omeparopa
HOYTOYKOM (3HaK 3apsiTy HeraTHBHU)

Ile 6ymo 00yMOBIIEHO BIUTMBOM €JIEKTPOCTATHIHO-
T'O TIOJISl YBIMKHEHOTO 00JIaTHAHHS, TIOBEPXHEBHH 3apsijl
SIKOTO OyB TIO3UTHBHHU.

[MinknroueHnit 1O eneKTpoMepeski KoM 1oTep OyB
MIPUYHHOIO MOCTYIOBOIO 3HIDKCHHS KOHIICHTPAIIIH, MpU
YoMy y OUTBIIIOCTI HEraTUBHUX 10HIB Yepe3 BIUIMB €JICK-

TPOCTATHYHOTO TIOJIS (3 MO3UTHBHUMH 3apsiIaMHu) JUCTI-
JIeI0 KOMII'IoTepa, SKui mepeOyBaB OJmK4e 0 30HU
JIMXaHHA OoTiepaTopa, HiXK KilaBiaTypa.

EnekrpocTatnuHe moje KiaBiaTypH IEBHUM YH-
HOM TaKOX BIUIMHYJIO Ha 3HIDKCHHS KOHIICHTpALiH MO-
3UTHBHUX a€pOiOHIB.
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BucHoBKkH

1. YV xoHTpONBEHOMY IPUMIIIIEHH], 32 YMOBH BilICY-
THOCTI JI€iOHI3amii TOBITPS TEXHIYHUMH 3aco0aMu
KOHIICHTpAIil i0HIB 000X MMOJIIPHOCTEH Y BiNMOBIZAIOTH
MiHIMaJIFHO JTOITyCTUMHM 3HadeHHAM. [l miaTpuMaH-
HS IIHOTO TTOKa3HUKA Ha HOPMAaTUBHOMY PiBHI HEOOXis-
HO TIMBKM MIHIMI3yBaTH BIUIMB YHHHUKIB JCi0HI3aIlil
noBiTpst. [Ipy bOMy MOXXHa HE 3aCTOCOBYBaTH aepoio-
Hi3ytode obOnamHaHHs. /|11 JOCSTHEHHS ONTHMalbHUX
KOHIICHTpAI[ill aepoiOHIB Take OOJaTHAHHS 3aCTOCOBY-
BaTH HEOOXiTHO.

2. 3a pe3yjpTaTaMi BUKOHAHUX JIOCHI/DKCHb BCTa-
HOBJICHO, 1[0 HE AWBJIAYICH HA BiAMIOBIIHICTH HAIpYKe-
HOCTI €JIEKTPOCTATUYHUX MOJIIB YNHHUM HOPMATHBHUM
aKTaM eJIEKTPOCTATUYHI MOJIsI TOBEPXHEBHX 3apsiB, sIKi
HAKOMUYYIOThCS Ha MOJIMEPHHUX MOBEPXHSIX
KOMIT'FOTEPIB Ta IHIIOr0 YCTATKyBaHHS 3MiHIOIOTh KOH-

LeHTpauii ioHiB. KputHuHnM mpKepenoM enekTpocTaTny-
HOT0 TIOJIS € TTOBEPXHSI KpicJia orepaTropa, BUTOTOBJICHA 13
CHHTETHYHOTO MaTtepiainy. Lli 3apsiu BUHUKAIOTh BHACIII-
JIOK TPUOOEIEKTPHYHOrO e(DeKTy Yepe3 BUIIaJKOBI PyXH
omneparopa (To6To, KOB3aHHsI MaTepiaty OJsry Mo MoBep-
xHi). [IpsiMuit 3B’S130K KOHIIEHTpAIIi# aepOiOHiB 3 HAIpy-
KEHOCTAMH €JIeKTPOCTATHYHHX IIOJIB MiITBEPIKYEThCS
MepeBKHAM 3HIDKCHHSIM KOHIICHTpAIliH aepoioHIB MO-
JAPHOCTI, KA MPOTUJIEIKHA 3HAKY TOBEPXHEBOTO 3apsiLy.

3. [lepcnekTHBOIO MOJANBIINX JOCTIKEHb € PO3-
poOJIeHHST 3aXO0/iB 31 3HMKEHHS TeHepalii eIeKTpocTa-
TUYHUX TOJIIB, SKi JCI0HI3yIOTh MOBITPs. [JoLinbHO po3-
[JISSHYTH METOJOJIOTiI0  HeWTpauizamii MoBEpXHEBUX
EJISKTPOCTATHYHMX 3apsiIiB 3a JIOMIOMOTOIO ITiIBUIIEHHS
KOHLIEHTpaliil aepoioHiB moTpibHOI mnomspHocti. Lle
MOJKJIMBO peayli3yBaTH 3a PaXyHOK 3aCTOCYBaHHs Oiro-
JSIPHOTO 10HI3aTOpa MOBITPS 3 KEPOBAHOIO TIEPEBAKHOIO
MIOJISIPHICTIO TeHEpaIlii.
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Study of the influence of electrostatic fields on the concentration of aeroions at computerized workplaces
Valentyn Glyva, Oksana Tykhenko, Sergey Zozulya, Oleksii Kozlitin

Abstract. The article presents the results of measurements of ion concentrations and electrostatic field strengths at com-
puterized workplaces. A direct dependence of ion concentrations on the levels of electrostatic fields was revealed. The depend-
ence of ion concentrations on the distance to the computer was determined. The results of field measurements show that, regard-
less of the permissible levels of electrostatic field intensity, the electrostatic field of the computer and other equipment signifi-
cantly affects the concentration of ions. A significant factor in the electrification of surfaces is also the operator's chair and acci-
dental friction of polymer surfaces, which are periodically carried out by the user and are inevitable for any sedentary work. The
connection of aeroion concentrations with electrostatic fields is experimentally confirmed by a decrease in aeroion concentrations
of the opposite sign of the electrostatic charge. As a result of research, it was established that the sign of the electrostatic charge
is unpredictable. It is determined by the triboelectric effect as a result of the contact of dissimilar polymer materials that generate
charge signs determined by the contact pair. That is, in the process of designing safety measures, it is necessary to determine in
advance the possible degrees of electrification of polymer coatings.

Keywords: ions, electrostatic field, deionization, operator.

182


https://doi.org/10.1016/%20j.buildenv.%202017.01.003
https://doi.org/10.36804/nndipbop.36-4.2020.8-15
https://doi.org/10.31474/1999-981x-2020-2-168-175

ISSN 2073-739%4

CucreMu ynpaBiIiHHsI, HaBiraiii Ta 3B's3ky. 2023. Ne 2

YJIK 538.331.45

I'. M. Kouetos, /I. M. Camuenko, O. B. JlactiBka

doi: 10.26906/SUNZ.2023.2.183

KuiBcrkuit HanioHanmsHUH yHiBepcuTeT OymiBHAITBA 1 apxitektypu, KuiB, Ykpaina

METOJOJOI'TYHI 3ACAIA PO3POBJIEHHS PIIKMX CYMIIIENA
JJIs1 EKPAHYBAHHA EJIEKTPOMAT'HITHHUX ITOJIIB

AnoTtanis. [loka3aHo, 10 B yMOBax MiJBUILEHHS aMILUTITy I Ta PO3MINUPEHHS YACTOTHOTO CIIEKTPa TEXHOTCHHUX EJIEKTPO-
MarHiTHHUX HOJIiB HAHOLIBII IPUHHATHAME €KPaHYIOYNMH MaTepialaMi € KOMITO3UTH 3 OTpiOHUMY BiracTHBOCTSIMA. Oco0-
JIMBICTIO KOMIO3UIIHHUX MaTepiatiB yCiX KJIaciB € BIICYTHICTh CTAHAAPTHUX JOBIJKOBUX JaHUX MO0 iX e()eKTUBHOCTI Ta
€JIEeKTPO(I3MYHNX 1 MarHITHUX BIACTHBOCTEH, SIKi BU3HAYAIOTH KOe(illieHTH eKpaHyBaHH. J{Jsl CIIpOIeHHs pOoLeciB Ipoe-
KTYBaHHS €KpaHyIOUHX CyMIilllel TOLIIbHE ITONepPeaHe PO3PaXyHKOBE OLIHIOBAHHS 3HAUCHB Mi€JICKTPHYHOI i MarHiTHOI Ipo-
HUKHOCTEH Ta MUTOMOI IIPOBITHOCTI KiHIIeBOro Matepiany. [IpoaHami3oBaHO MOKIMBICTS BUKOPUCTAHHS [UIS LIUX PO3PaXyHKiB
criBBigHOIIeHb JlopenTna, Makcena-I"apHera, OneneBcbkoro Ta JlixreHekkepa. Iloka3aHo MoB'a3aHi 3 UM TPYAHOIII 1 MExi
3aCTOCYBaHHS Ta HEOOXIIHICTh BpaxyBaHHS MOP(OJIOTii eKpaHyIOUHX YaCTUHOK y MaTpuli. Haronomeno, mo y mporueci npoe-
KTYBaHHS CJIiJI BpaXOBYBAaTHU 3JIEKHICTh ENIEKTPOQI3SHIHUX BIACTUBOCTEH KOMIOHEHTIB BiJ] YaCTOTH HOJIS, SIKE TIOTPEOye eKpa-
HyBaHHs1. Takuif Mixi/] 103BOJISIE OTPUMATH PiJIKi MaTepiaii 3 pisHUMH BIACTHBOCTSIMU JUTSl JOPMYBaHHs OaraTomapoBoi CTpy-
KTYpH: BEpXHIl IIap MO>Ke MaTH MiHIMaJbHI Koe(illieHT BiJOUTTS, a HIKHIA — MaKCHMaJlbHi OTJIMHAIBHI BIacTHBOCTI. Ha-
JIaHO TIOCITIJIOBHICTb Jil ITPU MPOEKTYBaHHI 3aXUCHUX KOMITO3HIIH IS pariioHanizamii IpoeKTHUX PoOiT.

Kao4oBi cioBa: exekrpoMarHitTHe moie, eKpaHyBaHHs, KOMIIO3HLIHHUI MaTepiall, eIeKTpoQi3uyHi BIaCTHBOCTI.

Beryn

[TpiopuTeTHUM HAIPSIMOM JOCHI/PKEHb Ta MPUKIIA/I-
HHUX PO3POOOK y Tally3i eKpaHyBaHHS €IEKTPOMarHiTHHX
TIOJIIB € CTBOPEHHSI 3aXMCHUX KOMIIO3MIIII Ha OCHOBI Ja-
KodapOoBHX Ta HoMiMepHUX MatepianiB. Haitbinsmm mpu-
WHATHUMA OCHOBaMH (MaTpHILIMH) € (papOu, mo 00yMoB-
JFOIOThCS 1X BHCOKMMH (DYHKI[IOHQIBHHMH BIIACTHBOC-
TSIMH —34YCTUICHHS 3 IOBEPXHEIO HAaHECEHHs, He3HAYHA Jie-
rpajaiis BHACTIJIOK (i3MKO-XIMIYHUX BIUTMBIB. AJie 3a-
crocyBaHHs (apd y Tmporeci MPOEKTYBAHHS 3aXHCHHUX
KOMIO3UIIiH Mae HU3Ky npobiem. lonaBaHHs 10 Gapou
€KpaHYIO4HX JOMIIIOK MOKE KPUTUYHO 3MIHIOBaTH aJire-
3iiiHI Ta KOTe3ilHi BJIACTUBOCTI HOCIsI, 8 TAKOXK POOUTH He-
niepezi0ayyBaHUMU eJeKTpOo(i3nyHI Ta MarHiTHI BJIACTH-
BOCTI CyMillli (TUTOMY EIEKTPOIPOBIAHICTh, JieIeKTPH-
YHy Ta MarHiTHy NPOHUKHOCTi). BusHauntn ¢yHKIiOHA-
JIbHI TapaMeTpH KiHIIEBOTO NMPOIYKTY MOXKIIMBO €KCIIEPH-
MEHTAJIBHO, aJIe 1le BUMAarae BUTOTOBJICHHS Ta BUIPOOY-
BaHHS BEJIMKOI KITBKOCTI JIOCTITHHUX 3pa3KiB, 3HAYHOI BU-
TpaTH KOIUTIB i 9acy, i He € parioHaTbHUM. ToMy HoIi-
JIHO PO3POOHTH IUTICHY CUCTEMY IMOIEPEIHBOTO OI[IHIO-
BaHHS HEOOXITHMX BJIACTUBOCTEH KOMIIO3MIIII, sIKi 3a0€3-
MeYyIOTh MOTPiIOHI 3aXMCHI BIIACTUBOCTI MaTepiany y 3a-
JISKHOCTI BiJl aMIUNTYIHO-YAaCTOTHUX XapaKTEePUCTHK
€JIEKTPOMArHiTHUX TOJIiB, SIKi TOTPEOYIOTh EKpaHyBaHHS.

Orusig ocranHix myOJikamiii 3a Temol0 a0Ci-
JMkeHHs1. PO3pOOJIEHHIO PIIKUX KOMITO3HLIH JUTsl eKpaHy-
BaHHsI €JIEKTPOMArHiTHUX MOJIIB IIMPOKOTO YaCTOTHOTO [li-
arnasoHy Ta EJEKTPUYHMX 1 MAarHITHHUX IOJB HA/JHU3BKHX
YacTOT NPUIUIEThCS Oarato yBaru. binbiicts pobiT € exc-
MIEPUMEHTAJIEHUMH, 10 TIOSCHIOETHCS 3a3HAYEHUM BHIIIE.
Tax, y gocmimkennsix [1, 2] Ha cTaHIapTHOMY CHHTECTHY-
HOMY HOCI1 oTpuMaHi Matepiany Masoi ToBmuHA (10 100
MKM) 3 BHCOKMMH KoedirieHramu exkpanyBaHHsA (20 ab i
Buile). IX He1071iKoM € BHCOKa BapTiCTh HAIOBHIOBAYIB (Ha-
HOTpYOKH, TpadeHn, rpadiTH3oBaHa caxa) Ta HasBHICTh Ki-
JIbKOX KOMITOHEHTIB HAallOBHIOBAYA, 1110 pOOUTH 1X METacTa-
OinmpHEMH. Y poboTi [3] mpomnoHyeThes HOCIH Ha BOAHIH Oc-
HOBi. CJ1iJ] 3a3HaYKTH, 1[0 BOJHO-eMYJIECiiHa (hapoa, y sKo-
CTi MATPHL MOKa3asa Hairipi pesynsraty [4]. Kpim toro,

y Matepiajli Ha OCHOBI 3aJIi30pyJHOTO KOHIICHTPATy HU3bKI
Koe(IIlieHTH eKpaHyBaHHSA 1 HE BIANOBINAIOTH Cy4acHUM
BUMOraM. 3Ha4YHa YaCTHHA JOCIIPKEHb NPHUCBIYEHA 3aCTO-
CYBaHHIO HaHOMaTepialliB y SIKOCTI €KpaHyIO4Oro HaroB-
HroBaua [5]. Taki MaTepiaian MarOTh BEUKY BapTiCTh Yepe3
CKJIAZHICTh TEXHOJIOTIH OTPUMaHHsS MarHiTHOI pilvHH 3
BMICTOM HAaHOYAacTHUHOK. KoedilieHTH BiIOUTTS eNeKTpo-
MarHiTHAX XBHJIb KOMITO3ULIIHUX MaTepialliB NpUHANMHI y
JIeKUTbKa pa3iB HIDKYI, HXK Y METaJIB Ta CIUIaBiB. Y3roJpKe-
HICTH IMIEJJAHCY TIOBEPXHI 3 TIOKa3HHUKOM IIOBITPS
(377 Om) 3HMKYE 3araybHUA KOe(IlliEHT eKpaHyBaHHs. Y
po3pobiii [6] mpoOHy€EThCST CTBOPEHHSI TPAJIIEHTY MArHiT-
HUX BIIACTHBOCTEH Matepiaiy. Ayie 0OpoOJICHHS pimKoi
KOMITO3HLIii HEOJHOPIZHHM IIOJeM JI03BOJISIE OTPHMATH
TPAIEHT TUIBKHM I 4aC BUTOTOBJICHHS MaTepiaiy, a He y
nporeci Horo HaHECCHHsI Ha MOBEPXHIO. TOMY JOITBHO
po3rsiiaTH OaraTomapoBi CTPYKTYpU 3 MajlAMH TOBILH-
HaMH [IapiB, ane pisHUMH QI3HIHUMH BIACTUBOCTSAMH [7].
Jlns 3a0e3medeHHs BUCOKOT epEeKTUBHOCTI GaraToapoBHix
CTPYKTYp NOTPiOHE BU3HAYCHHS EICKTPO(I3UIHHUX 1 MarHi-
THHUX BIIACTHBOCTEH KOXKHOTO Iapy, IO MOTpedye KOPEKT-
HUX PO3PaXyHKOBHX MeTofiB. TOMy JOIIJIEHIM € 0OTpyH-
TyBaHHS Ta PO3POOJICHHS IEBHOTO aJrOPUTMY ILOJIO MPOE-
KTYBaHHS 3aXHCHUX MartepialiB (y TOMy 9HcIi 1 GaraToma-
POBHX) A1 Oe3110cepeTHHOr0 HAHECEHHS Ha eJIEMEHTH Oy-
JUBEJb 1 KOHCTPYKIIIH.

MeTta po60TH — po3po0IeHHS KOHIENTYaIbHUX 3a-
caJl TPOEKTYBAHHS PIAKMX KOMIIO3MIIH IS EKpaHy-
BaHHS €IEKTPOMATHITHHX IOJIiB ITMPOKHUX YaCTOTHUX Jli-
ara3oHiB.

BuknagenHsi 0CHOBHOT'0 MaTepiaay

151 IpOo€eKTyBaHHS 3aXUCHUX BJIACTUBOCTEN KOM-
MO3UI1ii HeOOX1AHO MOTIEPEHBO OIIHUTH 11 eMeKTPOdi3H-
YHI Ta MarHiTHI BJIACTHBOCTI 3 ypaxyBaHHAM 00’ €MHOT
YacTKH EKPAaHYIUOro HAIOBHIOBAYa y IiCIEKTPHIHIN
Matpuri. g Bu3HaYeHHS MAar"iTHOI MPOHUKHOCTI Cy-
Ml iCHy€e JeKiIbka MOKJIMBOCTEH po3paxyHKy. Teope-
THYHOIO OCHOBOIO PO3PAXyHKIB U1 MaTepiaiiB 3 BILIMBOM
T€OMETPUYHOT CTPYKTYPH, HAIIPUKJIAJL MarHiTOAICIeKTPH-
KiB, € OHSTTS CTPYKTYPHOTO (h)akTopy po3MarHiuyBaHHs:

© Koueros I'. M., Camuenxo [I. M., Jlacrieka O. B., 2023
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He = B/(oH) = 1, /(1+N(u, =1)) ,

1€ /4« — MaTHITHA MPOHUKHICTH KOMIIO3UTY, (o — MarHiTHa
crana, H — Hanpy>KeHICTh MarHiTHOTO TIOJIS 32 BiACYTHO-
CTi1 MarHiTHOTO MaTepiaiy, 4, — MarHiTHA IPOHUKHICTH Ya-
CTHHOK HaroBHIoBa4a, N — koedillieHT po3MaraiayBaHHsI.

N = (L, 1)) (1, ).

VY BHIAIKy, KOJH i Habarato HIWXKYa 3a NPOHUK-
HICTh (epoMarHiTHOI a3y, Ie CIiBBIIHOIICHHS MOXKE
OyTH BUKOPHCTaHE JUIS OLIHIOBaHHS CTPYKTYpPHOTO KOe-
¢imienta po3marHiuyBaHHi. Hanpukianm, 3a (=5, a
14,=200 (KOHCTpYKIifiHA CTajb) MOXHOKA PO3PaXyHKY
cknazae 2,5 %.

[IpakTiyHe 3HaYSHHS! MAIOTh CIIBBIIHOIICHHS, BH-
3Ha4eHi s Masoro (1o 0,3) 3amoBHEHHS MaTpulli hepo-
MarHiTHUM MarepianoM. Po3paxyHoOk i cucTeMu pery-
JISIPHO PO3TaIIOBaHUX YacTHHOK (hopmyna JlopeHTIa):

Hye =1+VH (,UH _1)/(1+(1_‘9H (:UH _1))/3)’

ne V, — BimHOCHA 00’€MHa YacTHHA HANIOBHIOBaYa y Ma-
tepiani. He nuBisunch Ha MeBHY IPOMI3JKICTh CHIBBiA-
HOUICHHS, 32 YMOBH HEMarHiTHOCTI MaTepialy MaTpHIli
Ta u,>>0 MarHiTHI BIIAaCTUBOCTI MaTepialy BH3HaA4a-
IOTBCS TUTBKH HOT0 CTPYKTYPOFO:

Hye = (l+ v, )/(1_VH) ,

AJle s ManuxX 3HA4eHb MAarHiTHOI MPOHUKHOCTI
(10-30), xapaxtepHoi s GpepuriB, AOUIIBHO KOPHUCTY-
Batucs popmynoro Makcsena:

M =1+3V,, (1, _1)/(luH +2) )

Ii mepeBaroro € JOCTaTHS TOYHICTH 33 YMOBH, IO
MAarHiTHa MPOHUKHICTh MaTepialy MaTPHIIi BiAMiHHA Bij
oaunulli. [IpuitHATHMIA 30iT 3 EKCIEPUMEHTOM JJAIOTh PO-
3paxyHkKH 3a hopmyJioro JlixTeHEKKepa:

V 1-V,
Hy = ILIHH/’I](W 2 )

JI€ /4y — MarHiTHa IPOHHUKHICTb MaTepially MaTpHIii.

3a =1, e ="

VY 3araibHOMY BHIQJIKy II€ CITiBBiJHOIIEHHS Mae
00OMeeHHS — BOHO Iiepeidadae MocTiiHe 3pOCTaHHs Ma-
THITHOT IPOHUKHOCTI KOMIIO3UTY 13 301JIbIIEHHSIM MarHi-
THOI IIPOHUKHOCTI HAIlOBHIOBAYa, 1110 HE 30BCIM KOpEK-
THO. Kpim TOro mepenbadaersesi, M0 YaCTHMHKU HAIOB-
HIOBaya MaroTb (opMy, OJIM3BKY 10 chepudHOi, o Ha
MIPAKTHUIl HE 3aBXJU BiIOBia€ pealbHIUM (pOpMaM Ha-
noBHIoBayva. L1i 0co01IMBOCTI PO3IIITHEMO HIKYE.

®opmyia JlixTeHnekkepa Aa€ NPUHHATHUN pe3yJbTar
y pa3i 3aMiHM Mar"iTHOI MPOHMUKHOCTI HA TPOBIIHICTE O .
A 1ueil napamMeTp O KpUTUYHMH 32 JOCSTHEHHS HEPKOJIs-
LifHOTO e(eKTy — 3POCTaHHS IPOBITHOCTI KOMITO3UTY BHa-
CITiIoK (hOpMYBaHHS MPOBIAHUX BUTATHYTHX CTPYKTYP:

o, = O_HVH O'](Ml_VH)

e o,, 0,, O

' — TMTOMI ITPOBIJHOCTI KOMIIO3UTY, Ha-

H?
MMOBHIOBaYa Ta MaTPHIII.

Sk 3a3Havanocs, s OUTBII TOYHOTO BHU3HAYCHHS
MAarHITHUX BJIaCTHBOCTCH MarHiTOIiCIeKTPpUKa HEOOXiTHO

BpaxoByBaTH MOP(OJIOTiI0 YaCTHHOK HAIOBHIOBAYa —
CIIBBIJIHOIICHHS JIOBXXUHH Ta JiaMETPy YaCTUHOK. Sk
MOKa3aHo y poborti [8], HalIPpHIAHATHIIINMY CTIiBBiIHO-
mIeHHAMY € 3HaueHHs 2/1. [leli mapameTp BpaxoBye Koe-
¢iuient nenonspusauii F:

F = In(21/a)/(v),

ne | — noexuHa yacTuHkH, d — giameTp.

3a3BH9ali YaCTWHKH PI3HATBECA 3a IapaMeTpaMmH,
TOMY Y NPaKTHYHUX PO3paxyHKax JOIUIHHO KOPHCTYBa-
THCS CepEeJHIMH 3HAYEHHSMH JUISl TIOJIOBKEHUX CTPYKTYP.
[lle oMM BaXKJIMBUM ITapaMeTpOM KOMIIO3UTY, IIPUHAK-
MHI JJIs1 BU3HAYCHHS KOC(IIIEHTIB BIIOUTTS CICKTpOMAr-
HITHUX XBWIb, € JIIEJIEKTPHYHA IPOHHUKHICTH Marepiaiy.
EdexTuBHY mieneKTpU4Hy NPOHHKHICTH MOKHA OLIIHUTH,
BUXOJs9H 31 ciiBBinHOMIEeHHsT MakcBena-I"apHera:

Sk

& +2¢,

—&

M ¢

H
H 1
g, +2¢,,

—En

o€ &, &, & — BIATOBITHO IiENEKTPUYHI MPOHUKHOCTI
KOMIIO3UTY, MATPHIIi Ta HartoBHIOBaYa. CIiBBITHOIICHHS
Jae npuiHATHI pe3ynsTat 3a V, <1/3. Taki mpomopiiii
NPUAHATHI 3 OMISAY Ha Te, 0 BeJIHUKa KiJIbKICTh HAIlOB-
HIOBa4a MOXKe KPUTUYHO BIUIMBATH Ha aJresiiHi i kore-
31ifHI BITaCTHUBOCTI KiHIIEBOTO MaTepiaiy.

Jlnst BU3HAUY€HHS KPUTUYHOTO BMICTY HArOBHIO-
Baua, 3a IKOT'0 Pi3KO 3pOCTAaE MPOBIIHICTH MaTepiay, 10-
UIBHO CKOpHUCTATUCS (hopMytoro OeneBCHKOTO:

—e, |14 Vo (6 =)
—&,)+é&,

" (1_V11/VK)F(£H

ne Vi — kpuTryHa 00’ €eMHa KOHIICHTpAIis HAMOBHIOBAYA,
3a K01 eKpaHy0Yl YaCTUHKH KOHTaKTYIOTh MiXX COOOIO.
V« BU3HAYAETHCA SIK:

V, =[3F (1- F)]O'G/[m: I +(1-F)/\id .

3acTocyBaHHS HABEACHHX BHIIE CIiBBIIHOIICHD
JorioMarae NEBHUM YHHOM palliOHAi3yBaTH SK OOW-
paHHA KOMIIOHCHTIB KOMITO3HINI, TaK i iX CIiBBiIHO-
IICHHS Y 3aJIS)KHOCTI BiT MeTH po3poOku. Citiz BpaxoBy-
BaTH, IO yCi PO3PaxXyHKHU MICTATh 00’ €MHI YaCTKH Mate-
piaiiB, 110 HE 3aBXIU 3PYYHO. 3a JOJABAHHS Y PiAKUN
MaTepiajl HACUITHOTO HAMOBHIOBaYa HEOOXIIHO mepepa-
XOBYBAaTH TYCTHHHU Yy TBEPIOMY CTaHi y 00’€MHi, BUXO-
JI91 3 TYCTHH HalloBHIOBa4a i marpumi. [Tpu ipomy Ba-
XKITUBOIO MOe OyTH 3MiHa TYCTHHH Martepiasry MaTpHIli
y IIpolieci BUCHXaHHs abo mojiiMepH3ariii.

VY nporieci IPOEKTYyBaHHS 3aXUCHUX CyMilllel iCHy€
e oJiHa 1pobiemMa, NOoB’s3aHa 3 BUXIIHUMHU JaHUMH —
Jiesika BIJIMIHHICTD CTaHIAPTHUX MPOHUKHOCTEH MaTepi-
aJIiB BiJl IPOHUKHOCTEH y ApiOHOAMCTIEpCHil cyOcTaHmii
(BOHA 3MEHIIYETHCA, HAIPUKIIAM, IS TPAJUIIHHUX (e-
POMAarHiTHHX MaTepiamiB — 3aii3a, HIKeNo, IepMajoiB).
Tomy y mporieci MpOEKTYBAHHS CIIiI pOOUTH NESIKUH 3a-
ac 1o MOTPiIOHUM BIIACTUBOCTSIM.

3acTocyBaHHS CHiBBiTHOIIEHHS JIiXTEeHEKKepa MOKe
JIaBaTH HEKOPEKTHHUI Pe3yJIbTaT Yepe3 OKUCIICHHS TOBep-
XOHb €KpPaHyIOUUX YaCTHHOK, 1110 3aBaKae MPOSIBY MEPKO-
nauiiHoro edekry. lle Tpeba BpaxoByBaTH 0OMparouu
kommoneHTn kommosuuii. Ille omuiero mpobiemoro €

€k

l
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YacTOTHA 3aJIGKHICTh MarHiTHOI NpOHUKHOCTI. Hampwu-
KJaf, JUIsl 3aj1i3a, MPOHUKHICTH 110 TOTJIMHAHHIO 3 ITiBH-
mieHHs yactoty modis Bix 1 Ty mo 10 Iy 3HIKY€ETHCS 3
20-22 no 1-2. Tomy y npakTH4Hi# JisIIbHOCTI HEOOX1THI
JlaHi TOTPiOHO BH3HAYATH EKCIIEPUMEHTAILHO, 200 3’5C0O-
BYBATH i3 CICIialIbHAX HAYKOBUX JKEPEIL.

IIpoexTyBaHHS PiAKHX EKPaHYIOUNX CyMiMIeH DOIli-
JIBHO 3IIMCHIOBATH 32 IEBHUM alropuTMoM. Ha mepmiomy
etari HeoOXiTHO 3’sCyBaTH aMILITyTHO-4acTOTHI Xapak-
TEPUCTUKH EIEKTPOMATHITHOTO TI0JIS, SIKE TIOTpedye eKkpa-
HyBaHHS Ta MOJIMBE CITiBBITHOIICHHS 3aXHCTY 33 paxy-
HOK BIIOWTTS Ta MOTJIMHAHHS €JIEKTPOMATHITHUX XBHIIb.
Ha napyromy erami BU3HAYa€ThCS KUTHKICTB IIApiB MaTepi-
amy Ta enekTpodi3uyHi 1 MarHiTHI BIACTUBOCTI KO>KHOTO
mapy. Ha TpeTrboMy etami po3paxoBYIOTHCS CITiBBiIHO-
LIIEHHS TApaMeTPiB KOMIIOHEHTIB Ta 00MPAIOTHCS IPUIHS-
THI 711 1IbOTO MaTepialii MaTPHIli Ta HATOBHIOBAYA.

BpaxoByroun mpaKTHYHO ITOBHY BiJICYTHICTB JOBiI-
KOBHX JIaHHX II[OJ0 CyYacHHX KOMIO3UIIHHUX MaTepia-
7B Ta 0araTbOX MPUHHATHHUX UL X BUTOTOBJICHHS KOM-
MIOHEHTIB TaKUH MiJIXiJ IEBHUM YHHOM CIIPOCTUTH IpOe-
KTyBaHHS KOMITO3HLIH JUIA €eKpaHyBaHHS €JICKTPOMAarHi-
THHX IOJiB BU3HAYCHUX YACTOT 1 CMYT YacTOT MOTPiOHOT
e(CKTHUBHOCTI.

BucHoBKH

1. BincyTHICTh JOBIIKOBUX JaHUX MIOAO €KpaHY-
I0YHMX BJIACTHBOCTEH KOMIIO3UIIHHUX MaTepiaiiB Ta iX
eNeKTPO(I3NIHUX | MarHiTHUX BIACTHBOCTEH YCKIIAI-
HIOE TIPOIIeC PO3POOIICHHS 3aXUCHIX MaTepialliB i KOHC-
TPYKIi# Ta moTpedye MOMEpeaHBOTO PO3PaxXyHKOBOTO
OILIHIOBAaHHS NPUHHATHHUX ITapaMeTpiB.

2. Bu3HaYeHHS MieJIEKTPUYHOI Ta MarHiTHOI Tpo-
HUKHOCTEH 1 TUTOMOI IIPOBiTHOCTI KiHIIEBOTO MaTepiary
JIOLTBHO 3/IMCHIOBATH 3 BHKOPHCTAHHSM CIIIBBITHO-
meHs Jlopentna, Makcsena-I"apuera, OneneBcskoro Ta
Jlixtenekkepa. [Ipu npomy cinig BpaxoByBatu Gopmy i
PO3MIipH €KpaHYIOUYHX YaCTUHOK y MaTPHIli Ta BU3HAYATH
MEXY TNEpKOJIIIHHOTO e(eKTy — pI3KOro 3pOCTaHHS
MPOBITHOCTI BHACIHIIOK KOHTAKTy YaCTHHOK HAIIOBHIO-
Baya. CIrix BpaXxoByBaTH YacTOTHY 3aJICKHICTh BIIACTH-
BOCTEH HAarOBHIOBAYA.

3. IpoekTyBaHHS KOMIIO3UIIIITHOTO Marepiamy
CIiJ] 3I1MCHIOBATH Yy TIEBHIH MOCIITOBHOCTI, BUXOISIYH 3
HEOOXiTHOTO CITiBBITHOIICHHS 3aXWCTy 3a PaXyHOK BiJ-
OWTTS Ta TMOMVIMHAHHSA EJICKTPOMArHITHUX XBWIb 1
HIOB’SI3aHOT 3 UM KIJIBKOCTI Ta XapaKTEPUCTUK OKPEMHUX
HIapiB Marepiaiy.
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Methodological principles of development of liquid mixtures for the shielding of electromagnetic fields
G. Kochetov, D. Samchenko, O. Lastivka

Abstract. Itisshown that in conditions of increasing amplitudes and expanding the frequency spectrum of man-made elec-
tromagnetic fields, the most suitable shielding materials are composites with the required properties. A feature of composite materials
of all classes is the lack of standard reference data on their efficiency and electrophysical and magnetic properties, which determine
the shielding coefficients. To simplify the design processes of shielding mixtures, it is advisable to make a preliminary calculation of
the values of the dielectric and magnetic permeability and the specific conductivity of the final material. The possibility of using the
Lorentz, Maxwell-Garnett, Odelevsky and Lichtenecker ratios for these calculations was analyzed. The related difficulties and limits
of application and the need to take into account the morphology of shielding particles in the matrix are shown. It is emphasized that
the dependence of electrophysical properties of components on the frequency of the field that requires shielding should be taken into
account in the design process. This approach makes it possible to obtain liquid materials with different properties for the formation of
a multilayer structure: the upper layer can have the minimum reflection coefficient, and the lower one - the maximum absorption
properties. The sequence of actions in the design of protective compositions for the rationalization of project works is given.

Keywords: electromagnetic field, shielding, composite material, electrophysical properties.
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EKPAHYBAHHA EJIEKTPOMAT'HITHHUX I1OJIIB TA LTYMY
Y BYJAIBJIAX I CIIOPY JAX

AHoTamisi. AHaNi3 Cy4acHOTO CTaHy €IeKTPOMArHiTHOTO Ta aKyCTHYHOTO 3a0pyAHEHHS BHPOOHUYOTO Ta HABKOJINIITHEOTO
CepeOBHIIA CBITYNTH PO HEOOXITHICTH OOTPYHTYBAaHHS 3aTalbHUX 3aca]] 3aXHCTy Oy/iBenb yHIBEpCATEHUMH 3aXHCHAMH
KOHCTpYKIisiMu. [Toka3zaHa MOXKIIMBICTD 3aCTOCYBAaHHSI BUTKUX POCIIHH JUIS IOKPUTTS MOBEpXOHb OymiBens. Kapkacom s
MOIIMPEHHS BUTKUX POCIIUH IOLLTBHO 00paTh PeryysipHy CTPYKTYpY — ciTdacTy abo mmapyBaty. EQekTHBHICT TaKuX CTPY-
KTyp pO3paxoBaHO, BUXOASYHU 3 (YHIAMEHTAIBHHUX CIIBBIJHOIIEHD €1eKTpoArHaMiku. OTpUMaHi CIiBBiAHOLIECHHS A PO-
3paxyHKy Koe(illi€HTiB eKpaHyBaHHs AJIs HOPMaJIbHO Maal040i eleKTPOMArHiTHOT XBUII Ta AJIS XBUIIL, sIKa Tafae Ha eKpaH
M7 TOBUIHHUM KyToM. [10oKa3aHO CHiBBiTHOIIEHHS JOBXHH XBHJIb €IEKTPOMArHITHOTO Ta aKyCTHYHOTO TOJIB, SIKi EKpaHy-
I0TBCSl PETYJIIPHOIO CTPYKTYPOIO 1 BU3HAYAETHCS Yepe3 HIBUAKOCTI PO3MOBCIOPKEHHSI €IEKTPOMArHITHUX Ta aKyCTHYHHX
XBWIb. BIpOBa/KEHHSI BUTKHX POCIHMH JUIS 3aXHCTy BiJ ()i3MYHMX BIUIMBIB HEOOXITHUMHU € €KCIEepPUMEHTAIbHI NOCITi-
JOKEHHS, SIKi JIO3BOJIATH PO3POOUTH eMITIpUYHI 400 HaMiBEMITIPUYHI CITiBBiTHOIICHHS II[0JI0 MTOTICPEAHBOTO OI[IHIOBaHHS ede-
KTHBHOCTI 3axucTy. Hamano po3paxyHKOBHUi anapat [t 004nCIeHHs apaMeTpiB mep$hopoBaHOro abo IIapyBaToro eKpaHa
JUIs eKpaHyBaHHsA IIyMy. YIOTo CTpyKTypa IpYHTYEThCSA Ha BU3HAUYEHH] IIapAaMETPiB KOHCTPYKIIil, BUXOIAUM 3 4YACTOTH 3BYKY
3 HalOLIBIIOK aMILTITY 1010, SIKA PO3TISAAAEThCA K Pe30HaHCHA. Taka KOHCTPYKIiA TaKOX MOke OyTH HOCIEM BUTKHX pOC-
nuH. TTepeBaroro Takux KOHCTPYKLIil € NPUCTOCOBAHICTD A1 €KPaHyBaHHS HU3bKOYAaCTOTHOTO 3BYKY, @ BUTKI POCIIMHHU PO-

3MIHUPIOIOTH Jiana3oH 3aXucty. KpiM Toro, BUTKI pOCIHHH COPUSIOTH CHEPro3a0maKEHHIO.

Kaw4oBi cioBa: ekpaHyBaHHS, €IEKTPOMArHITHE MOJIE, IITyM, BUTKI POCIHHH.

Beryn

EmextpomarHiTHi Ta aKyCTHYHI IIONISI TEXHOTCH-
HOTO TIOXO/DKCHHS € HalOUTBII BaroMUMH (i3HIHUMH
(hakTOpaMH HECTIPUATIMBOTO BIUIMBY Ha MPAIFOI0OYNX Ta
HaceneHHA. HaiiOimpmn eeKTHBHUM 3ac000M 3aXHCTY
BiJl 3MIHHHX €JICKTPOMArHITHUX ITOJIIB Ta IIyMY € 3aCTO-
CyBaHHs €KpaHyBaHHS BIJIIOBIIHUMU MaTepialaMu Ta
KOHCTPYKILIsIMH 3 HUX. Takuil 3aXucT rapaHToBaHo ede-
KTUBHUH IJIs yIBTPABUCOKHUX Ta BUIIUX YaCTOT €JIEKTPO-
MarHiTHUX MOJIIB BHCOKHX YacTOT aKyCTHYHHUX MOJIB,
TMpUHANMHI U HEBEIWKOI NUITHKH a00 MpUMIIICHHS,
mo oOyMOBJIEHE MaJMMHU JOBKHHAMH €JIEKTPOMArHIT-
HUX 1 aKyCTHYHHX XBWIb. J[1s1 HUX nudypakiiiHi sBrIa
Ha KPOMKax €KpaHiB HE € CYTTEBHMH, a NIPOHHUKHICTD Y
3axUIIeHy 30HY — MiHiManbHa. Le & crocyeTses 3aco0iB
IHIMBITyaTbHOTO 3aXHCTY NpamioodnX. /s enekrpoma-
THITHHX TOJIB Jy’)K€ BHCOKHMX YacTOT 1 4aCTOT HIIKYMX
Jliara3oHIB Ta 3BYKOBHX XBHJIb CEPEIHIX 1 HU3bKUX Yac-
TOT CUTYyaIlisl yCKIagHIOEThCSA. OCcOOIMBO 1€ CTOCY€ETHCS
€JIEKTPOMArHITHHUX TTOJIiB HATHI3BKOI YaCTOTH (B OCHOB-
Homy — 50 T'ir) Ta akyctuuHux HU3bKOT — 710 250-300 I'm.
HaBaHTa)keHHs] Ha BUPOOHUYE Ta HABKOJHIIHE CEPesio-
BHIIIe 3 OOKY IOJIB TaKUX 4acToT 3pocTae. Lled mporec
CYIIPOBOIXKYETHCS MiABUIIEHHSIM BHECKY Y €JIeKTpoMar-
HITHE HABaHTaXKEHHS YaCTOT 0E3POTOBOTO 3B’SI3KY pi3-
HOTO NIPU3HAYCHHS. Y TaKnX yMOBax HalOUIbII pamioHa-
JILHAM € 3aCTOCYBaHHS 3aC001B KOJIEKTHBHOTO 3aXHCTY.
Takum 3aXMCTOM € eKpaHyBaHHS yciei OyniBmi abo ii ga-
CTHHU 3 YpaxyBaHHSIM aMIUTITY/JHO-4aCTOTHHUX XapakTe-
PUCTHK (i3UYHUX TIONIB, SIKI PO3MOBCIOKYIOTECS Bif
HAOUIBII KPUTHYHHUX JpKepell. JlOIibHO pO3TIIsHYTH
KOMOiHOBaHi 3ac00H 3aXHCTy, e(EKTHBHI MO0 EKpPaHy-
BaHHS K €JIEKTPOMAarHiTHUX, TaK 1 aKyCTUYHUX MOJIB.

Cran nutaHHs. B yMoBax moctynoBoro nepexomy
VkpaiHu Ha 3araJbHOEBPONEHCHKI CTaHIApTH y Taiysi

0e3MneKy MpaIfo0YHX Ta HACENICHHs], TIPY BUKOHAHHI J10C-
JDKeHb 1 TPUKIaAHUX PO3pPOOOK JOIIIBHO KepyBaTUCS
BUMOTaMH BiINOBIAHUX AUPEKTUB €C, sIKi KpiM 3araib-
HHUX BUMOT O€3MEKH MICTATh KUIbKICHI JaHi 111010 TPaHHU-
YHO JOIyCTMMHX 3HAUCHb IIKI/UIMBHX Ta HEOE3MCUHHX
YMHHUKIB BUpOOHHWYOro cepeposuina. lle 3arambHa BH-
Mora [1] Ta AMPEeKTHBH 100 3aXKUCTY Bij BIUIUBY €JICKT-
POMarHiTHUX MOJiB Ta mymy [2—4]. MeTtonam Ta 3acob6am
3aXHCTY BiX IUX (Pi3MIHNX YHHHHKIB IIPUCBIYCHO Oarato
JOCITiKeHb. TeHICHITIEI0 OCTaHHIX POKIB € PO3POOICHHS
Ta IOCITIHKEHHS 3aXUCHHUX BJIACTHBOCTEH KOMITO3UI[IHHHUX
MarepiaiiB JUls eKpaHyBaHHs (i3UYHUX MOJIB. BinbiicTh
3 HUX CTOCYIOTBCS €JIEKTPOMAarHiTHUX nouiB [5—7]. V mux
poboTtax HaJaHO KoeilliEHT eKpaHyBaHHs eJIEKTPOMarHi-
THHX TIOJIiB [IIMPOKOT0 YaCTOTHOTO Jiana3ony. [Ipu ribomy
TTiIKPECITFOETHCS, 10 JOCII/DKEHHS 3 eKpaHyBaHHS MarHi-
THHX TIOJIiB IIPOMHUCIIOBOI YaCTOTH BUKOHYBAJIMCS IS Te-
OMETPUYHOTO 3aMKHEHUX KOHCTPYKIiH, 110 00yMOBJIEHE
KBa3iCTAllIOHAPHICTIO IUX TIOJNIB. Y pealbHUX BUPOOHH-
YHMX YMOBaxX, MPUHANMHI JJIs1 OKPEMOTO NTPUMILIIEHHSI, CY-
LIbHE eKpaHyBaHHS He 3aBXaAu npuidHsaTHe. Joci-
JUKEHHS IOZI0 KOMITO3HILIMHNX MaTepiaiB U 3aXHUCTy
BiJ] IlyMy MPaKTHYHO BiACyTHi. Lle mosICHIOETHCS THM, 110
MOTJIMHAHHS MEXaHIYHUX XBWJIb 3aJI€)KUTh BiJI 3HA4YCHb
MOJTYJTiB — IPY’KHUX XapaKTEPUCTHUK MaTepiajiB, a Il AaHi
JUISI KOMITO3UTIB HE € JI0BIJIKOBUMH BEJIMUMHAMH Yepes ixX
3HAYHY 3JISKHICTh BiJl CKIIaJy 0OpOOJIeHHS cyMirneid. Y
nocnimxeHHi [8] HaBeeHO pe3ybTaTH PO3pOOICHHS i BU-
NpoOyBaHHsS 3aXMCHUX BJIACTUBOCTEH YHIBEpCAIHLHOTO
€JIEKTPOMArHiTHOTO Ta aKyCTHYHOTO eKpaHa. AJle eKpaHy-
BaHHS aKyCTUYHHMX XBHWJIb JIOCSITA€THCSI BUKIIIOUHO 32 pa-
XYHOK HeoJHOpigHOcTi Marepiamy. Ll HeoxHOpinHICTH
JIOCATAETHCS 32 PAXYHOK 3aCTOCYBaHHSI JIATEKCY Y BUTIISI
MHOJIATEKCY Ta JIOAaBaHHIM Y JIATEKC TPaHyJbOBaHOTO
miHoTOTicTHpOy. HeomHOpiAHI CTPYKTYpH TaKOX BHUKO-
PHUCTOBYIOTBHCS JIJIS 3aXUCTY BiJl €IEKTPOMArHITHHX TIOJTiB
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SIK HaJHU3bKUX 4acToT [9], Tak i yabTPaBUCOKUX 1 BUIIMX
vactot [10]. [Ipu 1iboMy IpUOIH3HI pO3paxyHKH ILO/0 Tep-
(hopoBaHMX HEOJHOPITHNX 3BYKONOIIMHAIBHUX MaHEeNeH
BIJIOMi 1 HaBEJICHI y NOBINKOBIl JiTeparypi. 3arajibHOBi-
JIOMO, 1110 3€JIeHI HaCa/PKEHHS 3HIDKYIOTh PiBHI IIyMy Bif
ABTOMOOUTPHUX IUIIXiB, acpOAPOMIB LHMBLIBHOI aBiarii.
Aure X 3aCTOCYBaHHS I 3aXHCTy OKpPEMUX OyZiBEIb Ipo-
OneMaTHYHi, HATIPUKIIA]], Yepe3 TeOMETPUYIHI XapaKTepHc-
THKH 3aXFCHUX CMYT 3 fiepeB. Y pobotax [11, 12] waBemeHo
Pe3yJIbTaTH JAOCTIIKSHb [IOJI0 3aCTOCYBAHHS BUTKHX POC-
JIFH 711 TePMOPETYILALIi IpUMIIIeHb i OyiBens. 3acTocy-
BaHHsI TAaKMX KOHCTPYKII MO>KEe MaTH KOMILIEKCHHUIT Xapa-
ktep [13]. Buxossau 3 1poro, JOUUTBHO PO3IIISHYTH MOX-
JIMBICTh OJTHOYACHOTO BHKOPUCTAHHS I EKpaHyBaHHS
€JIEKTPOMArHITHUX Ta aKyCTHYHUX II0JIiB METaJIEBHX Pery-
JSIPHUX CTPYKTYP Y KOMIUIEKC] 3 BATKUMH POCIIMHAMM.

MeTto10 po6oTH € po3pOOJICHHS KOHIENTYaJIbHHUX
3acaj 3a0e3NeUYeHHs] eNeKTPOMArHiTHOI Ta aKyCTHYHOI
Oe3IeKHu MPAIIOYNX Ta HACEICHHS 3a PaXyHOK €KpaHy-
BaHHS CJICKTPOMArHITHHX MOJIB Ta IIyMy y 3aXHCHHX
KOHCTPYKIIifIX.

BuksiageHHsI 0CHOBHOI0 MaTepiaay

Ines poOoOTH moJsArae y 3aCTOCYBaHHI peryispHOi
MeTaeBol CTPYKTYPH JUIs eKpaHyBaHHS eJICKTPOMArHiT-
HHX TIOJIiB, 5IKa CIYTy€ KapKacoM JUIsl NOIUMPEHHS BHT-
KUX POCIIHH, IO eKPaHYOTh aKyCTUYHHH LIyM.

[epeBaroro peryisipHUX MeTaJeBUX CTPYKTYP € Te,
o X e(peKTHBHICTh MOKHA PO3paxyBaTH, BUXOAAUH i3
(GyH/IaMEHTaNbHUX CIIBBITHOIICHb EJIEKTPOJHMHAMIKH.
Po3paxyHku TpyHTYIOThCS Ha JU(PAKLIi eIeKTpOMAarHi-
THUX XBWJIb Ha pelliTKax abo rparkax, BUPOOJIEHHX 3
MPOBIAHUX MatepiaiiB. J[Jis eleKTPOMAarHiTHUX MOJIiB,
NPUHAHMHI JTy’Ke BUCOKHX 1 BUIIUX YaCTOT, IMTOMA IPO-
BiJTHICTB JPOTIB, 3 IKUX BUTOTOBIICHO CITKY HE € KPHUTH-
4yHOW. TOMY JUISi BUTOTOBJICHHS TaKol CITKM MOXKHa BU-
KOPHCTOBYBATH JIPIT-KaTaHKYy 3 HOMEHKJIATYpH, SIKa BH-
POOJIAETECS MeTANY prifiHOIO TpoMuUcioBicTio. Lle BusiBu-
JIOCS MOJKJIUBHM HAaBIiTh JUIA €KpaHyBaHHS MarHiTHOTO
noJist pomuciioBoi yactotu [9]. Ilpu HopMaIbHOMY Ta-
JIHHI Ha METaJIeBY CITKY eJIEKTPOMArHiTHOI XBHJII Koedi-
LIEHT eKpaHyBaHHS BU3HAYAETHCS SIK:

2 2
Ks =101g 4(dlndj 1+4(dlnd) ,
A 2rr A 2xr

Jie X — JIOBKUHA T1aj1ar040i XBuit, d — BigcTaHb MiX JpoO-
TamMH (KpOK CITKHM), ' — pajiyc APOTiB.
[Ipu magiHHI XBUIII i KyTOM O:

2 2
K, =101g| 4( 9021y 4} /11,4 dCOS0), d 11
A 2rr A 2xr

(1-cos (p)2 + 4(3 In (zdj

r

144/ i[9
A \2zxr
Crin BpaxoByBaTH, 1110 I1i CITiBBiTHOIIIEHHS KOPEK-

THI 32 YMOB:
d/4<10,

K =101g

r/A<0,04, r/d <0,1.

I[Tpu oMy ciTka OBHHHA IIepeOyBaTH y XBHIbOBIH
30HI €JIEKTPOMarHiTHOro noJisi. [cHye excriepuMeHTanbHO
BU3HAYCHA BUMOT, 10 JIHIMHI pO3MIpH eKpaHa (IOBKHHA
1 MIMpUHA) NMOBUHHI NEPEBHIIYBATH JIOBXUHY MaJatouoi
XBWJII IPUHANMHI Y 5 pasiB, III0 BUKOHYEThCS y pasi 00im-
IIOBaHHS TIOBEPXOHb OyHiBENb IS €JIEKTPOMATrHITHHX
TIOJIIB YCiX THITOBHX JKEPEJ, KPiM MOIiB IIPOMHUCIIOBOI Ya-
CTOTH. J{JIsI TOIIMPEHNX TOBKIH XBHJIb (PaIiOTEXHITHAX
00’€KTIB IIMBIIBHOI aBiarii, MOOUTEHOTO Ta paxiopemnei-
HOTO 3B’513KY) Ta THIIOBUX CITOK 3aJIC)KHOCT] €KPaHYIOUHX
BJIACTHBOCTEH BiJ ITMX MMapaMeTpiB HaBeAeHi Ha puc. 1-3.
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Puc. 1. 3anexHicTh KoedilieHTa eKpaHyBaHHS BiJ TapaMeTpiB
MeraseBoi citku A=0,03 M (oBxuHa XBui); | — po3mip komi-
pxku citkr; d — giametp APOTiB, 3 IKUX BUTOTOBIEHO CITKH
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Puc. 2. 3anexHicTh KoedillieHTa eKpaHyBaHH BiJ] TapaMeTpiB
metaneBoi citku A=0,1 M (moBxuna xBuii); | — po3mip Komi-
pku citku; d — giaMmeTp ApoTiB, 3 SKUX BUTOTOBJIEHO CITKH
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Puc. 3. 3anexHicTe KoedillieHTIB eKpaHyBaHH EIEKTpOMar-
HiTHOTO BUNpoMiHIOBaHHs yacTtotoro 0,9 I'Th Big po3mipy
KOMIPKH CiT4aCcTOi CTPYKTYPH, BUTOTOBJICHOI 3 IPOTiB
nmiamerpamu 1,0 mm, 1,5 mm, 3,0 MM
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JlocBin HaTypHHMX BHMIpDIOBaHb CBIJUHUTH, IO 3a
KpOKy citku y 0,1A CTpyKTypa cTa€ MOBHICTIO HEIPOHUK-
HOIO I eNeKTpoMarHiTHoro noist. Lle no3Bossie oOparu
rapaMeTpy 3aXUCTY, sIKi 3a0e3MeuyI0Th MiHIMaJIbHO HE0O-
XiJTHI CHTHAJIM 0a30BHX CTaHIIiH MOOLIBHOTO 3B’ s13Ky. Taki
CTPYKTYPH MOXYTh OyTH BUKOPHCTaHI K KapKac I Ho-
IIMPEeHHS BUTKUX pociuH. Lli pocmmHm depes BelWKuit
BMICT BOJH 9aCTKOBO €KpPAHYIOTH €JICKTPOMATHITHI OIS
(mpuHAMHI yIBTPABUCOKHX 1 BUIIMX YacTOT), ajie po3pa-
XyBaTH Iieil mapaMeTp NPakTHYHO HEMOKIIMBO Yepe3 He-
repe10adyBaHiCTh TOBIIWHHY i IIUTEHOCTI IOKPOBY.

3erneHi Haca/KEHHs Ha MPUHHATHOMY PiBHI 37iHCHIO-
I0Tb 3ByKOMoOIIMHaHHsL. [IepeBaroro BUTKHMX POCIIUH € MOK-
pHBaHHs O€3M0CEPETHBO 00 EKTY 3aXHUCTY, 11O 32 BEIMKUX
JIOBXKUH 3BYKOBHX XBHJIb JIO3BOJISIE MiHIMI3yBaTu TUdpak-
wiiHi sBuia. Ha choronHinmHiiA 1eHb HABITH MPUONTA3HUI
PO3paxyHOK €(EKTUBHOCTI 3BYKOTIOTJIMHAHHS POCIMHAMHE
HE YSBIBIETHCS MOXJIMBHM, TOMY JOLIJIEHO CITUPATHCS HA
BUMIPIOBaHHS 1H/ICKCIB 3HIDKCHHS IIIyMY 3€JICHHMH TTaHe-
nsMu. 3a gaHuMHE nipodecopa Binigyka M.M. mrymo3axucHi
BJIACTMBOCTI BUTKHX POCITHH 3Ha4Hi (Tabm. 1).

Tabauys 1 — 3HMKEeHHSI PiBHIB IIyMY BUTKMMH POCIHHAMH

Bincrans Iloka3zanns
BiJ mymomeTpa, dB
JliBoumii BHHO- JoKepena bes poc- 3 pocnu-
TPaI ATHIHCTOY- HIyMy, M JIMHU HOIO
KOBHIA 1 79,9 72,7
3 73,8 69,1
5 69,7 65,6
bes poc- 3 pocnu-
. JIMHA HOIO
TImromg 313an1/1- 1 813 76.8
o 3 75,2 68,3
5 68,1 64,2
bes poc- 3 pocnu-
JIMHA HOIO
Hamroocts 1 71,7 64,6
3 66,8 62,2
5 63,2 57,6

3HaI0UM MapaMeTpy HECYydJOro CiT4acToro Kapkacy
MOJKJIMBO OLIIHUTH HOTO BHECOK Yy 3aXHCT Bix mymy. Lle
BU3HAYa€ThCs (PYHAAMEHTAILHAM CITiBBiIHOIICHHSIM:!

f=v/1,

Je L — moBxwuHa magardoi xuii, f— gacrora, v — mBH-
JIKiCTh TIOITUPEHHS XBUII.

Pisanis xoedilieHTIB eKpaHyBaHHS Ha OJHAKOBIii
CTPYKTYPi IEKTPOMArHiTHUX Ta 3ByKOBHX XBHJIb y 3ara-
JIbHOMY BHMAJKy BH3HAYA€THCS PI3HUMH IIBUIKOCTIMHU
ix mommpeHHs. Hampuknan, cTpykTypa eeKTHBHA s
€KpPaHyBaHHSA CJIEKTPOMATHITHOTO TIOJS  YacTOTOIO
1,8 I'T'y (naiibinbin nommpeHa B YKpaiHi uacrora Mooi-
JIBHOTO 3B’5I3KY), Oy/1e €PEKTHBHOIO IJIs1 3BYKOBHX XBHIIb
yactororo mpudimu3Ho 2 k1. Ls wactoTa 3pocTae 31 3me-
HIICHHS KpOKy ciTku. llle oqHier0 MOXIHBICTIO KOMOI-
HOBAHOTO 3aXHCTY BiJl BIUIUBY ABOX (Di3WIHUX YMHHUKIB
€ 3aCTOCYBaHHs Iep(pOpOBaHMX Ta MIMAPUHYACTUX PEry-
JSIpHUX CTPYKTYP. OCHOBOIO 1X 3aCTOCYBaHHS € TEOPETHU-
yHi gociikenns [14], 3a skuMu MOXKHA 3 MiHIMAJIBHOKO
MMOXHOKOI0 pPO3paxyBaTd e()EeKTHBHICTh EKpaHyBaHHS
€JIEKTPOMATHITHHX ITOJIiB BU3HAYEHUX JaCTOT.

Iepdoporanuii abo MIMApUHYACTHI EKPaH MOXKHA
3acTOCYBATH JUIs 3aXKCTY Bij BILMBY mymy [15]. Horo
e(eKTUBHICTb, NMPUHAWMHI Ha NEPEBAXHUX YacTOTax,
MOXKHa po3paxyBard. [lapamerpu ekpana 0OHparOTHCS
BUXOJISYM 3 YaCTOTH HaWOinbmoi amrutityau. Expany-
109a TaHEIb MPALIOE 33 PE30HAHCHUM TPHHIIUIIOM, a pe-
30HAHCHOIO YaCTOTOIO € 4acTOTa 3 HaWOIIBIIO aMILIi-
TYJOI0 KOJMBaHb. Taka IaHelp Moke OyTH KapKacoMm
JUIL BUTKUX POCIHH, SIKi 3a0€3MeUYyI0Th MHPOKOCMYTO-
BicTh 3ByKomorimHaHHI. [lepdopoBaHmii MeTaneBHiA
JIFCT PO3TAIIOBYETHCS Ha AEAKINA BiICTaHi Bix cTiHU OY-
JIBJI 1 € OTHUM 3 TIapaMeTpiB, AKUH BU3HAYA€E €PEKTUB-
HICTB 3aXHCTY. 3a30p MIX MAHEJJIIO Ta CTIHKOIO CHpUSE
MPOBITPIOBAHHIO 1 BiIBO/TY BOJIOTH.

[TepdopoBana KOHCTPYKIIiS MOXKE PO3IIISAATHCS K
psn pesonaropis. Ilpu piBHOMIpHIH mepdopanii nrcta
NOIJIMHAY Ma€ TUIOBY PE30HAHCY KPHBY IOTJIMHAHHS.
[Ipu HEepiBHOMIpHIN — piBHOMIpHY KpWBY TOTJIHHAHHS.
Jlnst piBHOMIPHOTO pO3TalllyBaHHS OTBOPIB PE30HAHCHA
4acTOTa BU3HAYAETHCS 31 CITIBBITHOIICHHS

v S
fp=—m ,
277 \|1,d2h
Je » — IIBUAKICTE 3BYKy, S — Tepepi3 OTBOpY,

le =A+0,5V7S — epexTuBHa ToBIMHA MaHeN i, A — TO-

BIIMHA JIKCTA, N BiJCTaHb MaHewi BiJ MOBEpPXHi, HA SIKiif
BOHA 3MOHTOBaHa, d — BIZICTAHb MiX LIEHTPAMHU OTBOPIB.

SIKIo OTBOPH y BWIIISAL HIMAPUH, TO PE30HAHCHA
YaCcTOTa BU3HAYAETHCA SK:

_v b
P 2z\lIdh

ne b — mmpuna mnapuan, d — BiCTaHb MiX MIMAPHHAMU.

Haii6iipmioro mepeBaroro TakuxX IMaHENeH € Mmpuaat-
HICTB JUISl 3aXHUCTY BiJl HI3bKOYACTOTHOTO 3BYKY, €()eKTHB-
HICTb SIKMX MOXXHa po3paxyBaTH. L{e BaxXImBo 3 TOUKH 30py
PO3IMOBCIO/PKEHHSI HU3bKOYaCTOTHOTO 3BYKY Ha BEJMKI Bifl-
CTaHi 4epe3 HOro MOBUIBHE 3racaHHsI 3 BiICTaHHIO. Bukiia-
JIeHe € 3araJbHUMM 3acajiaMi HPOEKTYBAaHHS 1 BIPOBa-
JDKEHHST KOMIUIEKCHOTO 3aXKCTy Oy/liBellb BiJl BIUIUBY elie-
KTPOMArHiTHUX IOJIiB Ta MY IIMPOKUX YACTOTHHX Jliamna-
30HIB. KpiM 3BYKOIOTIMHAHHS BUTKI POCIMHH ITEBHUM YH-
HOM CIIPHSIFOTh €HEPro3aolla/DKeHHIO Yepe3 MO3UTHBHUIM
BILUTMB Ha TEMIIEpaTypHUIl pekuM Oy/TiBEb.

BucnoBxku

1. IligBUIICHHS EJIIEKTPOMArHITHOTO Ta aKyCTHY-
HOTO HaBaHTa)KCHHS! HAa BUPOOHHMYE Ta HABKOJMIIHE Ce-
penoBuine poOUTH aKTyaJIbHUMHU PO3POOJICHHS Ta BIIPO-
BaJDKEHHSI yHIBEpCcaIbHUX 3aC00iB KOMIUIEKCHOTO 3aXH-
CTY BiJ BIUIMBY TeXHOTeHHUX (i3muHmX momis. Lle 3Hi-
Mae mpobJeMy 3aCTOCYBaHHSI JJBOX OKPEMHX 3aXHUCHHX
KOHCTPYKIIiH.

2. EdextuBHUM 3aCO00M 3BYKOIOTJIMHAHHSI € T10-
KPHUTTS TOBEPXOHBb OyZiBEeNb BUTKUMH POCIMHAMH, SKi
Ge3rocepeIHbO MPUILITAtoTh 10 CTiH. e MiHiMi3ye mpo-
sIBA TUpaKiiHUX SBUI HA KPOMKaX €KpaHyIOYHX KOH-
CTPYKLIH.

3. KapkacoM 11 NOMIMPEHHS BHUTKUX POCIUH
JOLILHO oOupaTH cityacTi abo mmapyBaTi MeTajeBi
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KOHCTPYKLIi Il eKpaHyBaHHS €JEKTPOMAarHiTHUX I10-
niB. KoediuieHTn expaHyBaHHS pO3paxoBaHO BUXOISYH
3 (yHIaMEHTaIbHUX CIIBBITHOIICHb €JIEKTPOIUHAMIKH.
Taki KOHCTPYKIi YacTKOBO EKpaHyIOTh aKyCTHYHI
xBwii. [lepeBaXkHi 4acTOTH €KpaHyBaHHS BU3HAYAIOTHCS
CHIBBITHOIICHHSAMH IIBHIKOCTSH IMOMIUPEHHS €IEKTPO-
MAarHiTHUX Ta aKyCTHYHHX XBHIIb.

4. KapkacoM /1 NOINPEHHS] BUTKUX POCIMH MO-
XKyTb OyTH 1 IepopoBaHi 3BYKONOTIINHAIbHI KOHCTPYK-
1ii pe30HaHCHOTO THITy. [lepeBaroto Takux KOHCTPYKIIIH
€ MOXIIMBICTh CKpaHyBaHHS HU3bKOYACTOTHOTO IIYMY,
3aXMCT BiJ SIKOTO HaWOUmbII ckiaaguui. [loka3zaHna MOXx-
JMBICTh AHAJITHYHOTO MTOTIEPEIHHOTO BU3HAYCHHS Mapa-
METpiB 3aXHCHUX NaHEJCH.
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Shielding of electromagnetic fields and noise in buildings and structures
T. Tkachenko, N. Burdeina, O. Chencheva

Abstract. Analysis of the current state of electromagnetic and acoustic pollution of the industrial and environmental envi-
ronment indicates the need to substantiate the general principles of building protection with universal protective structures. The
possibility of using climbing plants to cover the surfaces of buildings is shown. It is advisable to choose a regular structure (mesh
or slatted) as a frame for the propagation of creeping plants. The efficiency of such structures is calculated based on the fundamental
relations of electrodynamics. Obtained relations for calculation of shielding coefficients for a normally incident electromagnetic
wave and for a wave incident on the shield at an arbitrary angle. The ratio of the wavelengths of electromagnetic and acoustic
fields, which are shielded by a regular structure, is shown. It is determined by the ratio of propagation speeds of electromagnetic
and acoustic waves. For the introduction of creeping plants for protection against physical influences, experimental studies are
necessary, which will allow to develop empirical or semi-empirical relationships for the preliminary assessment of the effectiveness
of protection. A calculator is provided for calculating the parameters of a perforated or slotted screen for noise shielding. It is based
on the determination of design parameters based on the sound frequency with the largest amplitude, which is considered resonant.
Such a structure can also be a carrier of creeping plants. The advantage of such structures is their suitability for shielding low-
frequency sound, and winding plants extend the range of protection. In addition, winding plants contribute to energy saving.

Keywords: shielding, electromagnetic field, noise, winding plants.
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B. A. Lona?, C. I. Yebepstuxo?, O. O. SAsopcekal, O. B. Jleprorin’, O. O. Yenuesa?, C. B. Cykau?, JI. B. Pe3nix?

! HanjonanbHuii TexHiuHui yHiBEpCHTET «JIHIIPOBCHKA MoiTexHiKay, JHinpo, Ykpaina
2 KpeMeHuyIbKHI HAIllOHANIBHHUI yHiBepcHTET iMeHi Muxaiina Octporpaznckkoro, Kpemenuyk, Ykpaina

AHAJII3 BUMOT PAMKOBOI CTPATEI'T €C IO CUCTEM YIIPABJITHHS
OXOPOHOIO 310POB’A TA BE3IIEKOIO ITPALT

AnoTanis. Mera. Jlociimkennas Bumor PamkoBoi ctparerii €C i3 Ge3neku Ta 310poB's Ha podoti Ha 2021-2027 pp. s
BU3HAYEHHSI OCHOBHHX LJICH CHCTEMH YTIPaBIIHHS OXOPOHH 3JI0pOB’S Ta O€3MeKH Mpali B OpraHizallii mogo MoKpaneHHs
370poB's Ta Oe3neku mpaniBHUKIB. Metoauka. [ nocimimpkeHHs OyB BUKOpHUCTaHUH (hOpMali3oBaHMI KOHTCHT-aHaJi3,
SIKHH TIPeACTaBIIsie COO0I0 SKICHO-KUIBKICHUI METOl BUBUCHHS JOKYMEHTIB, SIKHH MOJSATae B 00poOIll TEKCTY 3 HOAAIBIIOK
iHTepHpeTari€o pe3yiaspraTi. Pe3yabraTu. BeranoBneHo, mo BianosigHo 1o PamkoBoi crparerii €C i3 6e3mexu Ta 310poB'st
Ha poOoti Ha mepiox 2021-2027 pp. AN MiABULICHHS Pe3yIbTATUBHOCTI CHCTEMH YINPABIIHHSA OXOPOHOIO 3I0POB’S Ta
0e3MeKor0 Mpalli B OpraHizamisix HeOoOXiMHO MependauyuTH yNPaBIiHHA 3MiHAMH, 3aXOMH A NPOGIIAKTUKH HEUIaCHUX
BUITa/IKIiB Ta 3aXBOPIOBaHb HA BUPOOHUIITBI Ta TOTOBHOCTI 10 MalOyTHIX IMOTEHLIITHUX BUKINKIB. Bu3HaueHo, 0 cHCTeMH
YIPaBIiHHS OXOPOHOIO 3JI0pOB’Sl Ta OE3MeKOl0 Mpali MOBHHHI BiToOpa3sWUTH OWIHKY NpodeciiHUX PpHU3HKIB, 3aMiHY
(YycyHeHHs) HeOC3MEYHNX PEUOBUHH 3 BUPOOHMYHMX TEXHOJIOTIH, 3aXUCT BiJ] TEHICPHOTO HACHIIBCTBA Ta CTBOPCHHS 1HCTICKITIiH
npami. 3anpornoHoBano niii PamkoBoi crparerii €C i3 Oesmeku Ta 370poB'ss Ha po6oti Ha 2021-2027 p. BKIIOYUTH B
CTpaTeriuHUH IUIaH PO3BUTKY OpTraHi3allii, 10 TO3BOJIUTH NEpeA0adlTH BiAMOBIIHI 3aX0A1 HA TAKTHYHOMY 1 ONlepariifHOMy
PiBHI cuCTeM yTIpaBIIiHHS OpraHi3alli€lo 3 HaroJiocoM Ha 3abe3neueHHs i miaATpuMKy 100poOyTy mpaliBHUKIB, IO CIIOHYKA€E
(hOopMyBaHHIO YCBIZIOMIJICHOMY BiIHOLICHHIO MPAIiBHUKIB 10 cBOiX 3000B’s13aHb. HaykoBa HOBU3HA MOJISTAE Y HAYKOBOMY
0oOTpyHTYBaHHI BEMOT 10 PO3POOKH CTpaTeris pO3BUTKY CHCTEMH YTIPABIIHHSA OXOPOHM 370pOB’s Ta Oe3lmeKkd mpami B
oprasizarii Ha OCHOBI yNpaBIIiHHS 3MiHAMHU Ta TFOTOBICTIO O MaiOyTHIX BHKJIMKIB Ta IMOTEHUiHHMX 3arpo3. IlpakTuyna
HiHHICTH TOJISIrae y po3poOIli 3a1ay, sIKi BiAMOBIJAIOTh CTpPATEril pO3BUTKY OpraHizallii BiAMOBITHO 10 BUMOT PamkoBoi
ctpaterii €C i3 6e3mneku Ta 370poB'st Ha po6oTi Ha 2021-2027 p.

Kamo4yoBi cnoBa: pamkoBa cTpaTeris, CHCTEMa OXOPOHHU 3I0pOB’s 1 Oe3MekH mpaiii, npodeciiHmui pu3KK, HeOe3meKa.
b bl el

Beryn

VY Bprocceni (bensrist) 28 uepsust 2021 poky Kowmi-
cist €C npuitHsia HOBY PaMKOBY cTparerito 3 0XOpoHH
3n0poB’s 1 Ge3mneku npaui (mami - O3ibIT) Ha nepiox
2021-2027 pp. Y Hiii BU3HAYCHO KJIFOUOBI il IS YPsIiB
KpaiH, sKi MOTPiOHI AJIS TOMIIMIICHHS OXOPOHH 370POB’ s
i Oe3MeKu Mmpalli MpariBHUKIB MPOTITOM HACTYITHUX PO-
kiB. Y Pamxogiii crparerii €C Ha 2021-2027 pp. Haromo-
IIEHO, 110 32 OCTaHHI AECATUIIITTS OyJIO JOCSATHYTO IIPO-
rpecy. Hanmpukian, KiTbKicTh HEIaCHUX BUITAJIKIB HA BU-
pOoOHHITBI 31 cMepTenbHIMU Hacigkamu B €C 3a mepiof
1994-2018 pp. 3MmeHmmiaca npubnusHo Ha 70%, ane
ILOTO 3aMaJio, 3asBJISIFOTh €BPOICiChKi (axiBii. He3na-
Karouu Ha 11eit porpec, y €C y 2022 p. cranocs moHaf
3,3 THC. HEIACHUX BHIIAJKIB 31 CMEPTEIbHUMH HACII-
kami. [l{opoky nonan 200 Tc. MpaliBHUKIB TIOMUPAIOTH
BiT XBOpOO, MOB’s13aHKX 3 pobororo [1].

Omxe, IMITPUMKA Ta BIOCKOHAJICHHS CTaHIApTIB 3a-
XHCTY TIpaliBHUKIB Ha BUPOOHHITBI € IIOCTIHHOIO MpooJie-
MOIO 1 BOZIHOYAC HaraibHOO MoTpedoro. KpiM nosminmeHHs
3JI0pOB’s Ta TOOPOOYTY € BaroMi €KOHOMIUHI apryMEHTH
II0/I0 ITi/IBUIICHHS PiBHS 3aXUCTy NpaniBHUKIB. HermacHi
BUTIAJIKU Ta 3aXBOPIOBAHHSL, sIKi ITOB’s13aHi 3 pOOOTO0, KOIII-
TyroTh ekoHoMili €C monan 3,3% BBII mopoky. 1le mot-
pebye BIATIOBIAHOTO pearyBaHHS, MPHUHANMHI, pO3IIILY
ITUTaHHS Ha HAIllOHAJIGHOMY DiBHI MO0 peaizariii BUMOT
PamxoBoi ctparerii €C npu repexoi Ha 3eJeHi Ta TUQpPOBi
TEXHOJIOT1i, @ TAKOK MOKPAIIEHHS PO ITAKTUKH Ta TOTOB-
HOCTI JI0 MalOyTHIX BHUKJIMKIB il YaC HACTAHHS HAJ3BH-
YalfHNX CUTYaIlili, 1100 rapaHTyBaTH, [II0 OHOBJICHI 3aX0/1
Ta MiAXO/IH IOCATHYTh KOYKHOTO POO0YOTr0 MiCIIL.

AHanmi3 JiTepaTypHHX Kepes. AwHami3 10-
CIIJKEHB 3 Ipo0JieM ajanTauii HallioHaJIbHOTO 3aKOHO-

naBctBa J0 BuMor €C mMokazaB 3HAYHHU IHTEpeC 0
IbOTO THTaHHA. Tak, aBTOpOM cTaTTi [2] HaroJjomry-
€THCS, L0 aJanTalis 3aKOHOJABCTBA YKpAiHM 10 3aKo-
HozxaBcTBa €C rmoBHHHA 0a3yBaTHCh, BUKIIOYHO HA PO3-
BUTKY HiJIPHEMHHIIBKOI, COIIabHOI, KYJIbTYpPHOI aKTH-
BHOCTI TPOMAJISIH Y KpalHH, 10 CPUSTHME TOCTYTIOBOMY
3POCTAaHHIO PIBHS JKUTTSl HACEJICHHS, IPH YOMY IIPOIO-
HYETBHCS BIIKUHYTH BCI ITOJIOXKEHHSI, SIKi HABIIAKH, IIPU3-
BE/1yTh JI0 3MEHIIIEHHSI EKOHOMIYHOT'O 3pOCTaHHs KpaiHH.
B inmomy mocmimkenni [3] roBoputses, 1m0 HeoOXigHO
MPOBOJIMTH MTOETAITHE HAOIMIKEHHS HAalllOHAJILHOT'O 3aKO0-
HOJaBCTBa 10 BUMor €C, 3a0e3edyroun BiIOBiTHY MO-
JIEpHI3aIliI0 BITIU3HSIHOTO IIPABOBOTO IOJIA 1 3a0e3medy-
I0YH NTPO30PICTh 3MiH, IO TapaHTyBaTUME 3MEHIICHHS
KUTBKOCTI SIK 30BHIITHIX, TaK i BHYTPIMIHIX KOH(IIKTHUX
CUTYyaIliif. ABTOp HAaroJourye, Mo MOTPiOHO MPHUBECTH
BIAacHI amOiIii 0 CHiTbHOI METH HUIAXOM ITOCHJICHHS
MDKHapOAHOI CIiBIpAlli 3 MPUBATHO-JEPKABHOTO MapT-
HepcTBa, 30amaHcoBaHOTO (DiHAaHCYBaHHS Ta pedopma-
LiHUX pillIeHb, HAIIPABJICHUX Ha 3alIPOBA/KCHHS MeXa-
HI3MIB aJanTaiii BCi€i 3aKOHOJaBY0i CHCTeMHU Y KpaiHu y
BimoBiAHICTE 0 BUMOT €C. CX0Xy TyMKY IIOJO TOe-
TaIHO ajanTalii 3aKOHOIaBCTBA Y cepi MOBOIKEHHS 3
Bigxoaamu 10 BuMor €C BHCIIOBHIIa aBTOPKA 1€ OJHI€T
nyOuikarii [4], B sKili 3a[pPOMOHOBAHO BiIMOBIAHUI ai-
ropuT™ Jiil. B Toii ke yac, peanizauis mogiOHOrO ANroO-
PUTMY CTHKAETHCS 3 KYIOIO PI3HUX CYNEPEevyoK MiX T'iJl-
KaMH BJIa/IW B YKpaiHi, 1110 TTOB’s13aHa 3 TOCTPOIO MOJITH-
4HOK 60poTh6OK0 [5]. [yt 3MEHIIIEHHsST HETATHBHUX Ha-
CIIJIKIB aBTOP JOCIIIKEHHS TOBOPHUTH TIPO PO3POOKY Iii-
€BOTO MeXaHI3My IMIIeMeHTamii YHHHHAX TIPaBOBUX
nopm €C Ha ocHOBI "acquis communautaire".
BigmiTiMo, 110 Tpyma Mi>kKHapOIHNUX CTAaHAAPTIB i3
3abe3neucHHsl Oe3NEeYHMX yYMOB Hpalli, SKi HEO0OXiTHO
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aJlanTyBaTH JI0 HALlIOHAILHOI'O 3aKOHOAABCTBA, HAaXaJlb,
3HAXOMAATHCS «OCTaHHIMIY» B yep3i [6], Ha 110 BKasye mo-
BUTbHA peaizalis Bumor Konnenmii peopmyBaHHS CH-
CTEMH YINpaBJIiHHS OXOPOHOIO mpani B YKpaiHi, sika 3a-
TBepkeHa Kabinetom MiHicTpiB Vkpainu me y 2018
poiri. Mo)kHa cka3aTH, 10 CIIOBUTBHEHHS BiI0YyJIOCH Ye-
pe3 MosiBY CBITOBOI MaHzieMmii, Xoda B kpaiHa €C BoHa,
HaBITaK¥, CTajla OCHOBHUM PYIIiEM 3MiH 3aKOHOIABYO1
6a3u 3 Ge3niexu iparti [7]. 30kpema, cepe1 OCHOBHHX CITi-
TBHHUX PyXiB AepikaB-wieHiB €C 10 pO3BUTKY CHCTEMH
ynpasiiaesa (mami - CY) O3ibIl B ymoBax maxzmemii
COVID-19 BupineHo BakKIUHAIIIO, MOCHICHHS BHMOT
ncuxocoliagbHux pusukiB [8], po3poOka HOpMaTUBIB
JUTst 301TbIICHHS TPUBATIOCTI KUTTS [9].

[IpoBenenuii anani3 JgiTepaTypHHUX JKEPE OrOJIUB
npoOiieMy 3 aganTanii MKHapOJHOTO 3aKOHOJABCTBA Y
coepi CY O3ibII no peaniii BiTun3HsIHUX KommaHii. Lle
BHMArae MpuHHATTA 30aJJaHCOBAHUX PIillICHb, 32 TIPUHIIU-
IIOM «HE HAIIKOJUTH» CKOHOMIYHOMY 3poctaHHI0. Of-
Hak 3a0€3MeYCHHS BiAIOBIAHOT IKOCTI )KUTTSI, HOTO TpH-
BAJIOCTI, IKi € IPiOpUTETOM pO3BUTKY YKpainu [10], Bu-
Marae iMIieMeHTaIlii BUMor PaMKOBO1 CTpaTerifo 3 0X0-
pOHHM 310poB’s 1 Oe3nexu npaui Ha nepiog 2021-2027 pp.
Tomy BuHHKAE 3aJa4ya 3 IPOBE/ICHHS aHai3y BUMor Pa-
MkoBoi Crpaterii €C Ta BU3Ha4Y€HHS MPIOPUTETHHUX 3a-
XoziB 3 11 peanizanii B yKpaiHCBKHX OpraHizawisix Iis
¢dopmyBanHs Hanionansaoi Ctparerii oXxopoHH mpatii B
VYkpaini.

Metoro cTarTi € JOCHIKEHHS BUMOI PaMKOBOi
crparerii €C 3 CY O3ibII na nepiox 202-2027 pp. Ta BU-
3HAYCHHs OCHOBHUX LIJICH JJIsl CHCTEM YIPaBIIiHHS 0XO-
POHU 370pOB’s Ta OE3MeKH Ipalli B OpraHi3alii 11 3Me-
HILIEHHS TPaBMaTU3My Ta NPOQECiiiHUX 3aXBOPIOBAHb.

Marepianu i meronu. st mociimkeHHs: OyB BUKO-
pucTaHui GopMai3oBaHUI KOHTEHT-aHaJII3, SIKUH TIpe-
CTaBIIsI€ COOOIO SIKICHO-KUTBKICHHI METO]] BUBUYCHHS 10~
KyMEHTIB, KU Tosirae B 00poOIi TEKCTY 3 0100
iHTepIIpeTaniero pe3ynprariB. [locinoBHICTE Aill cKila-
JAETHCS 3 OTIIAMY JTOKYMEHTY (30BHIITHE JOCIIIKSHHS ),
BHBUYEHHI HOTO 3MICTy, BU3HAYCHHS KIIFOUOBUX (PopMy-
JIIOBaHb W BHYTPINTHE JTOCIIHKSHHS, & caMe HOro KOHTe-
KCTy, CMHCIIOBOTO HaBaHTa)XCHHs. BHyTpimmHii aHami3
CKIIQJIA€THCS 31 3MICTOBHOTO, IOPUINIHOTO Ta MICHUXO0JI0-
TIYHOTO OIIHIOBAaHHS JOKYMEHTY 3’SICyBaHHI 3MiCTOBHUX
OJIMHMUIIb, SIKI MOYKHA OJHO3HAYHO (DIKCYyBaTH Ta TEPCK-
JaaTH y KUIbKICHI MOKa3HUKHU. 3MICTOBI OJMHUII BiJ0-
OpaskaroTh MPOBIIHY 1/1€10 TEKCTY Yepe3 OKpeMi OHSTTS,
sIBHIIA, TTIOAIT Tomo. OCcOOIMBICTIO IIBOI'O HAYKOBOTO Me-
TOJy € TOH (haxT, o iHpopMaIlis, 1Ka MICTUTBCS B JIOKY-
MeHTax 3i0paHa /s JOCHI/DKEHHS IMEBHOI MpoliemH,
SIKY JTOCITIIHUK HE MOJKE Ha BJIACHHUU PO3CY]l 3MIHIOBATH,
JTOTIOBHIOBATH 1H(POPMAIIit0, TKA MICTUTHCS y HUX.

Pe3yabTaTu pociigKeHHs

VYkpaiHa oTpuMaiu cTaTyc KaHAu1aTa Ha 4JIEHCTBO
y €C Pamkosa Ctpateris €C 110710 310pOB’si Ta Oe3MeKu
npati 2021-2027 pp. mae Ha3By "besnexa mpari Ta oxo-
pOHa 3710pOB’sl Ha pOOOTI B MIHJIMBOMY CBITI mpari'”, 1o
MAKPECITIOe HEOOXIAHICTh yIpaBisaTH 3MiHamMu B CY
O3ibI1. Pamkosa Crparerist €C 6a3yeTbcst HA HACTYITHHUX
st croBnax CY O3iBIT €C (puc. 1):

1. 3minHena 0a3a 10Ka3is;

2. [MoTy>xHWH coliaNbHAN iaoT;

3. MobinizoBaHe iHAHCYBaHHS;

4. TTokpallleHHs MPaBO3aCTOCYBAHHS;

5. [igBuIieHHsT 00I3HAHOCTI.

PAMKOBA CTPATEI'TA €C
310poB’s Ta 6e3mexn npami 2021-2027

3AXO/H €K

3AKJ/IMKH €K JJO

JIEPJKAB YIEHIB €C

2. lHoxpamenHd NpoQiIaKTAKE
HeImACHHX BHIAJAKIBE i
3aXBOPIOEAHE HA BHPOOHHNTEL

1. HepenGadeHas Ta
YOpAapJiHAA 3MiHAMH

MOTY>KHHH
COIIATHHHKN
JIAJIOT
MOBLII30BAHE
OIHAHCYBAHHS

<
2
-
23
(S
§O
H
=
-
(4]

TIpoMHCIIOBA Ouadpora Teris
Teria €C

PedopHH €C
3JeqeHa KHATA Opo onelicbka 3ejieHa XapTii OCHOBHHX
CTapinEA ¥roma Ilpas

Po3paTKy XiMiTHAX

3. IlinBHIeHHNA TOTOBHOCTI 10
OyIb-AKHX DOTCHIIHHAX
MaHOYTHIX KpH3 370poB'sl

IIOKPAINIEHHSI
IIABHINEHHST
OBI3HAHOCTI

MPABO3ZACTOCYBAHHA

Ilnan giii
€EBponeicbKol
OcaoBH
ConiansHEX

Ipas

Tpuanan 10
€BponelicbKAX
OcHoB
Conianseex Ipae Mik KpaiHaMHA-
qaeHaMun €C

OCHOBA PAMKOBOI CTPATETTI 2021-20227: IOKYMEHTIH €C, CTPATEI'TL, ITPITHIIII, IUTAHI, BIMOTH TOILO

Puc. 1. Ocnosa PamxoBoi Crpaterii €C

Po3po6ka PamkoBoi crpaterii €C po3pobisiiack Ha
OCHOBI 3arajibHUX eTamiB (puc. 2), 3 ypaxyBaHHsIM €Bpo-
neiicbkux 1 MIDKHapOAHMX JIOKYMEHTIB IpH Y4acTi
"American Council on Science and Health" (ACSH),
"European Agency for Safety and Health at Work" (EU-
OSHA), "Committee of Senior Labor Inspectors"”

(CSLI). e no3Boauio chopMyTOBaTH MOAEITH OHOBIIE-
HOTO OaueHHS CUCTEMH YIPABIIIHHS 3 OXOPOHH 3/I0POB’S
i Oe3nexu mpami Ha TPHOX IHTEIPOBAHMX KIIFOUOBHX IIi-
JSIX-HANPSIMKaXx, 110 JAI0Th CHHEPIeTUYHHUN eeKT B ya-
CTHHI 3MEHIICHHS BTPAT XKUTTSI Ta 3J0POB’ s ITPALIIBHUKIB
B €C (puc. 3):
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1. IlepenOaueHHst Ta ymnpaBiiHHS 3MiHaMH B HO-

BOMY CBITI Ipalli, BUKIMKaHUMH TIEPEX0/1y Ha 3€JIeHl Ta  KiB i 3aXBOPIOBaHb HA BUPOOHUIITBI;

uudposi TexHoJorii Ta aemorpadiyHO0 CHUTyali€n -

crapinHs HaceneHHs €C; LIHUX MalOyTHIX KPHU3 37I0POB'S.

Crparerii Ctanoro

€Bponeiicbka
3eqena Yrooa

IMagpora

Crpareria €C

IIpomnc/IoBa
Crpareria €C

3elena KHHra opo

cTapinnsa

JorosopH - cB

yTom| Mix Xaprii P

KpaiHaMH- Ocnopnnux Ilpas
yieaamu €C

Co

TocTnangeMivHaHi Tlepexin Ha :
CBIiT TeXHOJIO

PamkoBa Crpareria €C niono 310poB’s Ta 0e3n

2021-2027

2. TokpareHHs: TPOQIIAKTUKYA HEIACHUX BUIIA[I-

3. [lizBuIIEHHSI TOTOBHOCTI IO OYb-SIKUX MOTEH-

Oxopona 310poB’s Ta 0e3NeKH Npailli NpaNiBHAKIB

IMpranan 10
omelChKAX
Ocuor
niaILHAX
Ipae

ini

Cranoro Po3BHTKY

OOH

Ilepexig na nudposi
TeXHOJIOTIT

¥

eKH npani

Puc. 2. OcHOBHI JOKYMEHTH Ha OCHOBI sIKHX Oyna po3pobnena PamkoBoi crparerii CY O3ibII €C 2021-2027

2, [ToxpameHHA
npodirakTuku
HEIACHUX BUIIA/IKIB
i 3axBoproBaHb

HAa BUPOGHUITBI

1. ITepenbauenns Ta
YIIPaBJIiHHA 3MiHAMHU

Cuneprisa
B O3iBII
1. 3min;

2, Ilpodinakruxm;
3. 'orosnocri

1+2+3

2. ITiABUIICHHA TOTOBHOCTI 32
Oyb-AKUX MOTEHI[IHHUX
MalOyTHIX KpU3 3/10POB’A

Puc. 3. Mozens cuneprii kimouoBux niieii-Hanpsmkis Pamkosoi Crparerii CY O3ibIT €C 2021-2027

Buxogsun 3 Moz

el cUHEpril KJIFYOBI IiTi-Hamps-

MKH Oyio moB’s3aHo i3 3axomamu €K Ta 3aknmkamu 10 KOHOZaB4y 0a3y 3 Oe3mexw mparti,

neprkaB-wieHiB €C, ki pa3oM i3 3ampoIIeHHsIMHA JI0 CO-
miaJbHUX TApTHEPIB HampaBiieHi Ha mokpameHas CY
O3ibIl. Lle no3BoimiIo chopmyBaTu BiJIOBIAHI 3aX0qH

IUISL IiABUILEHHS O€3I

yIpaBiiHHS 3MiHaMHU. 30KpeMa, HeoOXiHO OHOBUTH 3a-

po3mnouatu "Kammna-

Hito EU-OSHA 3a 310poBi po6oui mictst" Ta po3pooutu
AQHAJIITHYHY OCHOBY, €NIEKTPOHHI iIHCTPYMEHTH Ta BKasi-
BKU JUIS OLIHKM PH3HKIB, IOB’S3aHUX ICHXOCOLIalb-

eku mpari (Tadi. 1 — 3) Ha OCHOBI ~ HHMMU Ta EPrOHOMIYHUMHU HEOC3NCUHUMH YHHHUKAMH.
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Amnanizyroun nani B Tabin. 1-3 3a oGnactsamu po3Bu-
TKY MO’KHa 3pOOMTH BUCHOBOK, 1[0 OCHOBHOIO IIIJUTIO-Ha-
NPSIMKOM paMKoBoi crparerii mig Ha3oro «llepenba-
YEeHHsI Ta YIPaBIiHHA 3MiHAMI, SBISIOTECS 3axoau €K,

SKi B IEpUIy Yepry HarpasJeHi Ha PO3BHTOK Ta IOKpa-
meHHs cuctemu ynpasininas O3iBI1, o apyre ne 3axucr
BiJl HEOE3MEYHNX PEYOBHH, 10 TPETE 3MEHIICHHS PU3H-

KiB (Tabm. 4).

Tabnuysa 1 — 3axoam Komicii €C pasa uini-nanpsavky '[lependayenns Ta ynpapiiHHsa 3minamu''

3 sikot0 cheporo

3. POBOTO ITU(PPOBOTO MaOYTHHOTO, 30KpEMa OXOTI-
JIFOIOYH TICUXOCOIiabHI Ta @prOHOMIYHI PH3UKH
(repmin Bukonanns - 2023-2025 pp.)

(mepexin Ha nud-
POBI TeXHOJIOTT)

Ne 3/m o Oyne pobutuncs Ipnmitka
[Ho Oyze p OB 513aHO P
OnoBuTH 3aK0HOaBYY 6a3y mojo CY O3ibIl, JupextuBa Pamu 89/654/€EC Bix 30
OB’ s13aHy 3 IU(POBI3aIl€l0, UITXOM MEPETIISIITY CVY O3ibII (nepe- | mucronana 1989 p. momo MiHIMab-
1. JupextuBu npo podoui Miciil Ta JIUpeKTUBH po Xig Ha HUQpPOBi Te- | HUX BUMOT OE3MEKH Ta Tiri€HH Mpari
eKkpaHHe o0nagHaHHA (TepMiH BUKOHAHHS - 10 2023 XHOJIOTI1) Ha po00YOMY MiCIIi.
POKY)
2. 3amponoHyBaTH 3aXMCHI I'PaHUYHI 3HAYCHHS JJISL:
JupexruBa 2009/148/€C €ppomneiich-
. . . Koro napiamenty ta Paam Bix 30 mwc-
Asbect y JlupexTusi npo a3decT Ha BUPOOHHUIITBI Hebe3mneuni peuo- P Y A BUL .
21 . . tonazna 2009 poky Ipo 3aXUCT MpaliB-
(TepmiH BukOHaHHS - 2022 pik) BHHH AR . , .
HHKIB BiJl pH3HKIB, ITOB’I3aHUX i3
BIIMBOM a30ecTy Ha poOOTi.
JupexruBa Pagu 98/24/EC Bin 7 kBi-
S . S . THS 1998 poKy mpo 3aXUCT 300POB'S
CauHenp i Aii3omiaHaty B JIUpeKTHBI PO XiMidHI He6e3neuni peuo- POKY TP HCT 310POB *
2.2 . . Ta OE3MeKH MPaliBHUKIB BiJ] PH3HKIB,
areHTH (TepMiH BUKOHAHHS - 2022 pik) BUHH : .
TOB'SI3aHUX 3 XIMIYHIMHU PEYOBHHAMHI
Ha poOoTi.
. .. . npekrusa 2004/37/EC - kannepo-
Kob6anbty B JlupekTusi mo/0 KaHueporeHiB i MyTta- | Hebesneuni pedo- Aup Hep
2.3 . . TeHH, MyTareHu abo TOKCHYHI /TS pe-
reHiB (TepMiH BUKOHaHHS - | kBapTan 2024 poky) BUHU .o .
IPOAYKIiH peuOBHHU HAa POOOTI
Poznouarn «Kammaniro EU-OSHA 3a 310poBi po-
604i MicIIsT», IIOJI0 CTBOPEHHS OE3MEYHOTO Ta 3710~ CVY O3ibIl

«Kammanist EU-OSHA 3a 310poBi po-
60u4i MicIsD»

VY cmiBmparii 3 aep>kaBaMH-4ICHAMH Ta COIialb-
HUMH TTApTHEPAMHU IiArOTyBaTH HE3aKOHOJABYY iHi-
niaTuBy Ha piBHI €C, OB’ s3aHy 3 ICUXIYHUAM 3]10-
POB’sIM Ha poOOTI, AKa OI[IHIOE HOBI MPOOJIEMH,

OB 5I3aHi 3 IICUXIYHUM 37I0pOB’sIM (TEpMiH BHKO-
HaHHs — 2022 pik)

3axBOprOBaHHSA
(icuxiuHe 3710-
poB’st Ha poboTi)

Po3po0ka BKka3iBOK Ta peKOMeHAALIiH,
110 /10 OXOPOHH TICHXIYHOTO 3/10POB’ s
MIPaI[iBHAUKIB.

Po3po0OuTH aHamiTHYHY OCHOBY, €JIEKTPOHHI IHCTPY-
MEHTH Ta BKa3iBKHU JUIA OLIHKH PU3UKIB, OB’ I3aHUX
5. 13 3eMeHUMH Ta T(GPOBUMH POOOTaMH BKIIFOUAIOUH,
MICUXOCOIIIANBHI Ta PrOHOMIYHI PU3UKH (TepMiH

CVY O3ibI1
(mepexin Ha und-
POBI Ta 3eJeHi TeX-

Po3po0ka BKka3iBOK Ta peKOMEHIALIiH,
M0 JT0 OIiHKH PU3UKIB HEOE3MEK: MPH
nepexo/i Ha 3eJieHi Ta [UdPOoBi Tex-

CJIOBUTHU JIYMKY, IIOJI0 iITPUMKH IICUXI4HOTO 3710~
POB’S IPALliBHUKIB OXOPOHU 3I0POB’SI Ta iHIIAX OC-
HOBHHUX IPAIiBHUKIB (TepMiH BukoHaHHs - 2021
pik)

(ncuxivyHe 3710-
POB’sI PaNiBHHKIB)

! HOJIOTIT HOJIOTIT
BukoHaHHs — 2021 pik) )
[MompocuTH rpymy eKChepTiB, o0 ¢HEKTUBHUX
cr1oco0iB IHBECTYBAHHS B OXOPOHY 370POB s, BH-
y POHY 310D > 3axBOPIOBaHHS

Po3pobka 3amo0i>KHUX 3aX0iB IOA0
iHQEKIIHHIX XBOPOO

Tabauys 2 — 3anpomenHs Komicii €C 1o coniaibHuUX napTHepiB A0 3aX0aiB 1JIsl HiTi-HANIPAMKY

"'mependavyeHHs Ta ynpasJiHHsa 3MiHaMu'’

NoNe

3anpoleHHs 1o poOUTHCS

3 siko10 cheporo MoB’sI3aHO

BokuTH 3aXO0/1iB | OHOBHTH iCHYIOUI yro/i Ha MKTally3eBOMY Ta rally3€BOMY PiBHAX
1. Jutst BupimieHHs: HoBux nmutanb CY O3iBIl, mop’s3aHuX i3 HUGPOBUM PHHKOM IIpaili,
30KpeMa IICHXOCOIIATbHUX Ta PrOHOMIYHIX PU3HUKIB (TepMiH BUKOHaHHS 2023 pik)

CY O3ibII (nepexix Ha 1u-
(poBi TexHOIOTIT)

3HaWTH y3ro/KeHi pillleHHs JUTsl BUPIMIeHHS IPo0iIeM, OB’ I3aHMX i3 JUCTAHIIHHOIO
2. po6oTOI0, U(POBI3ali€l0 Ta TPABOM Ha BiIKITIOYCHHS, CIUPAIOYUCh Ha PaMkoBy
Yroay €sponeticbkux Comianeaux [TapTHepiB moa0 nudposizamii

CY O3iBII (nepexin Ha 11-
(dpoBi TexHOIIOTT)

B Tabnutsx 5-7 mpeacTaBiieHi 3aX0/u, SIKi pekoMe-
HJY€ThLCS 3aMpPOBAUTH y JepkaBax-wieHiB €C 3 mocsr-
HEHHS IJIi «ITOKPAIICHHS MPOQITaKTUKN HEIACHUX BHU-
MaJIKIB 1 3aXBOPIOBaHb Ha BUPOOHUIITBI», 110 OB’ sI3aHE
B IIEpIIY Yepry 3 COpuitHATTAM niaxony «HymsoBoro ba-
YCHHS» JIO CMEPTCH, MOB’sI3aHUX 3 POOOTOI0, ILIIXOM

MTOKpAIIeHHs 300py AaHUX MPO HEIIacHi BUMAIKH, CTBO-
PEHHS CIIeliali3oBaHOi TPUCTOPOHHBOI POO0Y0i rpymnH
«HynboBoro baueHHs» 3 rpOMaICbKUMU 3aXUCHUMH Op-
ravizanismMu (Hanpukian KowmiTeT iHCHEKTOpiB mparli
(SLIC)) Ta AMEpHKaHCHKOIO PAIOK0 3 MHTaHb HAYKH Ta
oxopoHu 310poB’st (ACSH).
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BaxnnBoro yMOBOIO JUIsl 3MEHILICHHST TPABMaTH3MY
SIBIISIEThCSL OHOBJIEHHA npaBuB €C mon0 HeOe3neyHHx
peduoBUH AJsl OOPOTHOM 3 paKoM, PENpPOIYKTUBHUMH Ta
pecIipaTOpHUMH 3aXBOPIOBAaHHAMH IIJISIXOM KOHCYJIbTa-
il 13 coIliaIbHUMHK MapTHEPAMH MO0 3HWKCHUX Ipa-
HUYHUX 3HA4YeHb IIKIJUIMBUX PEYOBUH Y IMOBITPi pobo-
YNX 30H, BU3HAUeHHS MPIOPUTETHOTO MEPEITiKy penpo-
TOKCHKAHTIB Ta iHme. KpimM Toro, s BUKOHAHHAM ITij-
xoxy «HympoBoro bauenHs» 1010 cMEpTHOCTI, TTOB’s13a-
HOi 3 poboToto, B €C mependadaeTbes 3a0e3MeIUTH TTOK-
pareHe KepiBHULTBO Ta HABUYAHHS IIOJI0 OIiHKU PU3UKIB
Ta 3aXO/iB 13 3aM00IraHHS HEUIACHUX BUIIAJIKIB, 30KpeMa
JUISL MIKpOIIATIPUEMCTB. AHajli3yroud JaHi 3 Tabi. 5-7
BCTAQHOBHJIH, 1110 OCHOBHOIO 3aJia4yelo JuIsl peastizawii miti

PamkoBoi Crparerii - "[lokpamieHas npodinakTuku He-
[[ACHUX BHIIAJIKIB 1 3aXBOPIOBaHb HA BUPOOHUIITBI'" SBJIS-
€TBCSI, 3HOBY K TakH 3aKiuK J10 nokpamenus CY O3ibIl,
a Ha ApyroMy Micui — Lie 3HWKEHHS "'pHU3HUKIB", a Ha Tpe-
THOMY — 3HI)KEHHS KIIBKOCTI BHKOPHCTaHHS HeOe3red-
HUX pedoBHH (Tadi. 8). B Tabm. 9 i 10 nmpencrapneHi 3a-
XOIM OO0 JOCATHEHHS il 3 "IMABUIEHHS TOTOBHOCTI
JI0 10 OYIb-SIKUX TIOTEHIIHHUX MalOyTHIX KpU3 370PO-
B's". Tak, mepenbadaeTbes, MO B OpraHi3amisx HeoOXi-
JTHO TIPOBECTH MOTJIMOJICHY OLIHKY HACIIAKIB MaHAeMil
ta epexruBHOCTI podotn CY O3ibII s po3podku Ha-
3BUYAaHUX MPOLEAYP 1 BKa31BOK ISl IIBUJIKOTO PO3TOp-
TaHH$, BIPOBA/KCHHS Ta MOHITOPHUHTY 3aXO[iB Yy IOTe-
HI[ITHUX MallOyTHIX KpH3ax.

Tabnuys 3 — 3akauxu Komicii €C o nep:xkas-uneniB €C pis nini-nanpsimky "'Tlependayennsi Ta ynpapiinss 3minamu’’

Ne 3/m 3aKIUK 10 TIOBUHHO POOUTHCS 3 sK010 cheporo MoB’A3aHO
OHOBHUTH CBOIO HaIlIOHANBHY 3aKOHO/IaBUYy 0a3y, KOHCYJIBTYIOUHCH 13 COIliab-
HHUMHU [TapTHEpaMu, 100 YCYHYTH PU3UKH Ta BUKOPHCTATH MOXIHMBOCTI CY CV O3iBbII (mepexin Ha nud-
1 O3ibIl, noB’s3aHi 3 mepexoAoM Ha 3ejeHi Ta Tu(POBi TEXHOJOTII. POBi TEXHOJIOTIT)
' Jlep>kaBu-useHn NOBUHHI 30CEPEIUTHCS HA BUKOpUCTaHHI udposux inctpyMmeH- | CVY O3ibIl (mepexin Ha mud-
TiB, 1100 3pOOHUTH 1HCHIEKIIiO Mpari OUTBII €PEeKTUBHOIO IUIIXOM SIK 3alI00IraHHA, | POBi TEXHOJIOTIT)
TaK i BUSIBICHHS IIOPYIIEHb 3aKOHOIaBCTBA.
2 IIpoBoautu «eK(.:l'[epTHi OLIIHKM», [0 CTOCYIOTHCSI NPO(ECiHHNX IICUXOCOIiab- Pusuku (.nchocouianbﬂi Ta
HUX Ta ePrOHOMIYHHX IPOOJIEM. €proHOMIiYHi pobJIeMn)
3 [MocunuTi MOHITOPHHT 1 30ip JaHUX IIOJI0 TMICUXIYHKX 1 ICHXOCOIIAIbHAX PH3H- Pusuku (TICUXivHI 1 ICUXOCOIIi-
) KiB Y Pi3HHX CEKTOpax (ramyssx). AJIbHI PU3UKH)

Tabruys 4 — KinbkicTb 3ax0/iB, 3akauKiB Ta 3anpomens €K no uini-nanpsmky Pamkosoi Ctparerii

"Ilependavenns Ta ynpasJinns 3MiHamu""

3aKiuKe 10 3anporieHHs 10 Bci (3ax0/1, 3aKJIUKH Ta
O6nacTh pO3BUTKY Ta MOKpa- . .
No 3/m g 3axomu €K | meprkaB WieHIB | cOWialbHUX Iap- 3aMpOIEHHS!)
menus O3ibI1 . —
€C THEpIB KUTBKICTD %
1. CY 03ibIl 4 1 2 7 50,0
2. 3axBOpIOBaHHS 2 0 0 2 14,3
3. Hebe3neuHi peyoBUHI 3 0 0 3 21,4
4, Pusuxu 0 2 0 2 14,3
5. CucTeMa 0X0pOoHa 310pOB’s 0 0 0 0 0
6. I'eHepHE HACUIIBCTBO 0 0 0 0 0
7. IHCcmekmist mpari 0 0 0 0 0
Bcroro, B KITBKOCTI 9 3 2
Bcenworo, B BiacoTkax (%) 64,3 21,4 14,3 14 1000
B miZicyMKy, B KiJIbKOCTI 14

Tabauys 5 — 3axkauku Komicii €C no nep:xap-wieHiB €C 1715 10CATHEHHs LiJi-HANIPAMKY
"IlokpameHHst Mpo(}iJJaKTHKHN HeIIACHUX BUNAAKIB i 3aXBOpIOBaHb Ha BUPOOGHUITBI"

Ne 3/m 3aK/IuK 110 TOBUHHO POOUTHCS 3 s1KO10 cheporo MOB’sA3aHO
1 [pamroBary Hag BUKOHAaHHIM miaxoay «HymnpoBoro baueHHs» momo cMepTHOCTI, CVY O3ibII (ITixxig «Hymso-
' |moB’s13aH0i 3 poboToro, B €C. Boro baueHus» 1o cmepreit)
2. | 3Bepraru yBary Ha npodyeciifHi pH3UKH, NOB'sI3aHi i3 3aXBOPIOBAHHIMHE CHCTEMH KPOoBOOOITy. | Pu3mnku cuctemMn KpoBooOiry
3 [TpocyBatu €Bpone1}'101>|<.14y”1 l'!pompaxosnﬁ Kozekc cepen mpariBHUKIB, 1100 MiIBHIIUTH Pusuii paky
iXHIO MEIMYHY IPaMOTHICTb i 3MEHIIIMTH PU3UK PAKY.
4 OuiHKa Ta BUPIIICHHS PU3MKIB, IPUALIAIOUN 0COOJIMBY yBary rpymnam, siki HaiOibiIe Pusik COVID-19
' | mocTpaxkian BiJ maHAeMii, TaKUM SIK JIFOAU 3 0OMEKEHUMH MOXKIIHBOCTSIMH.
5 AKTI/I.BHO l'I.iIITpI/IMyBaTI/I peiHTerpario, HeIMCKPUMIHAILIIO Ta aJJaNTaIlil0 YMOB Tpaili CY O3iEM
MpaliBHAUKIB, XBOPUX HA paK a00 THX, XTO MEPEXHB paK.
6. | CpusTtu reHaepHUM MIpKyBaHHIM y pO3po0ili, peasisailii Ta 3BiTHOCTI. ["eHiepHe HACHJILCTBO
7 AXTHBHO 6OpoTHCS 3 HeOe3IeKaMH B CHCTEMi OXOPOHH 3/I0pPOB’si, 3alIPOBA/KYIOUH Ta Pu3nku HeOe3neku B cUC-
' | BmpoBapkytoun Ge3nedHi pobodi mporeaypu Ta 3a0e3nedyoun BiAoBiAHe HABYaHHSI. TeMi OXOpPOHH 30pOB’s
8 3abe3neynTy MoKpanieHe KepiBHUITBO Ta HABYAHHS 100 OIIHKH PU3UKIB Ta 3aX0/iB i3 | Pusukum aist Mikpomiamnpu-
' | 3amobiraHHs, 30KpeMa JIsl MiKPOITi IIPHEMCTB. €MCTB
IMpoBouTy HaBUaHHS (hepMepiB depe3 KOHCYIIBTALIHHI CITyO0u U1 (hepMepiB, 00 ITiBH- CVY O3ibII (npaBuia oxo-
9. | umTH iXHi HABUYKH Ta OOI3HAHICTH II0/I0 TIPABIII OXOPOHH 3[0pOB’s Ta Ge3neKu Ha epmax, POHH TIpalli, BKIIOYAIOUH Xi-
BKJIFOYAI0UM OE3MEYHE BUKOPHUCTAHHS XiIMIYHHIX PEUOBHH, 30KpeMa 3ac00iB 3aXHCTY POCIIHH. MiYHI PEYOBHHHU)
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Tabnuya 6 — 3axoau Komicia €C pist nocaraenns wini "Ilokpamenns npopijakTukn

HEIIACHUX BUMA/IKIB i 3aXBOPIOBaHb HA BUPOOHUUTBI"

Ne s
. 1o 6yxne pobutHcs 3 K010 cheporo MoB’sI3aHO
1. Cnpusiti migxony «HyneoBoro badeHHs» 10 cMepTel, OB’ si3aHUX 3 POOOTOI0, UIIXOM:
[MokpamenHs 360py JaHUX PO HEIIACHI BUTIATKKA Ha BUPOOHHIITBI Ta podeciiiHi 3a- CY O3iBIT (Mixxia "H.
1.1. | xBOproBaHH!, a TAKOX aHAJIi3 OCHOBHUX IIPUYUH KOXHOI CMEPTi UM TPaBMH, IIOB’I3aHOT e
160Boro bauenns')
3 BUPOOHUIITBOM;
CTBOpeHH! crieniani3oBaHoi TPUCTOPOHHBOI pobodoi rpynu «HymsoBoro bauenns» . o
1.2 | ACSH ra po3po6ka 1inboBuX iHQOpMALIHHHIX il Ta iIHCTPYMEHTIB ISl MiABUILICHHS CY O3ibII (lixxin "Hy-
' . posp P Py npoBoro bauenns")
0013HaHOCTI;
IMocuenns npaBo3acTocyBaHHs nusixoM miarpumku SLIC y minBuineHHi 06i3HaHOCTI CVY O3ibI1
1.3 | mozno 3MeHIIeHHS CMEPTHOCTI, OB s13aHO1 3 po0OTO0, HA PiBHI KOMIIaHii, 00MiHy Hepe- (Ilizxin "HymsoBoro ba-
JIOBUMH MIPAKTHKAMH Ta I ITPUMKOFO TiIBUIICHHS KBATI(DiKaIli1 JUTsl iHCIIEKITH mparti JeHHS'"
2 Onoutr npasmia €C 1070 HeOE3MeYHNX PEYOBHH JUIsl 00POTHON 3 PaKOM, PENPOIYKTHBHAMH Ta PECIiPaTOPHUMH
' | 3aXBOpPIOBaHHIMH IUIIXOM:
3amoyaTKyBaHHS KOHCYJBTAIH 13 COI[iaIbHUMH MapTHEPAMU MO0 3HIKCHUX T'PaHnY-
2.1 | HUX 3HAYCHb [UIS 3BAPIOBAIBHUX JUMIB, MOJIMUKIIYHUX apOMATHYHHUX BYTJICBOIHIB, 130~ Hebe3mneuni peuoBunn
npeny Ta 1,4-miokcany (Tepmil BuKOHaHHS — 2023 pik)
Bu3HaueHHSs IPiOPUTETHOTO MEPEITiKy PENPOTOKCUKAHTIB, SKi MAlOTh OYTH PO3TJISTHYTI .
2.2 . Mpop PEMKY perp > yrp y Hebe3mneuni peuoBunn
4epes3 BiINOBIHI TMPEeKTHBY (TepMiH BUKOHaHHS — 2021 pik)
Hanary oHOBJIEHI pekoMeH/aIlil, 30KpeMa 1010 HaBYaHHs, IPOTOKOJIB, HAIJISAY Ta MO-
3. | HiTOpHHrY, IUIs 3aXUCTY TPALiBHUKIB BiJl BILTUBY HeOe3MEUHUX PEUOBHH (TEPMiH BUKO- Hebe3mneuni peuoBunn
HaHHs — 2022 pik)
4 [MigroroBka HarsAAy Oe3MeKH Mpalli Ta OXOPOHH 3I0POB’Sl B CHCTEMi OXOPOHH 3I0POB’ st Cucrema 0XOpOHH 3]10-
) Ta gornsny y cmiBmpaiti 3 EU-OSHA (tepmin BukoHanHs — [ kBaprtan 2024 pik) poB’st
[MixTpuMyBaTH MiABHIIEHHS 00i13HAHOCTI 100 3aXBOPIOBAaHb ONIOPHO -PYXOBOTO ara-
ATpHMY JIBHILL R p PHO ~pyX( 3axBOPIOBaHHS, TCHACPHE
5. | pary, paky Ta HCHXI9HOTO 3JI0pPOB’sl, @ TAKOXX IOMaraHb Ha poOOYOMy MicIi Ta reHep- HACHIILCTEO
HUX YIIepeIKeHb.
3anponoHyBaTH 3aKOHOIABYY 1HII[IATUBY OO0 3aMO0IraHHs Ta IPOTUIT TeHAECPHOM
6. POToHy . Y 4 ranp PHOMY I'enepHe HACHIIBLCTBO
HACWJIbCTBY IOJI0 YKIHOK Ta JIOMAllTHbOMY HACHJIBCTBY (TepMiH BUKOHaHHs — 2021 pik)

Tabnuysa 7 — 3anpomennsi Komicii €C no conianbuux naptHepis 1s nocsaraennst «[lokpamenns npodinakrukn

HeLIACHUX BUMA/IKIB i 3aXBOPIOBaHb HA BUPOOHUUTBI»

Ne
3/ o 6yne pobutucs Cdepa
P03po0OuTH KEPiBHUIITBO [T CHCTEMI OXOPOHA 3[I0POB s, 30CEPEIKYIOUNCH, CepeN 1H-
1 [I0T0, Ha 3aXHCTI MPALliBHHUKIB BiJ] BIUIMBY HEOE3MEYHUX JIKapChKUX 3aC00iB, BIIKpHBa- Puznku Hebe3meuHnx
' 10un nutsix it po3pobku “online tool for interactive risk assessment” (OiRA) creria- niKapchKux 3aco0iB
JIBHO JUTSL CHCTEMH OXOPOHH 310poB’s y cmiBnpati 3 EU-OSHA.

Kpim TOTO, CKIIaCTH TUTAHU TOTOBHOCTI JI0 Mai0yT-

Amnaiz 3a o0nacTsMu PO3BHTKY Ta MOKPAIICHHS B

HiX Kpu3 y HamioHampHUX cTpaterisx O3ibIl, Bxiroua-
I0YH PO3pOOKY MEXaHi3My KOOPIMHAIIi MiXK OpraHaMH
cucteMu 0xopoHH 310poB's (MO3) Ta 0XOpOHH 30pOB’s
Ta Oe3nexu mpaui. Takox BUHUKae notpeda y po3poOii
KepiBHUITBO JUIsl IHCIIEKTOPIB Mpali MO0 OLHKH KO-
CTi OLIHKM PHU3MKIB Ta 3aXOiB 3 KEPyBaHHSA PH3UKAMH
BiNOBITHO 10 JIMpeKTHBH Mpo Gi0JIOTiYHI areHTH.

coepi CY OIibII (Tadmn. 9 i 10) mo3Boisie 3poOUTH BHCHO-
BOK, IIJ0 OCHOBHHM JIi€BUM MEXaHi3MOM JIJIs IT1/IBUILICHHS
TOTOBHOCTI JI0 Oy/b-SIKMX MOTCHIIHAX MalOyTHIX KpH3
37I0pOB'sl SABJISETBCS TIABUILEHHS pe3yibTaTuBHOCTI CY
O3ibII Ta po3pobKa 3ax0/IiB 010 3MEHIICHHS 1HPEKITiH-
HUI 3aXBOproBaHb. KpiM ToTO, 1 CHY€ pexoMeHaris i3 3a-
noyatkyBauHs [Hemekmil mpari (tabu. 11).

Tabnuys 8 — KinbkicTh 3ax0/iB, 3akJuKiB Ta 3anpomensb €K mus wini "'Iokpanienns: mpopiJakTHKH
HEI[ACHUX BHMAJKIB i 3aXBOPIOBaHb HA BUPOOHUUTB""

O0nacTh pO3BHUTKY Ta MOKPAIICHHS 3axmiku 10 3anpo.meHHﬂ Ao Bei saxom, saimicu Ta
Ne 3/m . . 3axomu €K | nmepxas uie- COLiaIbHIX 3aMpoIIEHHS
cuctemu ynpasniHasa O3ibI1 . . P
HiB €C napTHEpPIB KUJIBKICTh %
1. CY O3ibI1 4 3 0 7 35
2. 3axBOpIOBAHHS 1 0 0 1 5
3. HebGe3neuHi pe4oBHHA 3 0 0 3 15
4. Pusuku 0 5 1 6 30
5. Cucrema 0XOpOHa 3/10pOB sl 1 0 0 1 5
6. ['eHiepHEe HACHIILCTBO 1 1 0 2 10
7. IHCmekmist mpari 0 0 0 0 0
Bceporo, B KiIbKOCTI 10 9 1
Bceboro, B Biacotkax (%) 50 45 5 20 100
B nincymKy, B KiTbKOCTI 20
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Tabauys 9 — 3axoau Komicisa €C B uini-nanpsamky "'[linBuieHHs roroBHOCTI
10 OyIb-sIKHX MOTeHIiiTHUX Maii0yTHiX Kpu3 310poB's"

]3\52 o 6yne poburucs Coepa
HeraiiHo po3noyaTy mornubiieny ouiHKy HaciakiB nanaemii ta epexruHocti €C CY O3iBII mst 3axBoproBaHHs
1. |po3pobku Hag3BHMUANHUX MPOLEAYP 1 BKa3iBOK AJIS IIBUIKOTO PO3TOPTAHH:, BOPOBAPKEHHS Ta MOHi- COVID-19
TOPHHTY 3aX0JiB y cepi 0XOpoHH 310poB’si (TepMiH BuKkoHaHHS — 2021 pik)
2 Onosnenns Pexomennanii Kowmicii momo npogeciitaux 3axsopioBans moxo BkmodeHHs COVID-19 | 3axBoproBaHHS
' (TepMiH BuKOHaHHS — 2022 pik) COVID-19
3 Po3pobutu KepiBHHLTBO 1151 iHCTIEKTOPIB Mpalli 00 OLIHKH SIKOCTI OI[IHKH PU3HUKIB Ta 3aXOiB 3 Ke- [HCmexkmis
) PYBaHHs PU3HKaMH BiANOBiAHO 10 JIMpeKTUBHU Ipo 6ioyoriuni areHTH (TepMiH BUKOHaHHS — 2022 pik) nparti
Tabmuys 10 — 3akauku Komicii €C 1o 3axoais s nii-nanpsiMky ""IliiBUIIIeHHS] TOTOBHOCTI
10 OyAb-sIKHX MOTeHNiHHNX MalOyTHIX KpHu3 310poB's”
Ne
o/ 3aKInK 10 ITOBUHHO POOUTHUCS Coepa
1 CKJ1acTH IUTaHH TOTOBHOCTI 10 MaiiOyTHIX KpH3 y HamioHansHUX crpaterigx O3iBIl, Bkmoua- | CY O3IBII (1lIBuaxe
' 1041 IMIUIEMEHTANiI0 KepiBHULTBA Ta iHCTpyMeHTiB €C pearyBaHHs1)
2 Po3pobuTtn MexaHi3Mn KOOpMHALIT MXK OpraHaMH CHCTEMH OXOPOHH 37I0POB'sl T2 OXOPOHU CY O3IBI
) 310pOB’s Ta Oe3MmeKH mpaili (TepMiH BUKOHaHHS - 2023 pik)
3 Ilocunuti MOHITOPHHT Ta e(EKTUBHI MEepeBipKH BUKOHAHHA 30008’ s13aHb moao CY BI1iO3 Tenekuis npari
' 11010 CE30HHUX NPAIiBHUKIB Ipodeciii 3 MiABUIICHIM PH3HKOM.
4 TTocunutu criBmpairto Ta 0OMiH iHPOPMAITIEI0 MK THCTICKIIISIMU TIpaili Ta IHITAMH BiJMOBII- Tcrexmia mpani
' HUMH HalliOHAJIGHUMU OpTraHaMH JUIsl IIOKpaILIeHHs CTaHAAPTIB 3 Oe3NeKH mparti

Tabauys 11 — KinbkicTh 3ax0/iB, 3akJMKiB Ta 3anpomens €K nas mini-nanpsvky "'[linBuieHHs1 roroBHOCTI

10 OyIb-sIKHX MOTeHUiifHNX Maii0yTHIX KpU3 310poB's

[T

No O6yacTh PO3BUTKY Ta MOKpa- 3aKk/IMKU 10 | 3anpoIleHHs 10 Bei 3axomu, 3aKmiku
o/ IICHHSI CUCTEMH YIIPaBITiHHSA 3axoau €K JepXKaB COIATBHUX T4 3aIpPOMICHHS
CY O3ibI1 yieHiB €C mapTHEpiB KIUIBKIiCTE %

1. CV O3ibIl 0 1 0 1 14,3
2. 3axBOpIOBaHHS 2 0 0 2 28,1
3. Hebe3neuHi peyoBUHI 0 0 0 0 0
4. Puzuku 0 0 0 0 0
5. CucTeMa 0XOpOoHa 310pOB’s 0 1 0 1 14,3
6. I'eHepHE HACUIIBCTBO 0 0 0 0 0
7. IHCcmekmist mpari 1 2 0 3 429

Bcroro, B KITBKOCTI 3 4 0 7 100

Bceroro, B BincoTkax (%) 429 57,1 0

B miZicyMKy, B KiJIbKOCTI 7

B pesyinbTaTi npoBeieHOro aHaji3y BU3HAYMIN OC-
HOBHI TIPIOPUTETH Y CTPATETIYHOMY IUIaHyBaHHI PO3BU-
TKy OyIb-SIKOi OpraHi3arlii, mo nepeadadae GpopMyBaHHSI
BIINIOBITHHX IIJIEH y CHCTEMaX YIPaBIiHHSI OXOPOHOIO
3I0pOB’sl 1 Oe3mekoro mpami. [Ipy oMy mparHeHHs 10
3MEHILIEHHS TPaBMaTU3My 1 KUIBKOCTI IpodeciiiHnx 3a-
XBOPIOBaHb MOTPEOYE CIITbHE MPOEKTYBAHHS TEXHITHUX
1 COIIAJIBHUX CHUCTEM, Ha OCHOBI BiJIITOBITHOCTI TIOCTaB-
JIEHI# OCHOBHIM CTpaTeTiuHil METi, SIKa CTOSATH MepeI Op-
rafi3amni€eo Ha OCHOBi BUMor PamkoBoi crparerii. B mo-
JaJbIIIOMY CTpaTeriyHa MeTa J03BOJisie ChopMyJITFOBATH
3aBJIaHHA HAa TAKTUYHOMY 1 OTepamifHOMY PIiBHAX IiaIl-
pHeEMCTBa, puc. 4.

Jdnst mpukiagy: ocHOBHa crpareriyHa ninp CVY
O3ibII sBisteThCSI CTBOPSHHST 37I0POBOTO 1 OE3MEYHOTO
poboYoro micts, sika MoTpedye BiAIOBIIaIBHOTO YIIPaB-
JIHHSL, 3aTy4YeHOCTI KEPIBHOTO CKIIAy opraHizaiii, gop-
MYBaHHS KyJIbTypH O€31IeKH Ha OCHOBI NMPUHHSATOTO ITiJI-
xony «Hyiib TpaBmy.

Peamnizamis crpareriyHoi MeTu niependadae Gopmy-
JIOBAHHS HEOOXIMHUX 3a7ad Ha TAKTHYHOMY DiBHI, Ha-
MPUKIIa, CKIaIaHHs [UTaHy pearyBaHHs Ha Ha/(3BUYaiHI

noii 91 po3poOKK KOHIIETIIi HYJIbOBOTO TPABMATU3MY
9r ()OpMYBaHHS TPy 3 IHCIIEKITIT MpaIli, M0 J03BOIUTh
YTOAWTH BIIMOBITHI MPUIHATI PIlICHHS Ha BCIX PIBHAX 1
cucTeMax Julsi SMEHIIEHHs TPaBMaTH3MYy, a TAKOXK Iepe/-
0auuTh HEOOXiTHY KUTBKICTh pecypciB IS peaizamii
CTpaTerivHuX 3aJyMiB Ul ypaxyBaHHSM IOCTaBJICHUX
CTpaTeriyHuX BUMOT. HacTymHuii piBeHp — OIlEpaTHB-
HUH, e ependadeHo KOHKPETHI KPOKH 3 peasizaliii Bu-
3HAQUEHMX 3aJa4 3 YpaxyBaHHSIM HasBHHX PECypCiB.
OO00B’SI3KOBO Ha I[bOMY DiBHI BHHHKA€ HEOOXITHICTH Y
OMWIHI TpPOoQeciHHNX PHU3UKIB, MPOBEICHHS HABYAHHS
MPAaIiBHUKIB, MOHITOPHHTY YMOB Ipalli.

SIk 3aro0irTu TpaBMaTu3My, BAHUKHEHHIO Ha/I3BH-
YallHUX CUTYyalil, SMEHIINTH KiJIbKICTh PO eciiHmX 3a-
XBOpIOBaHb. [IUTaHHS TOCUTH CKilaJiHE, TOMY BiJIIOBiIb
Ha HBOTO 3HAXOANTHCS B PI3HUX INI00ATBHUX MIXKHAPOI-
HUX JIOKYMEHTax: KOHIEMIII CTAJIOr0 pO3BUTKY UM paM-
KOBIH cTpaTerii 3 OXOpOHHM 3/10pOB’s Ta OE3INEKH Hpalti.
[TpoBenenuii anai3 103BOJISIE BUBHAYUTH KITFOUOBI €Jie-
MEHTH pO30YI0BH SIK HAIlIOHAJIILHUX CTPATEriil, Tak i ¢o-
pPMyBaHHS KOHKPETHHUX IIJIEH s OyJIb-sSKOTO TIiINpH-
€MCTBA.
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Haxans niroya cucteMa yNpasiiHHS OXOPOHOIO
3710poB’s 1 Oe3MeKolo Mpalli Ha BCiX piBHAX copmMoBaHa
32 OPUHIUIOM «KOPHUTYBAJIBHUX [ii» (peaKTHBHUM
MIPUHITUIIOM ), TOOTO pearyBaHHs Ha HeOe3eUH] BUMTAIKH

- 3nopoee i Gezneane

Ta CUTYallii, a He 3a IPUHIMIIOM «3aro0bKHUX Aii» (TIpo-
AKTHBHUM TIJIX0JIOM), TOOTO NpodijakTuku Hebe3mned-
HUX BUII3JIKIB Ta CUTYallil, po 1o came iaerscs y Pa-
MKOBiH crpaterii €C..

Ynpaeninus KyneTypa Geznexu

BignopipansHicTs

Hiaxix "Hyas Tpasm™

KepiBHMITEA

JanyueHicTh

CrpaTreriuamm pofose wicme
piBeHb
CruacTH ImaHi
FOTOEHOCT 00
HAFSENATTHIT CHTY AL
PV 0:0% 08l Pospobica kommenii
" "Hyms Tpaem”
P1BEHB - .
Incresaia npaui
M Owuirmrm npod eciiie
OnepaTHBHMY [EHEE.
piBeHb

Pozpobum
peKOMeHpali Ta
iHCTPYELN 5 Bezmesat

Y3romiIm pilIeHE" fTa
IMEHIIIEHHA
TPAEMATIEMY

3abesmetnITH IpoLEAyYpY
OLNHKH PH3HKIE

[IpoBecTi HAB4AHHA
MPAINEHIKE

Beranosmms i
THOTPIMYEATH SAMHCH
GapepH oA 3MeHIICHHA
TpAEM

MNOCTIMHE
YIOCKOHAJIEHHS

BHKOPHCTAHHA AKICHOTO

npodecifinoro iHcTpymMeRTY

PerynsapHMi MmoniTopinr
Gesneru
Ananis TOK mxigamemx
peuoBsH Ha poGovomy micii
Aunanis npodecinamx pHaKKin)
MoniTopiar poGodoro micusa

Puc. 4. OcHOBHI 3aa4i Ha CTPATEriYHOMY, TAKTHYHOMY Ta ONIEPATUBHOMY PIBHSIX
YIPaBIIiHHS OXOPOHOIO ITparli

PeakTnBHE pearyBaHHs Ha BUKJIUKH i 3arpo3H y Cy-
YAaCHUX yMOBAX € HEMPHAATHUM JUISl 3aIIpOBaKEHHS CY-
YaCHOT'O IHCTPYMEHTAPIIO ISl 3SMEHILICHHS TPaBMaTHU3My
[11, 12], ockijbku BUHHKA€E 3HAYHE HEMOPO3YMIHHS, HE
CHPUHHSATTS MPALliBHUKAMH, 2 0COOIMBO 1X KEpiIBHUKAMHU
HEOOXIJHOCTI 3MiH, IOJI0 10 CTBOPCHHS HAJEKHUX, 0e3-
MIEYHMX 1 3T0POBHUX YMOB Ipalli.

Pamkosa Crpateris CY O3ibI1 €C 2021-2027 30ce-
pemkeHa Ha Mojelni oHoBiieHoro Oauennst CY O3ibIT
(puc. 3) 1 Ha TPHOX IHTEIPOBAHKX KIIFOUOBHUX IIJISIX-HAIIPSI-
MKaX, M0 JA0Th CHHEPIeTHYHUN €(PeKT B YaCTHUHI 3MCH-
LIIEHHS] BTPAT JKHUTTS Ta 370pOB’s mpaniBHukis B €C: me-
penbavyeHHs Ta YIpaBIiHHS 3MiHAMH B HOBOMY CBiTi
TIpari, BUKIMKAaHUMH TIePeX0/y Ha 3eJIeHl Ta IudpoBi Te-
XHOJIIOT1T Ta ieMorpadigyHOI0 CUTYaIli€r0 — CTapiHHS Hace-
nenns €C; nokpameHHs npo(UIaKTHKH Hel[aCHUX BHIIA-
JIKIB 1 3aXBOPIOBaHb Ha BUPOOHUIITBI;  ITiIBUIICHHS TOTO-
BHOCTI J10 Oy/Ib-SIKHX MOTEHIIMHIX MalOyTHIX KPU3 3110~
poB's. Ile mo3Bomsie chopmyBaTH HEOOXiHI CTpaTeriyHi
Tl JUI PO3BUTKY OpraHi3amiii: moOy/10oBH BiMOBITHIX
CHCTEM YTIPaBIIiHHS, AKi 3a0€3MedaTh BUPIIICHHS TOJIOB-
HOT 3a/1a4i Oy/b SIKOT OpraHi3allii € eKOHOMIYHa CKJIaI0Ba
- 3apOOKTH KOIITH TS IPUOYTKY Ta 3MEHIIUTH (DiHAHCOBI
BUTpPATH Yepe3 KePyBaHHs PU3UKaAMK O€3MEKH Ipalli, 3/10-
POB’sl MpAIiBHKKIB i eKoJoriuHoi 6e3neku [13, 14, 15].
3pobieHnii BUCHOBOK MiJTBEPIKY€ETHCS ChopMOBaHUMHU
LUISIMA HanpsIMKaMH, IOJ0 «repeadadeHHs Ta yIpas-
JiHHs 3MiHaMmn» y PamkoBoi Crparerii CY O3ibIl.

BucnoBku

1. PamxoBa Crpareris €C Bumarae, mo6 Jlepxasu-
qyienn €C posrstHyTd mutanHs O3ibIl B 1minboBHX

HarpsiMKax: nepen0adeHHs Ta yIpaBJliHHS 3MiHAMH, T10-
KpaleHHs Mpo(iTaKTUKH Ta TOTOBHOCTI J0 MaiOyTHIX
BukiiMkiB B O3ibI1 €C B Takux 0o0iacTsx, K. cUCTEMa
ynpasiiaasa O3ibI1, npodeciiini pu3ukw, HeOE3MEeUHi pe-
YOBHHH, 3aXBOPIOBAHHS, CHCTEMa OXOPOHH 37I0pOB s, Te-
HJICPHE HACHJIHCTBO Ta 1HCIICKIIiS TpaIli.

2. Ha ocHOBi KOHIeMNIIi 3 CHHEPTil KIFOYOBHX ITi-
neii-HanpsmkiB PamkxoBoi Crparerii O3iBI1 nponony-
€ThCS HOBA MOJICIIB JJIs CTAJIOT0 PO3BUTKY OpraHizariii ae
MPUCYTHIHN € B3a€EMO3B 130K TPbOX CKJIAIOBUX: EKOHOMI-
YHOT, O€3MEKH Mpalli Ta EKOJIOTIT OUIBIIT XapaKTEPHUX TSI
oprasizaiiii, e Kpail KOKHOTO KoJia 30H Oe3IeKHu mparli
Ta EKOJIOTIYHOI Oe3neKH Iie KOPAOH NPUHHATHOTO pPH-
3UKy (BTpar), 30HH €KOHOMIYHOTO PO3BHUTKY II€ HYJIbO-
BUH IPUOYTOK.

3. JlocArHEHHS CTaJoro po3BUTKY Oprasizalii BH-
Marae BUKOPUCTAHHS BIANIOBIJHHUX 3aXO0JIiB HE JIMIIE Ha
CTpaTEeriYHOMY PiBHI, SKHUI 3a1a€ThCS BIAIOBITHUMY BU-
MOTaMH MDKHAPOJHUX HOPMATHBHUX aKTiB, ajie ¥ mpoe-
KTyBaHHS 1X Ha TAKTHYHUMH, a 0COOINBO Ha OTIEPATUBHUH
piBEHB AIAIBHOCTI OpTaHi3alii 3 0COONIMBUM HAr0oJI0COM
Ha 3a0e31edeHHs i mMATPUMKY 100poOyTy TpaIliBHUKIB,
O CIOHYKae (OPMYBAHHIO YCBIOMIIEHOMY BiJTHO-
IICHHIO JI0 CBOIX 3000B’A3aHb.

4. Ctpareris po3BUTKY Opraizaii, BUpillIeHHS Ta-
KTUYHHX 3aJ[ad JJIsl eKOHOMIYHOTO pOCTy Ta 3abesre-
YeHHsI SIKICHOTO (DYHKI[IOHYBaHHS JIFOJIMHK Ha Omepanii-
HOMY piBHI J103BOJIIIIa C(hOPMYBATH BiANIOBIJTHY CHCTEMY
yIpaBJIiHHS OE3MEKOI0 Mpalli Ta 3J0pOB’SIM MPAIiBHUKIB,
0cOONUBICTIO SIKOT € 3a0e3MeUeHHs] CTAJOro PO3BHUTKY,
KW 0a3yeThCs Ha PiBHI pO3BUTKY OpPTaHi3aIliifHOT KyJb-
TYpH.
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Analysis of the requirements of the eu framework strategy
for occupational health and safety management systems

Vitaliy Tsopa, Serhii Cheberiachko, Olena Yavorska, Oleg Deryugin, Olga Chencheva, Serhii Sukach, Dmytro Rieznik

Abstract. Purpose. The purpose is to study the requirements of the EU Framework Strategy for Safety and Health at Work
for 2021-2027 to determine the main objectives of the occupational health and safety management system in the organization to
improve the health and safety of workers. Methodology. For the research, formalized content analysis was used, which is a
qualitative-quantitative method of studying documents, which consists in processing the text with further interpretation of the
results. Findings. It has been established that in accordance with the EU Framework Strategy for Safety and Health at Work for
the period 2021-2027, in order to increase the effectiveness of the health and safety management system in organizations, it is
necessary to provide for change management, measures for the prevention of accidents and diseases at production and readiness
for future potential challenges. It was determined that occupational health and safety management systems should reflect the
assessment of occupational risks, the replacement (elimination) of hazardous substances from production technologies, protection
against gender-based violence and the creation of labor inspections. It is proposed to include the goals of the EU Framework
Strategy for Safety and Health at Work for 2021-2027 in the strategic plan of the organization's development, which will allow for
the provision of appropriate measures at the tactical and operational level of the organization's management systems with an
emphasis on ensuring and supporting the well-being of employees, which encourages formation of the conscious attitude of
employees to their obligations. Originality. The scientific novelty consists in the scientific substantiation of the requirements for
the development of a strategy for the development of the health and safety management system in the organization based on change
management and readiness for future challenges and potential threats. Practical value. The practical value lies in the development
of tasks that correspond to the organization's development strategy in accordance with the requirements of the EU Framework
Strategy for Safety and Health at Work for 2021-2027.

Keywords: framework strategy, occupational health and safety system, occupational risk, danger.
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HaykoBo-mocnignuii iHCTUTYT BOEHHOI po3Biaku, KuiB, Ykpaina

METOAAYHI ACIIEKTH BUSHAYEHHSI OCHOBHUX ITAPAMETPIB
CUT'HAJIBHO-KOJOBUX KOHCTPYKINIU CUCTEMU ABTOMATH30BAHOI'O
BCTAHOBJIEHHA 3B’AA3KY Y CEAHCAX 3 KOPECIITOHAEHTAMM

AnoTanis. Panio3s’ 130K BBAKAETHCS HAWBAXKIMBILIMM 3aCO00M YIIPABIiHHS BIHCHKOBUMH MIAPO3IIIAMH, a TAKOX € He-
00XiHOI0 YMOBOIO [UTsl JOCSTHEHHs iHQOpMaLiiiHOI mepeBarn Ha/l CYIIPOTUBHUKOM. 3 METOIO MiJBUIICHHS e(eKTHBHOCTI
BHUKOPUCTaHHS CHJI Ta 3ac00iB, a TAKOX VIS YCIIIIHOTO BUKOHAHHS ITOCTAaBJIEHHUX 3aBJaHb MiJAPO3AUIaMH JOLUIBHO BHKO-
PHCTOBYBAaTH CHCTEMH aBTOMATH30BAHOTO BCTAHOBJICHHS 3B’s13Ky. OJTHaK HEZOCKOHAIICTh BIIIOBIIHUX CHCTEM BCTaHOB-
JICHHS IEKaMETPOBOTO PaJIio3B’ 3Ky 3 ypaxyBaHHSIM CydacHHX BUMOT JI0 BIHCHKOBOTO Pazio3B’s13Ky BUKIIIOUAE MOXKIUBICT
BHUKOPUCTaHHS BiIIOBITHUX cHCTeM. MeTOIo CTaTTi € po3po0IeHHs METOJMYHNX aCTIeKTiB BU3HAYEHHS [TapaMeTpiB CUrHa-
JIBHO-KOJOBHX KOHCTPYKIIIH CHCTEMH aBTOMAaTH30BAHOTO BCTAHOBJICHHA 3B’S3KY, Kl JOIUJIBHO CTBOPIOBATH 1 BOPOBAKY-
BaTH JUI MOTPeO BOEHHOTO 4Yacy. Y CTarTi BAKOHAHHUH OTJIAZ OCHOBHHX CJIEMEHTIB CHCTEM aBTOMATHYHOTO BCTAHOBJICHHS
3B’A3KY Ta 3M1MCHEHO aHAJi3 CUTHAIBHO-KOJOBUX KOHCTPYKIIH SIK OJHI€T 3 TOJOBHHUX YaCTUH cuCTeMu. Po3pobieHo mero-
JIMYHI aCTIeKTH BU3HAUCHHS OCHOBHHX I1aPaMETPiB CHIHAJIbHO-KOJOBHX KOHCTPYKIH CHCTEMH aBTOMAaTH30BaHOTO BCTAHO-
BJICHHS 3B’S3Ky, IO J1a€ 3MOTY MOOYZOBH BIINOBIAHHUX CHCTEM 3 YpPaxyBaHHAM Cy4YacHHX BHMOT 1O BiHICBKOBOTO pa-
Ji03B’s13Ky JIOIIBHICTE Ta aKTyaJbHICTh BUKOPHCTAHHS CHCTEM aBTOMAaTH30BAaHOTO BCTAaHOBJIEHHS 3B’SI3KY IiITBEPIKY-
10Th TeXHiuHi ctappapta MIL-STD-188-110D Ta MIL-STD-188-141D.

Kaw4oBi ciioBa: cucteMu BCTaHOBJICHHS Pamio3B’s3Ky; JEKaMETPOBHHN paldio3B’sS30K; CUCTEMH Iepenadi iHdopmarii;
BIICHKOBHI pa/io3B’s30K; BUMOTH JI0 BIHCHKOBOTO Palio3B’sI3Ky; €NEMEHTH CHUCTEMH; CHTHAJIbHO-KOJOBI KOHCTPYKIIi;

craunaptu MIL-STD.

Beryn

IlocranoBKa npodieMu B 3arajibHOMY BMIVISIAI.
CporosiHi panio3B’si30K € HANBaXIIUBILIMM 3acC000M
YIpPaBJIiHHS MiAPO3JiamMH, sIKi OepyTh y CrHeliaibHUX
orepariisix Ta B 0e31ocepeiHbOMY 3ITKHEHHI 3 BOPOTOM.
B yMoBax MaHEBPEHOTrO HIBHIKOIUIMHHOIO 000 Haiii-
HUI palio3B'd30K € TapaHTI€0 CTIHKOrO 1 THYYKOTO
VOpaBIiHHA, a 3 ypaxXyBaHHSAM IIBHIKOI MOJEpHi3aril
aBTOMATH30BaHUX CHUCTEM YIIPABIIHHS MiJpO31iIaMH —
HEOOXiJTHOI0 YMOBOIO JOCSTHEHHs iH(OpMaIiifHOi re-
peBaru HaJ| CylpOTHBHHKOM.

CyTTeBe YCKIAQAHEHHS 1 PO3UIMPEHHS LILOBHX
3aBIaHb y cdepi ynpaBIiHHS NPHU3BEIO O 3POCTAHHS
KIIBKOCTI 3aBlaHb WIOM0 3a0e3NedeHHs yHpaBIiHHS
MiAPO3aiTaMH, BUPIMICHHS SKUX JOCATAETHCS PO3TOp-
TaHHAM cucTteM nepenadi indopmarii (CIII). Sk nacmi-
JIOK - TIBHIIYIOTHCSI BUMOTH J0 CHCTEM Pamio3B’s3Ky,
30KpeMa IMI0A0 CBOEYACHOCTI, JOCTOBIPHOCTI Ta MPUXO-
BaHOCTI. JIJIsI BUKOHAHHS 3a3HAYEHUX BUMOT HEOOXiJIHO
BXHMTH HH3KY 3aXOJiB, CIIPIMOBAHMX Ha ITiJABHIICHHS
edexruBHocTi QyHkuionyBanHs CIII. OgHuMm i3 HEX €
IMIZIEMEHTAIlisI CUCTEMH aBTOMAaTH30BAHOTO BCTAHOB-
neHHs 3B’s3Ky (AB3), IOUINBHICTH Ta aKTyalbHICTh
SKOT OOIPYHTOBYIOTH TexHiuHi crtanmaptu MIL-STD-
188-110D ta MIL-STD-188-141D.

Takum guHOM, BiACYTHICTH cucteM AB3 3 ypaxy-
BaHHSAM HaBEACHUX BHIIE BUMOT BUKITIOUA€ MOXKIIMBICTD
BUKOPHCTAHHS BIATIOBIJHUX CHCTEM Ul 3a0€3Me4eHHS
HOpManbHOTO (pyHKIionyBanHs CIII.

AHaJi3 ocTaHHIX JocCHiIKeHb 1 myOsaikamiii.
V [1] BuKkiaAeHO OCHOBHI MPUHUMIH (YHKLIOHYBaHHS
3aBajo3axunieHoi cucreMu AB3 KOPOTKOXBHIIBOBOTO

(KX) miana3oHy, a TakoX HaBeJECHO BIJIOBI/IHI CKIJIa/I0-
Bi 1€l cucTeMu 0e3 PO3KPUTTS MapaMeTpiB CUTHAIBHO-
KOJIOBHX KOHCTPYKIIiH.

VY [3, 4] npoananizoBano KoHuenmii cucrem Au-
thomatic Link Establishment (ALE). ¥V 3a3HaueHmx
JUKepenax MICTHTBCS JAeTalbHa iH(opMalis mpo BcTa-
HOBJIEHI (popMH CUTHANIB, IX CTPYKTYpY, IIPOTOKOJIH Ta
BUMOTH JI0 IPOAYKTHBHOCTI cuctem AB3.

PesympraT anamizy cydacHux myOmikamiit [3-5]
MOKa3ajiy, M0 TEHJICHI€I0 PO3BUTKY cucteM AB3 €
3a0e3nedeHHss MOBHOI aBTOHOMHOCTI —paJioCTaHIii
(panioniHiii) 3B’A3Ky, 1 SIK HACJIIOK — ONTHMI3allisl 3a-
XOJiB Ta BUKJIIOYEHHsI (MiHIMI3allisl) IIOMUIOK OnepaTo-
pa i yac ceaHcy 3B’SI3KY.

xepeno [6] onmcye CTBOpeHHsS MEpCIEKTHBHUX
cucreM AB3 i3 BH3HaYCHHMH BapiaHTaMU 3aBaJ(OCTiii-
KHX KOIiB, CIOCOOIB MOAYJIN Ta IepeMeXyBaHb.
Takox HaBeleHO aHaJIi3 HPOJYKTUBHOCTI 3aIpOIIOHO-
BaHOI MOJIEI.

Pobota [7] ommcye pe3ynbTaTH AOCHIIHKEHHS CHC-
temu AB3, y sskomy 11 06MiHy iHpOpMAaIli€ero BUKOPH-
CTOBYBAJIUCS IIUPOKOCMYTOBI CHTHAJHM Yy IMO€IHAHHI 3
CHCTEMOI0 aBTOMATHYHOTO BCTAHOBIICHHS 3B’SI3KYy YeT-
BEPTOro MOKOJIHHS BignosigHo MIL-STD-188-110D.

I3 mpoaHani30BaHOTO BHWILUIMBA€E, IO HAsBHI CHC-
temMu AB3 3aramom Ta iX CKJIaa0Bi (CHTHAJIBHO-KOJIOBI
KOHCTpYKIii) HE BPaxoBYIOTb OCOOIMBOCTEH BIHCHKO-
BOTr'0 pajiio3B’sI3Ky Ta BUMOT JIO HBOTO, Y 3B’SI3KY 3 UUM
HEMa€e YMOB JUIS SIKICHOTO iX BIIPOBaJUKEHHS Y CUCTEMHU
panio3B’si3Ky, II0 BHKOPHCTOBYETbCS JJISI BOEHHHX
moTpeo.

Jlnst 3abe3nevyeHHs epeKTUBHOTO Ta SKICHOTO (y-
HKIiOHyBaHHS cucteMd AB3 Ta momanbmoro oOMiHY
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iH(pOpMAIIi€I0 Y XO/i BEICHHS CEaHCy 3B’SI3Ky HeaOHsK
Ba)XJIMBO OOIPYHTOBaHO OOMpAaTH MapaMeTpHu CUTHAIIb-
HO-KOJIOBUX KOHCTPYKIIiH.

®opmyaoBannss Meru crarri. Mera crarTi -
PpO3poOUTH METOAMYHI aCIIEKTH BU3HAYCHHS apaMeTpiB
CHI'HAJIBHO-KOJJOBHX KOHCTPYKLill CHCTEMHM aBTOMATH-
30BaHOTO BCTAHOBIJICHHS 3B’SI3Ky AJIS IOTPEO BOEHHOTO
gacy. [Jma nocsrHeHHS i€l METH HacamIiepen CIif
MIpOaHaJi3yBaTH CHUTHAJIHHO-KOJOBI KOHCTPYKIII HasgB-
Hux cucteM AB3 Ta ix mapamerpu.

BukJaa 0cCHOBHOT0 MaTepiaJty 10CTizKeHHs

YMOBH pO3NOBCIOKEHHS PagioXBIWIb JIEKAMETPO-
BOTO Jliana30Hy BH3HAYAIOTHCS CTAaHOM ioHOChepH, AKiit
XapakTepHi peryisapHi (moOOBi, Ce30HHI, MHKIIYHI) i
HEeperyJspHi (KOPOTKOTPHBAIi) 3MiHH, IO OOYMOBIIIO-
I0Th HEOOXITHICTh TNIaHYBaHHS POOOYHX YaCTOT IPOTS-
roM JI00H, pOKY, MKy COHSYHOI aKTUBHOCTI, & TaKOX
XapaKTepUCTUKaMH aHTEHHO-(iIepHUX cUcTeM (CHoco-
0OM PO3rOpTaHHs, HANPSIMKOM JiarpaMu CHpsSIMOBaHOC-
Ti, KOe(Ili€EHTOM MiJACHICHHS TOIIO). Y 3B 3Ky 3 UM
nexameTpoBuii (JIKM) 38’530k 10HOC(HEPHOI XBUIICHO
MOJKHa BCTaHOBUTH JIMIIIE TIPY HENIEPEPBHOMY CTEKEHHI
3a craHoM ioHocepw, ii CHPOMOXKHICTIO BiZOMBATH
pamioxBmii 1 3a0e3medyBaTH IX PO3MOBCIOKCHHS Ha
HEOOXiqHY BiZICTaHb Ta MPH BpaxyBaHHI OCOOIUBOCTEH
aHTCHHO-(IiIEPHUX CHCTEM, PO3TOPHYTHX Ha BY3Jax
3B 513Ky UM OKPEMHX Pa/liOCTaHIIiSX.

CBO€YaCHICTh Ta MPHUXOBAHICTD Pa/lio3B’sI3Ky MPH
IUIAaHYBaHHI W y XOJi IPOBEJECHHS CeaHcCy 3B’SI3Ky Ha-
camIiepe/ 3aJIeXaTh BijJl IPaBUIBHOTO BHOOPY poOoYnx
YacTOT, BHJIB CUTHAIIB Ta aHTEH, IO BiIIOBIJAIOTH
yMOBaM pPOOOTH KOPECIOHJCHTIB Ta IX Micle3Haxo-
JokeHHI0. [Ipy HIBeNIOBaHHI KPHUTEPIiiB IPaBUIILHOTO
BHOOpPY CHTHAJIB, YaCTOT 1 aHTEH 30UTBIICHHS MOTYX-
HOCTI HE JIOTIOMO’KE 3HAYHO ITOJIIIIINTH XapaKTepUCTH-
KM KaHaITy 3B’ 13Ky a00 BITHOBUTH HOTO Yy pa3i BTpartu.

JocBin 3acTocyBaHHS 3ac00iB 3B’SI3Ky IIiJl BIUTH-
BOM CHCTEM Ta KOMIUIEKCIB paJlioeIeKTPOHHOT O0pOTh-
Ou IPOTUBHHKA OaraTopasoBO MiATBEPKYBaB HEOOXiI-
HICTh aBTOMAaTHU3allii NPOIECiB BCTAHOBJICHHS Ta BEJICH-
HS 3B’SI3Ky MDK PaliOCTaHI[isIMH, TOOTO BHKOPHCTAHHSI
cucreM AB3. PesynpraTté aHamily iCHYIOUHX CHCTEM
AB3 moka3yioTh, O 3 ypaxyBaHHSIM BHMOT JO BiHCh-
KOBOTO pajio3B’sI3Ky Ta HOTo OCOOJMBOCTEH Mpolec
BCTaHOBJICHHS 3B’SI3KY CIIIJI PO3UINTH HA JIBi CKJIAJIOBI:

ABTOMATHYHE BCTAHOBJICHHS 3B SI3KY;

BUOIp ONTHM&JIBHUX MapaMeTpiB CHIHAIBHO-
KOJIOBHX KOHCTPYKLilf, HEOOXiJHMX i BeACHHA
3B’513Ky Ha BU3HAYCHUX HA YaCTOTaX.

Huni aBTOMaTHYHE BCTaHOBJIECHHS 3B’SI3Ky 3YMOB-
nroe taki mif [1]:

ABTOMATHYHUHA MiAOip pamiodacToTH (AEKUTBKOX
pamioyacToT) ISl BUKJIMKY KOPECTIOH/ICHTA;

ABTOMATHYHUHA MiAOip pamiodacToTH (AEKUTBKOX
panioyacToT) sl BiATIOBII KOPECTIOHIEHTA,;

BHOIPKOBHI BUKJIMK KOPECTIOHICHTA;

ABTOMATHYHE OI[IHIOBAHHS SKOCTI HPOXOKCHHS
iHpopMarii Ha oOpaHUX paaioyacToTax Ta BHOIp ONTH-
MaJIbHOT paioyacToTH (cy04acToTn).

SIKicTh 3/1iHCHEHHST aBTOMAaTHYHOTO BCTAHOBJICHHS
3B’513Ky BM3HAYAETHCSI AITOPUTMOM Ta THUIIOM CHUIHAJIb-

HO-KOJIOBOi KOHCTPYKIIiI, 0oOpaHoi i 3a0e3lnedeHHs
3B’A3KY.

3acTocyBaHHS ~ OJHAKOBHUX  CHUTHAIbHO-KOJIOBUX
KOHCTPYKIIH Ha BCIX eramax BEACHHS 3B’SI3Ky, SIK 1€
pearnizoBano B craHgapti MIL-STD-188-141D [3], He €
OITUMAJILHNM, 3Ba)KarOo4M Ha HEOOXIIHICTH 3a0e3ledeH-
HsI TApaHTOBAHOTO BCTAHOBJIICHHSI 3B SI3Ky B THX KaHanlaXx,
Je oOpaHi CHTHaJIbHO-KOJOBI KOHCTPYKIii 31aTHI 3a0e3-
MeYyBaTH TMPOTHAII0 3HAYHOMY TMOTIpPIIEHHIO SKOCTI
KaHay, 30epiraroun Impu OOMY MOXKIHMBICTD NETEKTY-
BaHHA. TakWi MiOXiJx JOLUUTEHO 3aCTOCOBYBATH IS
3B’SI3Ky KOPECIOHIEHTIB, sKi ImepeOyBaroTh BiJHOCHO
HeJajaeko OAMH BiJl OJHOTO, MAlOTh CXOXY 3aBa/IOBY
00CTaHOBKY, Ta KOJIM IPIOPUTET IIBUKOCTI BCTAHOBJICH-
Hs 3B’SI3KY IlepeBakae HaJl HOro 3aBajI03aXUILEHICTIO.

Bubip curHanbHO-KOIOBOT KOHCTPYKIIIT.

OCOO0JMBICTIO  CHTHAJIBHO-KOJIOBOT KOHCTPYKIIIi,
HEOOXIiTHOT 1711 aBTOMAaTHYHOTO BCTAHOBJICHHS 3B SI3KY,
€ 11 TapaHTOBaHE AETEKTYyBaHHS Ha BU3HAYEHHX DPamio-
4acToTaX B yMOBAaX BiJICYTHOCTI ampiopHOi iH(popMariii
PO CTaH MPOXOKEHHS i0HOC(EepHOT XBIIII MIXK pajio-
CTaHIIISAMU.

Crierudika posnoscromkerds JIKM-xBuiib BIUTH-
Ba€ HAa XapaKTEPUCTUKU THX CHUTHAJIB, SKi MOXYTb
e(eKTUBHO 3aCTOCOBYBATUCS JUIsl BEICHHS 3B SI3KY
I0HOC(EPHOI0 XBWJICIO, A/DKE JIO0 CUTHAIY HE TUIBKH
JOJa€ThCs mIyM edipy, a i BigOyBarOThCS aMILTITYIHI
Ta (ha30Bi CHOTBOPEHHS — JOIUIEPIBCHKUN 3CYB, 1HTEp-
(epeHIiiiHI 3aBMHpaHHS, paaioexo, OaraTompoMeHe-
Bicte curHaniB [1]. CurHambHO-KOJOBa KOHCTPYKIIiS
Mae 3a0e3redyBaT MPOXOJPKEHHS CHTHAIY depe3 pa-
JiOKaHaJ i3 MiHIMAILHIUMU CIIOTBOPEHHSAMH (BUCOKOHA-
JilfHe HU3bKOIIBUIKICHE TEePeaBaHHs CUTHAJIIB BUKIIN-
Ky), IO TapaHTyBaTUME BCTAHOBJICHHS 3B 53Ky B CKJIa-
JTHUX YMOBaX.

CUrHaJIbHO-KO/IOBA KOHCTPYKIlisi BU3HAYae JeTa-
JBbHI BUMOTH JI0 KJIaCy BHIPOMIHIOBAHHS, 4YacCOBHX 1
YaCTOTHHX MapaMeTpiB CUTHaJy, BUIY 3aBaJl03aXUIICH-
HOT'O KOJIyBaHHSI Ta CTPYKTYPH NOBIJOMJICHb.

Knac BunpomineHHs.

Pamiocurnan mpu po3MOBCIOIKEHHI 10HOC(HEPHOIO
XBHJICIO 3a3HAa€ (Pa3soBHX CIIOTBOPEHB, TOMY [UISI HHOTO
HEMa€e MOXKJIMBOCTI Harepej CIpOTHO3yBaTH (asy, aje
MOJXXKHA OIIHUTH ii. 3aBISKU OI[IHIOBAHHS IapameTpiB
CHTHAJy Ha BiJTHOCHO KOPOTKHX BiJIpi3Kax 4acy paiio-
KaHaJl i3 JOBIILHO 3MIiHHOIO (ha30r0 CJiJ BBaXKaTH JIO-
KaJbHO CTAlliOHApHUM. Y LBOMY pa3i Ui AEMOTyJISIil
pajJiocHrHasy MOXKHa 3aCTOCYBaTH KOTepeHTHHH (KBa-
3IKOTepEeHTHHI) MeTOJ] 1 BHKOPHCTOBYBaTH (ha3oBy
MaHIMyJSIio K e(peKTUBHUN KJac BUIIPOMiHIOBAaHHS.
Taxwii npuHIMN 3akidageHo B cuctemMun AB3  tumy
HFDL Tta ALE Tperporo mokoiiHHS, IO OMUCAHUN B
crargapti MIL-STD-188-141B: 3acTOCOBYETBCS METOX
BHCOKOIIBH/IKICHOI Ilepeaadi OAHOTOHOBHUM (a3oMaHi-
MMyJTbOBAHUM CHTHAJIOM, SKHA Ma€ MiHIMalIbHUHN TiK-
¢axTop (11e 1a€ 3MOT'Y 3HU3UTH BUMOTH JIO Ii/ICHITIOBA-
Ya MOTY)KHOCTI PafiOCTaHIIN), CHHXPOHI3yHOYi MOCIi-
JOBHOCTI, a TAaKO METOJ| MPOTHO3YBAHHS XapaKTepHC-
THUK KaHaTy. BogHOYAC MpW 3MEHIIEHH] PiBHS CHUTHATY
JI0 PiBHSA, KOJM OJHO3HAYHO ()a3y CHTHANTY BU3HAYHTH
HEMOJXKITUBO - Yepe3 BiTHOCHO BEJIHMKY IMIBUIKICTh 3MiHH
(hasu curnamy, abo uepe3 HeileaTbHy peani3allilo Kore-
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PEHTHOTO JIeMOXYJISITOpa, BiOyBa€eThCsl Pi3Ke 3pOCTaH-
HSl IMOBIPHOCTI OMMJIKM — HaJilHICTh CHCTEMH MOXKE
OyTu miZ 3arpo3or0, NMPUHOM CHUTHAIIB BHUKIHKY CTae
HEMOXXJIUBUM. Y TaKOMYy pasi €IMHO MOXJIMBUM CTa€
HEKOT€pPEeHTHHUIl croci0 MpUioMy CUTHAJIB 3 aKTHBHOIO
[ay3010 Ta OPTOTOHAIPHHMHU CKJI3JOBHMH, TOOTO, Jac-
TOTHA MaHimysris [9].

[IBuAKiCTE MaHITy AL

BBakatoun, 110 OCHOBHHII cITOCi0 3acTOCYBaHHS
panmio3aco0iB IeKaMeTPOBOTO Jialma3oHy — CTallioHapHE
PO3MIIIEHHS, SKe BH3HAYAETHCSA POOOUNMHE JOBXKHHAMHU
XBWIb 1 e()EeKTHBHUMHU PO3MIpaMH aHTEHHO-(iIepHUX
cucreM Outbin HiXX 10 M Ha MICLEBOCTI, a JIOIIEPiBCh-
KAH 3CYB 4YacTOT BU3HAYAETHCS B OCHOBHOMY PYXOM
10HI30BaHUX YaCTHHOK, Ha SIKMX 3JIMCHIOETHCS BiJOUTTS
PamioXBUIIb, 1 TOMI IHTEPBATI KOTEPEHTHOCTI CKJIaaTHME
40 — 100 mc [1].

Komb6iHamii kiacy BHUIPOMIHEHHS Ta IIBHAKOCTI
MaHITyJISii.

I'pymoBuii curHan 6araTo4acTOTHOI MaHIMYJIAIIT 3
OPTOTOHAIBHUMH CKJIQJIOBHMHU SIBIISE COO0I0 OTHOTOHO-
BHH CHUTHAJ TOCTIHHOI aMIDIITYAH 31 3MIiHHOIO YacTo-
TOI0, L0 Ma€ MiHIMaJbHUH miK-(akTop (e Jae 3MOry
3HHU3UTH BUMOTH JI0 IIJCHIIFOBAa4Ya MOTYXHOCTI pajioc-
TaHI[iif), a B YaCTOTHIH 00JacTi — HA HECKIHYCHHOMY
IHTepBaJi Yacy BiJCTeKEHHS sBisie coboro cymy N rap-
MOHIYHHX KOJNWBaHb 3 iHTepBasom Af. Jlns oprorona-
JNBHUX CKJIazoBuX iHTepBanm Af fopiBHIOE mIBHAKOCTI
MaHIIyJsmii, a 3arajJbHa MUPHUHA CMYTH 9acTOT Oarato-
yactoTHol Manimyssii ckinagae AF= (N+1) xAf [8].

Jliss BU3HAYEHHS ONTHUMAalbHOI KOMOIHAINI Kiacy
BHIIPOMIHEHHS Ta MIBUAKOCTI MAHIITYIALIT CIIiA PO3TIIs-
HYTH BCi MOXIHUBI Bapiantu (mBmakocti 25, 50, 100
Box onmtuManbHi s actotu muckperusarnii 8000 I'm,
mBuakocti 46.875, 75, 93.75, 125 Box ontuMainsHi st
gactot auckperusaiii 6000 'ty ta 12000 I'iy,).

OCHOBHUMHM aHAJIOTAMH € TaKi iCHYIOUYl CHCTCMH:

ALE 2G sigmosigao MIL-STD-188-141B (MFSK-
8, V=125 bon, AF= 1125 I'n);

CROWD-36 (MFSK-32, V=10/40 Box,

AF=1400 T'm);
CIS FTM-4 (MFSK-4, V=150 box,

AF=12300 I'nm);
Olivia (MFSK-32, V=31,25 boxa, AF= 1030 I'n);
Piccolo-12 (MFSK-12, V=20,15 Bop,

AF= 260 I');

CIS MFSK-68 (MFSK-32, VV=46,875/93,75 Bon,
AF= 6400 T'u);

CHINESE-32 (MFSK-32, V=75 Bopn,

AF= 2475 T'w).

3 MeTor0 BUKOHaHHS BUMOT CeKTOopy CTaHIapTH-
3amil eNeKkTpo3B’s3Ky MiKHApOJHOTO COI03y EJIEeKT-
po3p’sizky (ITU-T) HeoOXingHO, 1100 curHanm paxiocTaH-
il He BUXOAMB 32 MEXI KaHally TOHAJIbHOI YacTOTH
(300 — 3400 T') yu MOABOEHOTO KaHATY (PEKUM JBOC-
MyroBoi pobotu -3400...+3400 I'm) — 3aranpHa MUpHUHA
CMYTH 4acToT 0araro4acTOTHOI MaHIIyJsinii Mae OyTH
He Oinbiie Hik 3100 un 6800 T

3aBaoCTiiike KOTyBaHHS.

3aBajocTiiike KOIyBaHHS 3aCTOCOBYETHCS IS
MIIBUIICHHAST SKOCTI 3B’SI3Ky Ta 3MEHINCHHS BIUIUBY
IyMy, 3aBajl, 3aBMHUPaHb PaTiOCUTHAIIIB 3aBISKH JTOAa-

BaHHIO KOHTPOJIbOBAHOT HAJUIMIIIKOBOCTI 10 1HPOpMAILii,
1o miisarae nepenaBaxHio [8].
Pe3ynpraTn HasBHUX [OCSATHEHb y Tajy3i KOIy-
BaHHA 1H(OpMaLil Jal0Th 3MOTY CyYaCHUM CHCTEMam
3B’s13Ky HabOnusutucs Buputyn 10 mexi [lennona [10]
— BEPXHBOI MEXi MAaKCHMAaJIBHOTO 00cATy iH(popmamii,
10 TIepeIaeThes 6e3 MOMUIIOK.
3acrocyBaHHsA €(EeKTHBHOTO 3aBaJOCTIHKOTO KO-
IyBaHHS Ja€ 3MOTY JOCSTTH BH3HAYeHOI WMOBIpHOCTI
MOMWJIKA Ha OIT 3a MEHINOT0 3HAYEHHS BIIHOIIECHHS
“curHay/mrym”, o0 BiAMOBiTa€ 3MEHIICHHIO HEOOXiTHOT
noryxHocti. ToOTo “Burpam’” y KoayBaHHI O3Hayae
MOJJIUBICTh BHKOPUCTAHHS MEHIIOI IOTY>KHOCTI Ta
MEHIII ¢()eKTHBHUX aHTCH, a00 30UIBIICHHS aJbHOCTI
3B’513Ky NP 30€pekeHHI PiBHS MOTYXKHOCTI.
Cxitag Ta 00cAr KoMaHz, HEOOXiAHUX 1JI1 BCTAHO-
BJICHHS 3B’SI3KY.
PesynpraTn anamizy cydacHux cucreM AB3 moka-
3yI0Tbh, IO JJIS TIepelaBaHHsA KOMaH]{ BUKIIMKY Ta BiATIO-
Billl 3aCTOCOBYIOTBCS TAKETHI MOMUIM (DikCOBAHOI JOB-
JKUHH, AKi micis (OPMYBaHHS MiUIATAIOTH 3aBalOCTiiH-
KOMY KOJIyBaHHIO, Ta repectaHoBii Oit (interleaving). Lle
3a0e3neuye €IUHUNA aIrOpUT™M 0OPOOJICHHS OB IOMIICHB
y CHUTHaJIbHHX TPOILECOpax, a TaKOX ONTHMI3alilo Mpo-
1eCiB KOYBaHHS ¥ JekoayBaHHs iH(opMarii. [Ipu 11p0-
My Wi TaKkeTh MOCTiiHO mepenaiThes (LUMKIIYHO) 10
OTPUMAaHHS MiATBEPHKCHHS Y1 BUKOHAHHSI BUMOT' [TaKeTa
npuiiMaibHOO craHuieto. Y cucremax tumy HFDL Ta
ALE Tpersoro moxomiHHS BHKOPHUCTOBYEThCS 26 OIT, B
nepcrekTuBHIN cuctemi 4G BiamosigHo cranmapty MIL-
STD-188-141B — 96 6it y makeri [3].
OTo3 M 9ac aHaJi3y OCHOBHHUX CKJI/IOBUX HasiB-
HuX cucteM AB3 Ta iX mapameTpiB IOCTIIKYIOTBCS
CUTHAJILHO-KOJIOBI KOHCTPYKINI Ta pO3pOOIIIOTHCS
METOJIMYHI aCleKTH BU3HAUEHHS OCHOBHHX IapaMeTpiB
BIMOBIMHUX KOHCTPYKINH (3 ypaxyBaHHSIM BHMOT JIO
BIfiCHKOBOTO Pa1i03B’sA3KY) AKi MICTATh HACTYIHI ETAIH:
1. Bu3HaYeHHS KJIacy BUIIPOMIHEHHS.
2. Bu3Ha4YeHHS MIBUIKOCTI MAHIMMyJIAIIL.
3. BusHayeHHs KOMOIHAIN KJIacy BHIIPOMIiHIO-
BaHHS Ta MIBUAKOCTI MaHIITYJISIIIi.

4. BuzHaueHHS METOAY KO/yBaHHS.

5. BusHayeHHs ckiagy Ta oOCSTy KOMaHJ BCTa-
HOBJICHHS 3B SI3KY.

6. AmHai3 mapaMeTpiB KaHAITy 3B SI3KY.

7. ApamnTariisi CHTHaJIbHO-KOZIOBOi KOHCTPYKIIii.

Eran 1. Buznauennsi kjiacy Bunpominenus. Of-
HIEI0 3 XapakTepHCTHUK pPajioKaHaly JeKaMeTpPOBOIO
Jliama3oHy XBWJIb € 0araTolpoMEHEBiCTh, CepeaHil Yac
3aTPUMKH PaTiOCUTHATIB 3a3BUUail ckiagae 1—3 mc, y
Ha#ripmomy pasi — 4 Mc. OCHOBHHM CIIOCOOOM OGOPOTH-
Ou 3 3ami3HEHHAM paJlilOCUTHAIIB € 301IbIICHHS TPHUBAJIO-
CTi eneMeHTapHoi ouHMLI iH(opMallii, 1o JIerKo peari-
3y€ThCSl B CHCTEMax i3 YacTOTHOIO MaHiImyJsmiero. Y
3B’SI3KY 3 MM ONTHMAaJIbHUM KJIaCOM BHUIIPOMIHEHHS IS
cucrtemu AB3, € wacrotHa manimymsmis (FSK). 3riguo 3
[9], ebexruBHicTh cuctem i3 FSK 3poctae 3i 36inbLieH-
HSM KUTBKOCTI YaCTOTHHX CKIIQJIOBUX, TOMY JOIJIBEHO
obupaTi OararoyacToTHy MaHimyssmiro (multiple fre-
quency shift keying — MFSK). Cxosxuii IpHHIMIT 3aKJ1a-
nero B cuctemy AB3 tummy ALE 2G BiamoBimHO cTaHma-
pry MIL-STD-188-141B, y skiii 3aCTOCOBYETBCS METO,T
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BiJIHOCHO IOBUIBHOI Nepeadi iHpopMallii 3a J0moMororo
6ararodactorHoi Maninysinii (MFSK-8, mBuakicts 125
Bon, posnecenns yacrot 250 I'm) Ta B cuctemi CROWD-
36 (MFSK-32, mBuakicte 10/40 Box, posneceHHs yac-
tot 40 I'm), mo nae 3mMory eeKTUBHO OOPOTHCH 3 MiX-
CHMBOJIFHOIO iHTEP(EPEHIIIEI0.

Etan 2. BusnaueHHs] IIBHAKOCTI MaHimymsmii.
3Bakaroun Ha OCOOIHMBOCTI JAEKAMETPOBOTO 3B’SI3Ky Ta
crocoOM BUKOPHUCTAHHS HOTO U BHUPIMICHHS MOCTaB-
JICHUX 3aBJaHb, ONTHMAIBHUM Iiama3oH TPHUBAJIOCTI
eJIEMEHTapHOI OQMHUII iHpOpMamii I CHCTEeMH aBTO-
MaTUYHOTO 3B 53Ky, ckjiagae 8 — 40 mc, 10 BU3HAYA€E
MEXI1 MIBUIKOCTI MaHimysnii 25 — 125 bo.

Eran 3. Buznauennsi kom0inauii kjiacy Bunpo-
MiHIOBaHHSI Ta WBHAKOCTI MaHimyasuii. [Tpu BuGopi
KOHKPETHOI KOMOiHalii Kacy BUIIPOMIHEHHS Ta LIBH[-
KOCTI MAaHIMyJIAIIi CIiJl 3BaKaTH HA: ONTUMAJIbHUIA
Jiarma3oH TPUBAJIOCTI €IeMEHTapHOI OAWHUII iH(opMa-
mii, 6amaHc MiX iHQOpPMAIIIfHOIO IIBHAKICTIO Ta 3aBa-
JIO3aXHIIEHICTIO, JO3BOJICHY YN Oa)KaHy IIHPHHY CMYTH
4acToT, KpaTHICTb O0OpaHid dYacTOTi AWCKpeTH3allil,
cTaliIbHICTh YacTOT OMOPHHUX TEHEPaTopiB pamiomepe-
JaBaJIbHOTO Ta PaAioNpPUUMAalbHOTO IPHUCTPOIB, HasB-
HICTh JIOTUIEPIBCHKOIO 3CYBY YacTOT.

3BakarouM Ha MPOAHATI30BaHI OOMEXKCHHS Ta BU-
MOTH, CIIi/l 3a3HAYMTH, 1[0 ONTHMAJIbHAMH € TaKi KOM-
OiHawii KJlacy BUINPOMIHEHHS Ta MIBUAKOCTI MaHIITyJIsi-
1ii, a came:

MFSK-64, V=25 bopn;

MFSK-64, V=50 bopz;

MFSK-64, V=75 bon.

BinmoBigHO, Ha TOYAaTKy MPOIECY BCTAHOBICHHS
3B 3Ky OOHMpaeThes BapiaHT i3 mBuakicTio 50 box. Ha
erami ajanramii KoMmOiHAIis MoOe 3MIHIOBaTHCS Ha
OJIHY 3 MPEJCTaBICHHX.

Eran 4. BuznaueHHsi MeTOdy KOAYBAHHS IJIsfi
3a0e3neveHHs1 cTiiikocTi 10 pi3HUX BuaiB 3aBan. s
BUKOHAHHSI BU3HAYEHUX BHMOT JI0 3a0e3IeYeHHs BCTa-
HOBJICHHSI 3B 513Ky HEOOXIJIHO 3aCTOCOBYBaTH Cy4acHi
BHIM 3aBaJOCTIIKOTO KOJTyBaHHS, TaKi sK:

3ropTKOBe KomyBaHH (B cucteMax tunmy HFDL Ta
ALE TpeTrporo mokoyiHHS — KOJ 31 IIBHIKICTIO Y2 Ta
KOJOBUM OOMEXCHHSM 7);

kackaqauil koj (3rimuo 3 [10], anst iimMoBipHOCTI
nomMunku Ha 6it, mo gopiBHoe 107 - kackagHuil KOn
e(heKTHUBHIIllE 3a 3rOPTKOBUH Ha 5 1b);

Typ6okox (3riguo 3 [10], mist #iMoBipHOCTI TIOMMII-
ku Ha Oit, mo gopisHoe 1073 - TypOoko eeKkTHBHIIIE
3a KackaJHWi Ha 2,5 nb);

KOJl i3 HH3BKOIO WIUIGHICTIO TEPEBIpKHM Ha TMap-
wicte (LDPC — kop, 3rigno 3 [11], mis fimoBipHOCTI
nomunku Ha 6it pisaoi 10° LDPC — ko edekTuBHinIe
Typbokoay Ha 1 — 2 nb).

BonHouac npu BHOOpPI KOHKPETHOTO BHIY 3aBajio-
CTIMKOTO KOJYBaHHS CIIiJl 3Ba)KaTH HA CKJIQJHICTH pea-
mizarii kogepa Ta mekomepa [11].

Etan 5. BuzHaueHHsI cKJIaay Ta 00cAry KOMaH
BCTAHOBJIEHHS 3B’A3KY. 3 METOIO aIpeCHOTO BUKIHKY
KOPECTIOHICHTA Ta 3a0e3MeYeHHS BCTAHOBJICHHS 3B’ SI3KY
Ha ONTHMAaJbHUX YacTOTaX B CKJali KOMaHJ BHKIHUKY
Ta BiJMIOBi/Ii MOBUHHI OYTH HACTYIIHI €JIEMEHTH:

TUI KOMaH/IA;

ajipeca KOPECIIOH/ICHTa, SIKOTO BUKJIMKAIOTh;
ajipeca KOPECIIOHICHTa, SIKUH BUKJINKAE;

THII JaHUX JI0 TIepeadi;

THII anapaTtypH (pexuM poOOTH);

94acToTa BIAMOBIMI KOPECIOHACHTA, SIKOTO BUKIIH-
KaoTh (KOMaHga Ha 3IiHCHEHHS TPacoOBOTO BHIIPOOY-
BaHHS);

CTHCIIE TIOBIIOMIICHHS (32 TIOTpeOn);

KOHTPOJIbHA CyMa TIOBiJOMIICHHSI.

Ty KoMaHIM Ma€ MICTHTH TaKl CKIJIAJO0BI:

BUKJIVIK;

BIANOBiAb HA BUKIIUK;

BiZIMOBA BiJI 3B’ 513Ky (pO3ipBaHHs);

nepenaya TeKCTy;

nepenaya OITOBOro MOTOKY (Iae 3MOTy mHepenaBa-
TH J0/aTKOBY iH(opMarito, o He 3a3HaueHa B MEBHO-
MY MPOTOKOJI — TOYHHUI Yac, pe)KUMH pOOOTH, KBUTaH-
i1 HA MTAKETH TOIIIO)

Tunm maHWUX OO0 Tepemadi MOXe BKIIOYAaTH TaKi
CKJIQJIOBI:

CTHCIIC ITOBITOMIICHHS;

MIOBITOMJICHHSI CEPEIHBOTO 00CATY;

BEJIHKE 3a 00CATOM MOBIIOMIICHHS,

nepeaaya (anis;

nepenaya rojxocy B udposiit Gpopwmi;

nepeiaua rojocy B aHaJIOToBii Gopmi;

ITOTOKOBE BiJIE0;

BiANOBiAb HA BUKIIUK;

3aBepIIeHHS (PO3ipBaHH:) BUKIHKY;

€JIEMEHT TPAaCcOBOTO BUIPOOYBAaHHS;

pe3eps.

Tum anapatypu (pexxuM poOoTH).

Yacrora BigNOBiIi KOPECHIOHACHTA, SKOTO BUKIIHU-
KaTh (KOMaHOa Ha 3IiHCHEHHS TPacOBOTO BHIIPOOY-
BaHHs) Mae 3abe3rnedyyBaTd npusHadyeHHS dactoT (KM
XBHJIb 13 KpokoM 1 k['11.

KoHTpospHa cyMma TMOBIJOMJICHHS HA OCHOBI IHK-
miuaux HammmmikoBux kogiB CRC (Cyclic redundancy
code) nae MiHIMaIBHY HaUIMIIKOBICTH y JaHi, IO Ie-
pelaroThCs, Ta 1leabHO IMiJXOJUTh JJIS BHSBICHHS
MMOMIIOK, CIIPUYMHEHNX IIYMOM Ta 3aBaJjaMH B pajio-
KaHaJi.

Ertan 6. Anaji3z napameTpiB kanaiy 3B’ s3Ky. [1i-
CIIsl TIepIIoro oOMiHy iH(OpMali€l0 MiX KOPECIOHJEH-
TaMH € 3MOra MPOBECTH aHAJi3 HACTYITHUX XapaKTepHC-
THK KaHaTy 3B’SA3Ky: YaCTOTHI XapaKTEPUCTUKH, PiBEHb
IIyMiB, HAsBHICTh 3aBaJl TOMIO. BimmoBimHWil aHaimi3
3MIACHIOETHCS Y X0 BCTAHOBJICHHS 3B’S3KY Ta IMiJ 4Yac
ceaHCy 3B 53Ky Ul BU3HAYEHHS ONTHMAaJIbHUX Mapamer-
piB Ta amanTailii CHrHATLHO-KOIOBOI KOHCTPYKITii.

Eran 7. Apanrtanisi CHrHaJIbHO-KOJA0BOI KOHC-
TpyKuii. 3 ypaxyBaHHAM IIPOBEJECHOTO aHAJI3y Xapak-
TEPUCTHK KaHATY 3B’SI3Ky MPOBOJUTHCS aJamlTallisi KOH-
CTPYKIIi{ M0 HACTYITHAM TIapaMeTpaM:

KOMOIHAITiS KJIACY BUIIPOMIHIOBAHHS Ta IIBHJIKOCTI
MaHIyJISIIiT;

METOJ] KOJAYBaHHS,

BiamoBigHO MPOBOIUTHCS 3MiHA HACTYITHHUX MapaMeTpiB
BHUITPOMIHIOBaHHS (32 MOYKIJIUBICTIO):

TOTYXHICTh Tepeaadi;

3MiHa TepeaBajlbHUX Ta MPUHAMAIBHUX aHTEH, 1X
CIIPSIMOBAaHICTb.
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BucHoBKkH

YV mporieci orisay OCHOBHUX CKIIAJOBHX iICHYIOUHX
CHCTEM BCTaHOBJICHHS 3B 53Ky B JIEKaMETPOBOMY Iiara-
30HI XBWJIb 3JIHCHEHO aHAN3 CUTHAIBHO-KOIOBHUX KOH-
CTPYKIiil Ta iX mapameTpiB, HA OCHOBI YOTO TpEICTaB-
JICHO ONTHMAaJbHI XapakTePUCTUKU BIIOBITHHUX Mapa-
MeTpiB. OTOXK JOCHTIHKEHO CHUTHABHO-KOIOBI KOHCTPY-
kuii HasgsBHUX cucteM AB3 sk omHi€l 3 TOJIOBHUX 4Yac-
THH, 1110 BIUTUBAE HA SKICTh CUCTEMH.

PesynbraTtoM poboTH € po3poliieHi MeTOIMYHI ac-
MEeKTH BU3HAYCHHsS IapaMeTpiB CHTHaJIbHO-KOJIOBHX
KOHCTPYKIIH CHCTEMH aBTOMAaTH30BaHOI'O BCTAHOBJICH-
HS 3B’S3Ky U TIOTped BOEHHOTO HacCy, IO MICTATH B
co0i 7 eramiB: BU3HAUYEHHS KJIacy BHUIIPOMIHEHHS, BHU-
3HAYCHHS MIBUIKOCTI MAaHIITyJIAIil, BU3HAUYCHHS KOMOi-
HAIlii KJlacy BUTIPOMIHIOBAaHHS Ta IIBUAKOCTI MaHIITyIs-
11i1, BU3HAYCHHS METONy KOJyBaHHS, BU3HAUCHHS CKJIa-
Oy Ta o0cAry KOMaHJA BCTAaHOBJIEHHS 3B 3Ky, aHali3

rapameTpiB KaHally 3B’S3Ky, aJanTalis CHIHAJIBHO-
KOm0BO1 KOHCTpyKIii. HoBu3Ha MalOyTHIX po3poOok
MoJisira€ y BpaxyBaHHI BUMOT JIO CHCTEM aBTOMaTH30-
BaHOTO BCTaHOBJICHHS 3B’SI3Ky IPU BUKOPUCTaHHI Me-
TOJMYHUX aCIEKTiB BU3HAYCHHS OCHOBHMX IapaMeTpiB
CUTHAJIBbHO-KOJOBUX KOHCTPYKIIH Ui MOOYHOBH CHC-
teM AB3. Ile macTp 3MOTy YZOCKOHAIUTH METOIMIHIHA
amapat po3poOKH CHCTEM BiHiCBKOBOTO pafio3B’si3Ky Ta
VHI(IKYBaTH MPOLEAYPH IX IPOEKTYBAHHS.

JIoLiNBbHICTh TA aKTyalbHICTh BUKOPUCTAHHS CHC-
teM AB3 miarBepmkytoth crangapth MIL-STD-188-
110D ta MIL-STD-188-141D, onHak BUHUKAaEe HEOO-
X1THICTh BUKOHaHHsS Cy4YaCHHX BHMOT JIO BIfICBKOBOTO
panios3B’s3Ky, a TAKOXK BPaxyBaHHS HOTO OCOOJIMBOCTEIA.

[Monmampmmii HaPSAMOK IOCHIHKEHHS TOJSTaE y
po3po01i METOAWKN BU3HAYCHHS OCHOBHHUX ITapaMeTpiB
CHTHAJBbHO-KOJIOBUX KOHCTPYKIIHM I MOOYyROBH Iepc-
HNeKTUBHUX cucteM AB3 3 ypaxyBaHHSIM BUMOTI Ta 0OCO-
OnMBOCTEH BIHCHKOBOTO pajlio3B’sI3Ky .
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Methodological aspects of determining the main parameters of the signal-code constructions
of the automated contact establishment system in sessions with correspondents

V. Mordiuk, Y. Synytskiy

Abstract. Radio communication is considered the most important means of commanding military units, and is also a
necessary condition for achieving information superiority over the enemy. In order to increase the efficiency of the use of forces
and means, as well as for the successful performance of assigned tasks by units, it is advisable to use automated communication
systems. However, the imperfection of the appropriate systems for establishing decameter radio communication, taking into
account modern requirements for military radio communication, excludes the possibility of using the appropriate systems. The
purpose of the article is to develop methodological aspects of determining the parameters of the signal-code structures of the
system of automated communication establishment, which are expedient to create and implement for the needs of wartime. The
article reviews the main elements of automatic communication establishment systems and analyzes signal-code structures as one
of the main parts of the system. The methodological aspects of determining the main parameters of the signal-code structures of
the automated communication establishment system have been developed, which makes it possible to build appropriate systems
taking into account modern requirements for military radio communication. The expediency and relevance of the use of automat-
ed communication establishment systems is confirmed by technical standards MIL-STD-188 -110D and MIL-STD-188-141D.

Keywords: radio communication installation systems; decameter radio communication; information transmission sys-
tems; military radio communication; requirements for military radio communication; elements of the system; signal-code struc-
tures; MIL-STD standards.
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INCOHERENT DEMODULATION OF TWO SYNCHRONOUS MUTUALLY
NON-ORTHOGONAL DIGITAL SIGNALS WITH FREQUENCY SHIFT KEYING

Abstract. The synthesis method of the incoherent demodulation procedure of two synchronous mutually non-orthogonal
digital signals with frequency modulation is considered. In the absence of interference this procedure degenerates into the
procedure of classical incoherent demodulation of a digital signal with frequency modulation. When the instantaneous
power of one of the signals significantly exceeds the instantaneous power of the other, the interference immunity of the
latter approaches the immunity of reception in a channel with additive white Gaussian noise without interference. This
procedure can be used in the development of modem compensators that ensure repeated use of the frequency resource as
well as in the development of promising interference-protected radio communication devices.

Keywords: radio communication, digital signal, incoherent demodulation, frequency modulation.

Introduction

In modern conditions, reception of radio signals is
carried out in an a priori uncertain signal-interference
situation, which is due to the limitation of the radio
frequency resource and the increase in the number and
power of structural radiations of various origins.
Therefore, the problem of demodulation of signals
under the influence of interference was and remains
relevant and a large number of works are aimed at its
solution [1, 2].

In this article it is proposed to use demodulators of
receiving devices synthesized on the basis of
mathematical models of compensation procedures [3-6]
to improve the immunity of the reception of a useful
signal which is observed against the background of such
strong interference.

The purpose and main content of the article is to
solve the problem of synthesis of a mathematical model
of the procedure of incoherent demodulation of
mutually non-orthogonal digital signals with frequency
shift keying (FSK). To achieve the goal, we will finalize
and use the methodology given in [2, 7].

The procedure of incoherent demodulation of
two synchronous mutually non-orthogonal
digital signal with FSK

Let's write down the values of the useful FSK
signal corresponding (m = 2) to two possible values of
its discrete parameter r, =0,1. Suppose that the discrete
parameter 1, =1 is modulated and transmitted at the
frequency o, and B =0 at o, then the general form
of the useful FSK signal will be written as follows:

51 (R @16 @2c-t) = 1y [ Ag cos (ant +¢ ) |+

+(1-1)[ Ay cos (@t + 2 ) |
where @, ¢@. — are the initial phases of the useful
signal at frequencies ®; and o, respectively which are

random parameters due to the fluctuation of the spread
time in the communication channel; A, — is the

amplitude of the useful signal, which is constant in
frequency.

In turn, the powerful and similar interference FSK
also takes two values of a discrete parameter r, =0,1.

For our observation model let the discrete parameter
r, =1 be transmitted at frequency ®; and r, =0 at

o, . Also, will be writing down the expression for a
similar FSK interference as follows:

S2 (12, 0135023, 1) = o Ay cos (ot +1, ) +
+(1-1y) Agy cos(mot + 93, ),
where ¢;, @y, — initial phases of interference at
frequencies ®; and ®,; Ay, Ay — amplitude of

interference at frequencies o; and o, .

We will assume that the frequency positions and
clock points of the signal and interference coincide and
the modulation of the interference at each of the two
frequency positions is carried out without a phase break.
The last condition makes it possible to use coherent
(quasi-coherent) interference processing, and we will
process the useful signal incoherently (quadrature). We
will also assume that additive interference in the form of
additive  white  Gaussian noise acts in the
communication channel.

On the Fig. 1 shows the useful signal in vector

form sy (1, ¢qc.t) and interference signal s (I, ¢1,.t)
which rotate in the positive direction with the same
angular velocities «;, but with different total phase
values relative to the real axis.

First of all, in order to present a useful signal
Sl(rl,(plc,t) against the background of powerful and

structurally similar interference Sz(rz,(p13,t) it is

necessary to obtain the value of the in-phase and
quadrature components of the amplitude of the useful
signal relative to the interference.

To obtain the in-phase component of the
amplitude, we project the vector of the useful signal
onto the length A, of the signal-interference vector,
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and to obtain the quadrature component, we draw the
normal to the beginning of the vector of the obstacle and
get the projection of the vector of the useful signal on it.

n =1 D) =1

o a1
(Dl AO

01t + @15

o1t + Q¢

Fig. 1. Vector representation of useful signal and interference

Let us denote the angle between the vector of the
useful signal and the interference A¢ which in turn,

will be equal to the difference of the complete phases of
these vectors, namely Ag = ¢ — ¢y, (see Fig. 2).

The value of the in-phase A’ and quadrature
components Alk of the amplitude of the useful signal
s (R, @1c0t)
interference S, (I, ¢1,.t) is written as follows:

A = Acos(91e — 915 ) ;
A = Agsin (910 —015)

Values A5 and A§ components of the useful

against the background of such

signal s; (1, ¢,t) corresponding to the transmission of
a discrete parameter r, =0 against the background of
such interference s (1, ¢p,,t), are obtained similarly
AS = AUCOS((pZC —(P23) )
Kk .
Ay = Agsin (02 — 92, ).

rl =1 r2 =1
AO w1
o (9
K%
A
¢ o1t + ¢,
AQ =010 — 015

Fig. 2. Angular relations between signal and interference

In Fig. 3 signal interference is represented in
vector form 32(r2v(P13,t), in-phase A and quadrature

Alk components of the amplitude of the useful signal

S1(r1, <P1c,t) rotate with the same angular velocity .

n=1r=1
y A
[
A
Al s (12, 915-1)
Sid 0)1t+(pl3 R
X

Fig. 3. Display of in-phase and quadrature components
of the amplitude of the useful signal and interference
The value of the full phase relative to the axis x of
the in-phase component A’ coincides with the value of
the full phase w;t+¢,, of the interference vector, the
value of the full phase relative to the axis x of the

quadrature component Alk - is greater n/2 than the full

phase of the interference vector.
The use of the formula for summing trigonometric
functions cos (n/2 + o) = —sin a, write down the full

expression of the useful signal s;(R,¢y,t) that is
observed against the background of a powerful and
structurally similar interference s (2, ¢1,,t) :

(R, @pc.t) = I’l[Af cos (ot +¢g, ) - Alk sin (ot + 9y, )J =
=1, [ Agcos( @y — @y, ) cos (ot +¢y, ) —
_AOSin((Plc _(Pl3)Sin(mlt+(P13 ):| (1)

Expression for the useful signal s; (1, @y¢.t) that

is observed against the background of a powerful
interference S (I, ¢5,.t) is obtained in a similar way

and has the following form:
51 (1 92c.t) = (1-1)| AS cos(wat+02,) -

~As sin (oot + o, )J =(1-n )[%COS((ch —0p;)x (2)

xCOS (ot + @y, ) — Ay sin (@pe — @2, )sin(@yt + o, )J .
The general model of monitoring the duration of
the clock interval T =t, —t,_; will be presented as:

y(t) = Sl(rll(Plc;(ch,t)‘i‘Sz (r2>(P13a(P23,t)+n(t) —
= r1|:AlsCOS(0)1t+(p13)— Alk sin((!)]t+(Pl3)j|+ (3)
+(1- rl)[AQSCOS((DZt+(p23)— Afsin (ot + 0y, )}r

12 Ag1COS (@1t + @15 ) + (1= 12 ) Agpcos (ot + oy ) + (1) ,
where n(t) — additive white Gaussian noise.
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We will also assume that the states of the discrete
parameters r; and r, are equally likely and mutually

independent and the initial phases ¢, 5 ., are uniformly

distributed over the interval [0, 27].

In addition, with the already proposed rejection of
the estimation A, of the amplitude of the useful signal,

the equation is obvious h12 = h22. However, the
assumption of abandoning the estimation of the
amplitude of the useful signal and replacing it with its
value Ay << A1, Ay << Ay, does not allow to neglect
the fact that in the general case Ay # Ay, because the
case is possible when the difference in amplitudes
|Agg — Agy| commensurate with A, .

In the future, for the sake of minimizing records and
ease of understanding, we will assume that the useful
signal is transmitted at a frequency o, corresponding to
the value of the discrete parameterp =1.

Received signal is considered as the sum of the
useful signal and interference. For our case, the average
power will be write as follows [8]:

fy
1 2
Pinor =7 [ [s1(Ro1c,t)+55 (2 p5,t) [t (4)
’ t1

Using the formula of the likelihood function for a
signal with a random initial phase [9, 10]

Ar[y(t);wkexp{—%}em{ b [y(t) cp]},

where P,r’(P — the average power of the received signal

0]t == I y(t
tk -1
scalar product of the input observation y(t) and

s(r,o.t); b[y s(r,p,t)dt —

s(r,o,t), has the following write of the conditional
probability functional for the observation (3)

Prlyfzmcs
— X
No

xexp{ brl[y (plc]} exp{ by, [y @13]}! ®)

Arlzl,rzzl[Y(t); Pic: P15 | = €XP {—

where brl[y( Q1 | = by, = fy st (1, or. )t
ty1
br, [ Y(t). @15 ]=b, = I y(t)-5; (1, @p5,t)dt . (6)
1

Substitute (4) and (6) into (5)

Agtrya ] Y(1); 01 |=exp| — J y(t)-si (1, @1, t)dt+

e
2 % 1 %
+N— I y(t)~52(r2,(P13,t)dt—N— I S]z(rl,(P]c,t)dt_
0ty 0ty

fy fy

1 2
_Ni J. S%(rz,(ph,t)dt—N— J. Sl(rl,(plc,t)~52(r2,¢13,t)dt . (7)
Oty Oty

Substitute the expression for the useful signal (1)
and the interference value S,(rp,¢1,,t) which

corresponds to the transmission of the discrete
parameter r, =1 in (7)

Agetip=a [Y(t): o1cs 01 )=

=exp {Ni [y

0ty

) Ao €05 (1 — 1y Jcos (et + @y, ) dt -

__J'y

Ag sin (g —@r, )sin (ot + @y, )dt |+

No t
— I y AZlCOS (,02t+(|)13)dt -
No e
1%,
— N— J. AO CcoSs ((P].C (pl3)COS (OJlt+(P13)dt—
Oty

ty
1 . .
TN. f A02 sin’ (o1 —(Pls)smz ((01”(!)13)(“]_

- j A2; c0s? (@t + ¢y, ) dt -

No ty1
2| K )
N [ Ao1Ag cos(yc — 0y, )cos® (yt + ey, ) dt -
k1

%
~ | PorAgsin(oy —<P13)Sin(031t+$13)005(®1t+¢13)dt} -(8)
L&
Write the right-hand part of (8) as follows:
2 % )
—— [ Ag1Aycos (1 — @15 ) cos” (ot + gy, )dt,
No
k-1
ty
_[ sin (ot + @y, )cos (ot +¢p, )dt =0
1
Introduce the notation in (8) taking into account
(5) and (6):

05y =2 | (1) A0 g eos (ot 1, )t -
0ty
= b,s(il cos(pyc —915) 3
2 %
bfi:l:N_o [ y(t) Agsin(pyg — g1, )sin (gt + @y, )dt =
tg—1
bko 1SiN(Q1c —15) 3

2 ty
br2=1=N—O [ y(t) Apscos (et + gy, )dt ;

1
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ty
1
hri:l = No j Ajcos? (01— 1, )0052 (ot +@y,)dt -
g
1 tjﬁ 2sin? - in? (ot dt=
N Asin“ (pyc — @1, )sin” (ot + ¢y, )dt =
Oty
2 2 .
- hrlzl,s + hrlzl,k '

2

ty
1
2" N, I AZ1c08? (ant + g, ) dt ;

tg—1
ty
2
Ryctrys1 =—— | A21A0C0s(¢re -y )cos” (wyt +y, )dt =
0tq
0
= er_]_ r _1COS((P10 '(P13) . (9)

Taking into account notation (9), the conditional
probability functional (8) has presented as follows:

Arlzl,rzzl[)/(t); P1c- P15 | =
=exp [[brs 0=1005 (010 —015)— béglsin (@1c — 15 )] +bp, -1 —
ZRE -, _,C0S(Py¢ — Py, )ﬂ - (10

In case of quasi-coherent processing of
interference and under the condition hr22:1 >>1 the

2
hl'l—l hl’z =1

initial phase estimation error can be neglected ¢, =0.
Average (10) over ¢y, the interval [0, 2z and get the
unconditional probability functional:
2
o)
1
2—nexp(b 9 hr2—1)

Al V() o |=

2m
0 KO o
x| exp[(brslzlcoaplC —b, _sings ) -
0

ZRS 1 1COS(pchd(plc. (11)
In the following, we will
exp(—h2
of the discrete parameter r, and r, . Taking into account
the previously introduced notations (9) we write:
oMo
n=Lrp=1" Ay

Introduce the notation
integration procedure (11):

ignore the factor
=1)/27: which does not depend on the values

= aghp (12)

that facilitates the

k0
50 ko |2 by-1
B = brl_1 +(0k% ) wa= arctg—, (13)
I’l—l
bfl(il = Bycosy; ; br'igl = Bsing;.  (14)
Taking into account (12)—(14), (11) will be
rewritten in the following form:
. 2
Arl=1,r2=1[y(t) ' (p1C:| = exp(bl’2=1 - hr2:1)><
2n
x .[ exp{ By ((cosycosy¢ —sinyy singyg ) -
0

20‘21h 1C0SP1c } dogc - (15)

Values for uncondltlonal probability functionals
for the following options for transmitting discrete
parameters: =1 1, =0, =0 rb=1; L, =0 r, =0,
useful signal and interference obtained in a similar way:

An=1r,=0 [Y(1): o1c]= eXp(br2=0 - hrzzzo)x
2n

x I exp{By (oS yy cos gy —sin vy singyc )} oy ;
0
Arlzo,rzzl[y(t); (PZ(:] = exp(br2:1 - hr22=1)><
2n

x J' exp{B, (Cosy cos @ —sinyy sin @y ) jdosg ;
0

Ap=0,r,=0 [Y(t); (PZC] = eXP(er:O - hrzzzo)><

2n
x I exp{ B, (€O cos @y —sinyy sin @y ) —

0
20‘22h 0 €08 (ch}d(ch (16)

Let us write the uncondltlonal likelihood functional
in the general sense, taking into account (15) and (16)

Ag [Y(t);(Plc’(PZ(:] =
=exp {1 B2 1y (0-12) B0 - )
2n 2m

x| jexp{ 1By (COS Wy cos gy —sin g sin gy )+
0 0

+(1-1) By (COS Wy cos @y —sinyy sin @y ) —
n)(1-r)x

2
x022Np g COS Pac } deycdeye -

For an equally probable discrete parameter of the
useful signal the decision rule has the form:

rl* = reCt[Arlzl,rZ:O [y(t);q’lc} +Apo1r21 [Y(t);q’lc]_

_Ar1=0,r2=1[Y(t);(P2cJ —Aq=0,r,=0 [y(t);(PZC ﬂ , (17)
where rect(x>0)=1;

function.

Taking into account (15) and (16), the decision
rule (17) for the equally probable discrete parameter of
the useful signal:

rl* = rect [exp (br2=0 - hr22:o ) x

ngnexp{Bl(

2
—2r1r2a21hr2=1 COS Py — 2(1 -

rect(x<0)=0 - decisive

COS \y; COS P —Sin Yq Sin @y )} doyc +

s
2 . .
+exp (br2 a4 hrZ :1) J exp { By (cosycospy —sinyy singy ) -
0

2 2
_2a21hr2 _1C08P1¢ } deqc —exp (br2 9 hr2 =1) x
2n

X I exp { B, (0S5 cos oo —sin yy singye )} doye —
0
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2n
2 . .
—eXp(br2=0 - hr2:0 ) I exp {Bz (cosyp c08 Qe —sinyy sin gy ) -
0

—20; hrzz _0 COS Py } doye] - (18)

Equivalent and simplifying transformations
of the procedure for incoherent demodulation
of a useful signal with a FSK observed against
the background of strong similar interference

Change the variable of integration in (18) to
& =12 +1c 2c after which we get from (18):

2n
rl* = rect{exp(brzzo - hr22=0)[ _[ exp(Blcosg)dg_
0

2n

Jollis

20t22h o)COStpzc—b Sm(PZc}“PZc]_
0

21
—exp(b,z_l )[ | exp(B, cosg)de -

2n
0 2 kO . . (19
_j exp{(brslzl—2a21hr2:1)cosq)lc—brlzlsm(plc}d(plc” (19)
0

Introduce the notation similarly to (13), (14):
sO _ bsO
n=le = “Rp=

o= [0 (%)

0 0
bS = bs —2(122h

2(121hr 1 y

=0, r O’
2
s0 ko .
Bae = \/(br =0 e) +(br1:0) '
ka1 bkE)O
= arctg—— N, = arctg e
m=a ; 2 0
rl—le rn=0.e
whence follows
s0 . ko : .
br e = By co81y ; br1 1 = Biesinny ;
s0 . ko :
bIr —0 = B2eCOSM ; br1:0 = Byesinm,.

The decision rule (19) will have the following
form:

21
rl* _ rect[exp(brfo - hézo)[ j exp(By cos&)dg -
0

2n
- J. exp{Bye (COSM cos 9y, —sinmy sin gy ) jdey ] -
0

2n

—exp(er:l - hrzzzl)[ '([ exp (B, cos&)ds -

2n
_ f exp{Bye (oS Ty cos @y —sinmy sin gy )| gy J] . (20)
0

After replacing the integration variables in the
second and fourth integrals the decision rule (20) into
M2 +Pic 2c IS Obtained [11]:

= rect[exp( )[' 0(Bze) ]+
+exp(br2=1 —hrzzzl)[lo (Be)— 1o (B2 )]] '

where o (--+) — zero-order Bessel function.

We can see what

2 2
hrz =1,rp=0 >>1 hr =1,rp=0 >> hrlzl,rlzo

) =1" hr2 :]_)
0

exp(b |
exp(br2= hrZ:O) |r2:1 =0,
exp(b,rz:l—hr =1) |r2:0 =0,

2
exp(brzzo —hrZ:O) |r2=0 >>1.

Then the decision rule (21) can be replaced by an
asymptotically equivalent one:

rl* = reCt[(er:O _hézo)[IO(Bl)_ IO (BZe)ﬂ+
+rect[(br2:1—hrzzl)[lo(Ble)—IO(BZ)]]. 22)

The approximate decision-making procedure (22)
rl* is two-stage where at the first stage a decision is
made on which of the frequencies the interference is
emitted S (2, P15, 925.1 ).

If the interference energy significantly exceeds the
useful signal energy s; (1, ¢1c,95c.t ) then the value

(21)

rp=1 >>1;

rect(brz:l’rzzo— ) in (22) due to the small

rp=1,rp=0

- - *
influence of errors on the overall decision r, should be

replaced by one decision-making rule for coherent
(quasi-coherent) reception of the FSK signal [9,10]:

rs = rect(brz:l = br2=0) .
As aresult (22) will become:
N o= rect[rect(brzzo —br2=1)(51 —Bge )+

+rect<br2:1 ~by, g )( B — B, )J ,
where it is taken into account that the function g (x) is
monotonic at x> 0.

(23)

In the absence of interference S, (I, 915, 90,.t)

that is when h? o =0 the decision rule (21)—(23)

rh=1r=

degenerates into the classical rules of incoherent
reception of the FSK signal.

We will evaluate the interference resistance of the
received decision rule for the asymptotic case of an

unlimited increase in the average interference power
&) (rZa(P13’(P23’t) :

Assuming that the estimation errors of continuous
(Aot Agp,01p,) parameters and the discrete
disturbance parameter will approach zero, we obtain the

S
following expressions for br 1 brl=0
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b;:l‘rzzl :i tf |:(AS[S +A21)C05(mlt+(p13)+n(t):|><

N
Oty g
2 2 .
xAPcos (ot + ¢y, )dt = 2hr1:1,s + 2a21hr2:1 c08(P1e =13 )+ Ny 3

brslzo‘rz=0 =Nio tjﬁ [(AS +A22)C°5(@2t+¢23)+“(t)}x
t

2
AS COS(wzt +(p23)dt = 2hl‘1:0,5 +

2
+2&22hr2:0 COS(([)ZC —(p23)+ Ny - (24)

It can be seen from comparison (23) and (24) that
under the above-mentioned assumptions (about the
absence of errors in the estimation of interference
parameters), the components in the correlation integrals

b;=1r2=0 generated by its presence are fully

compensated.
The noise components n,; and n,, remain the

same as for the classical case of incoherent reception of
the FSK signal.

Thus, the potential interference immunity of the
incoherent demodulation algorithm (21) of the FSK
signal, provided that the average power of such FSK

interference significantly exceeds the power of the
useful signal and there are no errors in the estimation of
its parameters, is the same as in its absence.

Conclusions

This procedure of incoherent demodulation of
mutually non-orthogonal digital signals with frequency
modulation has a number of advantages:

— provided that the average power of such
interference significantly exceeds the power of the
useful FSK signal and there are no errors in the
estimation of the interference parameters, the potential
(limit) immunity of the incoherent demodulation
procedure (23) is the same as in the absence of
interference;

— provided that the average power of such
interference significantly exceeds the power of the
useful FSK signal and there are no errors in the
estimation of the interference parameters, the potential
(limit) immunity of the incoherent demodulation
procedure (23) is the same as in the absence of
interference;

— this mathematical model of the procedure can be
used in the implementation of frequency resource reuse
programs and in the development of promising
interference-protected radio communication tools.
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HexorepeHTHMIA IpHiioM ABOX CHHXPOHHUX B32€MHO 3aBAKAI0YUX IM(POBUX CUTHAIIB
3 YaCTOTHOK MaHimyJisiniero

€. B. Ienemok, M. A. [lenos, b. A. Hikonaenko

AHoTanisi. Po3risHyTO CHHTE3 IPOLEIYPH HEKOTEPEHTHOI AEMOMYJIALIT IBOX CHHXPOHHUX B3a€MHO HEOPTOTOHAIBHUX
U(POBUX CHTHANIB 3 YAaCTOTHOIO MAaHIMyJIAMi€l0. 3a BiACYTHOCTI 3aBajyl IaHa IPOLEAypa BHPODKYETHCS B HPOLEAYPY
KIIACHYHOI HEKOT€PEHTHOI JIeMOIy ISl HHU(GPOBOr0 CHTHALY 3 YaCTOTHOIO MaHiImyssimiero. Ko MUTTEBA MOTYXHICTH OTHOTO 3
CUTHAJIIB 3HAYHO TEPEBUIIYE MUTTEBY MOTYXKHICTh 1HIIOTO, 3aBaJIOCTIHKICTh OCTAHHBOTO HAOJMKAETHCS IO 3aBaOCTIHKOCTI
MpUiAOMy B KaHaJll 3 aJUTHBHHM OLTAM raycoBUM IIyMoM Oe3 3aBaau. Llg mpouemnypa Moxke OyTH BUKOpHCTaHa IpH po3poOIi
MOJEMHHX KOMIICHCATOPIB, 110 3a0e3NeuyloTh MOBTOPHE BHKOPHCTAHHS PaIio4acTOTHOTO pecypcy, a TakoX MpU po3poori
MEPCIEKTUBHUX 3aBaJ03aXUIICHUX IPUCTPOIB Palio3B'a3Ky.

KawuoBi caoBa: panio3s's30k, IuppoBHil CUTHAN, HEKOTEPEHTHA AEMO/ YIS, YACTOTHA MOLYJISIIIIS.
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ucturyt cnenianbHoro 38’ 13Ky Ta 3axucTy indopmanii HalioHaIbHOTO TEXHIYHOTO YHIBEPCHTETY
VYxpainn “KuiBcbkuii monitexHiuHui iHCTHTYT iMeHi Iropst Cikopebkoro”, Kuis, Ykpaina
2 HaykoBO-J0CIIiTHUI IHCTUTYT BOCHHOI po3Binku, Kuis, Vkpaina

OIIIHKA CTPYKTYPHOI HAIIMHOCTI CUCTEM 3B’SI3KY

AHoTauis. B cTarTi 3anponoHoBaHo, A MiABUILEHHS TOYHOCTI KIJIbKICHOI OLIHKMA YaCTKOBHX 1 KOMIUIEKCHUX IOKa-
3HMKIB HaJiHHOCTI HAPSMKIB 3B’ 53Ky, BIEpIIIe BpaXyBaTH 4yac poOOTH OKpeMux 3aco6iB 3B’s3Ky. CyTHICTh IPOMO3HUIIii
IOJISITa€ Y BUKOPHCTAaHHI MaTEeMaTHYHOI MOJEINI OIIHKH 3HaueHb IMOKa3HHUKIB HAIIHHOCTI 00 €KTIB 31 3MiHHOIO CTPYKTY-
poto. To6To, anst opraHizamii 3B’s3Ky MK aOOHEHTAMH, MOJKJIMBE BUKOPHCTAHHS PI3HOMaHITHHX KaHAIIB 3B’I3KYy i3
MHOXXMHY MO>KJIMBUX, SIKI 3aBaHTa)kKeH1 y pi3HHH dac. PopMani3oBaHO pillleHHs Li€l 3a/1adi i IPUBEIEHO IPHUKIAT BUKO-
pHUCTaHHS pe3ynbTaTiB pocii/keHb. EdexT Bin peanmizarii mpormo3uniii moxo KiNBKICHOT OIIHKK 3HAa4eHb NMOKa3HHUKIB
HAJIMHOCTI HAIPSAMKIB 3B’A3KY MOJIATae y 3a0e3nedeHHi Heo 0XiJHOTO piBHS HAaIIHHOCTI MiHIMalbHOIO KiNBKICTIO KaHa-

JiB 1 3ac00iB 3B’A3KY.

Kaw4oBi cioBa: CTpyKTypHa HaAiifHICTh, HAPSMKH 3B’S3KY, OIlIHKA YaCTKOBUX 1 KOMIUICKCHUX MOKAa3HHKIB HaIil-

HOCTI.

Beryn

JlocBin BiHCHKOBHX KOH(QJIIKTIB OCTaHHIX POKiB
CBIMYUTHh MPO HEOOXIMHICTh 3a0E3MCUYCHHS BUCOKOL
CTiiKOT cucTeM 3B’A3Ky, TOOTO iX KUBYYOCTI W Hagiii-
Hocti. OLiHKa CTPYKTYpHOI HaJIifHOCTI Mix 4ac Moze-
pHi3alil iCHyIOYHMX 1 NPOEKTYBaHHI NEPCIEKTHBHUX
IU(QPOBUX CHCTEM 3B’S3Ky CIpsIMOBaHa Ha MiHiMi3a-
[i0 HEOOXiTHOI KINBKOCTI KaHATIB 1 3ac00iB 3B’S3Ky
mpu 3a0e3nedyeHHi BUCOKMX BUMOT 10 IXHBOTO 3aCTO-
CyBaHHS 32 MIPU3HAYCHHSIM 3 HEOOXiTHOIO SIKICTIO. AJe
ICHYIOY1 METOIMKN HE BPaxOBYIOTh Cy4acHi JIOCATHEH-
Hs y Taxy3i HaJiHOCTI BETUKUX TEXHIYHUX CHCTEM.

IMocTranoBka mpo6semu. He mae ceHcy ouiHio-
BaTH HAMIAHICTH CHCTEMH 3B 53Ky B IIOMY, Yepe3 Te,
IO BiZMOBa 3ac00iB 3B’A3KY B OJIHOMY HAIpSIMKY He
BIUIMBAE Ha SIKICTh 3B’5I3Ky B iHIINX. T0OTO HEOOXiqHO
KUIBKICHO OL[IHIOBaTH CTPYKTYpHY HaJiiHICTh Hamps-
MIiB 3B’SI3Ky MK KOHKPETHUMH aboHeHTamH. Alne B
JifiCHUI yac MpH IbOMY BPaxOBYIOTh CTPYKTYpY CHC-
TEMH 3B’S3KY 1 CTAaTUCTHYHI JaHI MO0 BIIMOB OKpe-
MuX 3aco0iB 3B’sI3Ky B INeBHHX yMoBax. OnHak, 10
TEMEPIIIHFOTO Yacy, BiIOMI METOAHMKH OIIIHKU Hamiii-
HOCTI CHCTEMH 3B’SI3Ky HE BPaxOBYIOTh 4ac pobotn
OKpeMuX 3aco0iB, III0 CYTTEBO BIUIMBAE HA HaMiifHICTH
HaIpPSIMKiB 3B’ SI3KY.

AHaJi3 ocTaHHix gocaimkens i mydaikaniii. Cy-
YacHi JOCTi/PKEHHS B Taiy3i Teopii HaaidHOCTI CKia-
HUX TEXHIYHUX 00’€KTiB i CHCTEM CIPSIMOBAaHI Ha OTPH-
MaHHSI HEOOXiIHUX 3HaueHb TMOKAa3HUKIB SKOCTI 3a pa-
XYHOK BIIPOBaJDKEHHS pe3epBYBaHHS HalMEHII Haiii-
HUX €JIEMEHTIB, 10 Ma€ Miclle IPU OopraHizamii 3B’ 3Ky
pi3HOMaHiTHUME 3aco0amu. [Ipn npoMy TpaawMiiiiHO
BUKOPHCTOBYIOTh OIIIHKY KOMIUIEKCHOTO TOKa3HHKa
HaIIHHOCTI — Koe(illieHTa TOTOBHOCTI 32 YMOBH, IIIO BCi
€JIEMEHTH CHCTEMH 3B’S3Ky MNpALOIOTh OJHOYAcHO [I-
3]. Ane peanbHO CHUCTEMHU 3B’SI3Ky BHKOPHCTOBYIOTH
pi3HMIA "ac, 110 BIUIMBAE HA MOKa3HUKH HafaiitHOCTi. Ile
IIOKAa3aHO Ha TPHUKIAAi 3aco0iB 3B’S3Ky, SKi BiApi3HS-
IOTbCS 0arato peXHMHICTIO, TOOTO BiAHOCATBHCS JO
00’€KTiB 31 3MIHHOIO CTPYKTyporto [4, 5]. Kpim Toro, ms
a0OHEHTIB CHCTEM 3B’S3Ky HAWBAXIMBIIIMM € HE KOe-

¢imieET TOTOBHOCTI OONMamHAHHSI, a WMOBIPHICTD
3B’A3HOCTI, IO HE 3aBXKIH BpaxoByeThes [6-10]. Takum
YHHOM, Y BiJOMUX HAYKOBHUX ITyONiKamisx HE pO3TILIHY-
TO BIUIMB BIACTUBOCTI 3MiHH CTPYKTypH CHCTEMH
3B 3Ky IiJ] 9ac ii BUKOPHCTaHHA 32 MPHU3HAYCHHSM, 110
HE JT03BOJIsiE 00’ €KTUBHO OILIHIOBATH PEAbHY CTPYKTY-
PHY HaIiiHICTh i MOTpedye BUKOPUCTAHHS TOAATKOBUX
KaHaJIiB 3B’SI3Ky Ul OCATHEHHS HCOOXiTHHX 3HAYCHD
NOKa3HHKIB HalIITHOCTI.

Mera cTarTi — BUKOPHCTAHHS BJIACTHBOCTI 3MiHH
CTPYKTYPH CHUCTEMH 3B’sI3Ky Mij 4ac ii 3acTocyBaHHs 3a
MPU3HAUCHHSM JJI1 OTPUMaHHA OO €KTHUBHOI OIIHKHU
CTPYKTYPHOI HAJIHHOCTI.

Buknag ocHOBHOTo Mmarepiajry

Cucrema 3B’SI3Ky — L€ CYKYIHICTb B3a€EMO-
NOB’sI3aHUX 1 Y3TOJPKEHUX 3a 3aBIaHHsSIM, MICLEM 1 4a-
COM JIii By3JIiB Ta JIiHii 3B’3Ky Pi3HOMaHITHOTO TPH3-
Ha4yeHHs, 110 PO3rOPTAIOTHCS Ta BUKOPHCTOBYIOTHCS 3
METOI0 PO3B’sI3aHHS 3aBJaHb OOMiHY iHPOpPMAIIEIO MiXk
abonentamu [10-12]. BoHa XapakTepu3yeThbcs MOKa3-
HHUKaMH, 110 IIpUBe/ieH] Ha puc. 1.

3rigHo 3 [11], MOOITBEHICTE CHCTEMHU BiHCHKOBOTO
3B’S3KYy — IIe 11 3[aTHICTh Y BCTAHOBJICHUH TEPMIiH pO3-
TOPTaTUCS, 3TOPTATHCS, TIEPEMIIITyBaTHCS Ta 3MIHIOBATH
CBOIO CTPYKTYpy BIIONOBIZHO 1O 0OcTaHOBKH. T0OTO
BOHA BiTHOCHUTKCS 710 00’ €KTIB 31 3MiHHOIO CTPYKTYPOIO,
10 HE BPaxOBAHO y BiIOMHX METOAMKAX OLIHKU CTPYK-
TypHOI HaJIiHOCTI.

Indopmaniiiauii HaPAMOK 3B’S3Ky — L€ CYKYII-
HICTh BY3JIB Ta JIiHIH 3B’S3Ky, sfKa 3a0e3medye 3B SA30K
MDK JIBOMa ITyHKTaMH yIpaBiiHHs. Buan 38’43Ky po3pis-
HSIOTH 110 3ac00aM 3B’SI3Ky: KaHaJOYTBOPIOBAJIbHI, KOMY-
TalliiiHi, KiHIIEBi, aBTOMATH3allii, crienianbHi. Jlo kaHao-
YTBOPIOBATBHUX ~ 3acO0IB  BIHOCATHCS — IPOBOIOBHIA
3B’S30K, ONTHKO-CJISKTPOHHMH 3B’S30K, Pajio3B’si30K,
TpormocepHU Pamio3B’I30K, KOCMIYHHH Pamio3B’s30K,
pamiopeneitauii panio3s’si30k Ta ixmi [11, 12].

HapiiiHicTs cucTeMu 3B’SI3Ky — i€ 3[JaTHICTH 3a-
Oe3medyBaTH 3B’ 30K, 30epiratouu B 4aci 3HaYEHHS eKC-
IIyaTalifHuX TOKa3HHWKIB y MeXax, nependadeHux
HOPMATHBHOIO 1 TEXHIYHOIO JOKyMeHTaltiero [3, 9, 10].
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[Toka3HUKM cUCTEMU 3B’ A3KY

Boiiosa IIponyckna e . . DyHKIIOHANBHA,
. POTLyCKE CTINKICTD MoOibHICTE besmneka YHKI .
TOTOBHICTh CIIPOMOXKHICTh CIPOMOXHICTh
KuyuicTb HapnidiHicTb [TepenrkoqoCTIHKICTD

Koediwiear Koedinienr .. Koedinienr > s

oetirie .. oetinie Koeditient oe(p L€ MMmoBipHICTH
OIepaTUBHOT 30epeKeHHS . TEXHIYHOTO B S3AHHOCT
FOTOBHOCTI edexTuBHOCTI TOTOBHOCTI BHUKODHCTAHHS

CepenHe Hampario-
BaHHS Ha BIIMOBY

CepeHiii yac BiHOB-
JICHHSA

Puc. 1. IToka3HHMKH SIKOCTI CUCTEMH 3B’ I3KY

CTpyKTypHa HAIIfHICTh CHCTEMH 3B’SI3Ky —
00’€KTHBHA BIIACTUBICTH 3abe3neuyyBaT OOMiH iH(DOp-
MaIlii KOpHCTyBayaMH MEPEXKi, 3 SIKICTIO HE HIDKYOIO BiJ
3amasoi [3, 6, 10]. Ti ocHOBHI mOKa3HUKM — KoediLieHT
TFOTOBHOCTI Ta WMOBIpHICTH 3B’s13H0cTi (puc. 1). Koedi-
ieHT TOTOBHOCTI (A) — HMOBIpHICTH TOrO, 10 00 €KT
BUSIBUTHCS TIPAIE3aTHAM Y JOBUIBHHH MOMEHT Hacy,
KpiM 3alUTaHOBAaHUX TMEPiOAIB, TMPOTATOM SKUX HOTO
BHKOPHWCTAHHS 32 MPU3HAUYCHHIM He rependadene [13]:

A T

7 (T+TY

ne T — cepenniii HapoOiTOK Ha BiaMoBy, T, — cepenHs
TPHUBAJICTH BiTHOBJICHHS.

KoedirmieHT TOTOBHOCTI sABIIsIE COOOI0 HMOBIPHICTD
TEXHIYHOI CIIPABHOCTI BCIX €JIEMEHTIB CHCTEMH 3B’S3KYy
i TOTOBHOCTI BCiX HAmpsSMKIB 3B’SI3Ky O (PYHKIIOHY-
BaHHS B MOBHOMY 00cs3i. IIpoTe mjst cucTeM 3B’S3KY
Ol 00’ €KTUBHOIO XapaKTEPUCTUKOI € WMOBIPHICTh
3B’3HOCTI a00HEHTIB P,, ToOTO HMOBIpHICTH TEXHIYHOL
TOTOBHOCTI 70 OOMiHY iH(OpMaIli€ro NpHHANHMHI IO
oxHOMY KaHaiy 3B’s3ky [6-8, 10]. BoueBuap, 110 3aB-
xmn A < P,, mpudoMy PiBHICTH AOCSTAETHCSA KOJIH KOXK-
HHUH eJIEeMEHT CHCTEMH BHKOPUCTOBYETHCS TUIBKU B OJI-
HOMY HampsiMi ¥ TUTBKH OIMH pa3. Y cUCTeMax i3 CHIIb-
HHUM B3a€MO3B’SI3KOM €JIEMEHTIB, 10 BiJIIOBIIA€ peab-
HUM CHCTEMaM 3B’s3KYy, 3aja4a 3BOJMTHCS JI0 BH3HA-
YeHHS WMOBIPHOCTI CIIPaBHOTO CTaHy Xo4a O OJHOTO
HUBIXY 3 MHOXXHHHU MoskiuBux (m) [5-10]:

m
h=1 —1_[(1 —4),
j=1

ne Aj — Koe(illieHT TOTOBHOCTI IIIAXY j MiXk 80OHEHTaMH.

[Tix wac BuOOpy KaHaliB 3B’5I3Ky HEOOXiJHO Bpa-
XOBYBaTH HE TUIBKM HaAiiHICTh 3ac00iB 3B’S3KY, a H
€pIIaHTOBI BTPAaTH P, 3YMOBJICHI 3aHHATICTIO KaHAJIB

3a 4ac t, 0 BiOBOAWTHCS Ha MepEOaBaHHS MOBiIOM-
nennst [5-10]:
m
wor-[Ja-s5)

j=1

t
Ej=Q0-plexp|{—7)
j
ne W — KOMIUIEKCHHI NOKa3HUK HaAiHHOCTI HAIPSIMKY
3B’13Ky, T; — HapoOiTOK Ha BiIMOBY 3ac00iB 3B’A3Ky
msxy j, Ej — xoedimieHT BpaxyBaHHsS HalidHOCTI 3a-
co01B 3B’5I3Ky Ta €pJIaHTOBHX BTpAT.

3apxaun W < P,, ToMy [0 KUTBKICHO OI[HIOE TIO-
TeHLIHY CTPYKTYpHY HaJilHICTB Mepexi 3B’sI3Ky 0e3
BpaxyBaHHS I HABAaHTA>KEHHS.

3HaueHHs KUIbKICHUX IMOKAa3HUKIB HaJiMHOCTI 3a-
c00iB 3B’S13Ky OTPUMYIOTB 3 IXHBOT'O TEXHIYHOTO OIHCY,
KEepiBHUX JOKYMEHTIB 3 HAIIIHOCTi, aye HaWOLIbMI
00’€KTHBHY OILIHKY Ja€ aHaji3 CTaTHCTHYHMX IaHUX
o070 HapoOiTKy Ha BigMOBY T;, cepeqHbOTo Jacy Bil-
HOBIIeHHsST Ty 1 KoeQillieHTy TOTOBHOCTI A; 3acoly
3B’SI3KYy BUIY | = 1,L, ne L — xinbkicte BUAiB 3aco6iB
3B 513Ky y CHCTEMI.

B cucremi 3B 43Ky 11 €I€MEHTH NPAIIOIOTh Pi3HUH
yac, TOMy JJIs aHalli3y CTPYKTYPHOI HaIiHHOCTI OKpe-
MHUX HamNpsAMKIB 3B’A3Ky JOIUIBHO BHKOPHCTOBYBATH
pe3yJIbTaTH, OTPUMaHi JJis1 00’ €KTIB 31 3MIHHOIO CTPYK-
Typoto [4, 5].

Po3risiHeMo pe3ysbTaTH OLIHKHM CTPYKTYPHOI Ha-
JifHOCTI mpu TpamuuiiiHomy miaxoni [1-3, 6-10] B mo-
PIBHSHHI 3 BpaXyBaHHsSM 4yacy poOOTH OKpEeMHX elieMe-
HTIB B CHCTEMI 3B’SI3KY, K 00’ €KTIB 31 3MIHHOIO CTPYK-
Typoto [4,5] Ha KOHKpeTHOMY NpHKIaxi (parMeHTa
CHCTEMHU 3B’ 3Ky IIPHUBEACHOMY Ha puc. 2.

[Toxa3HUKN HAIIHHOCTI €JIEMEHTIB 3a pe3yJbTaTa-
MH eKCIUTyaTallii mpuBeneHi B Tabm. 1.
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HATC HATC
4 4
6 6
5 5
I[MEOM IMEOM
Puc. 2. ®parmMeHT cucteMu 3B’ SI3Ky
Tabruys 1 — Iloka3HUKYM HANIIHOCTI eJIeMeHTIB HANPSAMKY 3B’SI3KY
i 3acoou 3B’A3KY T;, ron Ty, TOI A;

1. | Mepexa ypsiioBoro 38°s13Ky (OpeHa KaHaiiB) 8000 0,40 0,99995
2. | Pamiopeneiini cTaHmii 5000 0,33 0,999934
3. | Hudposa ATC 2300 3,00 0,99869
4, | PagiocraHiis 2000 0,33 0,99983
5. | Tenedouuuit amapat 800 1,00 0,99875
6. | Ileperocra EOM 1500 0,50 0,99967
7. | Kommekc KocMivuHOTo 3B’513Ky (OpeH/ia KaHaJliB) 12000 1,17 0,9999

HwkHIO MeXy 3HaueHHs! CTPYKTYPHOI HaJilHOCTI
HampsIMKy 3B’SI3Ky OTPUMYEMO 3a YMOBH, IO 3acO0H
3B’513Ky BHKOPUCTOBYIOTH IIIJIOO0O0OBO HPOTSTOM POKY.
3amava aHaJOTriYHA OPIEHTOBHIN OMLIHII HAIIHHOCTI pa-
JOEIEeKTPOHHUX 3aco0iB MiJ Yac IXHBOTO MPOEKTYBaH-
Hs, KOJH BiJJOMa KUTBKICTH €JIEMEHTIB yCiX THIIIB Y BHU-
po6i Ta ixHili mapamerp notoky BiaMoB Z; = 1/T;. Ilpu
BUKOPHCTAaHHI N; aJalTHBHHUX €JIEMEHTIB B HAIPSIMKY
3B’513Ky, HIOT0 NapameTp MOTOKY BiJIMOB JIOPiBHIOE

L
Z,= z n; Z;.
i=1

B Takomy pa3i HapoOiTOK HampsSIMKy 3B’S3Ky Ha
BigMoBy nopiBHioe T = 1/Z,, a mporHo3oBaHa Kilb-
KICTh BIJIMOB 3a PiK €KCILTyaTamii T10 = 8760 roa eie-
MEHTIB BHAY i

Ni = TlL'Tle' = niTp/Ti.

Toxi mporao3oBaHa KiNBKICTh BiMOB HarlpsMKy
3B’5I3Ky 3a PiK eKCILTyaTarii

HapoGiTox Ha BigMOBY HampsIMKy 3B’SI3Ky 3a piK
excrutyatanii T = Ty /N, a cepenniii wac BinHOBICHHS
IiCJIs BIAMOBU

L
1
T, = Nz N;nTy;.
i=1

Le Haiiripimuii BUNamoK 1 SKIIO pe3ysbTaTh 3a]0-
BOJIBHSIIOTb, TO JaJli OLIHIOIOTH PeabHi 3HAYESHHS MOKa-
3HUKIB HaJIHHOCTI 3 BpaxyBaHHSIM BIJIHOCHOTO 4acy
POOOTH OKPEMHX CJIEMEHTIB U; IPOTATOM POKY:

Tpi = wiT,, Ny =nTy/T;, N =Yi,N;

T, 1
T=Fp! TB=_ €=1NiTBi1 A=T/(T+TB)

PesynbraT po3paxyHKIB IS MIPHUKIAAY, IO PO3T-
JSIAETBCS, MPUBEICHO B TaOnm. 2 i 3, BiamoBimHO. 3a
JAHUMH Ta0JI. 2 OTPUMYEMO:

Z,=0,00671; T =149 rox; N = 58,8; T, = 2 rox.

AHami3 OTpUMaHHX pe3yJIbTaTiB IOKa3ye, IO
HaliMeHNI HAJIHUM €JIEMEHTOM € TelehOHHMIA amapar,
a HaWOIMBIIMIA Yac BiXHOBIIEHHS 3a pik Oe3mepepBHOL
ekcrryaranii motpedye mudposa ATC. HuxHs Mexa
KoediIlieHTy TOTOBHOCTI HANPSAMKY 3B’S3KY JIOPiBHIOE
A, =T/(T+T,) =0987; U, = 0,013, mo € Henpwmii-
HSATHHM.

Pesynbratn po3paxyHKiB 3HauCHb IMOKa3HUKIB Ha-
JUITHOCTI HAMPSIMKY 3B’S3KY 3 BPaXyBaHHIM BiJIHOCHOTO
yacy poOOTH OKPEMHX €JICMEHTIB MPUBEJCHO B Ta0II. 3,
mpu oMy N = 24,8; T = 353,2rox; T, = 1,28 rox,.
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Tabnuys 2 — Po3paxyHKH HUKHBOT MeKi 3HAYEHDb MOKAa3HUKIB HajiliHOCTI HanpsMKy 38°a3Ky npu T,; = T, = 8760 ron

i n; Z; nZ; N; Nin Ty
1 1 0,000125 0,000125 1,095 0,438
2 4 0,0002 0,0008 7,008 9,250
3 2 0,000435 0,00087 7,621 45,726
4 2 0,0005 0,0010 8,760 5,782
5 2 0,00125 0,0025 21,900 43,800
6 2 0,000667 0,00133 11,651 11,651
7 1 0,000083 0,000083 0,7271 0,851

Tabruys 3 — Po3paxyHOK 3HaYeHb MOKA3HUKIB HaaiiiHOCTI
HanpsIMKY 3B’A3KYy i3 BpaXyBaHHAM
BiIHOCHOT0 Yacy po0oTH eJieMEHTIB

i u; T, ron N; N;T;
1 0,95 8322 1,04 0,416
2 0,95 8322 3,33 1,099
3 1,00 8760 7,62 22,86
4 0,01 87,6 0,09 0,030
5 0,10 876 2,19 2,190
6 0,90 7884 10,51 5,100
7 0,04 350 0,03 0,035

KoedilieHT TOTOBHOCTI HAMpPSIMKY 3B’SI3Ky 3 ypa-
XYBaHHSM BiZJHOCHO 4acy poOOTH eJIeMEHTIB

A, = 0,996; U, = 0,004.

3nauenns T; , T,; # A; He 3ayexaTh Bl BiTHOCHOTO
4acy poOOTH €JIEMEHTIB, TOMY ISl OL[IHKK 3HAYEHb IO-
Ka3HUKIB HaJiHHOCTI HampsMKy 3B’SI3Ky BIiAMOBIIHO
pexomengauiit [1-3, 6-10] mneperBoproeMO cxemy
3B’s13Ky (puc. 2) y Mozenb 3 HaaiitHocTi (puc. 3).

[Ipu napanenbHO-NMOCHITOBHOMY 3’€HaHHI elle-
MEHTIB OTPHMYEMO

A=A2A%(1 - (1-434)(1 - A)(A - A4D));

A2 = (1—(1-A45)(1 - 4g)".

ITicns migcraHoBkM A; 3 TaOlI
A =0,9974; U = 0,0026.

IMpn npomy 3HaueHHs KoedillieHTY TOTOBHOCTI
HATIpsMY 3B 53Ky BIIPI3HAETHCS BiJl OTPUMAHOTO 3 ypa-
XYBaHHSIM BITHOCHOTO 4Yacy poOOTH €JIEMEHTIB BCHOTO
Ha 0,14%.

1 orpumyemo

4

4

Puc. 3. Mojens 3 HaiiHOCTI HAPSIMKY 3B’ 3K
PAMKY y

Sxmo cxeMa 3’€IHAHHS €JIEMEHTIB BipPi3HAETHCS
BiJl MapajenbHO-TIOCIIIOBHOI, 3a/1a4a PO3PaXyHKy CyT-
TeBO YyckinaaHwoerbes [1-3]. Hanpuknan, mis cxemu,
MIPHUBEJICHOT Ha PUC.4., OTPUMYEMO:
A. = Azx
(1= (1 -4D0 - 4)(1 - (1 - 4))(1 - 45)) +

(1-A43)(1 - 4;45)(1 — A, A).

1 | 4

Puc. 4. Cxema 3’€IHAHHS €JIEMEHTIB,
IO BiPI3HAETHCS Bijl MapalieIbHO-IIOCIIIOBHOT

Po3paxyHok crpormyeTses, Ik A; = A:
Ac=A01-(1-AHD*+ (1 -A1 -1 - 4%,

[NopiBHANBEHUI aHANi3 BapiaHTIB PO3PaxXyHKY IIO-
Ka3HWKIB HagifHOCTI  iH(oOpMaliiiHOro HampsIMKY
3B’SI3Ky IIOKa3ye JOLUIBHICTh BpaxyBaHHS BiJIHOCHOTO
Yyacy poOOTH OKPEMHX EJIEMEHTIB.

Ile 3a0e3neuyye mOCTaTHIO TOYHICTH pE3yJIbTATIB
pO3paxyHKy TpH CIpOIIEHHI iX peasizauii, 0cobanBO
IIPY HassBHOCTI CKJIQJHOI CXEMH 3’€/IHaHHS €JIEMEHTIB
sKa BIIPI3HAETBCS BiJg  HapajeiabHO-NOCIHIIZOBHOTO
3’€qHAHHS.

AJroput™ peamizamii 3ampoNOHOBAHOTO MiIXOILy
OJI0 KiJbKICHOT OIIHKYM MOKAa3HUKIB HAIIHHOCTI 1H(O-
pMamifHOTO HampsAMKY 3B’S3Ky (opMmalli3oBaHO Ha
puc. 5, ne A, i Py, — npumyctumi 3HaueHHs KoedilieHTy
TOTOBHOCTI Ta MMOBIPHOCTI 3B’SI3HOCTI aOOHEHTIB, Bij-
HOBI/IHO.
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Puc. 5. Biok-cxeMa ajaropurMmy OLIHKY IOKA3HHUKIB HAIIPSIMKY 3B’ SI3K
pUTMy PAMKY y
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BucHoBxku

B pesympTari MOPIBHSAUIBHOTO aHANI3y MOKIUBUX
BapiaHTIB KiJBbKICHOI OLIHKA NOKAa3HWKIB HAIIIHOCTI
iHpOpManifHIX HANPSIMKIB 3B’S3Ky ITOKa3aHO, IO Bpa-
XyBaHHS BiTHOCHOTO Yacy pOOOTH OKPEMHX EJIEMEHTIB
IO3BOJISIE 3 HEOOXIMHOI TOYHICTIO OIIIHWTH YaCTKOBI
(HapoOiTOK Ha BIIMOBY, CepeJHiH Yac BiJHOBIECHHS) i
KOMIUIEKCHI (KOe(ili€eHT TOTOBHOCTI 1 HErOTOBHOCTI,
HMOBIpHICTB 3B’13HOCTI aDOHEHTIB) 3HAUCHHS ITOKA3HU-
KiB HaJIiHOCTI.

KA 3Ha4eHb NOKA3HMKIB HaJiifHOCTI BiApi3HAETHCA
CIIPOIIEHHSM PO3paxyHKIB HpH HEOOXiJHIH TOYHOCTI
pe3yJibTaTiB, BAKOPUCTAHHSM BIIEpIIE BIACTHBOCTI 3MIH
CTPYKTYPH 3’€HAaHHS EJIEMCHTIB HAaIpsMKY 3B’S3KY,
TOOTO BpaxyBaHHSIM BiJIHOCHOTO 4Yacy poOOTH OKpEMHX
€JICMEHTIB.

Peamizamis 3amponoOHOBAHWX TPOIO3MMIA IIOAO
OLIHKMA 3HAYeHb IOKA3HUKIB HaailHOCTI iH(opmariii-
HUX HaNpsAMKIB 3B 53Ky ICHYIOUHX Ta MEPCIEKTHBHUX
CHCTEM CIICUiaTbHOTO 3B’SI3Ky O3BOJIE 3a0€3MEUNTH
HEOOXiHE 3HAYCHHS YaCTKOBHX 1 KOMIUIEKCHUX ITOKa3-

HUKIB 3 MIHIMaJbHO HEOOXIJHOK KIIBKICTIO KaHAIIB 1
3ac00iB 3B SI3KY.

Ha BigmiHy BijJ iCHYIOYMX METOAMK OLIHKH 3Ha-
YCeHBb MOKA3HMKIB, 3aMPOIIOHOBAHMN MIAXIT MIOAO OIliH-

CIUCOK JIITEPATYPU

=

SaiinieBa E.H. MccnenoBanue Haie)kKHOCTH HHPOPMAITMOHHEIX cucteM // Dnektpocssisb. — 2003. — Ne 6. — C. 37-39.

2. PomanoB O.I. Oninka BIUIMBY Ta CTPYKTYPH HaNpsMKIB 3B’S3Ky Ha KHMBYYICTh TelleKOMyHiKariiHux Mepex / O.1. PomaHosB,
B.J. T'onb, O.B. Bonkos // 36ipauk HaykoBux mpais BITI HTYY “KIII”. — 2005. — Bum. Ne 1, — C. 142-150.

3. Xapsioun A.B. O moaxoze K peIIeHHIO 33/laul BEIOOpa METOIOJOTHU OLEHKH CTPYKTYPHOH HaJJe)KHOCTH M KUBYYCCTH HH-
(hopMaMOHHBIX cHCTeM KpuTmdeckoro npumenenus / A.B. Xapioun, O.H. Omapymenxko // PagioeneTpoHHi i KoM 10TepHi
cucremu. — 2006. — Ne 6. — C. 61-70.

4. Yevhen Ryzhov, Lev Sakovych, Oleksandr Puchkov, Yana Nebesna. Evaluation of reliability of radioelectronic devices with
variable structure. Radio Electronics, Computer Science, Control. No. 3(54), 2020 pp. 31-39. DOL:
https://doi.org/10.15588/1607-3274-2020-3-3.

5. Sergii Gnatiuk. Method of Estimating the Values of Reliability Indicators of Objects with Variable Structure / S. Gnatiuk,
L. Sakovich, Y. Kuryata, R. Odarchenko, V. Gnatyuk // CPITS-2022: Cybersecurity Providing in Information and
Telecommunication Systems, October 13, 2022, Kyiv, Ukraine, P. 33-43.

6. Pmxkakos B.A., CakoBuu JL.M. KinbKicHe OI[iHIOBaHHSI CTPYKTYPHOI HaIiiHOCTI crcTeM 3B's13Ky // 3B's130K, 2004. - Ne 4. - C.
53-57.

7. Tmartiok C. €. AHani3 MOKa3HHUKIB HAAIHHOCTI cucteM creniansHoro 38’ 3Ky / C.€. ['Hatiok // Boctouno-EBponetickuii xyp-
HaJ repeqoBbix TexHosoruit. — 2013, — Ne 6(12). — C. 45-50.

8. Tmariok C.€. KinbkicHe OIiHIOBaHHS 3HAUCHb MOKA3HUKIB HaiiHOCTI cucteM 3B 13Ky / JI.M.CakoBuu, C.€.I'natiok // 3B's-
30k. — 2013. — Ne 6. — C. 10-15.

9. Tlomosckwuit B. B. Metons! anpuopHoii omieHku ceteBoii Haaéxuoctu / B. B. [Tonosckwii, B. C. Bonotka // Paanorexuuka. —
2014. — Beim. 178. — C. 20-23.

10. I'natiok C.€. MeTroauka OI[IHKH MOKAa3HUKIB HAIIHHOCTI cucTeM cremnianbHoro 3B°s3ky / C.€.I'mariok, JI.M.CakoBuu //
O30poeHHS Ta BilicbkoBa TexHika. — Nel (5). — 2015, C. 26-28.

11. 3B's30k BilickkoBuil. Tepminn Ta BusHaueHHs: JJCTY B. 3265-95. — K.: lepxcrannapt Ykpainu, 1995. — 78 c.

12. OcHoBH Teopii cucTeM 3B'I3Ky: MaTreMaTHuHI MO TeleKOMYHIKaIiifHuX cuctem / B. @. Omiitauk. — K. : Texnika, 2000. —
152 c. — ISBN 966-575-028-3.

13. Hapniiinicts Texuiku. Tepminu ta BusHaueHus: JJCTY 2860-94. — Kuis: [lepxctanaapt Ykpainu, 1995. — 89 c.

Received (Hanitinma) 17.03.2023
Accepted for publication (ITpuitasara no apyky) 24.05.2023

Evaluation of structural reliability of communication systems
L. Sakovich, G. Krykhovetskyi, Ya. Kuryata

Abstract. In order to increase the accuracy of the quantitative assessment of partial and complex indicators of the relia-
bility of communication directions, the article proposes to take into account the operating time of individual means of communi-
cation for the first time. The essence of the proposals consists in the use of a mathematical model for estimating the values of the
reliability indicators of objects with a variable structure. That is, to organize communication between subscribers, it is possible to
use various communication channels from a set of possible ones that are loaded at different times. The solution to this problem is
formalized and an example of the use of research results is given. The effect of the implementation of the proposals regarding the
quantitative assessment of the values of the reliability indicators of the communication directions is to ensure the required level
of reliability with the minimum number of channels and means of communication.

Keywords: structural reliability, directions of communication, assessment of partial and complex indicators of reliability.
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